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Nomenclature

A, B, C,D, E =polynomial coefficients

b =wing span, ft

o) =lift coefficient

G, = variation of rolling moment coefficient
with yaw rate, 1/rad

Gy =variation of rolling moment coefficient
with sideslip angle, 1/rad

C, =pitching moment coefficient

Cp, = variation of pitching moment coefficient
with angle of attack, 1/rad

Cmq =variation of pitching moment coefficient
with pitch rate, 1/rad

C'"aE = variation of pitching moment coefficient
with elevator angle, 1/rad

C,,r =variation of yawing moment coefficient
with yaw rate, 1/rad

C, 5 =variation of yawing moment coefficient
with sideslip angle, 1/rad

Cyp =variation of side force coefficient with roll
rate, 1/rad

Cyg = variation of side force coefficient with
sideslip angle, 1/rad

c =mean geometric chord, ft

F, =aileron wheel force (cockpit), Ib

g = acceleration of gravity, ft/s?

I, = pitching moment of inertia, slug ft2

I, =yawing moment of inertia, slug ft?

K, = pitch rate feedback gain, rad/rad/s

L, =roll angular acceleration per unit roll rate,
rad/s%/rad/s

L, =roll angular acceleration per unit yaw rate,
rad/s?/rad/s

L, =roll angular acceleration per unit sideslip
angle, rad/s?/rad

M, = pitch angular acceleration per unit angle

of attack, rad/s?/rad

<

=pitch angular acceleration per unit pitch
rate, = CmqtjlséZ/ZIyyUl, 1/s

= airplane mass, slugs

=ydaw angular acceleration per unit sideslip
angle, rad/s?/rad

=roll rate (X axis), rad/s

=pitch rate (Y axis), rad/s

= dynamic pressure, 1b/ft?

=yaw rate (Z axis), rad/s

=wing area, ft?

=time constant, s

=speed component along X axis, ft/s

=speed component along Y axis, ft/s

=side acceleration, ft/s?

=speed component along Z axis, ft/s

=aerodynamic center location as a fraction
of mean geometric chord

=side acceleration per unit roll rate,
ft/s?/rad/s ,

=side acceleration per unit yaw rate,
ft/s?/rad/s

=side acceleration per unit sideslip angle,
ft/s/rad

=angle of attack, rad

=angle of sideslip, rad

=incremental value for what follows

=damping ratio

= pitch attitude angle, rad

=control surface deflection, rad

=bank angle, rad

=heading angle, rad

=undamped natural frequency, 1/s
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Subscripts

1 =steady state
1,2,3,4 =mode indicator
A =aileron
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c.g. =center of gravity

E =elevator

fus =fuselage

max =maximum

P = phugoid

R =rudder

sp =short period
Introduction

HE purpose of this article is to present an overview of de-

velopments that contributed in a significant manner to the
engineering field called airplane stability and control. Since
the author’s experience in this field is limited to fixed-wing air-
planes, this article will be similarly limited. The author makes
no claim for this to be an all-inclusive review of the world liter-
ature on this subject. Instead, the article represents the per-
sonal reflections of an aeronautical engineer who 1) has had
the opportunity to apply stability and control theory to many
airplane programs during his career, and 2) has been able to
use his experience in the teaching of airplane stability and con-
trol, including its implications to design and development of
airplanes.

Like most fields of engineering, airplane stability and con-
trol should be viewed as an applied science. It has taken con-
tributions from a large number of other fields to reach a cer-
tain level of maturity as an indispensable tool in the design,
development, and certification of safe airplanes. Fields that
have contributed in a major way to the development of air-
plane stability and control are the following: 1) mathematics,
2) dynamics, 3) aerodynamics, 4) wind tunnel testing, 5) flight
testing, 6) aeroelasticity, 7) flying qualities, 8) control theory,
9) simulation, and 10) flight control system design. To review
each of these fields would fill several books. For that reason,
this review will be further limited to those stability and control
developments that had a major influence on airplane design.
The narrative is presented in three parts: 1) the years before
and through WWI, 2) the years between WWI and WWII, and
3) the years after WWII.

Years Before and Through World War I

Aeronautical vehicles have utility, providing they can be
controlled (or guided). This fact was already recognized by
Johnson' who wrote the following:

We now know a method of mounting into the air, and, I think,
are not likely to know more. The vehicles can serve no use till we
can guide them, and they can gratify no curiosity till we mount
them to greater heights than we can reach without, till- we rise
above the tops of the highest mountains.

From a practical viewpoint, it is widely accepted that the
Wright brothers were the first to recognize that, in addition to
the need for solving the lift-weight and thrust-drag problem,
there is the problem of stability and, most importantly, con-
trollability. Even today it is still not widely recognized that the
Wrights built their ‘“Flyer’’ consciously as a slightly unstable,
but controllable machine. Draper? and Combs,? give an ac-
count of the solid engineering approach taken by the Wrights.
What is also not widely recognized about the Wright brothers
is that they did a lot of homework even before they began
work on their airplane experiments. They reviewed most of the
pertinent literature up to that point, including the pioneering
work of Cayley, as discussed in Ref. 4. The theory of airplane
stability and control appears to be rooted in the work done by
Lanchester>® and, more importantly, on the mathematical ap-
proach to the subject by Bryan.” Once Bryan had laid the
groundwork for the description of aircraft motion using the
general theory of rigid-body mechanics (as developed by
Routh?), the first major problems to be solved were 1) finding
acceptable ways to express the aerodynamic forces and mo-
ments that act on an airplane in terms of the variables of mo-
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tion, and 2) finding acceptable ways to approximate and to in-
terpret the solutions of the equations of motion. .

Since the airplane equations of motion consist of six, simul-
taneous, nonlinear differential equations, solving them was
beyond the practical possibilities in Bryan’s time. A major
contribution, therefore, was the recognition that any general
flight state can be thought of as a superposition of two basic

- states: 1) a steady state, for which no accelerations of the fun-

damental motion variables exist, and 2) a perturbed state, for
which all fundamental motion variables are described relative
to a known steady state. These ideas are referred to as the per-
turbation substitution that, for three example variables, trans-
lates into the following:

U=U1+u 9+91+9

Since it is required in most airplanes that any perturbations
are kept small, it turns out that the perturbed state equations
can be linearized, which greatly facilitates their solution. As a
result of the superposition of steady state and perturbed state
(the perturbation substitution), the problem of total airplane
motion is split into two simpler problems: '

1) The steady state (or trim) problem. This-allows the de-
signer to address the following question: Can the airplane be
trimmed into a steady state flight condition?

2) The perturbed state problem. This allows the designer to
address the following questions: Is airplane response to exter-
nally generated disturbances (turbulence) acceptable? and Is
airplane response to internally generated disturbances (pilot or
failure induced) acceptable?

Both problems require that the essential motion variables be
related to aerodynamic forces and moments. That was first
done through the introduction of dimensional stability deriva-
tives. Bryan’ is also credited with being the first to introduce
this idea, which is illustrated in Fig. 1. A very useful conse-
quence of the introduction of dimensional stability derivatives
is that all terms in the equations of motion have acceleration
(linear or angular) as their physical unit. In any given flight
condition, the engineer can therefore judge the relative impor-
tance of each term by inspection. o

Bryan’s concept was based on the important assumption
that all aerodynamic forces and moments that act upon the
airplane are a function of the instantaneous values of the mo-
tion variables only. In addition, Bryan assumed that the ex-
terior airplane shape was known: the so-called rigid airplane
assumption.

P=Pl+p

Example Side Force Equation
Perturbed motion variables

I ] Control variable
p=YaB+ Ypp + Yir + Yspor

Dimensional derivatives

Side acceleration

Example Definitions for Dimensional Derivatives

&,SbC
Yy = 28
m
2:18bC,,
P amU,

where C,, and C,, are dimensionless derivatives, with

6C
C’f":a_ﬁy and C,, =

5C,
8(pb/2Uy)

Fig. 1 Dimensional and dimensionless derivatives.



. MAY-JUNE 1991

Figure 1 also illustrates the general nature of the relation-
ship between aerodynamic forces and the motion variables ac-
cording to Bryan. Bryan’s method was extended by Bairstow
et al.? In Ref. 9, a detailed account is given of the dynamic sta-
bility behavior of an airplane. Bairstow was first in rooting the
airplane stability quartic in terms of its polynomial coeffi-
cients. He also was first in using Routh’s stability criteria,
which are summarized in Fig. 2. These stability criteria are still
used today in setting dihedral angles and sometimes.in vertical
tail sizing. _
~ An event with momentous consequences to the development
of aeronautical science in general, and to airplane stability and
control, in particular, was the creation of NACA. This occur-
red through the vehicle of the Navy appropriations Act, Pub-
lic 273 by the 63rd Congress in 1915.

NACA was established to ensure that the USA would
become and stay pre-eminent in aeronautics. Among NACA'’s
first order of business was the development of methods (theo-
retical and experimental) to understand what makes airplanes
statically and dynamically stable, to find out how much stabil-
ity is needed, and to develop methods to help designers de-
velop acceptable airplanes. ‘

Later that year, in NACA’s first annual report, Hunsaker!°
presented a concise analysis of the stability behavior of the
Curtiss JN2, using Bairstow’s method of Ref. 9. In 1916,
Hunsaker!! presents an analysis method that includes the
lateral-directional dynamics. In it, he uses the term Dutch Roll
to identify the oscillatory roots of the lateral-directional char-
acteristic equation. It is of interest to note that Hunsaker pro-
claimed the longitudinal short period to be unimportant while
the longitudinal phugoid was singled out as the major problem
area.

In Ref. 12, the basic method of determining the motion of
the airplane in gusts is outlined by Wilson. Credit goes to
Wilson for recognizing the importance of rotational gusts. He
could not follow up on the idea due to a lack of data on such
gusts. In his summary to Ref. 12, Wilson makes the point that
although the effect of constant, nonrotational gusts on the
JN2 can be significant, a pilot should be expected not to have
any problems in arresting such effects. Perhaps this represents
the first formal appreciation for the problem of handling
qualities? The use of the linear differential operator D=d/d¢
in solving airplane dynamics problems was also introduced by
Wilson. !? o

The first detailed study of the effect of airplane configura-
tion ( = relative arrangement of the lifting surfaces, including
conventional, canard, and tandem) on airplane stability ap-
pears in Ref. 13 and is due to Marchis. After the Wrights, this
is the first systematic use of wind tunnels by a major research
facility. )

It has already been seen that airplane reactions to gusts were
an important point of concern to many investigators. It was
also recognized that gusts are made up of components with
different frequencies. A method for computing the reaction of
airplanes to frequency-dependent gusts was worked out first
by Wilson.

Years Between World War I and World War 11

During this period, largely under the influence of NACA
(but with many major contributions from European organiza-
tions), many advancements were made in the field of airplane
stability and control. Handley Page made a significant contri-
bution to airplane controllability in stalls by his invention of
the automatic slot (HP-slat) in 1919 (see Ref. 15 and Figure 3).
This development was perfected in the wind tunnel and in
flight test. The HP-slat saw extensive use even in the jet era:
the F-86 and the Sabreliner are prominent examples.

“With the fundamental solution to the problem of how to
model and how to analyze airplane stability came the realiza-
tion that methods would be needed to predict and determine
stability and control derivatives of airplanes. Three paths were
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Characteristic Equation
As*+Bs3+Cs2+Ds +E =0
where A through D are functions of

Derivatives

Flight condition
Airplane geometry
Mass and geometry

s is the Laplace domain variable.

Routh’s Stability Criteria
1) - Roots are stable if (and only if)
A,B,C,D,E>0
D(BC—AD) - B2E>0
2) Real root is stable if £>0
Application to lateral-directioﬁal case:
E = g cost(LgN,—NgL;)
From this, the design condition for spiral stability is
| (CigCn,— CnyC1,)>0
Fig. 2 Routh’s stability criteria.

available to accomplish this: 1) theoretical, 2) wind tunnel,
and 3) flight test. Sorely needed were a systematic series of
methods for engineers to use in predicting stability and control
derivatives. With that information as a base, theoretical, tun-
nel and flight test methods would have to be evolved to prede-
termine the flight characteristics (flying qualities) of airplanes.
NACA went about this task in a very systematic manner, re-
sulting in a flood of reports. '

In 1923, Norton!$ carried out flight tests to determine the
effect of flight controls (fixed or free) on airplane stability. In
his conclusions he states the following:

It is far more dangerous to have an airplane statically unstable
than it is dynamically unstable. While dynamic stability is in-
teresting from a scientific point of view, the designer may en-
tirely disregard it unless the airplane is such a radical departure
from the usual practice as to make an investigation of this prop-
erty advisable.

PLOYM
LEADING EDGE SUCTION
.—"/ .
""%
7
C /" ««— SLAT DEPLQYED

7/
L
/.mmm

a

Fig. 3 Handley Page automatic slat.
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One wonders if this is where the old (and wrong) saying
““make sure that an airplane is statically stable and the
dynamic stability takes care of itself,”’ comes from?

Design of lateral controls of airplanes has always been
recognized as a major problem.? In 1937, Weick and Jones!?
summarized the status of lateral control methodology. This
type of research summary was to become a hallmark of
NACA. Early dissemination of research and design data
helped to advance American aeronautics technology.

A significant problem with aileron design was the associated
adverse yaw and poor control force behavior. The Frise
aileron was one solution to these problems. Cures to balance
problems associated with Frise ailerons were reported in Ref.
18. Another solution was the invention by Jones and Nerken!®
of the differential aileron linkage. Figure 4 illustrates both
solutions.

With today’s computers, it is hard to imagine how difficult
it was to do trade studies of dynamic stability behavior of air-
planes. In 1937, Zimmerman?® came up with a series of design
charts enabling engineers to trade off the first- and the second-
order lateral-directional modes: roll, spiral, and dutch roll.

The effect of lateral stability on the gust response of air-
planes (handling and ride) was solved by Jones in the form of
Cog vs Cig design charts in Ref. 21. (Fig. 5 is an example.)

DIFFERENTIAL_AILERON | INKAGE

Fig. 4 Example of a Frise aileron and a differential linkage.

The spin characteristics of airplanes form a topic of
research even today. Following pioneering work by Gates and
Bryant?? in 1926, NACA investigated fighter spin behavior in
flight. The result was Ref. 23. This was followed by the first
systematic investigation of the effect of center of gravity, mass
distribution, and aircraft geometry on airplane spin behavior
by Seidman and Neihouse.?* Reference 24 is the last of their
four reports on this topic.

In 1935, Volume V of Ref. 25 was published. In it, Jones
gave a summary of the state of the art of airplane dynamic sta-
bility and response theory. Reference 25 also included a
remarkably clear discussion of airplane spin characteristics.

An investigation of the effect of wing geometry on airplane
stability derivatives was reported by Pearson and Jones® in
1938. This report can be seen as the first in a long series of de-
rivative estimation applications that (after WWII) culminated
in the well-known United States Air Force (USAF) Datcom..
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Fig. 5 Effect of lateral and directional stability on dynamic stability
behavior.

Static longitudinal stability of airplanes is dominated by
wing downwash behavior at the tail. Predictirig this downwash
behavior was made easier when Silverstein et al.?”-28 published
their still useful downwash design charts of 1939.

Problems with airplane handling qualities were recognized
to be a significant contributor to accidents.?® An accident clas-
sification committee of NACA, which wrote this report, con-
cluded in Ref. 30 that over 50% of aircraft accidents were
caused by pilot error. Some committee members speculated,
however, that handling qualities were a part of the problem. It
was also recognized that handling qualities depend to a large
extent on the aerodynamic balance of flight control surfaces.
The tailoring of control surface hinge moments is done by
shaping (nose, gap geometry, hingeline location, trailing-edge
angle) and by tabs. Hartshorn®' and Garner,® in 1929,
pioneered the use of powerful geared tabs (also called balance
tabs) in the United Kingdom. Harris introduced them to the
USA in 1935 through Ref. 33, which is still useful as a control-
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AERODYNAMIC HINGEMOMENT
STICKFORCE _ ~»

CONTROL SURFACE TAB

OPEN GAP HINGELINE LOCATION

_ 8=

OVERHANG

TRAILING EDGE
ANGLE

INTERNAL BALANCE

= /
FLEXIBLE SEAL

EXPOSED HORN SHIELDED HORN

Fig. 6a Example control surface configurations.

:j(>\

LOW COST GROUND ADJUSTABLE TAB

GROUND EXTENDABLE LINK

Z\—————-—;“’)\’—i TAB

IN-FLIGHT EXTENDABLE. LINK CONTROLLED BY PILOT

Fig. 6b Example tab applications.

tab design report. Figures 6a-6c illustrate the various types of
control and tab configurations as seen even today in many air-
planes with reversible flight controls.

Airplanes with reversible flight controls (and the controls
left free) can have dynamic stability behavior much different
from that predicted for an airplane with the controls fixed.
The effect of free aileron and rudder controls on dynamic sta-
bility was analyzed by Bartsch* in 1938, His method was ex-
tended by Jones and Cohen in 1941 to include the elevator
controls.

In England, Spitfire fighters developed the problem of
pilots pulling the horizontal tail off in recoveries from dives.
The problem was traced to very light stick forces per g. It was
solved by Miles* with the use of a bob weight in the control
system (see Figure 7).

In 1941, Gilruth and Turner®’ discussed the use of Lan-
chester’s pb/2V (wingtip helix angle) as a criterion for
satisfactory roll control. The famous pb/2V = 0.07 rule is
promulgated in Ref. 37. That report also recognizes the im-
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TAB

HINGELINE
SERVO TAB
- === SPRINGS
TO COCKPIT v |7

:—j’ TAB

RTESY:.

Fig. 7 Example of a bob-weight installation.

portant effect of elastic and aeroelastic deformations in lateral
control systems.

Compressibility effects were already recognized to be im-
portant in some very early NACA technical reports that dealt
with the aerodynamic characteristics of propeller blades. In
1939, a significant theoretical discovery was made by Kaplan?®
in which he showed that for thin airfoils the center of pressure
shifts very little with increasing Mach number.

Up to the early 1940s, longitudinal control in most airplanes
had been obtained through the use of elevators. For any given
tail surface area, there are various limitations to the size eleva-
tor that can be employed. It was to be expected that the idea of
using the entire horizontal tail (flying tail or slab tail) for con-
trol was only a matter of time. Mostly because of compressibi-
lity problems with elevators in pullouts from dives, did
Jones? suggest the use of a ““flying tail.”” The idea was backed
up with an analysis and a flight test as early as 1943.%°
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A problem in the prediction of longitudinal stability of air-
planes has always been the effect of the fuselage and nacelles
on the acrodynamic center of wing-fuselage-nacelle combina-
tions. The problem was first tackled theoretically by Munk*
in 1923. A systematic series of tunnel tests led to considerable
clarification by Jacobs and Ward* in 1935 using data ob-
tained in the NACA Langley Research Center variable density
tunnel on no fewer than 209 models. Figure 8 shows the im-
portance of this effect on several recent airplanes.

Criteria for longitudinal stability from a pilot’s viewpoint were
introduced by Gilruth and White*? in 1941. The criterion used
was the variation of elevator deflection with angle of attack.

The effect of propeller tilt angle on longitudinal stability
was delineated by Goett and Delaney® in 1944. A complete
analysis of these and other effects, useful for designers, ap-
peared in the widely used textbook by Perkins and Hage.*

During WWII, Germany, the United Kingdom, and the
USA developed a keen interest in tailless configurations. An
analysis of the stability and control characteristics of such
configurations was performed by Jones* in 1941. A summary
of stability and control characteristics of tailless designs was
compiled by Donlan* in 1944. This work was in support of ef-
forts at Northrop toward developing tailless fighters and
bombers. These designs had plenty of stability and control
problems.

As airplane flight envelopes grew toward higher speed and
higher altitude while airplane size also increased, more and
more problems developed with their still reversible control
systems. The spring tab offered a temporary solution. The
spring tab was first proposed and analyzed by Gates? in 1941.

ATy, =-0.32

ALL SHIFTS IN FRACTIONS OF THE MEAN GEOMETRIC CHORD

Fig. 8 Effect of configuration on fuselage induced shift of aerody-
namic center.
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A concise analysis of the spring tab was developed by Phillips*
in 1944. Figure 6c shows a spring tab schematic. A major pro-
blem with spring tabs is their potential for flutter. That problem
was addressed by Frazer and Jones* and Collar® in 1943.

Steady state aeroelasticity had become troublesome in its ef-
fect on lateral controls in the early 1930s. Based on the
pioneering work by Pugsley,! Pearson and Aiken’? prepared
charts for designers to determine the required torsional stiff-
ness in the achievement of prespecified roll performance.
Figure 9 illustrates this problem.

Airplane performance increased rapidly during WWII.
Compressibility was now affecting longitudinal stability in a
frightening manner: pulling out of high speed dives had
become questionable. Hood and Allen*® addressed these prob-
lems and came up with some solutions. One of their solutions
was the all-flying tail. (It is of interest to note that the list of
references in Ref. 53 does not include Jones’ Ref. 39 of the
same year.)

During WWII, flying qualities became very important both
as a research topic and as a regulatory topic (flying quality
specifications). In 1943, Gilruth3* formulated a set of require-
ments for satisfactory handling qualities from a designer’s
viewpoint. This, in turn, led to Ref. 55, which defined a very
useful wind tunnel test procedure for determining critical sta-
bility and control characteristics.

The military specifications of Refs. 56 and 57 are typical of
the early flying quality specifications based on NACA work.

Of major importance to airplane stability, control, and per-
formance engineers was the appearance of Ref. 58 of 1945 by
Abbott and Von Doenhoff. This magnificent achievement
resulted in Ref. 59, a textbook that is still popular with en-
gineers, students, and professors in 1990.

Years Since World War 11

In 1947, Toll®® published an extensive lateral control
research summary. It contained 91 references and dealt with
such topics as ailerons of all types, spoilers, lateral control
force tailoring, system lag effects, and control surface distor-
tions (control surfaces were still largely canvas covered). This
report also included extensive design methodologies.

As a result of the introduction of jet powered fighters and,
later, bombers, airplane mass distributions began to change.
Masses were now concentrated along the X axis more than
ever before. In 1948, Phillips! predicted the occurrence of roll
rate induced coupling that could lead to severe instabilities.
Such instabilities were indeed found to occur in early F-100
fighters in the mid 1950s. The problem was thoroughly re-
searched in flight tests of the NACA X-3. Figure 10 shows the
well-known roll coupling stability boundaries according to
Phillips.' These boundaries are still used in tail-sizing proce-
dures for high performance airplanes today.

CONSTANT ALTITUDE, RIGID WING
d‘mlx
INCREASING AILERON
o
3 bay
ELASTIC WING
> 64,
Fpnex
Fy, | INCREASING
F, | ALEBON
WHEEL FORCE
TRUE AIRSPEED - Uy

Fig. 9 Effect of aeroelasticity and wheel control force on roll per-
formance.
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Fig. 10 . Roll coupling stability boundaries according to Phillips.!

In 1949, Phillips®? produced another milestone in the devel-
opment of theory and application of flying qualities. This very
useful work contained 41 references. The military flying
qualities specification of 1948% was based largely on NACA
work. This was, however, to change. The USAF and the U.S.
Navy began to rely more and more on their own flying
qualities research. Much of that early work was done through
contracts with the Cornell Aero Laboratory and through the
use of variable-stability airplanes. The era of variable-stability
airplanes can be said to have begun with Refs. 64 and 65.

An event that had significant consequences to the develop-
ment of stability and control at the international level was the
creation of NATO in 1949 and, subsequently, the establish-
ment of AGARD in 1950. AGARD sponsors international
conferences dealing (among others) with airplane stability and
control problems and solutions.

NACA continued its series of derivative estimation methods
with Ref. 66. This report dealt with methods for estimating de-
rivatives in supersonic flight. It was aimed at delta wing con-
figurations and heralded the coming of the F-102, F-106, and
B-58.

Aeroelastic effects became even more important with the in-
troduction of the first supersonic airplanes. Reference 67 dealt
with the effect of wing aeroelasticity on static longitudinal sta-
bility. In a sense, this report represents the last of an era: it still
uses the so-called closed-form solution methods. This changed
in 1951 with Diederich’s Ref. 68, which introduced the use of
matrices in solving aeroelastic problems with roll controls.

This work was based on the earlier introduction of matrix
methods in the United Kingdom by Frazer et al.® The intro-
duction of digital computers made the use of matrix methods
economical.

In retrospect, it is amazing that it took so long for the most
elegant Laplace transform method to gain a foothold in air-
plane dynamic theory. As pointed out before, Wilson!2
already used the D = d/dt operator notation. In 1931, Bryant
and Williams™ introduced Heaviside’s method of operators to
the solution of an airplané¢ dynamics problem. Jones’' intro-
duced the method in the USA. Engineers involved in the devel-
opment of servomechanisms were using Laplace transforms
(which is closely related to Heaviside’s method) in the early
1940s. Despite this, the use of Laplace transforms did not ap-
pear in the airplane dynamics literature until 1950.72 The
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Equivalent Stability Derivative Concept

. CquAS-on = Cmqinherent + AcquAS M
— [Mg + (Za/Uy) + M,
Gp = ! q ( 1) £ @
2wngp
where
Cmqq lSZ'2 3
77 2n,U ®

Preliminary Damper Sizing Steps
1) Find required {sp from MIL-F-8785C
2) Find inherent {sp from Fig. 12

3) Find AC), Isas from (1) and/or from Fig. 12. Set this equal to

ACm 4SAS QU1/E)Cms Ky C)]

4) Solve pitch damper gain K, from Eq. (4)

5) If K;>2 deg/deg/s, the airplane needs more control power Cisy

_ for the SAS to function.

Fig. 11 The equivalent stability derivative concept.

method gradually became a standard tool in the solution of
open- and closed-loop airplane stability and control problems.
The simultaneous introduction of digital and analog comput-
ers helped push this development.

The work of Bode” and Evans’ made the use of Laplace
transforms and transfer functions even more convenient.
Their work was extended and made popular in aeronautics by
the appearance of the famous Northrop Volumes” developed
by McRuer and Ashkenas under U.S. Navy Bureau of Aero-
nautics sponsorship, guided by Leo Chattler. The seven Nor-
throp volumes formed the basis of modern stability and con-
trol methodology. This work resulted directly in Ref. 76,
which still is a standard textbook for those wishing to become
proficient in stability and control. Reference 76 is extremely
well documented with footnotes and references dating all the
way back to 1759. McRuer and Ashkenas also developed the
first useful models of the human pilot. Their pilot transfer
functions””® allowed the use of feedback control theory in
predicting flying quality behavior. This, in turn, required the
introduction of an appropriate pilot-to-airplane rating scale.
That was first done by Cooper and Harper.”™

Methods for estimating stability and control derivatives of
highly elastic airplanes were put in closed, matrix format by
Roskam et al.® in 1968. '

NACA continued its work in developing methods for esti-
mating stability and control derivatives. Important reports in
this regard are Refs. 81-84, the latter foreshadowing the devel-
opment of the USAF Datcom?® which first appeared in 1970.

McRuer and Ashkenas™ introduced the powerful idea of
equivalent stability derivatives to the USA. Historically, this
idea should probably be credited to Gates® and Garner.?” The
equivalent stability derivative idea allows the designer to arrive
at a first-order estimate of tail size and control power require-
mients for airplanes with deficiencies (intentional or not) in in-
herent stability. This concept, illustrated in Fig. 11, should be
coupled with that of derivative sensitivity plots. These latter
were first introduced in Ref. 75. A modern example of a deriv-
ative sensitivity plot is given in Fig. 12. These plots allow the
designer to quickly determine whether a new airplane design



488 : J. ROSKAM J. GUIDANCE

/
X173
//
1/Ts

ERENT AIRPLANE' PITCH DAMPING DERIVATIVE VALUE

- [ Wnp [
of -0 ~_1e0 -200
¢, PIICH DAMPING DERIVATIVE - Cn,- 1irad

/T
l -8,0

Fig. 12 Example of a derivative sensitivity plot.

b -
g -
m| -
I c S
3 -
= , — 7B WING CHORD
i i T
c ! ) Ay by s
HORIZONTAL TAIL MOMENT ARM)/(M .
g JlJ_QM
-1
e
< 3§
wl

RECOVERY ONLY IF PITCHING MOMENT
“ FOR MAXIMUM FORWARD ELEVATOR IS
C POSITIVE (NOSE DOWN)

DEEP STALL TRIM~——— — — =

PITCH-UP FOR HIGHLY SWEPT STRAKE B
AND/OR WING A
Astai

Qrim — — — —-

65 = Odeg

- +

PITCHING MOMENT COEFFICIENT ABOUT CG

Fig. 13 Pitch break behavior as a function of horizontal tail location.



MAY-JUNE 1991

has sufficient control power to allow its stability augmentation
functions to work at all. They also allow a rapid evaluation of
the relative importance of a derivative. This is helpful in deci-
ding where to put the engineering resources during the early
development of an airplane.

Because of increases in the size and speed of airplanes in the
1950s, the design of flight control systems began to change.
Hydraulic boost became a standard feature with airplanes
such as the B-29.3% Complete mechanical backup was still
used.

The use of actuators for automatic flight controls goes way
back to 1912. For details, the reader should see Table 1-1 in
Ref. 76. Electric, pneumatic, and hydraulic servos all were
already used in the 1912-1928 era.

With the introduction of powered flight controls came the
need to develop artificial feel systems. Reference 89 was one of
the first reports dealing with this subject. Reference 75 also
contributed significantly to the development of artificial feel
systems.

The 1950s saw the introduction of T-tails in high perform-
ance airplanes. The case for T-tails was argued by
Multhopp.®® At high angles of attack, many T-tail configura-
tions developed serious control and stability problems: pitch-
up and deep stall! With the help of high-o tunnel data and en-
gineering simulators, Refs. 91 and 92 were very helpful in
making the configuration design community understand the
root causes of the early T-tail problems. Out of this work
came design guides, as shown in Fig. 13. These allow configu-
ration designers to quickly judge T-tail layouts.

Determination of stability ‘and control derivatives from

flight tests had been an important research topic at NACA for
many years. References 93 and 94 are examples of the intro-
duction of matrix methods in solving these problems. How-
ever, these methods were still cumbersome and affordable
only by research organizations. Improvements in sensor ac-
curacy and the availability of fast digital computers provided
new stimuli to the development of modern parameter identifica-
tion methods. Iliff et al.?% made the enabling contributions.

In 1978, the Numerical Aerodynamic Simulator (NAS) faci-
lity was established at NASA Ames Research Center. This
facility rapidly developed the capability for dense grid solu-
tions of various approximations and exact versions of the
Navier-Stokes equations. These equations had been unsolv-
able (from a practical viewpoint) until the development of very
high speed computers such as.the early Crays at NAS. The
NAS foreshadows the days of the paper wind tunnel, where
most stability and control problems can be analyzed very early
in the design stage of airplanes. This will prove essential in the
development of hypersonic designs.

Designing airplanes with good flying qualities was made

much easier with the publication of ‘Mil-F-8785B’’ in 1969.%
The introduction of the idea of levels of handling qualities
from the Cooper-Harper scale and the tie-in between degrada-
tion of handling qualities with probability of flight control
system failures made a rational approach to irreversible flight
control system design possible. The extensive backup docu-
ment® that accompanied Ref. 98 provided much needed in-
sight into the connection between design parameters and speci-
fication parameters.

With the introduction of highly augmented airplanes and, in
particular, digitally controlled airplanes of the same ilk came
the problem of judging higher order system effects that are in-
troduced by such systems. This resulted in problems with in-
terpretation of Mil-F-8785B: the closed-loop root structure of
the airplane no longer matched that on which the handling
quality specifications were based. As a result, the so-called
equivalent system approach was proposed'® and developed.
This, in turn, led to Mil-F-8785C. 10!

The author decided to end this review with the year 1980. It
is left to future writers to assess the significance of develop-
ments since that time. Airplane stability and control has come
a long way since Johnson’s statement! in 1759 and since the
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first flights by the Wrights in 1903, which demonstrated prac-
tical controllability for the first time. The field of stability and
control has developed into an indispensable component of aero-
nautics technology.
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