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Mr. Joseph J. Traybar (ACT-340), Flight Safety Research Branch,

Aircraft Safety Development Division.
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for his many helpful comments and guidance during the performance of

this work as well as for his considerable contributions during the

review of this report.
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EXECUTIVE SUMMARY

eyl st s0r

A

~3 Considerable attention has been given recently to the use of certain advanced air-

# craft configurations and flight control designs and the implementation of new system
concepts in order to improve or optimize aircraft designs, flight characteristics,
performance, and efficiency. Utilization of these new aircraft and system concepts
to achieve these desired goals usually requires consideration of beneficial design
factors (such as aft center of gravity and smaller sized tail-planes and empennage)
that tend to cause poorer aircraft flying qualities characteristics for certain
modes of flight. Therefore, for many new generation aircraft, it will be necessary
to provide various tiers of stability and control augmentation to optimize the
designs as well as compensate for potential problems associated with flying quali-
ties safety requirements for failed-state conditions. The trend of using highly
augmented flight systems is well established and indeed, in the recent NASA spon-
sored study for Energy Efficient Transports, the Boeing, Douglas, and Lockheed air- i
craft companies all recommend highly augmented airplanes for their proposed designs. :
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In the present study, the flying qualities of highly augmented aircraft are examined
in the context of the current Federal Aviation Regulations (FAR) and supporting
Engineering Flight Test Guides to determine if they require modificatian and/or
updating. Alsc, attention is directed toward the determination of the data and
information needed to adequately and efficiently assess the flying qualities air-
worthiness of highly augmented aircraft and systems to ensure that they meet the ;
minimm requirements for az level of safety. §

T P AT VL

B Sy v iy

First, it must be clearly understood that the current flying qualities related FAR :
are based essentially on classical stability and control of unaugmented aircraft.

(0 wherty Ut phm
P v

3 Therefore, it was necessary to determine what specific differences exist between the ;
% = | % ° flying qualities of classical unaugmented aircraft and the highly augmented (or .o
3 , super augmented) aircraft being proposed for greater performance and fuel efficiency. :
3 ‘; 5 It has been the purpose of this study to make such determinations and updating of i

pertinent agency documents. The results of the study are presented in two volumes.
Volume I contains a detailed review of the assessments as defined in the FAR and
Engineering Flight Test Guides. Volume II contains a more detailed technical analy-
\ L. sis of highly augmented and super augmented aircraft to provide analytical support

B = for Volume I. The emphasis is on the longitudinal axis in keeping with the desire

- to provide fuel efficiency via relaxed static stability. However, some considera-
tions of the lateral and directional axes have also been reviewed.

22 X R

ot O Sn
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72

)

- The difficulty in changing established regulations has been an overriding considera-
tion, and suggestions to modify an existing FAR were made only when no alternative
RO could be identified. In nearly all cases, the existing FAR have been found to be
3 . . adequate with the important proviso that detailed interpretations and flight test
S 5§ procedures can be developed for inclusicn in the supporting Engineering Filight Test
Guide. However, it appears that the current versions of the Engineering Flight Test
Guide do not provide adequate guidance to support the flying qualities aixworthiness
2 assessment of highly augmented aircraft and will require significant modifications
"§ ~ ~ and updating. In fact, many important sections it the Engineering Flight Test Guides
e & are blank or missing and listed simply as "Reserved."
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Specific areas of interest or nossible activities needed to aid in upgrading the

-~ pertinent documents are detailed. Brief comments on some cf these areas are: A
%%: synopsis of FAA pertinent data and information taken from applicable portions of
# flight test and simuiations studies (as accomplished by NASA, DCD in the form of
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reports and handbooks; e.g., MIL-F-8785C), should be culled and portions included
in the FAA Engineering Flight Test Guides in a format that is readily usable to the
agency and certification team members in the flying qualities airworthiness assess-
ment precess for minimum requirements for a level of safety. Specific piloting
tasks should be defined for evaluation of critical aspects of certain features of
highly augmented aircraft. Issues related to "long-term" dynamic stabi lity require- &
mente need to be fully and efficiently addressed. The idiosyncrasies of specific E
augmentation schemes should be discussed in some detail so FAA flight test engineers
and test pilots can fully and efficiently evaluate such systems. For example, both i
active and passive augmentation schemes should be covered ranging from downsprings 13
and bobweights all the way to highly redundant fulle-authority high-gain fly-by-wire 4
systems. All aspects of augmentation system failures should be considered. For i
example, the Engineering Flight Test Guide should contain a clear interpretation of )
what constitutes '"non-essential," "essential," and "eritical" flight control func-

tions. 1In addition, the effects of failure transients and critical conditions for
failures should be spelled out in detail.

Currently, the minimum requirements for a level of safety are defined by several

key phrases scattered throughout the FAR, For example, 'without exceptimal piloting
skill, alertness, (attention) or strength" is the phrase used to distinguish between
what is and what is not an acceptable level of safety in some paragraphs. A more
definitive rating rationale and structure should be designed and considered for
agency use by the FAA flight test pilots and engineers as an additional aid in deter-
mining more precisely what constitutes PASS/FAIL rating and compliance with "key-
phrase" use for the evaluation of flying qualities minimum requirements for a level.
of safety. To this end, Volume I suggests that the well-known and widely used
Cooper-Harper Rating Scale be more formally utilized, in truncated form, in the h
flying qualities appraisal process. That is, the Cooper-Harper "Rating" column, the
Aircraft Characteristics column, and Demands on the Pilot (Workload) columm are
identically retained but the block diagram schematics for Adequacy for Selected Task
have been excised and a new PASS/FAIL Judgment column (designed and calibrated
specifically for FAA application) has been juxtaposed with the familiar 10-point

rating scale for agency use in conjunction with the existing "'key-phrases' of the

FAR and flight test guides. This truncated version of the Cooper-Harper Flying
Qualities rating system is offered here to reduce agency application difficulties

and other past rating complexity issues. It provides an initial rationale with a

more solid data foundation that should aid greatly in structuring all airworthiness
PASS/FAIL appraisals. Also, use of this type of rating scale should eliminate or at :
least mitigate objections by some applicants related to relative rating comparisous

(of "goodness" or "badness") of aircraft, systems, and products.
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In the present study, we have defined specific areas of concern in aircraft flying
qualities relatad Federal Aviation Regulations and associated Engineering Flight

Test Guides when utilized for the airworthiness assessment of highly augmented
aircraft.
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SECTION 1
INTRODUCTION

A. BACKGROUND

The current airworthiness standards for Transport Category Airplanes
[Federal Aviation Regulations (FAR), Part 25) are primarily oriented
towards classical unaugmented aircraft. Nonetheless, they are appli-
cable in most cases to augmented aircraft if appropriate interpretations
can be made in the “ngiiecering Flight Test Guide For Transport Category
airplanes [Federal Aviation Administration (FAA), Order 8110.8, Refer-
ence 1], The purpose of this report is to analyze the interrelation-
ships between various levels of augmentation and the FARs. Many of the
areas covered in this report are also applicable to Part 23 aircraft and

the associated engineering flight test guide (FAA Order 8110.7).

This report is organized in two volumes. Volume I 1is oriented
towards a practical interpretation of stability augmentation systems
with emphasis on the flying qualities airworthiness assessment of such
afircraft. In keeping with this objective, the use of equations and ana-
lytical interpretations has been kept to a minimum. Volume II reports

the more analytically oriented research results of this study.

While the report is intended to cover augmentation systems in gen-
eral, the emphasis is on relaxed static stability in view of the current
{nterest in this subject. For example, a Lockheed L-10l1 is currently
being flown at 1 percent static margin to explore the feasibility of
flying at aft center of gravity locations. In the Energy Efficient
Transport (EET) program sponsored by NASA {(References 2, 3, and 4), it
was found that relaxed static stability was a most important source of
block fuel reduction (Reference 2, page 167). This suggests that a
variety of pitch augmentation systems will be implemented to meet the
agency’s minimum flying qualities airworthiness requirements for a level
of sgafety for the next generation transport aircraft that incorporate

relaxed static stability concepts.
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;; The basic objective of stability augmentation is to make the flight %
‘; control system and feel system essentilally transpareat to the pilot. ' \ &
i That i{s, the pilot should feel that the flying qualities characterlstics é
i are very desirable without being aware of the golngs on necessary to %
é achieve such characteristics. Clearly, when these objectives are net §
; the flying qualities could exceed, by a considerable margin, the minimum %
- requirements for a level of safety in the majority of flight conditions g
| E to be encountered. However, the certification pilot and engineers and ,g
'i other flying qualities airworthiness assessment team members should be : ‘é
i aware of the generic characteristics of stability augmentation so that E
: they can identify possible critical flight conditions. For example, an - ]

e

augmentation system using a limited authority series servo may tend to

A
FPRRAN e 10

saturate in wind shear resulting in a reversion to the basic aircraft

dynamics at a cricical point in the landing flare. Such cases should be

iy 3 zas N \
gt

o TR N

identified and tested on a flight simulator as well as in-flight, when-

PPN

ever possible. A primary objective of this volume is to provide infor-

mation and data to support future expansion and revision of the Engi~ :

sy

Iy

1 ..
-
4
.
I8
2

neering Flight Test Guide for Transport Category Aircraft (Reference 1).

In particular, it has been our intention to include guidance materfal to

assist in identifying critical flight conditions that may arise as a

At

consequence of stability augmentation.

2x s

B. ORGANIZATION OF REPORT (VOLUME I)
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A discussion of the evaluation factors for flight testing of augmen-

ted alrcraft is presented in Section II. Section III includes a review

28 o DRI
TR TS

of the basic concepts of stability as related to the requirements dis-

AL LN E R
-

T
RIS

cussed in Section II. The effect of augmentation on static and dynamic
stability is discussed imn Section IV, The primary emphasis in Sec~

tion IV is on active augmentation which is expected on the next genera-

4 Spe b Fetatr, G AT

7.«.0

tion Part 25 aircraft. Section V contains a discussion on augmentation

system failures and, in particular, how such failures can be accounted

.
Y

for within the framework of the current FARs. Finally, Section VI gives

RAPRYTY
AN

considerations for modifying the flight test guide to account for the

g A

A

effects of stability augmentation without making significant changes in }

FaAs
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the FARs. [t is hoped that the data contained in Section VI can be uti-
” lized along with other pertinent information to update and modify the
Engineering Flight Test Guide for transport category aircraft so that
augmented aircraft are accounted appropriately.
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SECTION 11

EVALUATION FACTORS FOR FLIGHT TESTING OF AUGHENTED AIRCRAFT

A. BACKGROUND

The determination of whether an aircraft meets certain flying quali-

oy

ties minimum requirements for compliance with "a level of safety" dic-~ .
tates a more structured approach for highly augmented aircraft than for

convent lonal aircraft. This lesson has bcen learned on numerous occa- .

Sany o rp e

sions in developing data to support the flying boundaries for highly
augmented airvcraft in MIL-F-8785C (see References 5 and 6). As a speci-

s

e 4e 4 Ppvoray u . o e s e L i
e e e e R ¥ o e ATt

fic example, it was found that small variations in the equivalent time
delay between the aircraft pitch response and control input had a large
impact on the pilot ratings (one (1) unit of Cooper-Harper rating per
0.05 sec of time delay). However, this rapid degradation in pilot rat-
ing with increasing time delay was only apparent when the pilot was i
giveun a task which required aggressive control of pitch attitude such as
touching down at a precise point on the runway in the presence of turbu-
lence and wind shear. The point of this discussion is that a signifi-

BRI A s b ot 2 9o I 1 30 2 Ve DT e e € sl wst Wen " NE yin va p oy

cant deficiency existed that was not apparent from "normal® flight test—
ing and that difficulties were encountered only when aggressive attitude

Ao y sndy oy
i %

control was required. Furthermore, the value of th: cguivalent time

delay was found to depend on specific details of the augmentation systen

such as bending mode filters, stick filters, and digital flight control . -;
system throughput time. It 1s our intention in the current research to é
provide the necessary background which will allow the FAA to expand the . 3?

I

Engineering Flight Test Guide to include apypropriate flight test proce-
dures which expose handling quality deficiencies unique to stability

.‘,;)v

2
et

augmentation systems. In this section we shall discuss some general é i
flying quality airworthiness flight test evaluation factors that have ;Q
been found useful in checking highly augmented aircraft for compliance ;f

with the Military Flying Quality Specification (Reference 5).

TR-1178~1
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B. PILOT CENTERED REQUIREMENTS
An evaluation of the flying qualities of an augmented alrcraft
requires consideration of four basic factors. These are:
1) Unattended operation
2) Trim management

3) Maneuvering

4) Regulation

Unattended operation refers to portions of the flight where the pilot is
performing functions other than flying the aircraft. Trim, of course,
relates to the pilot’s ability tc remove constant control pressures in
equilibrium flight. Some maneuvering and most regulation tasks 1nvolve
continuous pilot involvement as part of a closed-loop pilot vehizle sys-
tem. It is necessary to consider all of these factors in making a
determination of the suitability of the aircraft flying qualities.

A
SE wia e b

Experience has shown that the critical high workload pilot operatioas

g 1 Ze ST A

( invclve precision path control and unfavorable environmental conditioms
such as low visibility, azpproach and landings in turbulence and wind
shear. In evaluating the suitability of augmented aircraft, the engi-
neering flight test guide should be explicit in terms of the operating
environment to be tested, as well as the mission operational phases such
as takeoff, climb, level flight, dive/descent, and landing. A format

which accounts3 for unattended operation, trim management, maneuvering

and regulation in the above operating environments should be considered
for an expanded version of the flight test guide.

Certain key phrases are included in FAR Part 25 to insure compliance

PP A At st

. with minimum requirements for a level of safety. These are summarized

below:

-

N s

e "Without exceptional piloting skill, alertness,
(attention), or strength" (FAR Part 25.143b, and €
25.181b).

® '"Suitable" (FAR 25.171)
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. "Safe Operation'" (FAR 25.171)

e ‘"Exceptional attention not required" (FAR
25.173d).
While the semantic meaning of these phrases is generally understood, it
1s Inevitable that certification pilots within and among the regilons
will disagree as to the assoclated magnitude of the flying quality defi-
clency. The milltary flying qualities specification (MIL-F-8785C)
approaches this problem by defining levels of flying quality acceptabil-
ity in terms of the Cooper-Harper rating scale (see Reference 7), which
has become a standard reference in the flying quality community and is
shown in Figure 1 (taken from Reference 7). Figure la shows the actual
scale whereas Figure 1b 1ndicates all of the factors which must be con-
sidered f{n the evaluvation of aircraft handling qualities. The semantic
meanings of the phrases on the Figure la scale were investigated in Ref-~
erence 8 to determine the variability of their meanings amongst a lacge
group of pilots. 1o addition, the scale was tested for linearity to see
for example 1if the meanings of the phrases associated with the pilot
rating of 4 were actually “twice as bad" as the meaning of the phrases
for pilot ratings of 2. This expeciment is reported in Refercnce 8
which shows that the variability is indred quite low and that the scale
is linear in the vegion of pllot ratings between 1 and 6. While the
varfability and linearity of the scale fcr ratings worse than 6 were
somewhat degraded, the scale is still usable ir this region. Nearly all
flying quality experiments of any consequence pcrformed in the last
15 years have utllized the Cooper-Harper pilot rating sczie as primary
source of data concerning pilots performance and workload of the tested
configurations. It should be noted that we are not recommending a modi-
fication of the FARs to include the Cooper-Harper pilot rating scale,
but rather the inclusion of the scale to assist in lanterpretation of the
phrases noted above which are currently in the FARs. Tt is the opinion
of the authors that a pilot cating of 5 would insure compliance with the
FAR minimum requirements for a level of safety and would be consisteat
with the semantic meaaings of the above phrases. This is based on the

opinion that the semantic meanings of the phrases associated with a
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3 ; Figure lb. Elements of Control Loop That Influence
% Handling Qualities
X
. %
s
;% Cooper~Harper pilot rating of 6 would require pilot effort that exceeds
L5 a "minimum requirement for a level of safety" as described by the

38

o
A

A3

RS el Fards

e.g., 'without exceptional pilot skill, alertness, or
streagth." Specifically, it would seem that the Cooper-Harper phrases
"very objectional deficiencies" and "adequate performance requires
exténsive pilot compensation" would be associated with something worse
than “without exceptional pilot skill, alertnegs, or strength,” "suit-
able."” "safe operation,” and “exceptional attention not required.” Addi-
tional evidence that the 5 level is appropriate for defining the "pass/
fail" boundary for the minimum requirements for a level of safety is
glvén by the fact that FAA certification pilots utilized this value
during an-extensive STOL airworthiness simulation conducted for the pur-

pose of geénerating airworthiness criteria for a STOL aircraft (see

phrases,

Reference-9). - -
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C. RECOMMEMDED PILOTING TASKS

The Engineering Flight Test Guide should contain specific piloting
tasks for each of the specified FARs. As a minimum these tasks should g
require: T

® Aggressive tracking

e A level of turbulence which could be defined as
moderate

R

@ Precision landings in the presence of moderate
wind shear (this requirement may have to be
accomplished in simulation).

5 SOOI ) rag B antey
et 1V

W0 o K,

¢ Periods of unattended pilot operation. This task
would be especially important in the presence of
auguentation failures.

o Tuvi sy

3 X
S The effect of the piloting task on the flying quality evaluation is g
%: dramatically shown in Figure 2 where the Cooper-Harper pilot ratings are g
A plotted vs. time delay; an important flying quality metric for augmented E
%‘ airplsunes. Two sets of data are shown in Figure 2. Both invelve a ?
%. landing task and both utilize variable stability in~flight (airborne) E
3 simulators. The curve marked A represents an experiment where the é

The curve é

piloting task was simply to land at any point on the runway.
marked B represents an experiment where the piloting task was
a specific peint on the runway after accomplishing an aggressive side
step maneuver. The effect of the flying quality parameter T, (equiva-~
lent control system time delay) is seen to be significantly greater in
the more aggressive piloting task which, in fact, makes the difference

between meeting or not meeting the recommended minimum requirement for a
The key point to be mzde here is that an

to land at

AN T TN - s 4

S otad 4,

FIZPE TINNGEP

level of safety in Figure 2.
aggressive piloting task is required to reveal flying quality deficien-

cies that simply are not apparent during normal operation. Such rapid
degradations in flying qualities has been termed "flying quality
cliffs." A primary objective of the flight test guide should be to
interpret the FARs in such a way as to expose such flying quality

RECLINCVLUPTPYIRY

YT F et ar

cliffs.
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%-J SECTION ILI i
BASIC CONCEPTS {
i A. STICK-FIXED AND STICK~FREE STATIC STABILITY ;
, Static stability is positive when the variation in pitching moment
: with angle of attack (dCp/dx or simply Qmu) is negative. Note that as
. long as the pitching moment variation with angle of attack is negative, ;
4 the aircraft will always return to its trim pitch attitude and hence its (
trim airspeed after a disturbance. For conventional airplanes the major :
i3 B . N
4 contribution to Cp 1is from the horizontal tail. That is, 3
eail Stail '
:8 C = (G o ——— (0
i (Cadpayy = (), otats = Suing
“ The chfmge in (Cm)c all with wing angl.:.e _?f attack 1s obtained by taking
2 the derivative of Equation 1,
it {
' s - dCp tail ftail Stail
o3 : da = Clu) - - (2)
4 wing Jdue to tall daying €  Suing
;, tail
The change in angle of attack of the tail and wing differs by the change
ia downwash at the tail., From Figure 3, .
(‘htail -] e :
doying daying 2
’ dc 2 Seail: ,
I ( m . - '(clu) 1 - &‘& tt:i]. Stail 3) {
; daying due to tail wing ¢ wing
23 - tail ’
Er |
e The total Cp is given as
= c, = (¢ ¥ + + +owbe T (4)
/ s Tt ( %)wing (c“h) tail (cnh) fuselage \Cmu) flaps
= L TR-1178-1 11 .
r . JRp— : e
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Center of gravity location (X¢gq.

Stick free neutral point, Ng
Stick fixed neutral point, N, |
Stick tree maneuver point, My

Stick fixed maneuver paint, M,

-. v A : . . ) -

AR T AN P A T oA

iy

Qwing

\

R

,
g

Velocity, V,

9] - Elevator
g Veiocity,V, Angle, 8, :
# Downwash k1
Qtall = Awing - € Angle at .
Z Tail ¢ :h
detail _ 6_ de ) #
daw; da
wing wing . {ig
Figure 3. Basic Notation Used for Deflining Static Stability ¢

f'm i B
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The term stick-fixed static and dynamic stability means that the tail
contribution to Cnh was obtained with the elevator fixed. ~However, if
the elevator is not constrained it will tend to float trailing edge up

S o,

'a.?e H

&s the angle of attack is increased. The net effect of this 1s to
reduce (C]m)tail in Equatifon 3. Since the tail provides most of the
stabilizing moment, (Equation 4), the effect of a floating elevator can
be substantial. (The details of this are given in Reference 10 on pages
282-285). The term stick-free statiec and dynamic stability means that
the tail countribution to Cmu was obtained with the elevator allowed to

VARG EAESE
B ren s 182 o dde T AL Bg S iete et S AR A

float (aot constrained). - Since the elevator nearly always tends to

t
.
o
bY .
M-,
!
e
A
3
kY
£
i
n
L3
28
3
.
:
r:
%
£
4
B
8
g
4
&
%
i

x: i
g float trailing edge up with increasing angle of attack, stick-free i
4 %
' static stability is generally less than stick-fixed static stability. . 3
gl' ":‘:
- Moving the center of gravity aft tends to increase the destabilizing ;
g moment due to the wing and to decrease the stabilizing effect of the §
: ]
9 ‘tail. If all the Cmg effects in Equation 4 are separated into aerody- ;
E namic dependent and c.g. dependent terms, the following expression ;;
results: i

C% = Clu(ng - NQ) (5) ‘E

g
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- N, 1s called the neutral point, since neutral static stability results :
ip/ whén "the c.g. fé'ESVed'fkr'énbugh aft 86 that & cg =N, (xgg 18 always :

négative). if che elevator is constrained, N, is the "stick-fixed
neutral point. Likewise, when the elevator 1s allowed to float, a

priue s added to denote the’ stick—free ‘neutral poiat. That is,

'.}' R "o, ,_.. L)

1 ‘he -

ao 4 IS/ T ooy i

(cn,,,) free. ..

Note that NJ would be calculated by using a lower value of (chm)tail in 9

Equation.3 and .that it would -be .smaller than N, . Hence; as-the c.g. is !

Cln("cs 'Ns';)’ | (6)

Wit

moved aft, :stick-free static stability normally goes to zero before
stick-fixed static stability. This 1is shown diasgramatically in !
Figure 3. The distance between the c.g. and N, is termed the "static

margin" and is usually given in percent of mean aerodynamic chord.

‘< The: pkysical significance of stick-free static margin is.that it not
only -defincs. the; tendency .of. the' aircraft to return to trim with- the
elevator. unconstrained; but it also defines the force required to ianten-—

( tionally -hold:~the -aircraft at some speed .off trim. . More precisely, the

PTG 28 o0 258 By sonis ot ke IR % s me xrsaig o

relationship “beiween .stick-free static stability, (cﬂu)free’ and the 1
stick force gradient :with .speed.-is given as: :
§ oarg Mg (xeg - N3) Chg, (Cay) . ;
: W - K Vo K G free 7 (7N .
i | Cog trim Cos, Cla trim ;
3 where
'§ o E +  ,.K Depends on.control surface .gearing and :
5 - o . . elevator wing geometry and weight {see
8 ’ Y (Reference 10)
3 LT 'Cﬁs " 18 ‘tHe elevator hinge ‘moment due to
- - '€  elevator:deflection .. : :
A . . chﬁg.,, Is- the. aircraft pitching, moreant due to . )
R Cr e ,e" elevator deflection . '
. § LAY ' % 3f
z co o Vupgw.. 1o the brin atzepesd .
& ;;gn« - s’y _‘:: B ) P J,,r"" PR N et .y

From Equation 7 it is clear that the gradient of stick force with speed
(dFS/dV) is a measure of the stick-free static margin (xcg -Nj) and

fernAT wzd P o st ks e
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hence (C%)free (see Equation 6). This was most likely the basia for
requiring a stable stick force gradient in early flying quality specifi-

PR X

cations including the FARs. With the advent of augmentation it is pos-

Wi

i L,
Shra

AT,
Far T O AR AL

sible to bave zero or even negative static margin, i.e., (Cqm)free

positive, and still have acceptable, and even desirable, pitch axis

handling qualities. Hence, the basis for stick force gradient require-

ments should be reconsidered to determine how they apply for augmented
aircraft,

The gradient of elevator position with speed (d&e/dV) 18 a measure
of static stick-fixed stability, 1.e., (C%)fi 4 18 negative, when :
* xe . :
d8./dV is positive. .

Experience has shown that control force cues are more dominant than
control position cues. Hence, stick-free static stability is naturally
a better measure of aircraft flying qualities characteristics than
stick-fixed static stability. Furthermore, the physical impact of

2 By F ok vas A

stick-fixed static stability on the pilot is very obscure, sinc2 it i3
not possible to constrain the elevator without feeling scme force at the )
control column (short of engaging the gust lock). For this reason, FAR .

+
P
:
¥
h
H
L
Rt
’3
2
:

25.173 only requires limits on stick-free static stabilitv. Note that,
from Equation 7, the 1limit of 1/6 1lb/kt 1is a direct 1limitatfon on
(xcg = Ng)and henca the aft c.g. boundary.

NI e

12 A v

Amendment 25-7 in the preamble to FAR Part 25 (Reference 1ll) con-
tains a discussion supporting the deletion of stick-fixed static stabil-
ity requirements. The primary argument in that discussion centers about
the fact that stick-fixed static stability is "unnecessary for minimum
safety” and tends to "dictate design." These conclusions were based on
comments by the Aerospace Industry Association and on experience gained

SIS SRl i N I st B DR ey s YAt

in the type certification of turbine—~powered transport aircraft. These

o

conclusions are still valid. Furthermore, as will be shown subsequently

T APR,

in this report, a requirement for stick-fixed static stability is inap-
propriate for augmented aircraft. That 1is, the elevator motions

PRV LI PRV

*Positive clevator deflection is trailing edge down. ' ) i

TR-1178-1 14
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required to provide artificial stability do not necessarily exhibit the
positive gradient (dse/dv > 0) discussed above.

B. EFFECT OF CENTER OF GRAVITY LOCATION
ON STATIC AND DYNAMIC STABILITY

The general degradation in flying qualities as the center of gravity
woves toward and behind its aft limit is certainly a well-documentated
and established fact. From a piloting standpoint, the aircraft pitch
attitude response to control input tends to become progressively more
sluggish, making precise and rapid changes in aircraft attitude diffi-~
cult, if not impossible. Furthermore, if left unattended, the aircraft
attitude does not return to trim as rapidly as it does at the forward
ce.g» locatlions. In fact, when the center of gravity is at the stick-
free neutral poiat, there is no tendency for the attitude to return to
its original value after a disturbance, and hence "trim" {s essentially
undefined. The "sluggishness" of pitch attitude which tends to inter-
fere with rapid and precise control is associated with a simultaneous
degradation of static and dynamic stability as the center of gravity
moves aft. This behavior is discussed in some detail in the following
subgections. Jubsequently, we will show that with stability augmenta-
tion it is possible to observe an apparent degradation in static stabil-
ity that 1s totally unrelated to the dynamic response of the alrcraft.

1. Effect of Center of Gravity lLocation on Static Stability

One test for positive static stability is to perform a pulse column
input and to observe the steady state values of pitch attitude, angle of
attack, and airspeed. Positive static stability is defined when these
variables all return to trim (in the steady state) after the stick is
released. Figure 4 shows time histories of pitch attitude, angle of
‘attack, and airspeed away from their trim values following a pitch pulse
for several values of center of gravity location. The typical range of
responses within the center of gravity envelope are indicated by Cases a
and b in Figure 4. F3R 25.173 requires that the airspeed must return to
within s specified poruent of the original trim speed after release of
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Figure 4, Effect of C.G. Location on Classical Aircraft Stick-Free :
Response Characteristics (Same size and duration pulse :
input for all cases) )
TR-1178-1 16
t 3
urves . -~ e = - Rt — e ST Ttk N §
e M i SRS Poyonterd AR e B A PR o, & #“é




LI

s N 2y

. " i s s e ke L ) . e
o S L e T o Sy ) ORISR SRS LA gL LU e

the control. While the scale in Figure &4 is not long emough to show
that the airspeed returns to trim, the fact that angle of attack and

attitude are returning to their trim values indicates that airspeed must

also foliow suit.

Neutral static stability is defined when pitch attitude and angle of
attack do not return tec "trim" and also do not diverge after the longi~
tudinal control is released (Case ¢ in Figure 4). Actually, "trim" is
no longer defined, since the pitch attitude remains at whatever value it

R T T Y

drifts to after the pilot releases the controls. For a fixed value of
power, airspeed 2nd pitch attitude always covary, that is, an increase
in pitch attitude will always result in a decrease in airspeed. Since
pltch attitude does not return to its original value, the airspeed will
also seek a new "trim" value consistent with the new pitch attitude. It
follows that since airspeed does not return to its initial "trim" value,
FAR Part 25.173b would be violated by Case c.

b, el i wanatig sl tene, e e

Negative static st&bility* is defined when pitch attitude continues
to diverge after the longitudinal control is released. This is illus-
trated in Case d in Figure 4. Notice that speed diverges exponentially
in this case. There 18 no question but that any instability is undesir-
able in terms of the pilot~centered requirements discussed in Section
II-B. In particular, the unattended operation characteristics are of
concern, since any lack of pilot attention to aircraft control will

result in a divergence. The question of how much negative static sta-

, o wryaned
R T S

1

B R T

U RV VR

bility constitutes an unacceptable level of safety is particularly rele-
vant when considering the possibility of a failed augmentation system.
This i{s studied in detail in Section V.
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*In the strictest sense, negative static stability is undefined
since steady state values of pitch attitude and angle-of-attack cannot,
by definition, exist., However, it is common practice to refer to cases
when the c.g. 18 aft of the neutral point as having negative static
'stability.
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2. Effect of Center of Gravity Location
on Dynamic Stability

In terms of the time response characteristics (for example, Fig-
ure 4), dynamic stability can be said to describe the way in which the
gsteady state is reached. Another way of looking at it is that dynamic
stability defines the short-term regponse, and static stability defines
the steady-state response following a disturbance or control input.

Looking ar Figure 4, it can be seen that moving the center of grav~
ity aft does not affect the forced response of .itch attitude appreci-~
ably. That is, the initial slope of pitch attitude and angle of attack
(first one-half second) are about the same for Cases a, b, ¢, and d.
However, when at the forward center of gravity limit, the pitch attitude
stops increasing almost immediately upon removal of the control input
(Case a). As the center of gravity is moved aft, the pitch attitude
response tunds to continue drifting up after the control is released.
Also, pitch attitude shows a tendency to "hang up" and return to trim
move slowly for aft center of gravity locations (compare Cases a and b).
The pilot sees this as a sluggish response requiring more attention.
Typical pilot couments for aircraft with sft center of gravity loadings

are "It wallows in turbulence” and "I cannot make rapid and precise

pitch attitude changes."

The dynamic response corresponding to neutral static stability
(Case c) is characterized by a very sluggish pitch response which con-
tinues to drift upward until reaching a steady value at about &4 sec
after removal of the control input. This is undesirable in that precise
attitude control becomes difficult. It 1is noteworthy that excessive
time to reach a steady attitude may be Jjust as, if not more important
than the fact that attitude does not eventually return to trim. The
importance of this distinction will become more apparent when discussing

rate-type attitude augmentation systems.

The dynamic and static responses are virtually not distinguishable
for aircraft with significant instabilities (Case d). In these cases
the instability dominates the response. As a general rule of thumbd, the
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time for the divergent alrspeed to double amplitude can be used as a
measure of whether or not the aircraft meets the wminimum requirements
for a level of safety. Reference 6 utilizes a time to double amplitude
of 6 sec as a measure of acceptable (not desirable) flying qualities.
Analysis of data in the MIL Haudbook (Reference 6) indicates that utili-
zation of the rime to double amplitude as a measure of satisfactory fly-
ing qualities may not be sufficiently discriminatory. More research in

this area is required.

3. Connection Between Dycamic and Static Stability

The Figure 4 example discussed above has shown that as static sta-
bility decreases due to an aft movement of the center of gravity, the .
dynamic stability tends to be such that attitude responses become slug- :
gish in a fairly predictable way. Hence, for classical airplanes the
requirement for static stability 4is to some extent an implicit require-~
ment on the dynamic stability. Inasmuch as wany of the pertinent sec—
tions of the FARs were written during a time when "classical airplanes"

were the state of the art, it can be seen why there is very little
It

emphasis on quantitative requirements for dynamic stability per se.
will be shown in the next section that this may not be true for augmen~-
ted alrcraft. That is, it is possible to have a very desirable dynamic
in fact, have zero static stability. It is therefore

PRI DRI B il - s s Y i

responge and,
necessary to establish what features of "“static stability" are Important

for defining the minimum requirements for a level of safety in FAR Part
25,173 for augrented aircraft. Based on the above discussion, the fol-
lowing pilot~centered requirements are associated with static stability

as defined by FAR Part 25.173:

® As a prevention against large attitude and speed
excursions during periods of unattended operation

(FAR 25.173b).
® As a tactile speed cue (FAR Part 25.173c).

, s
xR, i s y >
AT N LR ML IE o8 i BB P T R IS TR

® As a measure of the dynamic response required for
.800d closed-loop control (implicit fa the classi~
cal simultaneous variation of dynamic and static
stability discussed above).
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Because of the above-noted factors there 18 considerably more atten- <~/
tion paid to static stability than to dynamic stability in FAR Part 25
and Part 23. For example, FAR Part 25.181, entitled Dynamic Stability,
specifies only that any short-period oscillation must be heavily damped

with the controls fixed and free. This requirement clearly depeands on
the classical simultanecus degradation of static aand dynamic stability
since details of the dynamic response characteristics are nct defined
and specified. The long-period dynamic oscillation (termed the phugoid
oscillation in classical stability and control theory) is not covered by

this or any other requirement in Parts 25 or 23. 5

More recent flying qualities specifications, such as the Military
Flying Qualities Specification, Reference 5, have been more specific in

1= g At Nan b

P ot s e nan 2 S v R T
o ey o e Ay e et et o >

terms of required dynamic stability. This is done by identifying the
“characteristic response modes” of the aircraft and specifying limits to
the values of these modes consistent with some level of pilot workload,

e Swartlw

usually defined by the Cooper-Harper rating scale discussed in Sec~
tion 1I. While it 18 not recommended that the FARs be expanded to }
include such definitions at this time, an appreciation for the charac- ’

teristic modes of motion of augmented aod unaugmented aircraft will be

3
N -
kY -
2]
52,
.

of great value in expanding the Engineering Flight Test Guide to provide

g 3570

for adequate airworthiness assessment flight testing. In this light,

e

let us consider the variation in the characteristic modes of a classical

aircraft as the ceater of gravity is moved from its forward limit to a
point aft of the stick~free neutral point as defined by the time
responses in Figure 4. The transfer fuaction that relates the pitch
attitude response to a stick force input for such an aircraft is shown

in Equation 8:

Control Sensitivity

P a—

Picch Attitude _ 8 _ Mp (s + 1Ty, )(s + 2/Ty,) @ |
T, —— §
Phugoid Mode Short~-Period Mode ‘
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1/Tg, ~ Related to trim drag, Cq

1/Tg, ~ Related to lift curve slope, Cp,
¢z .~ Damping ratio
w ~ Frequency

s ~ Laplace operator

The numerator terms in Equation 8 (I/Tg, and 1/Tg,) are called the
"zeros" of the transfer function. The denominator terms of Equation 8
are termed the “poles" of the transfer function and define shapes of the
characteristic responses to controi inputs. Large values of the fre-
quency term, w, indicate a very rapid pitch attitude response to a stick
input. Conversely, very small values of the frequency indicate a very
sluggish response to a stick input. The initial dynamic response of the
classical aircraft is usually quite rapid and is termed the short-period
mode and denoted Wgp in Equation 8. The phugoid mode, Wps is usually a
very small value, indicating that this mode occurs at very low fre-—
quency. A classical aircraft, when given a rapid stick pulse, will
respond initially at the short-period mode with a sharp pitch rate fol-
lowed by very loﬁ-frequency oscillations which take several cycles to
damp out. These are illustrated in Figure 5, taken from Reference 13,
The initial response is characterized by the short-period mode, msp
(Figure 5a) whereas the low~frequency oscillation is characterized Ly
the phugoid mode, wp (Figure 5b). For the purpvse of defining what are,
and what are not, acceptable dynamic response characteristics, limits
can be placed on the sluggishness or rapidity of the attitude response
by placing upper and lower bounds on “p and Wgpe ‘Indeed, this is what
is done in MIL-F-8785C and the new MIL Standard (References 5 and 6).
The number of cycles that occur before the mode is damped out following
the release of thﬁ_con;rol input is determined by the short-period snd
phugoid damping ratios; &gp and ;s respectivély. The relationship
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Figure 5. Time Response of Classical Unaugmented Aircraft
to a Pitch Control Pulse Input

i

between damping ratio and cycles to damp to a specified amplitude is

given by the following expressions:

B R A e A

tn = natural log

[ L PO

Cx = - '2';"‘5 s x = gpecified fraction of
' ’ initial amplitude: -

t = damping ratio
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For exaample,

Cycles to 1/2 amplitude = Cjso = - lgﬂ;S - 'él ;
Cycles to 1/10.amplitude = Ci/10 = - Lgiél = ’27 kt

-

Hence, it can be seen that the poles of the transfer function define the
characteristic response (frequency and damping) following a disturbance
or control input in the pitch axis. Inasmuch as the poles of the pitch R
attitude transfer function uniquely define the motions of the aircraft '
following a control input, their importance cannot be overemphasized.
It is common practice to plot the poles of the pitch attitude transfer
function on the complex plane as shown in Figure 6. While the mathemat-
ics of plotting poles and zercs on the complex plan can become somewhat
involved, it 1is sufficient for our purposes to note that the frequency
is represented by the distance from the origin to the position of the
pole and the damping ratio by the cosine of the angle between the pole
and the real axis, as shown in Figure 7. The forward c.g. case
described as Case a in Figure 4 is shown as Case a in Figure 6 as well.
This is typified by a large value of short-pericd frequency with moder-
ate damping and a low value of phugoid frequency that is lightly damped.
The corresponding time response is shown in Figure 5, where the short-
period is over very quickly and the phugoid occurs for a considerable
time thereafter at very low frequency. Case b in Figures 4 and 6 is
indicative of an aft center of gravity. Here it is seen that the magni-
tude of the short-period frequency is considerably reduced, although the
damping ratio is in fact increased. Low values of short-period fre-
quency show up as a very sluggish pitch' response, making precision
tracking difficult. For this reason, HIﬁ~F-87SSC places a lower
boundary on the short-period frequency.- Flight test experiments have
shown (see, for example, Reference 6) that the minimum value of short-
periddﬁftequency:1snF§1a§ea to thelllraz»zero. Lower limits that have
been established in the proposed MIL Standard (Reference 6) are summa-
rized in Table 1 and couléﬁ-provide useful relative guidance naterial
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at N TABLE 1. GUIDANCE VALUES RELATED TO FAR 25.181 OR } :

: E: FAR 23.181 (Taken from Reference 6 Para. 3.2.1.1) / Rt
i
| . ] Short period frequency: wgp > 1.0/'1‘92 landing &

t . Short period frequency: Wsp > 0.8/Ty 2 Cruise . :

- i

H
R
+
7
i
4
4

e v

v

Damping ratio of
short period 1.5 > %sp > 0.30 landing and cruise

2y

Lo

r¥y 2

Damping ratio of phugoid Zp > 0

when determining compliance with the special objectives related to the

agency’s minimum requirements for a level of safety as specified in FAR
25.181 and 23.181. The 1limits on short-period and phugoid damping
ratios from Reference 6 are also included in Table 1. A logical place
to include such recommended '"rules of thumb" would be the Engineering
Flight Test Guide (FAA order 8110.8).
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Case c in Figure 6 does not exhibit the classical separation bhetween
the short~period and phugoid modes. In fact, these modes are really no
longer defined. This 1is indicative of the fact that the attitude
response to a control input has taken on a different characteristic
shape, as can easily be seen from the time response for Case c¢ in

Figure 4., The response characteristics denoted by Case c have received

Y R
LASIOBINATINY

i A s SO s R R G et
SN A (22

very little attention for classical aircraft inasmuch as the steady-

"

&

state response represents neutral static stability, (which does not meet
the minimum requirements for a level of safety in FAR 25.173). However,

{3 e

it wiil be shown later that rate command augmentation produces steady |
state resgponse characteristics ideatical to those exhibited for Case c
in Figures 4 and 6 although the dynamic response is considerably more
rapld. Such characteristics have been found to be acceptable and even
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desirable in a number of research flight test programs when the dynamic “;) ;
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characteristics meet certain criteria. This subject will be Efurther

pursued in Section IV of this report.

Instabilities in the time response are denoted by transfer function
poles that are in the "right half plane," that is, to the right of the
ju-~axis (Figure 7). The iastability exhibited by Case d in Figure 4 {is
also shown in Case d in Figure 6, where the unstable mode is seen to
exist on the real axis in the right half plane. A more detailed discus-

sion of the effect of the unsfable mode'is given in References 6

and 16.

In summary, the static and dynamic stabilities for classical air-~
planes are seen to degrade simultaneously as the center of gravity is
moved aft. The degradation in static stability is easily measured from
the steady-state characteristics of the aircraft response to a control
input or from the force required to keep the aircraft from returning to
trim. The dynamic characteristics are noc so easily measured and
require consideration of the short-period freguency and damping to
define the 1initial response and the phugoid frequency and damping to
define the low-frequency dynamic stability. For classical airplanes,

the teandency of dynamic stability to be adequate as long as static sta-
and no

The

bility satisfies the requirements of 25.173 1s sufficient,
further requirements on short-term dynamic stability are necessary.

lack of a requirement on phugoid stability is a deficlency in the FARs

for both augmented and unaugmented aircraft. In general, classical air-

planes exhibit a very predictable phugoid, wherein the frequency is
related to speed and the damping to the lift/drag ratio of the aircraft

as follows:

Phugoid frequency: wp * 2 %—
o
(9)
: -« 28 1
Phugoid dampffg ratio: tp Uy 59

However, the effects of control system friction and/or the incorrect
implementatfion of a dbwnspring or bobweight can, and have, caused the

phugoid damping to become unstable.
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SECTION IV g
KFFECT OF AUGMENTATION ON STATIC AND DYNAMIC STABILITY :

- e As was discussed in Section I, there are significant performance

| . benefits which result from operation at values of the center of gravity
1 which are in the vicinity of the aircraft neutral point. These perform-

ance benefits accrue from two factors:

® Reduction in tail size which reduces parasite ]
drag and also has the effect of moving the neu- J
tral point (N,, discussed in Sectien III) .

forward.

2oy

® Rearward shift in center of gravity motivated by
the desire tao minimize the download at the tail
allowing operation at reduced angles of attack,

i.e., minimum trim drag.

R i N,

e v

Aircraft utilizing these factors to improve aperating efficiency have

been termed relaxed static stability (RSS) aircraft. For example, see

References 2, 3, and 4. As was shown in Section III, a degradatiocn in )

both static and dynamic stability naturally occurs for RSS aircraft
Clearly it

B ArFeengtor grce,
B T B TR

e

which therefore require some type of stability augmentation.
would be desireable to expand the engineering £flight test guide to
include the detailed information necessary to perform the alrwerthiness i
assesement for certification f£light testing of relaxed static stability ?
The intention of this sectien 18 to provide hackground infor-

aircraft.
mation on current and future augmentation systems envisioned for both

Part 23 and Part 25 alircraft.

A S I A T LR T O N

A. FUNCTIGSAL CHARACYEXISTICS OF TYFICAL :
STABILITY AUGMENTORS -

The words stability augmentation have been used to mean a variety of

things. In this report, stability augmentation refers to any device

which modifies the feel characteristics ard/or the aircraft responses to
piloted coatrol. A generic block diagram which encompasses all types of
The dashed box in Figure B

R S T L

stability augmentation is shown in Figure 8.

ey
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Figute 8. Generic Augmentation Block Diagram
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denotes an active stability augmentor, meaning that the afircraft
response characteristics are a result of sensing certaln flight vari- )
ables and feeding them back to the coatrol surfaces. In the example
shown, the flight variable is pitch rate, q which is fed to the aircraft
elevator, §,. An example of active stability augmentors used in curreat
Part 25 aircraft are yaw dampers, where yaw rate or lateral acceleration
is fed to the rudder actuator. To the best knowledge of the authors,
there are no current Part 23 or Part 25 aircraft that utillze active }

stability augmentors for the pitch or roll axis. However, it is very
likely that the next generation turbojet transport aircraft will utilize
active stability augmentation (see for example, References 2, 3, and 4).
The "G-terms" shown in Figure 8 represent electrical shaping of the
input, feedforward, and feedback signals which are fed to the aircraft’s
actuators. As shown by the simple expressions below the block diagram
in Figure 8, the aircraft pitch response to pilot stick force command,
(q/Fg) can be totally determined by the nature of the input and feedback
shaping networks 1if a "tight feedback loop" (GzGf >> 0) is utilized. :
This means that, at least in theory, basic aerodynamics no longer play %
an importaant role in the flying qualities of the aircraft. This concept '
is currently being used by Lockheed in a NASA sponsored simulator study
involving an L1011 with center of gravity loadings aft of the neutral
point. Their approach has been to utilize optimal control techniques to
develop a feedback (Gf) and feedforward (Gy) structure that makes the
aircraft response invariant to c.g. location. In the Lockheed study,
pitch rate, normal acceleration, and airspeed signals are fed back and
Gi/Gf are set so that the augmented short period and phugoid modes are
always in a desirable location. A logical choice would be to use the
phugoid and short periocd frequency and damping corresponding to a nomi-
nal c.g. location (say 25 percent MAC) as a reference value. Then, to
the pllot, the aircraft response to control inputs always Jlooks like
that of an aircraft loaded so that the c.g. is at 25 percent MAC. Pre-
liminary piloted simulation results being obtained by Lockheed have
shown that this results in constant pilot ratings of 3 or better for a
very wide range of c.g., locations including values aft of the neutral
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Experfence with highly augmented fighter strcraft has shown that

G2t

g\/ while the ability to shape the response characteristics is indeed very
desireable, the active stability augmentation systea can Intrcduce prob-

3

R RN R T R T R e
Bt TN & Ralee

lems of its own. It is therefore important when flight testing such

alrcraft to understand the exact nature of these problems in order to

W (eh 055 2.
AR AR AT IS
Pt

determine the minimum requirements for a level of safety. An exauple of

this is given in the discussion at the end of Section II and in Fig-

ure 2.

WA BT - e Qb PRt R A (IR, S0 ST
§

Aircraft that utilize high authority stability augmentors are the
F-14, F~18, B-1, and the Concord. The Space Shuttle and F~16 are exam-—
ples of aircraft using full authority active stability augmentation

PR A A e v g4 1y
.

systems,

The feel system block in Figure 8 is required any time an ircevexr—
sible flight control system is utilized and is not necessarily associ-~
ated with active stability augmentation. For example, curreat day
transports which typically utilize hydraulic irreversible flight control
systems would be represented in Figure 8 as Gg =0 and G, = 64 = 1.
That is to say that "augmentation" of a current day transport consists

of a feel system block only. This is discussed in more detail in the

Dera [T

following subsection.

The type of augmentation used is strongly influenced by whethar the
control system is veversible or {rreversible. Examples of typical con~
trol systems are shown in Figure 9. Figure 9a 1{illustrastes a fully
reversible control system wherein the aerodynamic hinge noments on the
elevator are transmitted directly to the pilot stick via cables and
linkage. This type of mechanization is typical of Part 23 aircraft.
Figure 9b illustrates a servo tab operated coatrol wherein motions of
the pilot stick moves a tab on the back of the elavator which in tura
creates a moment about the elevator hinge line. Hence the only force
fed back to the pilot’s control is that created by hinge moments of the
tab. Such control systems for all practical purposes may be considerad
to be irreversible, This type of control system is uged on some Part 2%
aircraft such as the DC-9, DC-~9-80 and Doeing 707. Most Part 25 air-

craft utilize an irreversiblz hydrsulically powered control system such

*

3 '3_"3”“&‘.4 BRI R IR Jor e tf o bieata ¥ 00 g
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Pilots Stick Force Aerodynomic Surfoce Load

Force Feedback &——— Hinge Moment

a) Reversible Control System
(typical part 23 aircraft)

Sed

Pilot's Stick Force
™\ Very Small _\/‘(
Selevotor

——= |

/
Force teedback
only due to tab

b) Servo Tab Operated Elevator
(typical part 23 and some part 25 aircraft)

F\"&L No Stick Force
1

N
“//\*&{ Slgno‘ — -

Vaive | Actuator
No Force Feedback

Hinge Moment

No Stick Force Reaction

: .t ]
c) lrreversible Hydravlic Control System
(typical part 25 aircraft)

Figure 9, Oeneric Represenatation of Reversible and
Irreversible Flight Control Systems
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as illustrated in Figure 9c. In this case there i{s no force feedback to
the stick and motions of the cockpit controller only move a servo valve
which in turn utilizes hydraulic pressure to move the aerodynamic con-
trol surfaces. Some aircraft such as the Boeing 727 use a combination
of irreversible hydraulic and servo tab operated controls. The irrever-
sible hydraulic system 1is usually primary with a servo tab or "aero
boosted" controls actiag as the backup flight control system. The Boe-
ing 727 utilizes a dual irreversible hydraulic control system which is

backed up by a single servo tab or aero boost.

The type of augmentation system employed tends to be a strong func—
tion of whether the control system 18 reversible or irreversible. The
various types of augmentation associated with reversible and irrever-
sible flight control systems is summarized in Figure 10. In the follow-
ing subsections we shall briefly discuss each of the augmentation
schemes listed 'in Figure 106 as they relate to airworthiness flight test-
ing for compliance with FAR Part 23 and Part 25.

<5 k¥ iy e dnta o

B. ACTIVE AUGKENTATION RRVERSISLE FLIGHT CONTROL SYSTEMS

L A 432 A
1o y "

1. Reversible Flight Control Systeas

Ed
%

3
3

1
7
PS
P
3.
5
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b
Y .
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P R

For all practical purposes there are no reversible flight control
gysteme found on large turbo Jet aircraft. However, there are some

executive jets certified under Part 25 which utilize reversible flight

2Rt Y B AN

control systems such as the Lear. Active augmentation on such aircraft

1s very difficult if not impossible due to the problems with implement-
*

ing a series servo in a reversible flight control system . There are

NGr o ATt A

1 i (5 A IR

some light aircraft which utilize parallel servos for yaw damping. This

*Definitions: .

Series gervo: A servo which woves the aircraft control surfaces
withcut any apparent motion of the cockpit controls. It ia conaected to
the control system "in geries" and may be thought of as an extensible
link. ‘

Parsgllel servo: A servo which wmoves the eantire control systen
(cockpit controls plus aerodynamic surfaces) at the same time.
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results in the rudder pedals moving as the aircraft regulaies against
disturbances, a feature which probably woiuld be very objectionable in
the pitch or roll controls, but goes essentially unnoticed in the rudder
pedals. The flight test guide for Part 23 (FAA order 8110.7) should
contain guidance relating to the force required to override the rudder
servo during landing approach. If these forces are sufficiently low,
there seems to be no reason to turn off the yaw damper during the final
approach and landing where it is needed the most.

Autopilots are also listad as an active augmentation system for
reversible controls. However because of the fact that auto pilets uti-
lize parallel servos {which move the cockpit controls), they cannot be
considered as augmentation in the true sense of the word. The reason
for this is that the motions of the cockpit control due to auto pilot
feedbacks make it essentially impossible to simultaneously "hand fly"
the airplane. Flight test experiments utilizing parallel servos for
augmentation have verified this conclusion {see for example,
Reference 14).

C. PASSIVE ADCMENTATION ~~ BEVERSIRIE FLIGHY COWTROL SYSTEM

The passive augmentation devices typically used on reversible flight
control systems are listed in Figure 10. Inasmuch as reversible flight
control systems are not practical on large aircraft (due to extreme
hinge moments), the discussion in this section is primarily oriented
towards Part 23 aircraft as well as some executive jets that utilize
reversible flight control systems such as the Lear. Unfortunately,
there appears to be a myth circulating about that passive augmentationm
devices are “"band-aids" that are necessary only because of inadequate
aerodynamic design practice. In actuality, it is not possible to design
an airplane with satisfactory handling qualities at the extreme limits
of the foreward and aft c.g. travel except for the most restrictive
cases, i.e., two place airplanes. The problem with passive augmentation
of reversible flight coutrol oystems has historically been with improper
implementation as opposed to some fundamental drawback of the augmentor

itself. 1In most cases, passive augmentation devices are utilized to
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meet the static stability requirements of paragraphs .i71 and .173. )
Thege paragraphs are basically requirements on stick free static stabil~
ity, and as such address only the steady-state characteristics. The
short term open loop dynamic characteristics of the airplane are covered
by FAR Part 23.181 and 25.181. However, long term dynamic scability is
not covered anywhere in FAR Part 23 or Part 25. This is a very signifi-
cant oversight in that it allows the possibility of designing a down-
spring or bobweight which allows the aircraft to satisfy the static sta-
bility requirements of Paragraph .173 at the expense of long term
dynamic stability.

1. Dowuspring

The effect of a downspring is to increase the frequency and decrease
the damping of the phugoid mode. This can result in aircraft which have
a divergent phugoid mode which exists at a high enough frequency to

4
B3
-
Ex
b
3
3
¥
=B

divectly affect the ability of the pilot to control the aircraft. Mech-
anizations have occurred where a variable rate downspring system was
utilized so that it pulled the wheel forward at the command of an angle i’
of attack vane. The system was mechanized in this way because the air-
craft could not meet the FAR 23.173 requirement at speeds below certain
cruise values. As discussed in Reference 15, pilots indicated that the

oot thuginel s timens 25 Ay or i

aircraft utilizing this type of mechanization had a "wildly divergent"

34 gt

phugoid during operation in the high power climb mode. Variable stabil-~

i

':"‘e\;

ity flight tests were accomplished on Calspan’s B-26 research aircraft
to simulate the flying qualities of mechanizations like these. Sample

Gkt
i L
RN R

2
g5

pilot comments from that experiment (when simulating the aircraft at the

A2

aft c.g. limit) are excerpted from Reference 15 below.

Sy
DK

PSSR A5 i 00 AN

vt
galtin

o Pilot No. 1: l'QlEgg;y not satisfied with speed
and attitude control. High workload.

e Pilot No. 2: High workload; Stability problem in
pitch; commercial operator would not be satisfied
wita pitchs Unsatisfactory.

e Pilot Ne. 3: Unstable in airspeed; hard to fly.
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¢
1
N
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These pilot comments ffom the variable stability experiment (com-
bined with other comments indicating a very divergent phugoid) suggest
that these types of passive augmentation mechanizations can provide
overall degraded flying qualities. However, it should be emphasized
that one could successfully meet paragraph .173 with these types of
mechanizations. The main point of this example is that the lack of a
requirement on long term dynamic stability can result in augmentation
schemes which are designed to improve static stability, but actually
degrade the overall flying qualities significantly.

In light of the above discussion, consider the effect of a down-
spring on the phugoid mode for Case b (aft c.g. limit) for the example
aircraft used in Figures 4 and 6. As shown in Figure ll, increasing the
doﬁnSpring causes the phugoid to increase in frequency while moving into
the right-half plane. Physical interpretation of this (see Figure 7) is
that the aircraft will experience a low to mid-frequency divergent
oscillation. Experience with flying qualities has shown that pilots can
easily damp a divergent oscillation at very low frequency such as the
phugoid on most classical aircraft. However, as the frequency of the
divergent oscillation increases, the pilot’s ability to cope with it

Hya = Elevator hinge moment
due to downspring

Downspring has
very little effect
on short period

\ _| [/~ _Effect of
Ny WSP increasing size

A_ of downspring
Hya = 151t-1b

HNAz 15 ft-1b

wp
. a S
p-d ) ?1
o - —
6, T,

Figure 11. Effect of Increasing Downspring
on the Phugoid Mode
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degrades rapidly. Strong evidence of this pilot rating trend is glven
in Reference 16 where it is shown that VSTOL pilots were willing to
accept rather large instabiiities as long as the frequency of the
unstable mode was kept below 0.5 rad/sec.

For most alrcraft, the size of the downspring required to meet Para~
graph «173 is relatively small and does not have an appreciable effect
on the phugold mode. It is only in extreme cases that the phugoid
characteristics will be modified to the extent shown in Figure 1l1. How-
ever. the example quoted above is evidence that such a divergence can
occur in practice and that a requirement for long term dynamic stability

is indeed necessary.

The need for a requirement on long term dynamic stability in Part 23
and Part 25 should not be viewed as having the effect of eliminating or
minimizing the use of passive augmentation devices. Rather, such a
requirement will simply insure that passive augmenters will be properly
implemented. As discussed above, passive augmenters are not engineering
"band-aids" but rather an integral part of the airframe-control system
design necessary to achieve the center of gravity envelopes required for
maximum utility. In this light, some specific design features of down-

springs are discussed in the following paragraphs.

Consider first the effect of the downspring in the phugoid mode as
shown in Figure ll. The shaded box labeled Hyp = 15 ft-1b indicates the
modified location of the phugoid and short period rocts if a downspring
which resulted in a net elevator hinge moment of 15 ft-1b were utilized
(Hys indicates a "non-aerodynamic" hinge moment). The effect of this
fairly hefty downspring is seen to be negligible on the short period
root (as would be expected) and to modify the phugoid mode, a relatively
small amount; certainly not enough to noticeably affect the aircraft
flying qualities. To put things in perspective, it would require a
downspring of about 100 to 160 ft/lbs to drive the phugoid mode ianto the
unstable right half plane in the example shown in Figure ll. The poiat
being that for the majority of cases, the use of a downspring to improve
longitudinal control feel at the aft center of gravity locations will
have a very small effect on the long term dynamic stabiiity.
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The use of a downspring to improve the flying qualities at the aft
c.g. limit has in many cases resulted in very poor flying qualities at
the forward c.g. limit due to extreme stick forces. Examples of such
aircraft can be found in many of the six and eight place single and twin
engine aircrafts certified under Part 23. These very large forces are
mo3t noticeable during flare and touchdown. Experience has shown that
precision touchdowns are nearly impossible when operating with such
extremely large stick force gradients inasmuch as the effect is ampli-
fied by the decressed elevator effectiveness which occurs in the pres-
ence of the grmund plane, While it is not currently evident as to the
exact rationaie urilized to ensure meeting some standard of acceptable
stick furce requirements, this situation could be a good candidate area
to be imprevad with appropriate updated guidance in Paragraph .143,
Engineering ¥light Test Guide.

2. Bobweights

Bobweights are generally included in the flight control systems to
improve the steady-state maneuvering stability or stick force per g. It
should be emphasized that the stick force per g measurements are taken
in steady accelerated flight such as a steady turn or a constant pitch
rate pullup. Actually, Part 25 does not have a requirements on stick
force per g, whereas Part 23 does (23.155). It is not ciear why Part 25
does not require maneuvering stability. Nonetheless, manufacturers of
Part 25 aircraft invariably check for adequate maneuvering stability and
utilize bobweights where such stability is "deficient." It should also
be noted that a bobweight also improves the stick force vs. speed gradi-
ent by virtue of the fact that it produces a non-aerodynamic hinge moment

about the elevator hinge line.

While the basic intent of the bobweight is to augment static maneu-
vering stability*, incorrect implementation can have adverse effects for
short-term dynamics. Dynamic problems which occur as a result of the

*
Static manauvering stability refers to the fact that the normal
acceleration is relatively constant.

39

TR-1178-1 .

e ki g e b ool
IS 2= ettt Mt S 0 T o o N N

N T S 2 TRV

S T



16 o8 SEMI L b S

Ex .
by
%3
.
¥
%
i3
.
-
oy
5
¥
“H
a

RTINS P ST A S5

S Y 4t

et e Mot a1 1 .y

T I, e 1 o
TR o O AR N SIS SR b o 7 7S Y AT e S0 T S e A AR ety i

implementation of a bobweight are somewhat insidious in that they do not
effect the basic aircraft résponse characteristics, i.e., the response
to an elevator pulse or step. Instead, the bobweight problems usually
show up as a problem with aircraft feel characteristics; generally a
tendency towards "stick force lightening." Such stick force lightening
can result from the use of a bobweight in conjunction with an aerody-
namically balanced elevator or a bobweight which is located too far aft.
Such problems usually manifest themselves as a tendency towards pilot
induced oscillations or pitch bobbling In tight tracking situations.
They have occured on numerous military aircraft starting with P-63A up
through the A4D, F-4, and T-38A. As a result of these problems, the
military flying qualities specification places a 1limit on the amount of
phase lead that can exist between elevator position and elevator force.
A detailed description of this phenomenon and of the military flying
qualities specification used to prevent such problems, 1s given in Ref-

erence 16, pages 135 through 159.

In order to account for the pilot induced oscillation tendencies
that can occur due to the implementation of a bobweight, specific guid-
ance should be fncluded in Paragraph 143 of the engineeriag flight test
guide. In particular, the words '"safely, coatrollable, and maneuver-
able" contained in Paragraph 25.143 and 23.143 need to be iaterpretid
utilizing flight test maneuvers that would expose any tendency toward
stick force lightening and/or pilot induced oscillations. The possibil-
ity of utilizing FAR Paragraph .181 (dynamic stability) to cover this
problem was considered. However the wording of FAR Paragraph .181 does
not include the effects of piloted control, and hence would not address
the deficiency, Ir the long term, perhaps the best solution would be to
formulate a requirement ‘speaificdlly oriented towards assuring against
undesirable stick force lightening and the consequent pilot induced

oscillations.
3. Elevator Tabs

" The effective elevator hinge moments can be modified by means of
geared tabs. As discussed above and shown in Figure 9b, the cockpit
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control can be attached directly to the tab which in turn drives the

alevator.

The primary safety concern with the use of tabs centers about

flutter which is cavered in other parts of the FARs,
D. ACTIVE AUGMENTATION — XRIRVERSIBLE FLIGHT CONTROL SYSTEMS

This section will concentrate, in some detail, on the discussion of
the application of stability augmentation to relaxed static stability
(RSS) aircraft. The potential for the utilization of such aircraft in
the not too distant future has already been discussed in Section I of
this volume and is discussed at some length in Volume II. A significant
portion of the research reported herein was devoted to analysis for
establishing the so called minimum requirement for a level of safety for
highly augmented RSS aircraft. The technical details of the analysis
are the subject of Volume II. In this section, an overview is presented
with just enough technical detail to provide the reader with sufficient
background to develop a program for modification of the FAA Engineering
Flight Test Guide (Reference 1) and possibly pertinent sectious of the
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FAR’s themselves, where necessary.

l. Generic Characteristics of Pitch Axis Augmentstion

AT

The potential performance benefits to be gained by the use of
relaxed static stability airframes stabilized with full-time augmenta-
tion type Flight Control Systems (FCS) systems has been considered for

LR

2402

many years. However, it has only been in the last few years that full-
time, high~authority, high~gain stability augmentation systems have
become feasible for operational use due to maturing of the technology
and concommitant improvements in reliability. The advent of operational
RSS aircraft such as the F~16 fighter and the Space Shuttle opens the
door to general use of FCS significantly different from previous stabil-
ity augmentation systems. Once the decision 1s mede to operate with
relaxed static stability, & unique primary requirement is introduced
into the deeign of the stability augmentation system, i.e. it must sta-
bilize the unstable real short-period péle shown in Case d of Figure 6.
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2. Limited vs. Fulli Authority Avewmentors

In cases where only minor modifications to the aircraft stability is
required, a limited authority SAS may be more appropriate than the high
gain full authority augmentation systems discussed in Volume II of this
report. For example, 1f in the case of relaxed static stability air-
craft the static margin remains positive but small, it may be possible
to stabilize the aircraft to acceptable values with only a limited
authority pitch damper. Such a mechanization is shcwn in Figure 12a,
The total elevator travel in a limited authority SAS is driven by two
servos; the parallel servo via the mechanical path and the series servo
via the electrical nath, The mechanical path (Figure 12a) allows full
elevator travel (+10 to =153 degrees in this example) whereas the elec-
trical path is limited to only a +4 deg of elevator. The important dis-
tinction here 1s that a hardover failure of the series servo will
involve only 4 deg of elevator and will probably not result in a cata-
strophic divergence in aircraft pitch attitude. However, ailrworthiness
assessment flight tests conducted for the certification of such a system
must involve simulated hardover failure of this series servo at critical
points in the £flight envelope to determine the ability of the pilot to
recover from such failures. As discussed in Section V, the results of
such hardover testing will determine if the SAS is an "essential" or
“eritical”" function (defined in Section V). Guidelines for such flight
testing should be very specific in the engineering flight test guide.

Consider now a typical full authority augmentor as shown in Fig-
ure 12b. Notice that there is no longer a parallel servo and that the
full travel of the elevator motion is commanded via the series servo.
It should be noted that series servos isoiate the aircraft control sur-
face from the cockpit control so that the complex elevator motions
required for stability augmentation are not reflected into the cockpit
controls. Hence stability augmentation loops always involve a series
gervo. In the case of a full authority augmentation system, the series
eervo saturation limits are ideutical to full travel of the aircraft
control surface. It can be seen that hard over failures of a series
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servo would be catastrophic and hence; there is & need for sufficlent
redundancy to make the hard over .failure extremely improbable. Such
systems are frequently termed "fly~by-wire" because there is no direct
link between the cockpit controls and the aircraft control surfaces.
There is a ~onsiderable amount of controversy centered about the use of
a fly-by-wire, full authority augmentation system on a commercial trans-—
port. Opponents of such a scheme point out that even though the proba-
bility of simultaneous failure of all four redundant channels 1is
extremely remote, it nonetheless does exist and therefore constitutes an
unacceptable risk. Those in favor of the scheme propose a highly redun-
dant flight control system with an extremely reliable backup (dissimi-
lar) flight control system. This concept was proposed by Boeing in the
development of a commercial supersonic transport where the backup flight
control system was refered to as a "hardened SAS". We should also note
that in the recently completed Energy Efficient Transport studies, all
three contractors proposed a full authority, fly-by-wire flight control
system (see References 2, 3, and 4). Clearly, the concept of a hardened
SAS as a, dissimilar, backup flight control system would have to be
adequately demonstrated before certification of such an aircraft could
be even considered. However, it seems pertinent to begin ccnsiderations
of such backup flight control systems in the flight test guide at this
time go as to be in a position to evaluate manufacturer’s proposals for

future transport alrcraft.

Finally, in Figure 12c, the typical current day transport flight
control system is shown. This consists typlcally of a fully powered,
irreversible hydraulic servo (parallel servo) wherein the cockpit con-
trol simply operates the servo valves. A force feel system is included
to provide "conventional control feel" for the pilot. This is discussed
in more detail in Section IV-E.

3. Augmentation Possibilities for Relaxed
Static Stability Aircraft .

As noted above, the first requirement for a relaxed static stability
augmentation system is stabilization of the unstable real short-period
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root. As noted in Section II1, the primary physical cause of this
fastability {s a positive value of the pitching moment due to angle-of~
attack derivative, Cma. Consequently, an obvicus approach to stabiliza-
tion would be to augment c“u by feeding back measured angle-of-attack to
the elevator. While in theory this would give a "natural” or conven-~
tional flying qualities characteristic to the aircraft, there are cer-
tain practical problems in implementing such systems. Primary among
these is the difficulty measuring angle-of-attack and filtering out the
effects of turbulence. While the very nature of feedback augmentation
tends to make the response to control inputs insensitive to variations
in the vehicle dynamics, biases and nofse in the feedback path, in par-~
ticular those introduced by the angle-of-attack senscr, are not =simi-
larly desensitized and thus high-quality measurements are critical.
Furthermore, there is a need to generate a reference angle of attack for 4
the system, which will vary with weight, c.g., and flight coundition. ;
These problems and others discussed in more detail in Volume II have led

flight control system designers to consider alternative systems which 5
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may produce somewhat "unconventional” response characteristics. 4

A family of flight control systems of particular interest for RSS
aircraft are those based on measurement of pitch attitude and/or pitch i
rate fed back to the elevator. An obvious precedent for such systems is
the "conventional" pitch damper, in which pitch rate, semsed by a rate
gyro, is fed back to elevator. Pitch rate gyros have less »- .re prob-
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lem with noise or gust sensitivity as compared to angle-of-attack sen-
sors. Since the reference pitch rate is alweys zero, at least in non- :
turning flight, the problem of finding a system reference condition is
not nearly as complex as for an angle-of-attsck sensor.
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Conventional pitch damp:er systems augment the airframes iuntrinsic
"pitching~moment-due~to-pitch-rate" stability derivative, vhich in turn
helps to damp the short~period motions. The vehicle dynamica are other-
wise still largely dominated by thue basic airframe aerodynamic and iner-
tial characteristics. However, if the gain of a pitch damper syztem
were Increased sufficiently, the basic airframe dynamics would te

further suppressed, and the system would approach a "pitch rate command
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system."” That 1is, over a wide frequency range, the aircraft would be
forced by the pitch rate feedback to follow a pitch rate command propor-
tional to the stick deflention. Such systems have desirable character-
istics for closed-loop manual control aud tend to reduce the fnstability
of an RSS, aircraft i.e., reduce the time to double amplitude of the
ungtable root. However, it can never (for finite gain) create a neutral
or stable system and in this sense would not meet the requirements of

the Federal Aviation Regulations as presently stated.

Complete stabilization can be accomplished by feeding pitch atti-
tude, 3, to elevatot. This creates an artificial "pitching-moment-due-
to-pitch-attituda” stability derivative for which there is no precedent
in conventional aircraft dynamics. I effect, this feedback puts a
"spring" between the aircraft pitch attitude and the horizon reference
in place of the Cmm "gpzing" betwcen & conventioaal aircraft and its
velocity vector. Mechanization of such a system requires a vertical
gyro or inertial measurement unit (IMU) to provide the pitch attitude
signal and the horizontal relference plane and a successful system would

be combined with a pitch rata-~to-elevator loop to provide damping.

In light of the above discussion, two generic augmentation schemes
involving pitch attitude, 6, and pitch rate, q, are presented in Fig-
ure 13, The basic characteristics of each augmentation scheme are sum—
marized below the block diagrams. It is noted in Figure 13 that some
pitch attitude feedback is required to drive the unstable root (Case d,
Figure 6) into the left half plane., However, a reasonably tight pitch
rate closure (Figure 13a) drives the unstable root very close to the
origin and hence the iastability occurs at a very low frequency. Physi~
cally, this means that noticeable effects of the divergence would occur
very slowly and a long time after a control isput. Most likely, the
pilot wouid be cmable to distinguish such a divergence from turbulence
or inadvertent control inputs. Much like a conventional lightly damped
phugoid, it would be somewhat of a nuisance if the pilot were to manu-~

ally fly the aircraft for a long period of time.

Consider now the time responge characteristics of the aircraft with
neutral static stabdility (Case A in Figure 14) as compared to an air-
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/e step column gives ramp altitude response
@ Aircraft will rot return to trim when disturbed
a) Pure Rate Augmented
-
2 FooL & + Aircraft §
' A Dynomics 9
‘ ( Pitch Rate
Feedback Gains
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Kg i‘————-————
s © /mproves damping and will stabilize
- unstable modes
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b) Attitude Command System
= Figure 13. Generic Augmentation of Pitch Axis
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craft with pitch rate augmentation (Case B iq Figure 14). The pitch
attitude and airspeed responses to a pulse column input are seen to
exhibit si{milar shapes, i.e., there is no tendency to return to trim and
hence the stick force gradient, dFg;/dV = 0 in both cases (compare A and
B in Figure 14). However, to the pilot, the responses are drastically
different in that the rate augmented pitch response is sharp and precise
(Case B in Figure 14) whereas the unaugmented aircraft with neutral
static stability has a very sluggish attitude response (case A in Fig~
sre 14). The key distinction to be made here is that static stability

oy A A N ORI s O 0 BN M e e S e e DS S
s it < e e

is not a valid measure of the quality of the dynamic pitch response for

augmented aircraft. Hence we must re-evaluate the necessity of a nega-
tive gtick force gradient on its own merit; a subject which iz covered
in the following subsection and in Volume II. The issue is an important
one because of its implication on the validity of FAR Paragraph 23.173
and 25.173 for certain types of. highly augmented aircraft.

Congider now the ugse of attitude feedback to obtain an attitude com~
mand system as shown in Figure 13b. The response of such a system lookse
very much like a conventional aircraft in almost every respect, {f.e.,
the attitude response is crisp and the aircraft returns rapidly to its
trim value (Figure 14D) thereby having positive effective static stabil-
ity (dFg/dV < 0). Unlike conventional aircraft with good static margin,
the attitude command augmentor also critically damps the phugoid mode.
Comparison of the time histories ¢ and D in Figure 14 illustrates these
points, i.e., the attitude responses are crisp in both cases, the air-
craft returns to trim in both cases, and the attitude augmentation cri-
tically damps out the phugoid oscillation. One "unnatural" tendency of
an attitude augmented aircraft is the necessity for the pilot to retrim
after an attitude change, even 1f speed 1is held constant with power.
One NASA pilot commented adversely on this characteristic in the moving
base simula“or experiment of Reference 18. His primary objection
centered &about excessive trimmfing on the ILS approach. However, the
primary disadvantage of attitude augmentation 1s the necessity for an
attitude gyro in addition to the rate gyro. When redundancy require-
ments are considered, the cost of such a system can be very high.
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The system mechanization can be simplified by computlng pitch atti-~ )
tude from integration of pitch rate from the rate gyro, thus eiiminating :
the need for a vertical gyro or IMU, i.e., 6 & fq dt in level flight. g
This system needs only a simple turn coordimation provision to account :

for the non-zero body-axis pitch rate in a steady turn. One posesible

mechanization of a gq, [q »> §, augmentation system, shown in Figure 15%,
This system provides feedback of q and attitude computed as the iategral
of pitch rate thereby eliminating the need for a pitch attitude gyro.

Because the pilot‘s command, § iz inserted downstream of the inte-

col»
grator (i.e., the integrator is in the feedback loop) the system will

A R T

A e P o

tend to force the aircraft to follow pitch attitude commands, 6., which

are proportional to stick force, Foe

vy R N w deeih N

&

Practical use of the above system would require provision for an
attitude reference and there are potential problems with attitude drift
due to integration of sensor noise. An alternative mechanization, shown

in Figure 16, solves these problems. The feedback structure of the

r
4
B .
>
<
-

"pitch rate command system" of Figure 16 is identical of that of the

+ A1~
3

pitch attitude command system of Figure 15 and stabilizes the unstable
short-period root in exactly the same manner. The systems differ in the
way the pilot’s command input is inserted into the system. In the pitch
rate command system the integrator is now in the forward loop, down-
stream of the pilot’s input. Thus, the pilot’s stick force (or equiva~-
lently deflection) produces a proportional pitch rate command from which

the actual measured pitch rate is subtracted to form an error signal

0y e TBARIMT R IORR I o 3+ T MR o Aot YV W, o2,

that is fed through the forward loop compensation (proportional and .
integral paths) to the elevator. Thus, for sufficiently high gain, this
system will cause the aircraft to follow the commanded pitch rate, qq»

"_'-.{-.a RO OV G

independeat of aircraft dynamics over a wide frequency range. There is
no requirement for a pitch attitude reference with this mechanization

and hence it is more practical than the Figure 15 system. In fact, two

*q, f q + 8§, refers to the use of pitch rate (q9) and integral of

pitch rate (fq) in the control law. Note that the Integral of pitch ) ;
rate looks like pitch attitude in wings level flight. e
TR-1178~1 50
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exanples of highly augmented aircraft curremntly flying, the F-16 aund )
Space Shuttle both utilize the Figure 16 mechanization. The response

E VR Syt AN 4t R AR ad
:

characteristics of this system are very similar to the generic pure rate
augmentor of Figure l3a. That is, the dynamic pitch response will be
rapid and weil damped and the apparant static stability will "be zero,

AR, 4

i.e., dF;/dV = 0, The implications of this are discussed in the follow-

ing subsection.

&4, Stick Force va. Speed Gradient

Experience has shown that the transition between a conventional air-

craft and one with rate command augmentation (and hence, zero stick

force gradient) can be accomplished without any significant problems for
In terms of actual aircraft control, a good

the majority of pilots.
supevior to conventional

rate command augmentor 1is, in most cases,
unaugmented aircraft for the following reasons:

KEEBELw L'ty e 2 5B 2 i pg 7 o

.

® The aircraft tends to be very stable in turbulence.

© Controlled element (aircraft) is K/s~like (i.e., looks )
like a pure integrator) in the region of piloted control
and therefore is ideal for closed-loop control. (See

Ref. 13.)

3
28
A

® The pitch dynamics are not sensitive to changes in center
of gravity variations.

Fhdh o ol

The neutral speed characteristics of a rate command augmentor do

3%

however result in a requirement for unconventional piloting techniques

SESIDE

in the landing flare. More specifically, as a conventional aircraft

approaches touchdown, increasing back pressure on the column is usually
required to increase the pitch attitude as necessary to arrest the sink
rate and to counter the nogsedown pitching moment due to decreasing air-
speed and the change 1in downwash at the tall due to ground effect.
These last two effects tend to increase very rapidly near touchdown,
which accounts for the usual large increase in required back pressure.
For a pitch rate command system, (Figure 16) the augmentation automati-
cally counters the effect of decreasing airspeed and changing downwash
at the tail so that small pulses on the control column are all that is } ;
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required to effect an increase in attitude to arrest the sink rate.
During an FAA sgponsored series of tests on the Princeton University
Variable Stability NAVION, it was found that most pilots tended to over-
rotate the rate augmented configurations in the landing flare. In
conventional aircraft, such an overrotation requires a lessening of the
back pressure to decrease pitch attitude. However, for rate augmented
configurations, a decrease in pitch attitude requires a push on the con-
trol column which is extremely unnaturil for pilots trained and experi~
enced on conventional aircraft. Nonetheless, all the pilots that parti-
cipated in the Princeton experiment were able to cousistently land in
the designated touchdown zcne with the pitch rate command augmented sys-
tem after about 3 or 4 trials. Thus, it appears that while the tech-
nique is different, it is not difficult to learn. This conclusion has
been supported during a number of experiments which are summarized

below.

® Several of the short takeoff and landing (STOL) aircraft
that have been tested at NASA/Ames Reseazch Center have
utilized rate command augmentation. The research pilots
that have participated in this program are thoroughly con-
vinced that rate command is a viable way to fly and that
the concomitant neutral speed stability is not a problem.

® The Space Shuttle utilizes a rate command system and has a
neutral stick force vs. speed gradient. The pilots ini~
tially objected to the neutral speed stability; however,
as they gained experience with the system, this character~
istic seemed to have little or no effect on the pilot
ratings.,

® Perhaps the most extensive study of pitch rate command
systems including the impact of a neutral stick force vs.
speed gradient i3 the research of Mooij and others at the
National Aerospace Laboratory of The Netherlaunds, Refer-
ences 20-27. Specifically, References 24 and 25 analyzed
approach and landing with thres levels of stick force vs.
speed gradient: zero, -0.2, ané =0.5 lb/kt. The results
of this flight experiment which involved a medium jet
transport are summarized in Figure 17. A review of this
figure indicates that a change in stick force gradient
from zero to =0.2 lb/kt has very little effect on either
the pilot ratings or performance. Further increasing the
stick force gradient (negatively) to -0.5 1b/kt results in
a degradation in both pilot ratings and performaunce.

TR~1178~1 53
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-~ ® The F~16 utilizes a full authority rate command augmenta-
tion system. However, an angle of attack feedback is
engaged in the power approach flight condition to provide
a stable stick force gradient. Extensive flight testing
has been performed over the past two years at the Air
Force Flight Test Center in an effort to improve the
flying qualities of the F~16 in the approach and landing
flight condition. Many changes were made in the mechani-
zation of the angle of attack feedback. Interestingly,
the most favorable comments regarding control of the air-
craft during flare and landing occured when the angle of
attack feedback was removed completely. However, it was
feared that low time pilots could get into trouble ia bad
weather situations, 1if the stick force cue were removed
completely, and a compromise was made in order to retain a
stable stick force vs. airspeed gradient.

¢ Work recently completed on the Calspan variable stability
Total In~Flight Simulation (TIFS) has shown that very
desirable pilot ratings could be attained for rate aug-
mented aircraft with neutral speed stability. The purpose
of this study was to analyze very large aircraft on the
order of 1 miliion pounds, and {is therefore somewhat
appropriate to the transport category of aircraft being
certificated by Part 25. As in the Princeton NAVION vari-
able stabilicy experiment, the initial pilot ratings were
somewhat unfavorable (on the order of 4) but as experience
was gained with rate augmentation, pllot ratings increased
to as high as "1" (see Pilot Rating Scale in Figure 1).
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A review of the above experimental results certainly does not justify a

¥
&
o3
%
2
=
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7
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requirement for speed stability or a stable stick force gradient. How-
ever, because of the possible safety implications of removing such a
requiremeat from the Federal Aviation Regulations, such action does not
seem warranted at this time., The above data i1s presented here only to
indicate that our minds should not be closed to the possibility that
augmented aircraft may not require a stable stick force gradient. Cer-

tainly more operaéionally oriented research ie required in this area.

Before leaving this subject, it should be pointed out that the
effect of feeding back airspeed to obtain a stable stick force gradient
on the rate augmented system is to decrease the phugoid damping. As
shown ia Figure 18, not only 1{s the phugoid damping decreased but the

phugold frequency 1is increased. As discussed earlier in this report,
the combination of low phugoid damping and high phugoid fregquency tends

TR-1178-1 55

oy b -
Rt 3 Pttt i TS TR g e -
e e L o Ao T i L I O ot —

A L



S S R R TSR Ry B ”’s°~*"‘~':<~:‘ix v, i mwxﬁ,xs sinsicte O M ONCIE R Y,
VX A —
' Expanded R ;
1 Area Near { ‘
> | Near Origin ‘ }
e For Phugoid _} ,
g : Motion 4
0 oy
WH ~ & | |
g |
8 l 0.3
5 | H |
< !
X ) 7 |
M = Medium Gain |
H = High Gain | MJ0.2
| I
| f
0.5 '
! | o0
i HY | |
Y
| { I i
6'—"'C A ] ;’——w —-—-1“ ' { Pt J
O- x — "‘* 1
-2.0 -1.5 -1.0 0.5 “=9 9.2 =0. o
a) Root locus showing the effect of increasing stick force/speed
gradient (u —»& gain) on phugoid mode. '
l.o P vpiame + amams e te e f e em e w8 e taes e ce————

V({m/sec)

~1.0 U

b) Pulse Response

Figure 18. Root Locus and Pulse Response for a System ~
With Airspeed Feedback . ‘
TR-1178-1 56
&
% ‘i‘ ”(1“‘“" e = = o 2
" .. = B X ) 24 v?" 3



A e it e RN . o
ERATIRET HTs PeRGAA T e e T 22 SO O O S T W UG TS SN

T e Ty R O P e

R NS, (e

9
L

P e s 7

o ary

LTINS o o102 o it S _
B RSN '. 4&"'«1“%‘,1)&.«&“& gt

S asue Yy

- 5 .
J g ' 9 “
Eg‘; e to result in poor pilot ratings. (See discussion of Figure 11 in Sec~ :
2: . '?(k, tion IVC.l.) Hence, we see that the requirement for positive stick
gé' f force gradients could actually degrade the low frequency dynamics to the
s %
/ f~ ,i' = point where the net effect of augmentation would be to degrade the fly- 3

ing qualities. The lack of an FAR requirement on low frequency dynamics
makes such a result significantly more probable. It therefore seems to
be a matter of some urgency that the appropriate research be conducted
to determine whether a positive stick force gradient is indeed necessary
as a minlmum requirement for a level of safety for aircraft utilizing
rate augmentation. This research should, of course, include power—-
approach, and landing as major elements. However, caniiderations for
unattended operation, such as will occur in a high workload eavironment

o AR S AN AL g I RO AT ¢
X s

and, the effect of failure transients should not be overlooked.
Finally, if the stick force gradient is considered to be a means of
stall protection, the effect of introducing a very large stick force vs.
airspeed gradient only in the region near stall, should bte considered as

RO BT D T e A

part of the experimental matrix.

“?)‘*4«&\«7."%" LIFP R VI Rt 2
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E. PASSIVE AUGMENTATION — IRREVERSIBLE FLIGET
CONTROL SYSTEMS

The state of the art for current jet transport flight control sys-
tems may generally be described as passive augmentation (no feedback to
the control surfaces). Irreversible control systems are virteally a
necessity in view of the very high control forces that accompasy such

I3
E: .
2
.<
hy .
ks
S
i
E
£
A
A

large aircraft. Table 2 summavrizes the fzatures for past-generation
transports (DC-8, -9, Boeing 727), and modera transports (747, L-10ll,
BC~10, Conceorde). This summary provides insight into the evolution of
flight controls for Part 25 airplanes. It also serves a8 a starting
point for investigating potential problems which might arise on RSS air-
planes {f the pitch control is not changed from that used on existing

airplanes,

In the DC~8 and DC-9, pitch control is provided by aercdynamic boost
elevator tabs, with the force feel for these reversible aystems being

supplied primarily by the surface hinge momants. A centering spring

TR-1178~1 57
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(and for the DC-9, a Mach-compensator to improve 3Fg/oV at high M) is
generally the only additional feel element required. The Boeing 727
uses fully powered controls, but with only a dual hydraulic system so a
manual backup 1s necessary. For the current large transports —~— the
DC-10, L-1011, B-747, Concorde -~ irreversible fully powered controls
with three or four hydraulic systems are used. Due to the large control
forces involved, manual reversion is almost impossible so a high degree
of redundancy, as well as a backup source of power in event of an

all-engines—out condition, is necessary.

Artificial feel has to be provided on airplanes with fully powered
controls. For the 727, 747, and DC~10 the feel system consists of a
centering spring and a dyramic pressure (Q) sensing diaphragm. In the
L-1011 a series of mechanical leaf springs 1s used. In all cases, the
feel force (or gain) is varied as a function of Q {or Mach Number) and
trim stabilizer setting. For a Q-feel system without stabilizer modula-
tion, the variation in stick forces with c.g. and gross weight would be
excessive. An example of such a system is shown in Figure 19 taken from
Reference 28. A variable stabilizer cam, which acts as a c.g. computer,
since stabilizer trim is a function of c.g., has the effect of suppress-
ing the force increases encountered at high Q (high speed) as illustra-
ted in Figure 20. Note that in Figures 19 and 20 the feel system inputs
to the stick are only effective when sufficient force is applied by the
pllot so that the control system is out of the detent. This is impor-
tant because it means that the feel system does not modify the stick
free dynamics of the aircraft- A review of Table 2 reveals that Fig-

ure 20 i3 representative of most current transports.
F. EFFECT OF TURBULENCE ON AUGMENTATION SYSTEMS

The use of stability augmentation generally improves the flying
qualities of aircraft in turbulence when inertial feedback variables are
employed, i.e., pitch attitude, pitch rate, roll attitude, roll rate,
etc. However, when airmass referenced variables, such as angle of
attack and airspeed are fed back to the aircraft control surfaces, the

effect of turbulence cun seriously degrade the flying qualities of the
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aircraft. For example, a curreat highly augmented military fightec uti-

lizes angle of attack feedback in tle power approach flight conditiom.

Pilots of this aircraft complain of excessive uncontrolled pitch activ- :
ity in turbulence. This is not surprising since the angle of attack

vane responds to gusts just as easily as to changes in alrcraft angle of

attack. Hence, in turbulent air, atmospheric disturbances arvre fed

directly to the elevator; a situation which is of course vary undesir-

able. This problem, like many others, can be overcome with complex,

albeit, expensive complimentary filtering. In the case of an angle of

attack vane, this would require blending normal acceleraticn, a,, .
measured at the aircraft instantaneous ceater of rotation with filteved

angle of attack. The details of such "complimentary filters" are not of

great significance to {individuals responsible for airworthiness assess-

ment for certification of aircraft. However, the existence of the

necessity for such filters should lead the airworthiness assessment test

pilot to insist upon evaluation of the aircraft flying qualities in var-
jous levels of atmospheric turbulence whenever aerodynamic feedback
{such as angle of attack) variables are utilized. Excessive uncon-
trolled aircraft responses in turbulence 18 {ndicative of a poorly
designed complimentary filter or, as in the case of the fighter aircraft
noted above, no complimentary filter at all. Aerodynamic feedback vari-
ables that would typically be used to augment Part 23 and Part 25 air-
craft are listed below,

® Angle of sattack, a

.

) Airspeed or mach number, V or M

e Sideslip angle, 8

ST % S S QA KO TR S D i

e Barcmetric rate of cliub, k

ST NS PO TV VP RCAEV LA Y WA
DI RE I YT Py

® Barometric altitude, h

If any of the above varlablee are utilized in the aircrait flight con-
trol system, the flying qualities of the alrcraft in various levels of

atmospheric disturbances should be carefully evaluated.

e
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’y In cases of limited control power, atmospheric disturbances could
{‘/ saturate the aircraft control surface resulting in momentary loss of the

augmentation system. In cases where the aircraft is highly uunstable
without the augmeatation system, such saturation effects could lead to
catastrophic divergences. Most high frequency "chop" type turbulence
will not result im control surface saturation. Therefore, the FAA test
pilot should insist on subjecting the aircraft to & large horizontal and
vertical wind shears which would cause large low frequency control move-
ments and are therefore the critical case when testing for saturation.
Such large low frequency shears are difficult to find in flight test and
should probably be examined in a piloted simulator experiment. It would
seem highly desirable to 1include specific guidance for testing for
atmospheric disturbance 1induced control saturation in the engineering
flight test guides.
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SECTION V }

AUGMENTATION SYSTEM FAILURES

The subject of augmentation is covered by FAR 25.671 and FAR
25.1309. Additionally Advisory Circular 25.1309-XX (Reference 29) pro-
vides considerable guidance material to augment these FARs. The follow-
ing definitions have been adapted from Reference 29 to provide a basis

for establishing flight control system failure mode requirements for
highly augmented aircraft.

® Nonessential flight control functicns -~ functions in the
augmentation or flight control system which could not sig-
nificantly degrade the capability of the airplane or the
ability of the flight crew to cope with adverse operating
conditions in the event of a failure.

® Essential f£light control functions — functions which
would reduce the capability of the airplane or the ability
of the flight crew to cope with adverse operatiug condi-
tions in the event of a failure.

® Critical flight control system functions — f£light control
system functions which would prevent the continued safe
flight and landing of the airplane in the event of a
failure.

e Continued safe flight and landing — this phrase 1is used
to require that an airplane be capable of continued con-
trolled flight without exceptional pilot skill or strength
after a specified failure condition.

® Probable flight control system failures ~— failures which
hagg a calculated freguency of occurrence on the order of
10 or greater per hour of flight time. Probable
failures may be expected during the operational 1life of
each alrplane.

¢ Improbable flight control system failures —— fallures
which have a calculated freguency of occurremnce in the
range from approximately 107° to 1077 per hour of fiight
time., Improbable fallures are not expected to occur dur-
ing the total operational 1life of a single alrplane of a
particular type but are expected to occur during the total
operational life of all airplanes of a particular type.
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¢ Extremely improbable f£flight centrol system fallures —
failures which are. estimated to have a frequency of occur-
reace on the order of 10’ or less per hour of flight
tire, Such failures are extremely imprcobable events that
are 8o unlikely that for the purpcse of analyses, they
need not be considered unless engineering judgment would
require their consideration.

FAR Part 125.1309 indicates that flight control systems which have beern
determined to be "essential” must have a frequency of occurrence which
1s "improbable”" (an estimated failvre rate of 1073 to 1077 per flight
hour). Likewise, flight control system functions considered to be "cri-
tical" must be "extremely improbable", i.e., have a frequency of occur-
rence on the order of 10™? or less per flight hour. It is clear that an
augmentation system that has any appreciable effect on the aircraft
dynamics will constitute at least an essential function and hence must

have an estimated failure rate of less than 10~ per flight hour.

If the basic aircraft dynamics are so bad that a complete failure of
the augmentation system would reader éhe aircraft uncontrollable, the
augmentor will become a critical function. In this case, the probabil-
ity of failure must be less than 10’9, clearly an impractical value.
Certainly 1t will be very important to develop guidelines on what con-
stitutes essential and critical functions. For example, in the case of
a relaxed static stability aircraft, some specific level of instability

must be defined which separates "essential" from "critical®.

The current state—-of~the-art in flight control design would not sup-
port the development of a flight control system with an estimated
failure rate as low as 1072, One possible way out of this dilemma would
be to design a completely independent f£light control system which would
provide £flying qualities which meet the minimum requirements for level
of safety (pilot rating equal to or better than 5) but would be somewhat
less than optimum, i.e. would trade simplicity for reliability. Such an
approach was utilized in the proposed Boeing Supersonic Transport (SST)

wherein the backup (dissimilar) flight control system was termed a
hardened SAS.
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"digsimilar” backup system infers that there 1s no

The concept of a
d redundant primary channels. For

commonalty between the backup an
example, Boeing proposed an all .aralog beckup with gimplified coatrol

laws for the SST which had a quadruply redundant digital primary flight

control system.
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CONSIDERATIONS FOR MODXFYING AND UPDATING THE
ENGINEERING FLIGHT TEST GUIDES

A. GENERAL

The Engineering Flight Test Guide for Transport Category Airplanes
describes methods and procedures that have been employed in testing
transport airplanes for type certification. It is based on past experi-
ence and therefore primarily oriented towards classical unaugmented air-
craft. This section of the report is intended to point ocut specific
areas of the Engineering Flight Test Guide that can be modified to allow
interpretation of most of the existing Part 25 paragraphs to account for
modern highly augmented aircraft. Clearly, this is an interim solution
and at some point in the future the basic FAR’s should be upgraded to
account not only for highly augmented aircraft but the significant
advances 1in the state of the art of flying qualities airworthiness
assessment of piloted aircraft as well. Such a long term solution would
probably take the form of a considerably more streamlined set of FAR’s
backed up by a more comprehensive Engineering Flight Test Guide. This
Engineering Flight Test Guide would include not only flight test proce-
dures but well substantiated flying qualities criteria to be used as
rules of thumb to guide and interpret the flight test results.,

Another reason for placing a great deal of emphasis on the Engineer-
ing Flight Test Guide will be to standardize flight test procedures
among the various regions. In the following paragraphs, specific sug-
gesticns are offered as to areas of the existing flight test guide that
can be modified based on existing knowledge and data.

B. MINIMUOM REQUIREMENTS FOR "A LEVEL OF SAFETY"

While the FAR’s are very specific, and the Engineering Flight Test
Guide provides considerable guidance, the ultimate decision on whether
an aircrafl meets the minimum requirements for a level of safety lies
with the FAA test pilots and engineers (and other affected certification
team members). As discussed in Section II-B of this report, certain key
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phrases are included in Part 25 to assist the engineering test pilots

and other team members in determining what constitutes the minimum }
requirements for a level of safety. During the period of time between

when the FARs were first written and the present, & flying qualities

rating scale has been developed and refined. This scale is termed the ;
Cooper-Harper Pilot Rating Scale after 1its authorz and is given as

Figure 1 of this report. For the purpose of determining whether or not

an aircraft meets the minimum requirements for a pass/fail assessment

for a level of safety, it is felt that the scale in Figure 1 could be

simplified somewhat and used for guidance in the flight test guide. A -
simplified version of the scale which includes only aircraft character-

istics and demands on the pilot is given in Figure 21. This scale is

segregated into two parts. The first part belng ratings from 1 to 5

which signify that the aircraft meets the minimum requirements for a

level of safety. A lower half of this scale, rating 6-10 signify that

the aircraft does not meet the minimum requirements for a level of

safety. One objection to the use of such a scale is that it may lead to

comparisons between the aircraft manufactured by different companies or

may be used in product liability litigation. Such possibilities could '

be eliminated by not writing down the actual ratings and simply using ’

o vg W A B, ik N P

the scale for guidance in a pass/fail fashion as noted on the right side
of Figure 21,

C. SPECIFIC RECOMMENDATIONS POR THE FLIGHT TEST GUIDE

Specific recommendations for improvements and/or modification in
certain areas of the Flight Test Guide are discussed in the following

subsections.
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l. PFAR 25.143 Controllabiiity and Maneuverability —
General

23

As discussed in Section IV-Cl, the use of a downspring to provide
static stability for an aircraft at the aft center of gravity loading
can result in very high stick forces for the forward c.g. condition.
Specific guidance should be included in the Engineering Flight Test

Guide as to the precision required ia maneuvers accomplished during a

oy
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AIRCRAFT DEMANDS ON THE PILOT FILOT
CHARACTERISTICS IN SELECTED TASK OR REQUIRED OPERATION RATING
Excellent Pilot compensation not a factor for l
Highly desirable desired performance

Good
Negligible deficiencies

Pilot compensation not a factor for
desired perfermance

Fair — Some mildly
unpleasant deficiencies

Minimal pilot compensation required for
desired performance

Minor but annoying
deficiencies

Desired performance requires moderate
pilot compensation

Moderately objectionable
deficiencies

Adequate performance requires
considerable pilot compensation

Very objectionable but
tolerable deficiencies

Adequate performance requires extensive
pile compensation

Adequate performance not attainable with

Major deficiencies maximum telerable pilot compensation.
Controllability not in question
. s Considerable pilot compensation is required
Major deficiencies for control

Major deficiencies

intense pilot compensation is required to
retain control

Major deficiencies

Control will be tost during some portion of
required operation

Figure 21, Modified Cooper-Harper Scale Suggested For Pass/Fail
Guidance in Engineering Flight Test Guide
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high stick force condition. For example, it is very difficult, if not
impossible, to accomplish a good short field landing in a gusty, turbu-
lent environment when the stick feorces are near the limit of ones
strength. This problem is typically more related to Part 23 aircraft
which do not have irreversible controls and rely on large downsprings to
provide stability of the aft c.g. Pilots have been known to put sand-
bags in the baggage compartments of some of these aircraft in order to
provide reasonable flight characteristics when operating with only the
pilot and full fuel (forward c.g. limit).

The table of forces given in FAR, Part 25.143, seems somewhat exces-
sive if precision tracking is required such as in a flare and landing
maneuver. Furthermore, if female pilots are considered, the forces are
almost certainly excessive, In the recently completed proposed MIL
Standard and Handbook —— Handling Qualities of Piloted Airplanes, (Ref-
erence 6) some data on the strength of male and female pilots was com-
piled and is repeated below in Table 3. The requirement in FAR Part
25.143 is also shown for comparison. The numbers shown for the 5th
50th, and 95th percentile men and women represent their maximum strength
and did not include any tracking. If we compare the 75 lbs specified in
the FARs for temporary applications with the numbers in Table 3 it can
be seen that slightly less than 50 percent of the men and more than
95 percent of the women would not be capable of providing the required
force in the aft direction (which is the most critical direction). That
is only 5 percent of the women tested could pull more than 64 1b in a
single application. It should be pointed out that these are maximum
forces for a single application; clearly continuous operation, even for
a short duration will require considerably lower forces. A rule of
thumb given in the proposed MIL Handbook recommends that the wmaximun
control force should be half the operator’s greatest strength. Clearly,
more data is required in this area. However, considerations such as the
ones discussed above with special emphasis on performing the required
operational task (such as short-field landings) should be included in
the FAA Engineering Flight Test Guide. If, in the
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TABLE 3., MAXIMUM FORCES EXERTED ON ALKCRAFT CONTROL
STICK (LBS) BY MEN AND WOMEN
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MEN WOMEN

CONTROL e remrecnes - womeee—{ AR 25,143
STICK PERCENTILE PERCENTILE (TEMPORARY
DIRECTION APPLICATION)

5th | 50th | 95th | 5th | 50th [ 95th

T e

Stick Forward

(Push) 93 123 165 46 87 109
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Srick) Back 64 | 85 | 106 | 48 1 52 64 :
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judgment of the engineering test pilot and other assessment team mem-
bers, certain operational tasks cannot be done without the use of undue

strength (or alternatively with a pilot rating of 5 or better in the

Figure 21 scale) ther the manufacturer should be required to either
reduce the forces or limit the aircraft to less demanding tasks when the
forces are excessively high (such as would occur at the forward c.g.

location).
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2. FAR 25.145 Longitudinal Coatrol and FAR 25.147
Directional and Lateral Coatrol

ot AT b

These paragraphs are quite comprehensive and no specific recommenda-

tions are made for change at this time.

3. The FAR 25.161 Trim (Reserved)

LR VNS NN

RV

This FAR could be construed as a requirement for absolute stability
in all axes. It 1s extremely important that this interpretation not be
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made inasmuch as trim is a totally separate issue from stability. The
wording of the FARs is that the aircraft must "maintain trim" in all
axes. Before the advent of stability augmentation, it was clear to many
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test pilots that most aircraft are spirally unstable and hence cannot
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"maintain trim" in the lateral axes indefinetly. Hence, the appropriate .

interpretation was made in order to conform with common sense and good ;

judgment. However, with the advent of stability augmentation, stabili-
zation of the spiral mode is indeed possible. It follows that a strict
interpretation of this vequirement could, in fact, force the manufac-

turer to stabilize the spiral mode even though such augmentation could

detract from the overall flying qualities of the aircraft. Hence, it
should be made clear that the trim requirements of this paragraph are
intended to provide control force relief and that long term stability is

a subject of other sections in the FARs.- :

The issue of series vs. parallel trim should be addressed in the

Englneering Flight Test Guide. Experience hag shown that pilots f{ind
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series trim to be undesirable. This is discussed in some detail in Ref-~

erence l4. The undesirable aspects of serles trim should be discussed

to alert the FAA test pilot of a potential problem area. It is a signi-
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ficant issue with highly augmented aircraft because series trimmers are
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easy to mechanize with a full authority augmentation system. Specifi-
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cally, series trim means that the control column can have zero force

only in the neutral position. So, for example, if the pilot in slowing
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the airplane down finds himself carrying two to three inches of aft con-
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trol deflection and several pounds of control force, the task of trim-

ming off the force would also involve receantering the control column.

5 AT es
)

Such recentering tends to induce pitch bobbling and hence results in

adverse pilot opinion. Automatic trim followups are also very undesir-

IR M2

able and tend to be a by-product of stability augmentors. Such trim

systems automatically recenter the control column when the limit of a

AT

limited authority series servo 1s being approached. The result is that

e

o

the pilot finds that the control column sometimes "has a mind of its

oAty

own" and simply starts to change position without any apparent command.

S e s

It is not difficult to imagine that such a situation is rated poorly by
most pilots. An outline of these various trim systems associated with
highly augmented aircraft should be included in the flight test guide so
that the engineering test pilot is not only aware of how they are mecha-
nized, but also has the benefit of the experience of pilets in other
experiments.. }
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4. FPAR 25.171 Stability — General (Reserved)

This paragraph clearly states a requirement for absolute stability
in all axes, despite the fact thst nearly all airplanes are spirally
unstable. This is clearly a watter of interpretation which must be made
br the appropriate regions in the current FAA structure. Specific
interpretations of the amount of stability required in each axes should
be included in this section of the Engineering Flight Test Guide to pro-
vide standardization among the regions. In the past, attempts to pro-
vide a specific requirement on acceptable lateral divergence rates fou
the spiral mode were overruled because of a lack of substantiating data.
However, inclusion of such requirements as '"guidance" does not require
the rigorous substantiation of a regulation and still allows the use of

such existing data in the certification process.

The requirement for absolute stability in this paragraph essentially
disallows the use of pure rate augmentation for relaxed static stability
aircraft (see Section IV-D). However, such augmentation can be highly
effective and the degree of instability can be so small as to be unno-
ticeable, i.e. considerably less than the spiral divergence existing on
current aircraft. Specific guidance should be provided in this area to

evaluate the expected requests for deviation from this requirement for
RSS aircraft.

Finally, the effect of failure modes on stability should be con-
sidered to assist the FAA test pilot in making determinations on specif-
ically what constitutes "nonessential," "esgsential," and "critical"

flight control functioms.

5. PAR 25.173 Static longitudinal Stability (Reserved)
FAR 25.175 Demonstration eof Static Longitudinal Stability
(Reserved)

Both of these requirements are reasonably self explanatory and
little guidance is required. The entire issue of the requirement for
the necessity for positive static stability for some types of augmenta-
tion has been discussed at some length in Chapter IV-D of this volume
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and in Volume IT of this report. The concept of allowing a reduction in

scatic stability in the presence of very excelleant dynamic response
characteristics should be coasidered as a major part of the effort to

expand che Engineering Flight Test Guide to account for highly augmented §

aircraft.

The value of stick force gradient required for desirable flying
qualities should be made a function of flight condition., For example,
in the power approach and landing flight condition, it is desirable to
have a reasonably hith value of stick force gradieat to provide a sense
of ailrspeed awareness when operating near the stall. However, in higun

speed cruise conditions, the need for a stick force gradient diwinishes

rapidly and in fact, as pointed out in Section I1I, Equation 7, the
value of stick force gradient varies 1nversely with the trim speed.
Hence, at very high speeds, the stick force gradient will be inherently 2
very small. Allowances should be made for this Lact in tha Fngijeering z
Flight Test Guide. é

Values of stick force gradiect, which are excessively large, can
lead to degraded flying qualities to the point where safety 1s a factor.
This tends to be a problem more with Part 23 aircraft which employ a
large downspring te cure stick-free stability problems at the aft c.g.
limit. The presence of this very large spring causes excessively high
stick force gradients when operating at the forward c.g. limit. It

would be desirable to establish a recommended upper limit on stick force

:
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gradient to prevent excessive maneuvering forces and gust sensitivity.
1f this upper limit 1is exceeded, the test pilot should be alerted to a
potential safety problem. Alrcraft with such "deficiencies" should be
subjected tv a special set of flight tests to demonstrate the ability to
do precision maneuvering without exceeding the requirements for excep-
tional piloting skill, alertness, or strength (or alternatively a pilot
rating of 5 or better on the scale im Figure 2l). In most cases, this

would involve demonstrated short field takeoffs and landings in moderate
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6. PAR 25.177 Static Directioasl aad Lateral Stability

The fiight test procedures outlined in the current Enginsering
Flight Test Guide for directional static stability are reasonable, bdut
not very meaningful in terme of flying gqualities. In order to make
these tests more meaningful, some minimum and maximum force gradients
should be specified. That is, in its present form, the flight test pro-
cedure requires only that the aircraft ultimately return to its trim

value with no recommended limits on the control forces.

The lateral "stability" requirement 18 actually a requirement on
dihedral effect (the requirement is intended to ingure that the effec-
tive Lg is negative). There are really two issues that need to be
addressed here. One is the need for an actual lateral stability
requirement, which {s a requirement on the spiral mode. The other is
whether or not a negative dihedral effect should indeed be required.

Lateral or "spiral" stability is nearly always slightly negative and
therefore 18 more of a dynamic requirement than a static requirement.
That 1s, once an aircraft ig perturbed from wings level flight, it tends
to elther stay at the bank angle where control releace was effected or
to slowly diverge, Hence the requirement on "lateral stability" should
be included in a2 new paragraph oriented towards long term dynamic sta~
bility (see also discussion on 25.181).

There is a considerable body of data which shows that aircraft with
zero effective dihedral do not pose any substantial flying quality prob-
lems and in fact, have been known to receive pilot ratings equal tc or
better than 3 on the Cooper-Harper rating scale in Figuse 1i; certalaly
well within the minimum requirements for a level of safety. A& reason-
able short term solution to thie problem would be to present this data
to the FAA engineering test pilots in the Engineering Flight Test Guide
s0 that they may make the proper interpretation of this requirement,
i.e., very low values of effective dihedral should be considered as
acceptable. This would constitute & major improvement in the FARs In
that many aircraft acre outfitted with aileron to rudder spring iantercon-

nects in wrder to meet the requirements for effective dihedral or
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“lateral stability"” when Lg is marginally small, but not zero. These
spring interconnects make the crosswind landing and takeoff characteris-
tics of the aircraft somewhat undesirable and most likely constitute

Lol R e s e L

Rk

more of a safety hazard than the small or zero effective dihedral; which %
the data shows counstitutes no safety hazard at all. g

Finally, some specific flight tect procedures should be developed to S
evaluate directional stability and dihedral effect ir terms of opera- 5
tional requirements. For example, static directional stability should g
be evaluated in landing in large lateral gusts and at the maximum cross- . @
wind limit of the aircraft where rapid directional changes with rudder :

may be required on short final and just prior to touchdown. Likewise,

the effective dihedral can be evaluated by examining the operaticnal
procedures to determine if there is a need to raise the low wing with
rudder and more importantly, by investigating the effects of turbulence.
Aircraft with very low values of dihedral tend to exhibit a snaking
motion in turbulence and hence dutch roll damping becomes more impor-
tant, However, meeting the requirements of Paragraph 177 as outlined in
the Engineering Flight Test Guide will not improve turbulence response

due to low effective dihedral. In fact, most manufacturers meet this

requirement by incorporating an aileron to rudder interconnect which has
no effect on augmenting ILg, the primary culprit in poor turbulence
response. (n summary, it seems worthwhile to establish a rigorous set

of flight test procedures that would effectively evaluate directiomnal
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stability and dihedral effect (or incorrectiy "lateral stablility") in
This

SRS TR

terms of the actual operational requirements of the aircraft.

approach could eliminate the need for a large scale revision of the FARs

o Aoy

which is unlikely in the near future and would alzo have the effect of
standardizing the evaluation of these 1important £lying quality

considerations.

7. FAR 25.181 Dynamic Longitudiinal, Directional, and
Lateral Stability

LM G VAR MESE e

As discussed in both volumes of this report, the dynamic response of
highly augmented aircraft can be substantially different from classical
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aircraft. Furthermore, the classical relationships between static and
dynamic stability are typically no longer valid when significant amounts
of augmentation are employved. Hence, there is a need for a very compre-
hensive methodology for makiag the distinction between what is and what
is not the minimur requirement 'for an "accepteble" dynamic respomse
characteristic in each axis. TAcceptable” here, would of courase imply
that the uinimum requirements Jor s lavel of safety heve been satisfied,
i.e., a rating of 5 or batter {(a "pssa") on the Figure 21 scale..
Clearly, simply stating that the responses must be well damped is not
adequate. Fortunately, there has been a considerable body of research
directed at this subject during the past decade. A great deal of this
research 1is summarized in the proposed Mil Standard and Handbook for
Flying Qualities of Piloted Airplanes (Reference 6)., We hasten to note
that the military mission 18 considerably different from that of the
civil transport and hence the military flying quality criteria do not
apply directly. However, & significant segment of the military data
base involves a human pilot flying large aircraft with flying qualities
very similar to the civil fleet (in many casges, identical aircraft).
The proposed expansion of the Engineering Flight Test Guide would
involve utilizatior of this data base in terms of the needs of the civil
trangport and its assoclated operational envelope. The flying quality
criteria derived from this effort would be included in the Engineering
Flight Test Guide as background material and would support the engineer-
ing test pilot in looking for critical areas that could cause safety
related problems. For example, an aircraft with a large time delay (sce
Section II) should be subjected to aggressive tracking tas-ks such as
precision landings to determine whether the time delay can result in
unsafe operation. The Space Shuttle represents an example of a case
where large time delays did result in nasr catastrophic results. This
"aireraft" is extremely benign as long ss gradual control inputs are
made. However, as two separate astronauzs hzve discovered, an attempt
to make rapid corrections in the vicinity of tonchdown can result in
very large and potentially ddngerous pilot induced oscillations. The
main point of &1l this i3 that the flying quality criteria should not be
necegsarily utdlized to modify existing I-",é;b;; but rather to guide the
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flight test program to search out and examine reglons where subtle but

potentially dangerous problems mazy exist.

It is expected that a large portion of the effort to expand the
Engineering Flight Test Guide would be expended on upgrading this para-~
graph. In summary, specific areas that should be addressed are

® Specific requirements on highly augmented pitch dynamics :
with emphasis on the fact that the coaventional short ;
period and phugoid modes may not be readiiy identifiadle.
This requires that a technique called "equivalent system
matching” be utilized to identify the "effective" short-
period parameters. (See Reference 6, Section 3.2.1.1.)

® Specification of criteria to define roll damping and
spiral stability. 1In particular, roll damping tends to be
critical for large transport aircraft and defines the
dominant short-term dynamics in the roll axes. A specific
flight test technique should be outlined to expose defi-
clencies in the roll mode time constant. Examples would
be lateral offset maneuvers just prior to touchdown and
landings in a crosswind shear.

¢ Values of dutch roll damping and frequency should be
specified depending on the task in question. For exumple,
it may be necessary to require higher values of dutch roll
damping for ILS tracking than for high altitude cruise.

® Specifiz recommendations should be made on the aliowable
degradations that can occur in the preseance of stability
augmentation failures. In addition, the transient between
the unfailed and failed state should also be investigated.

8. PAR 25.671 and FAP 25.1309 Consideration of
Augmentation System Failuree
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Inasauch as the basic philosophy of the Federal Aviation Reguiatiens
{s to require only the minimum flying qualities necessary to achieve

51 oY, Y\’Af)’.t‘(; it

"safe flight," degradations in the flying quality characteristics tech-

>

nically cannot be allowed. If such degradations were allowed to exist,
the operation would, by definition, he unsafe; an unacceptable situvation
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for commarcial operation. In the real world situation, however, ailr-
craft are designed to have considerably better flying qualities than
those needed for minimum requirementas for a level of safety. Hence, the

flying qualitias of an aircraft following failures of one or more [
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augmentation systems are inherently required to meet the basic regula-~ !

tions. Indeed, in the case of augmented aircraft, the regulations may be

more oriented toward the failed state than the operational state. The
Engineering Flight Test Guide should provide guidance for flight test
pilots regarding "critical" failures of specific augmentation systems
(see Section V for definition of "critical"). An important par:i of
defining a "ecritical" failure is defining the worst-case critical opera~
ting points for failures. Advisory Circular 25.1309-XX (Reference 29)
clearly states that continued safe flight and landing implies that an
airplane be capable of continued controiled flight without exceptional
pilot skill or strength after any failure condition which has not been
shown to be "extremely improbable” (a probability of less than 10"9).
Most failures of an augmentation system cannot be shown to be extremely
improbable and therefore it will be necessary to conduct £light demon-
strations either in an airplane or on a satisfactory flight simulator of
the worst-case failure conditions. It should be the role of the Engi-
neering Flight Test Guide to define what constitutes the worst-case
flight conditions and additionally what constitutes a satisfactory
flight simulator for each of the identified flight conditioms. Failure

transients should be an important consideration when conducting such

testse.
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CONCLUSIORS

The current Federal Aviation .Regulation concerning aircraft flying
qualities can nearly always be applied to the alrworthiness assessment
and certification of highly augmented aircraft with the appropriate
interpretations. It 1s suggested that such interpretations be
incorporated into the airworthiness assessment process by means of an
updated version of the Engineering Flight Test Guides (FAA Orders 8110.7
and 8110.8). This would serve to provide a basis for standardizing
procedures among the regions. It would also provide FAA engineering
test pilots and certification teams with a synopsis of the latest
available information obtained from Military, NASA and European flight
test and piloted simulation programs. Such information will be
essential in performing an efficient assessment of a highly augmented
aircraft,

Some specific areas to be considered for upgrading the engineering
flight test guide are summarized below.

® A standardized rating scale is needed to assist in
the airworthiness assessment process. It is felt
that a modified version of the Cooper-Harper
Handling Qualities rating scale would be
appropriate and that a rating of 5 or better
should result in a "pass" (see Figuras la aad 21).
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¢ The Engineering Flight Test Gulde should recommend
specific piloting tasks  which  would be
particularly effective in exposing flying
qualities deficiencies which may exist as a result
of the mechanization of stability augmentation or
faiiures of such augmentation (ses Section II).
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e There is a sinultaneous degradation iIn static and
dynamic stability which occurs as the center of
gravity is moved aft with classical unaugmented
alrcraft. Hence, a detailed vequirement on static
stability inherently assures reasonable dynamic
stability (see Sections III B.3 and IV D.3.
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Highly augmented aircraft may exhibit zero static
stability and stili possess excellent dynamic
stabilicy. Hence, the detailed requirements on
static stability are not adequate to assure good
dynamic stability for augmented aircraft (see
Section IV D.3).

The Engineering Flight Test Guide should contain
guidelines to allow an airworthiness asseasmeat of
the short term dynamic stability of augmented
aivcraft. Such guidelines would be considered
interpretations of the very general requirements
on short-term dynamic stability in FAR 25.181 (see
Section IV C.1).

A requirement on low frequency (or "long term")
dynamic stability does not currently exist in the
FARs. This situation should be rectified (see
Section IV C.l).

The necessity for requiring a negative stick force
per knot gradient (dFB/dV), even in the presence
of excellent dynamlic characteristics, should be
investigated.

The requirement for a negative dF,/dV (FAR 25.173)
disallows the use of rate command attitude
augmentors thereby complicating the problem of
augmenting RSS aircraft. Test pilots at NASA Anmes
Research Center have found rate command augmentors
(with dFg/dV) to be not only acceptahle but
desirable. See Section V D.4 for more detail.

Downsprings, bobweights, and elevator tabs can be
used effectively to correct deficient static
stability which tends to occur at aft center of
gravity locations. However, the Engineering
¥light Test Guide should provide specific guidance
regarding: 1) the control forces at the extreme
forward center of gravity and 2) long term dynamic
stability (phugoid mode) when such devices are
employed.

Specific guidance should be provided in the
Engineering Flight Test Guide regarding the
possible deleterious cffects of turbulence on
stabllity augmentation systems (see Section IV F).
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® The Engineering Flight Test Guide should provide
guidance as to specifically what constitutes
"nonessential, essential, aud critical" flight
controli functions (see Section V). For example,
how unstable must an RSS aircraft be before the
flight control system (augmentation) 1is deemed to
be "essential" or "critical?" Note that the
reliability requirements, and hence cost, are a
direct result of whether the control system 1is
found to be nonessential, essential, or critical.

3
]

A detailed review of suggested modifications to the Engineexing
Flight Test Guide is given in Section VI.

i
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GLOSSARY
c.g. Center of gravity
FAA  Federal Aviation Agency
FAR  Federal Aviation Regulations
FCS  Flight Controcl System
RSS Relaxed Static Stability
SST  Supersonic Transport
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