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ABSTRACT

A systematic investigation of the lateral handling qualities of fighter
aircraft on an en route IFR mission was made in a fixed-base ground simu-
lator. The suitability of a wide range of roll and spiral mode root locations
was examined with particular emphasis placed upon determining the effects
of complex roll-gpiral roots. The complex roll-spiral roots were produced
with several feasible combinations of stability derivatives. Interaction effects
of the Dutch roll mode roots were examined, including the effects of the prox-
imity of these roots to the complex roll-spiral mode roots. Assessment of
the flying qualities is reported in terms of the evaluation comments and
ratings given by two pilots. In general the complex roll-spiral configurations
that were evaluated were too difficult to control in roll to consider their han-
dling quality characteristics as acceptable for fighter aircraft, (U)
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SECTION I
INTRODUCTION

The adequate control of airplane bank angle is fundamental to almost
every mission or task which the human pilot performs with an airplane. This
is evident when one remembers that to alter the flight path of the airplane, the
pilot must change the magnitude and/or direction of the normal force vector.
The magnitude is changed through elevator control of angle of attack, and the
direction is altered through aileron/rudder control of bank angle. Bank angle
control is of the same order of importance to the pilot as is angle of attack
control,

The control of bank angle is influenced by a large number of factors
relating to the basic airplane characteristics. Particular importance is as-~
signed to the terms - or stability derivatives -~ in the equations of motion
which determine the airplane response to aileron input, These effects may
either be examined in terms of the stability derivatives or the coefficients of
the denominator and numerator terms of the bank angle to aileron input trans-
fer function. Both methods of examination are equally valid, but neither one
is the whole story to the pilot. Generally, the pilot uses both aileron and rud-
der to control bank angle, and hence the response of bank angle to the pilot's
combined use of aileron and rudder is the situation to be considered.

The characteristic equation which describes the free-oscillation mod-
al characteristics of the airplane alone is the denominator common to the ex-
pressions for bank angle response to both aileron and rudder. This charac-
teristic equation is of the form:

¢ z 2 -
s“eays ra,s"+ a5 +4a, =0 (1)
and may be factored into two quadratic roots:
2 z 2 z
(s%+ 28,y 5+ ) (s 423’59%3540)56) (2)

The first quadratic (subscript d) is called the Dutch roll mode, and for
conventional airplanes is usually a lightly-damped, oscillatory mode. The
second quadratic (subscript SR, roll-spiral) usually has two real roots and
is often written:

52 23’5805’954@5‘: .-_—(54-}/;) (S-s-{;— {(3)
The first root is normally called the roll mode root since it often has a dom-
inant effect in the rapid bank angle response to aileron inputs. The second
root is termed the spiral mode root, since this root has a dominant effect on
the long term bhank angle response to disturbances. It must be remembered,
however, that regardless of the names given to each mode individually, each
response (bank angle, sideslip, etc.) includes the contribution of all four
roots of the characteristic quartic,

The four roots of the characteristic quartic (Equation 2} determine the
control-fixed response of the airplane. To assess the contribution of the roots
to the flying qualities of the airplane = the pilot-airplane system — one can
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systematically alter each root and observe the effect of the change on the pilot's
assessment of the flying qualities. A number of such efforts are reported
and/or summarized in the literature, and listed herein as References 1 through
14, These data form the basis of our knowledge of goodness and badness for

a substantial range of variation in these roots and other pertinent lateral-
directional handling qualities parameters.

References 1 through 14 report the assessment results for a wide range
of values of the parameters which describe the airplane. However, one area
has received little or no systematic attention: that is, flying qualities of the
airplane with coupled roll-spiral roots. "Coupled" means either that the two
normally real roll and spiral roots are in such proximity to each other that
they are not easily identifiable as separate, first-order modes, or that the
roots have combined and formed another complex conjugate pair of roots in
addition to the Dutch roll complex pair, This additional pair of complex roots
is called the complex roll-spiral mode or the lateral phugoid.

Interest in the coupled roll-spiral roots has developed because relatively
recent trends in airplane design and operating environment have led to pre-
dicted aircraft characteristics of this nature, Airplanes desugned to fly at high
speed at high altitude tend to ha.ve low values of roll damping, l..,o » and may
have low directional stiffness, N,s , at high Mach numbers. In this case,
coupled roll-spiral roots can exist, particularly if the effective dihedral de-
rivative, L-;g , is large., The coupled roll-spiral roots may give the appear-
ance of a se cond-order, over-damped response if the two roots are in close
proximity, but real. If the roots are complex, then the motion is oscillatory,
and in the extreme, the oscillatory case may be negatively damped - a dynamic
oscillatory divergence,

The only known in-flight experience with a complex roll-spiral mode
wasg in the USAF-CAL variable stability T-33 program reported in Reference
12, The piloting difficulties which were experienced, together with the expec-
tation that at least two new V/STOI. airplanes and one fighter would exhibit
coupled roll-spiral roots in a portion of the flight envelope, generated the re-
search interest in the program which is reported herein,

The goal of the present program is to examine the piloting difficulties
and mission limitations which may be imposed by coupled roll-spiral roots,
and to examine the influence of the other important lateral-directional par-
ameters on these difficulties, Because of the exploratory nature of the study,
a fixed-base ground simulator was used for the investigation., Either a V/STOL
aircraft in cruise flight or a fighter performing a high altitude mission could
have been chosen as the subject of the assessment, The generalized fighter
mission was selected for evaluation, and the assessment tasks were oriented
toward the enroute IFR considerations of that mission due to the inherent task
limitations in a fixed-base simulator with conventional cockpit instrument
displays,

For this study the assumed airplane weighs 70, 000 pounds and is tra-
velling at Mach 1,2 at an altitude of 30, 000 feet. The primary study param-
eter is L , the roll damping derivative, This parameter was reduced in
value until the conventional roll and spiral roots converged to form the de-
sired coupled mode, The pararmeter was further reduced to obtain several

g
i




i
-
;

AFFDL-TR-65-39

different roots of the coupled mode. Separation between the Dutch roll fre-
quency and the lateral phugoid frequency varied between 2 £ “o /W, < 10,
Yaw due to rolling velocity was proverse, which is typical of aircraft in
super sonic flight. Aileron yaw was varied from adverse to proverse but was
generally adverse. The pilots were allowed to vary the aileron gearing ratio
and to choose the value that gave them the best control for each set of char-
acteristics which they evaluated. Two pilots performed the evaluation task.
That task was to fly a tactical fighter under en route, IFR conditions,

A general result of this study is the lateral phugoid mode character-
istics that were investigated are unacceptable for the mission considered.
This results from the pilot having to remain closed loop to keep the airplane
under control in bank. Many configurations were barely controllable and
some were uncontrollable. In general, both pilots complained of an apparent
lack of roll damping.

The detailed discussion of this study is arranged as follows in the re-
mainder of the report:

Section II Desgign of the Experiment
Section III The Experiment
Section IV Results and Discussion
Section V Conclusions

3
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SECTION II
DESIGN OF THE EXPERIMENT

Many modal constants must be simultaneously considered whenever the
lateral-directional modes of motion are specified in detail. In particular, if
specific modal constants are desired, a study of the equations of motion is re-
quired to determine the stability derivatives which will give the desired mod-
al constants, A complication of such a study is that a complete set of modal
constants is seldom specified because reasonable values for, and the effects
of, some of the constants are not known., Therefore incomplete sets are cho-
sen and each of these can be satisfied by more than one set of stability de-
rivatives. As a consequence of this situation, an additional constraint is im=
posed that requires each set of desired modal constants be obtained from a
feasible set of stability derivatives. The required study was based on the fol-
lowing set of linearized equations in body axes which, for x, equal to zero,
have the X axis initially aligned with the flight path,

Ve B-p5-rs _\_/5_’ Pra,p = s, Sy

- - I- P
NafB+ N fG+ N7 a N, 04 22 o = Ng & + Ny &y

@
I, r

hd I . .
[stﬁ *Lﬁ'{e *[Jr o+ I:z rai f‘p-p= L;aga 1"[:;’.5;'

where

! N _ 1 aL . .
T, Br LTI B T PNBE %Sy

Alternatively and with e, equal to zero, the equations are written in the form:

(Ya=s)g-r+y D= ¥, 5,
(Mg + NG $)B +(Nju=S)reNgsh = Ny L/

0

(LlsrLgs)p s Lp re(Llys-s?)B =L 8§, + Ny &,

where
] I / I Z o -
N-=—’—(N—+£ z,-}. ’.:-(L. xeN.) £efo T2 ..
< .t [ IE I3 ] L’( t '"C * Ix fl ] , _I;Iz 3¢ P’nﬂ)ﬁ;%’é—r

In this alternate form of the equations, the primed derivatives include the
inertia and product of inertia constants. The transformation from the first
set of equations to the primed set is described in Reference 4. These equa-~
tions are programmed on a digital computer and this program was used in
this study.

Solution of the equations can result in either of the two following
forms for the characteristic equation:
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z 2 (5, L -
] (% 2gayse ) (so F )50 ) = 0
r

(s2+ 28 w9+ @y?)(s%+ 28, Wsp 5+ &) =6

where the first equation represents the more commeon case of the Dutch roll

mode and real-root roll and spiral modes, and the second equation represents

the case of the Dutch roll mode and the lateral phugoeid mode. It was found

in the parameter variation study that complex roll-spiral roots can be pro-

duced by various combinations of the stability derivatives. The derivative
L% is somewhat unique in its effect because a reduction in the magnitude of
!, produces complex roll-spiral root locations, as shown in Figure 1, with

relatively little alteration in the location of the Dutch roll roots.

Lm

X - X Ke
-1/Te -1/

Figure 1. Root Locus for Decreasing Roll Damping

The experiment is designed, primarily, to determine the effect of
Fh.e roll-spiral mode parameters, wse and %40, on aircraft handling qual-
ities. The experiment is also designed to determine the influence and inter-

action effects of the Dutch roll and aileron yaw parameters 2, , | &
and Fg/ary . a / /ﬁ/d

The independent examination of these factors requires an iterative
determination of the stability derivatives that produce the variations in the
factors for constant Dutch roll root locations. Therefore the experiment was
designed by stipulating the desired Dutch roll roots, either 2 and Zg , or
the lateral phugoid roots, and | @/@B/y . From these stipulated values, esti-
mates of the required stability derivatives were made by using the approximate
factors of Reference 16 in which factors exist for both the conventional case
and the lateral phugoid case. The estimated derivatives were entered into the
computer program and the equations of motion were solved for the exact roots
and modal constants. It was found that in some instances the approximate
factors were reasonable predictors, while in others, they were inaccurate.
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However, the approximate factors afforded good starting points and the final,
desired results could be approached closely by iteration. The value of the
real part of the Dutch roll root was closely controlled by iterating with ’V;e .
The greatest difficulty occurred in obtaining the desired combinations of wy,
Wgep and |@B/Bl4 because these parameters have common stability derivatives,
e.g., a stability derivative which alters the value of Wy also affects the val-
ues of &, and [@/B]4.

Aileron yaw was predominantly adverse throughout the experiment.
Some consideration was given to the effects of different values of Wg/wWy as
obtained by changing the value of N"ga_ . This was to obtain comparisons of
adverse and proverse aileron yaw for a few configurations.,

A list of the configurations that were "shot for" is given in Table I.
The exact values are given in Table II of the appendix. A presentation of
these configurations is made in root locus form in Figures 2a through 2g. It
can be noticed from the table and the figures that the organization of the ex-
periment is based upon the roll-spiral characteristics, the Dutch roll char-
acteristics, |@/8[q and ®¥g/wy . The configuration numbers listed in the
table are not particularly consecutive or sequential because they are the book-
keeping numbers for the iteration runs on the digital computer. The pilots
were not given and never used the configuration numbers. They evaluated
each configuration as a run and identified each run by using the letters of the
alphabet sequentially.

A
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& TABLE I
% PLANNED VALUES OF CONFIGURATION PARAMETERS
] Config. Wse an Wy Zd 'a/i@Jd w¢/wd
% 9 0.23 0.7 2. 05 0.2 6.6 % 0,95

10 0.2
E 11 0. 05
| 15 0.7 0. 05
%; 16 0,2 { f

3 0.7 0.2 11
E 37 | 0. 05

38 0.2 Y | !
E 21 0.7 1.2 0.2 20

22 ' 0.2 { {,
29 0,07 } 2,05 9.2
g 33 0.65 0.7 1.2 20 Y

47 0.23 0.2 2. 05 6.6 <0,9
E, 48 | > 1

49 11 < 0.9
E 50 J f > 1
& '/ s 1/ e Wy 24 ]¢/ﬁfd Wy /Wy
43 0.01 3.4 2.05 0.2 3,85 = 0.95
% 0.15 | 0.272 | 6.6

14 | 0. 269 0. 05 ,

1 0. 05 0.966 0.2 11

| 2 0.15 0.311
E 26 0 1.53

25 0.05 0.112 1} Y 1

.
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SECTION III
THE EXPERIMENT AND EQUIPMENT

The experiment was performed in the T-33 variable stability airplane
ground simulator shown in Figure 3. The computers used in conjunction with
the T-33 are three PACE TR-10 transistorized analog computers. Reference
15 contains the equations used in the computers. However, the drag equation
for the present study is a simple linear equation and the hypothetical airplane
was well on the front side of the drag polar.

Both pilots coordinated in optimizing a longitudinal configuration which
became the only set of longitudinal dynamics used throughout the experiment,
These dynamics resulted in an evaluation rating of 3 which could not be im-
proved because of the elevator stick feel and the problem of controlling rate of
descent or climb through pitch attitude. For high speeds, the attitude angle
displayed on present-day standard attitude instruments does not afford sufficient
resolution to permit fine control of rate of descent, As can be seen from the
equation ‘ﬁ'r-- Vs;'n(Q-ct), an increase in V requires a finer resolution in & to ob-
tain the same #£ .

Rough air tasks were presented to the pilots on each evaluation run by
introducing noise through the angle of attack and sideslip channels in the analog
computer. The noise generator used for this purpose is a set of motor-driven
cams with three noise output channels. Each channel is made up of two cams
which revolve slowly with respect to each other., The arm of a cam-following
potentiometer rides whichever of the two cams that protrudes the furthest.
Because the two cams revolve slowly with respect to each other, the cam that
is seen by the cam-follower continually changes shape. This device is built by
the Link Division of General Precision, Inc. and was obtained from a C-11
simulator., The procedure of introducing the rough air noise through the angle
of attack and sideslip permits the computer to automatically scale the gust re-
sponse of each configuration.

The purpose of the noise is to give the pilots a tracking task with rea-
sonable but unpredictable disturbances. This procedure allows the pilot to
evaluate each configuration on a basis that is separate from tracking self-
induced noise.

To add to the realism of the en route IFR task, the pilots were requested
to copy a hypothetical but standard form IFR clearance. Thus they were pre-
sented with a realistic task under which they could accurately evaluate the ef-
fects of open-loop control and whether or not they could expect to fly open loop
for necessary periods of time, Only a few clearances were used and the pilots
became reasonably familiar with them. This does not detract from the realism
of the task, because in practice, pilots prepare their own IFR flight plans and
the clearances received are based upon these plans. Therefore, in receiving
a clearance, the pilot is usually aware of what it will be.

Evaluations were made of climbing, diving and level turns and of both
slow and rapid entries into 30° and 60° banks. In addition, the pilots flew the
airplane in any fashion they desired. Flight in both simulated smooth air and
simulated rough air was accomplished. Pilot evaluation comments were wire
recorded.

10
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Figure 3.

Evaluation Pilot's Cockpit Display

Arrangement of Airplane and Analog Computer

11
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The comment card that was used by the pilots lends consistency to the
points considered and commented on by the pilot, However, prior to com-
menting specifically on the basis of the comment card, the pilots commented
freely to clear their minds of immediate observations before forgetting them.
Since the comment card served to remind the pilots of their observations,
they preferred to use it after giving their free style comments. A reproduc-
tion of the comment card used in this program follows.

COMMENT CARD

1. Briefly describe your over-all reactions if pogsible in the order of:

roll control (trim, maneuvering, response, feel)
heading control (trim, maneuvering, response, feel)
pitch control (trim, maneuvering, response, feel)
interactions (trim, maneuvering, response, feel)

Define the following
2. Bank angle control precision (good, fair, poor, bad) for:

a. trim
b. maneuvering
amount of closed-loop necessary for:
30° bank slow entry
60° bank rapid entry (describe input and responses)
60° bank slow entry
60° bank rapid entry
c. Demonstrate on oscillograph if reasonable.

3. Define major objection to roll control

4, Are aileron force feel characteristics at all bothersome? Why?
5. How is rudder used?

6. What is pitch control interaction problem ?

a, How could it be improved?

T How did you select control gains {(gearing)?
a. Alleron
b. Rudder

c. Elevator

9. How do these flight characteristics affect your use of instruments ?
(directly read, checked in peripheral vision, not checked or read) for:
a. Straight and level
b, Level turning
c. Climbing/descending straight flight
d. Climbing/descending turning flight

10, Assuming you can change altitude or airspeed to obtain more favorable
flight conditions, would you accept this configuration for the alternate

mission of general recovery from failure of the augmentation system ?

11, Summarize major objections/advantages.

12
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The pilots gave evaluation ratings for each configuration. These
ratings are based on the rating scale given below which is applied within the
context of the task; a tactical fighter, en route IFR,

CAL RATING SCALE

Adjective Description Numerical

Category Within Category Rating
Acceptable Excellent 1
and Good 2
Satisfactory Fair 3
Acceptable Fair 4
but FPoor 5
Unsatisfactory Bad 6

Bad* 7
Unacceptable Very Bad#®* 8

Dangerous 9
Unflyable Unflyable 10

* requires major portion of pilots' attention
% controllable only with a minimum of cockpit duties
F aircraft just controllable with complete attention

Neither pilot who participated in this program ever knew what set of
characteristics he was evaluating nor were they given the configurations in
the same order. Thus they could not discuss and compare specific config-
urations with each other, Whenever they discussed the program between
themselves they could discuss only generalities and the philosophy of rating.
Both pilots are currently rated and experienced instrument pilots and both
are experienced evaluation pilots.

Each set of lateral characteristics was evaluated by each pilot for
one-half to one hour of "flying". The better configurations were evaluated
for longer periods of time because the pilot could perform more maneuvers
and consequently could see more response characteristics that needed great-
er concentration and evaluation time to obtain a valid evaluation and rating.
The unflyable configurations needed the least evaluation time because their
treacherous characteristics became evident very early in the evaluation per-
iod, This simplification between good and unflyable should not be taken as
rigid generality because there are some configurations that are bad because
of a treacherous characteristic that is subtle and that requires time to dis-
cover and evaluate, These types of characteristics usually manifest them-
selves while the pilot is flying open loop. In this report, what is frequently
referred to as open-loop flying means that the pilot monitors the flight in-
struments periodically but is flying hands-off or with minimum attention to
the flight control task while attending to other cockpit duties.

13
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Configuration number 43 was repeated several times throughout the
experiment because it was the best and most "airplane-like" of all of the
configurations. The pilots needed recurrent looks at configurations like this
because it helps them to remain secure in knowing what a "good" airplane is
and what can be done with a good airplane. However, they did not realize that
the truly good configuration was always the same one and they were not in-
formed of this.

14
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SECTION IV
RESULTS

The most obvious conclusion which is indicated by the results of this
experiment is that the coupled roll-spiral configurations investigated repre-
sent poor to very bad tactical airplanes. These configurations all are "rolly"
in that it is difficult to establish a given, desired roll rate and no matter
what roll rate is established it can be difficult to stop at a desired bank angle.
This situation leads to pilot-induced oscillation (PIOQ} in roll rate or bank
angle., The pilot cannot extricate himself from the loop and let the airplane
settle down by itself because in so doing, the error in roll rate or bank angle
becomes too large., This consequence is a manifestation of the very long time
required for the airplane to reach the steady state condition of the coupled
roll-spiral mode. It ig also a reflection of the fact that the roll damping is so
low that ailerons appear to be more acceleration-ordering than rate-ordering
for step inputs for the amount of time the pilot can afford to watch the free
response. JLlherefore, the pilots attempt to control roll rate by using aileron
pulse inputs and thereby reduce the control system to a rate-ordering rather
than acceleration-ordering system. In actual fact, in configurations possess-
ing a coupled roll-spiral mode, aileron orders bank angle, but the settling
time is so long the pilot seldom realizes it,

The remainder of this section is a review and discussion of the data.
Support for the above statements is found in this discussion.

No discernible learning curve is seen in the data, because some eval-
unations had been done prior to the discovery of a scaling error in the com-
puter, When these evaluations were repeated, the pilots were sufficiently
familiar with the configurations that no measurable change in their proficiency
was noted,

REAL ROOT ROLL AND SPIRAL MODES

Several configurations (from the ensemble shown in Figures 2a through
2g) which have real roll mode and spiral mode roots were evaluated., The
value of [$/B]/4 was generally large for these configurations and the spiral
root was convergent and variable and never exactly at the origin., The Dutch
roll frequency was maintained at 2.1 rad/sec, and half of the configurations
were evaluated at a Dutch roll damping ratio of 0.2. The remainder of the
configurations were evaluated at various values of the damping ratio of 0.10
or lessg, including three that were divergent. For the majority of the eval-
uations, the yaw due to roll rate was proverse with the coefficient N_:o a
constant, However, some configurations were evaluated at other values of

N_"p including a few that caused adverse yaw due to roll rate. The aileron
vaw was always adverse., These evaluations were performed at a Mach
number of 1.2 with a standard instrument display which does not present
sufficient pitch angle resolution to enable the pilot to closely control flight
path angle. That is, the pilot could not see the small changes in pitch atti-
tude that he must see if he is to control flight path angle by controlling pitch
attitude.

The variations of the root locations were accomplished by (primarily)
varying the value of roll damping, /_,fp & - f/z-k. The spiral root was allowed to

15
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come out as it would and no control over it was exercised. Usually, as the
roll damping decreases, the spiral mode time constant becomes smaller.
These root locations are shown on root locus plots in Figures 4a, b, and c.
Figures 4a and 4b are for the same configurations with Figure 4b plotted on
semi-logarithmic scales to enable a better view of the positions of the spiral
roots, In these two figures, the Dutch roll natural frequency is approximately
2.1 rad/sec and the Dutch roll damping ratio is 0.2, In Figure 4c¢, the roots
are plotted for the remainder of the real rcot configurations which have other
Dutch roll roots. It is noted from these figures that the spiral root is non-
zero and therefore the effects of the spiral are included in the evaluations.

From Figure 4d, it is seen that as the roll damping decreases, the
rating increases (becomes worse). As Tp becomes longer, and even at
Te = 0.6 sec, the pilots complain that the airplane is sluggish in roll and
that pilot lead is required in controlling bank angle and roll rate. This lead
is used to overdrive the response in p to obtain the desired p, and then to
stop the roll rate at the desired bank angle, As the roll damping is further
decreased, then the requirements of lead in the control of bank angle dom-
inate the pilots' technique., When the lead requirements become too great the
pilot induces an oscillation in roll because he overcontrols in roll. This re-
sults in "rolly" or "too rolly" configurations, Whenever the airplane is "rolly"
it is sufficiently difficult to control that the pilot remains closed loop on roll
attitude and he does not comment, explicitly, about the effects of the spiral
mode. It is interesting that the airplane goes from sluggish to "rolly". This
effect arises because the pilot can afford to watch only a small, initial portion
of the response before he makes another input. Whenever Zg is large, but
the final response can be predicted from the initial response, then the pilot
complains of sluggishness., However, when the final response cannot be pre-
dicted from the initial response, then a closed-loop oscillation results which
dominates the response and the pilot complains of rolliness.

The stability derivative /V;o is listed on Figures 4a, b, and c¢. For the
the great majority of the configurations, the yaw due to roll rate was proverse
and compounds the control problems. The pilots were most explicit about the
effect of proverse N_;o for the better-rated configurations, but as 72Zg be-
comes longer (§ = - I/a‘e becomes smaller than ~1.6) they became less explicit
about it, or didn't mention it, because it is apparently sufficiently masked by
other difficulties that they don't sort it out, The proverse /V/p effect is that
cross-coordination of the aileron and rudder controls is required after a roll
rate is built up sufficiently that the proverse yaw due to roll rate overpowers
the adverse yaw due to aileron. Both pilots find that it is very difficult to
coordinate this effect and so they accept the sideslip that results and they do
not use rudder to coordinate, Therefore, another effect is that if a roll rate
exists and a step aileron input is made to reduce it, stop it or reverse it, then
the sideslip error becomes large. It becomes large because at the initiation
of the change in roll rate, the sideslip that occcurs from the use of ailerons
adds to the sideslip that exists because of a lack of coordinating the A), in-
duced sideslip. These effects are noticed by both pilots, one of whom accur-
ately diagnosed the cause. The other pilot may have realized the cause but
referred to the result as a "queer phasing in sideslip that occurs with these
configurations". The pilots both comment that the use of the rudder with low
roll damping aggravates their control difficulties,
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A comparison is made between the present results and some results
of past experiments on the roll mode time constant., The past experiments
are discussed in References 13 and 14, Reference 13 is a NASA report that
describes a simulator experiment with and without acceleration applied to the
pilot and for the pure roll mode only; that is, no longitudinal, Dutch roll or
spiral dynamics were represented. Reference 14 describes an in-flight re-
entry simulation in a variable stability T-33 airplane. For the experiment of
Reference 13 there were longitudinal, Dutch roll, roll mode and spiral mode
dynamics but the spiral mode root was at the origin. The results of the ex-
periments of References 13 and 14 are comparable and they are plotted with
the results of the present experiment in Figure 4d on a plot of pilot rating
versus roll mode time constant.

The results of the present experiment exhibit the same trends but
fall below those of the previous experiments. There are several differences
that may cause the disparity and they are: {a) that the present experiment
includes typical spiral root locations, (b) the ¥} effect discussed earlier,
(c) the pilots' extrapolation of a lack of acceleration cues to "real" flight,

{d} the fact that /@ /4[4 of the present experiment is much greater than the
f¢/ﬁfd (non-existent and 1.5) of the previous experiments, and (e) the
flight path holding problems at M = 1.2 in this experiment versus the lesser
degree of this problem in the other experiments, Also, the Dutch roll char-
acteristics are varied in the present experiment.

THE COMPLEX ROLL-SPIRAL ROOTS

The complex roll-spiral roots exist if the lateral characteristic equa-~
tion can be factored into two sets of complex pairs of roots. One set of roots
is the Dutch roll mode and the other set of roots is the complex roll-spiral
or lateral phugoid mode. Of course, if the damping ratio of the lateral phu-
goid is greater than one, then it can be factored into a real roll mode root
and a real spiral mode root. For this experiment the complex roll-spiral
roots, the Dutch roll roots and the values of | Q//@fd are all systematically
varied, Comparison of the results for the different values of the parameters
gives a determination of the effects of Wse , &4 , 3y and [@/Bl4. In the
following paragraphs, the comparisons that can be made are discussed in de-
tail, The primary interest is in determining the effects of the parameter
values on the ability of the pilot to control the airplane,

The rating results of this portion of the experiment are presented in
Figures 5 and 6. An over-all summary of the results indicates that the best
average rating for configurations with a complex roll-spiral (;’5&, <1l})is 7
and that ratings improve when roll-spiral damping ratio or frequency increase
(Figure 5). Figures ba, 6b, 6c show some of the interaction effects that
are included but not shown explicitly in Figure 5.

A discussion of the effects of the individual parameter variations
follows,
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Effect of Fgp

Ratings and Comments
Pilot A Pilot B
Config., é'se Rating & Primary Comment | Rating & Primary Comment | Fig,
9 0.7 9, Lacks roll damping 9, ILacks roll damping Za
10 0.21 10, Lacks roll damping, 10, Lacks roll damping, 2a
requires tunnel requires tunnel
vision on attitude vision on attitude
11 0.06| 10, Sneaky, divergent 10, Practical divergence | 2a
devil
Modal Similarities: @y = 2,14 rad/sec, 35 =0.20
Wee = 0.18 rad/sec, |P/Bly = 6.45, wy/wy = 0.95

Configuration 9 is "rolly", lacks roll damping, and must be flown con-
tinuously closed-loop. The bank angle precision is poor to bad and neither
pilot accepted it for the alternate mission, Neither pilot uses the rudder be-
cause whenever they try it, they find its use degrades control precision, Use
of aileron pulses is helpful,

The lower roll-spiral damping ratio of Configuration 10 results in com-
ments that step aileron inputs order roll acceleration, that there is a lack of
roll damping, that closed-loop control requires "tunnel vision" on the attitude
indicator, that the bank angle precision is poor to bad, that rudder is not used,
and that the configuration is unacceptable for the alternate mission. Appar-
ently this configuration is worse than Configuration 9 primarily because of the
worse aileron control, in that the airplane becomes more "rolly", caused by
the lower roll-spiral damping ratio,

The still lower roll-spiral damping ratio of Configuration 11 elicits
the same objections but in addition it is called sneaky. One pilot calls it a
"sneaky divergent devil" and the other says it has a "practical divergence".
This one needs only a small kick from any source (such as turbulence, slight
out-of-trim condition, or inadvertent inputs) for it to take off with a roll rate.
Control of the configuration can be lost easily. The pilots had to concentrate
on roll contreol. Both of them would think they had established zero roll rate
only to find several seconds later that the bank angle had changed. This re-
sult leads to the comments that it is sneaky and has a practical divergence.

The characteristic of apparent divergence somehow indicates the
amount of time a pilot can spend on making a decision and shows that he is
aggravated when he finds his decision was wrong. For instance, the settling
time ( 3/560,7) for the roll-spiral is 261 seconds and the time to the first
bank angle peak is 6.8 seconds, In the region of the peak bank angle, the
roll rate will be small for a few seconds. The pilot could easily decide dur-
ing these few seconds that he had settled the airplane down at an equilibrium
bank angle only to find that he had not. Situations like this have always ap-
peared to pilots as a divergence and they are correct in the practical sense
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because they cannot afford to wait to find out otherwise. Such a practical di-
vergence will lead to a low frequency closed-loop PIO because the pilot be-
lieves he is chasing a divergent characteristic. The response is too slow
for him to see what his lead characteristic should be and so he uses a "try
and see" input system that generally leads to a hunting type PIO.

From these comparisons it is seen that the roll-spiral damping ratio
has an effect and if it is to be of benefit in roll control, it must have a large
value.

Effect of B'L

Ratings and Comments

Pilot A Pilot B
Config., o4 Rating & Primary Comment|Rating & Primary Comment| Fig|
16 0, 05 10, no roll damping, 10, p speeds up, oscil- 2b
increases lates, stay closed-
rapidly loop
10 0.2 10, lacks roll damping, 10, lacks roll damping Za
Modal Similarities: &)d = 2.1 rad/sec, @kp = 0.21 rad/sec, gs:?. = 0,2

ey = 0.95, IQ/ﬁ/d ~ 6.5

Ratings and Comments

Pilot A Pilot B
Config. Za: Rating & Primary Comment [Rating & Primary Comment| Fig|
15 0. 05 8, wery little roll 7, never stops rolling 2b
9 0.2 9, lacks roll damping 9, lacks roll damping 2a
Modal Similarities: @y = 2.1 rad/sec, Wep = 0,2 rad/sec, Z;E =0,17,

“d/wy =0.95  |Bgly % 6.5

Configuration 16 was rated 10 by both pilots and it differs from Con-
figuration 10 by having a value of the Dutch roll damping ratio of 0, 05 instead
of 0,20, The evaluation comments for Configuration 16 are very similar to
those for Configuration 10 and there does not appear to be an explicit differ-
ence caused by the lower Dutch roll damping ratio.
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Both pilots rate Configuration 15 slightly better than Configuration 9.
However, one might expect the reverse rating order to occur because of the
lower Dutch roll damping ratio for Configuration 15. A review of the evalu-
ation comments does not help because they seem the same for both configur-
ations and there is no particular difference to focus upon that explains the
different ratings., As noted in Table II of the appendix, the |8/8] sp are dif-
ferent; that is, 248 for Configuration 9 and 136 for Configuration 15. No
systematic study of this parameter has been made and the effects of it are
unknown, Perhaps the rating difference shown here is an indication that it
should be studied.

The evaluation comments for Configuration 9 are reviewed on page 22
and they are very much like the comments for Configuration 15.

Configuration 15 is "rolly", has very little roll damping, will roll on-
to its back if you don't watch it, has a lag in starting and stopping roll rate,
has poor to bad bank angle precision, precludes pilot use of rudder, requires
continuous closed-loop control for maneuvering, and is not acceptable for the
alternate mission.

Effect of |9/8]4

Pilot Ratings and Comments
I¢J Pilot A Pilot B
Config. 8 ld Rating & Primary Comment | Rating & Primary Comment | Fig.
9 6.45 9, Lacks roll damping 9, Lacks roll damping 2a
3 11.90 9, Very large roll rate 9, Incessant rolling, 2c
for small aileron danger ous
input
Modal Similarities: @y =2.1rad/sec, 3, =0.2, &, =0.2rad/sec,
%0 = 00T gl =095
Pilot Ratings and Comments
@ Pilot A Pilot B
Config. ]-f;" d | Rating & Primary Comment |Rating & Primary Comment |Fig.
10 6.45| 10, Lacks roll damping, 10, Lacks roll damping |2a
requires tunnel
vision on attitude
4 11,0 9, Ailerons order p, 9, Can't stop roll, 2c
con*tinuous closed- generate lots of
loop /F in Dutch roll
Modal Similarities: Cdaa = 2.1 rad/sec, Zd = 0,2, @D = 0.2 rad/sec,
ZSR = 0,2, a)¢/€0ar = 0,95
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Pilot Ratings and Comments
& Pilot A Pilot B
Config. I'ﬁ/d Rating & Primary Comment| Rating & Primary Comment FigJ

15 6.6 8, Very little roll 7, Never stops rolling 2b
damping

37 11.2 10, Lacks roll damping, 10, pis too large, always| 2d
S'ar is very small, oscillating, always
[@/ﬁ[d is large closed-loop

I

Modal Similarities: a)a, 2.1 rad/sec, g'd = 0,05, CJse = 0.2 rad/sec,

3ce

0.7, Wgfwy = 0.95

Pilot Ratings and Comments

@ Pilot A Pilot B
Config.'_ﬁ’d Rating & Primary Comment | Rating & Primary Comment | Fig|
16 6.7 10, No roll damping, 10, p speeds up, oscil- 2h
@ increases lates, stays closed-
rapidly loop
38 11.3 10, %y is light, 10, Rolls onto back, un-| 2c¢
[@/3]4 is high, manageable, always
continuous closed- closed-loop
loop

1

Modal Similarities: @)y = 2.1 rad/sec, §y = 0.05, g, = 0.2 rad/sec,

>3

€

0.2, Wg/w@y = 0,95

Comparisons of Configurations 9 with 3, 10 with 4, 15 with 37, and
16 with 38 should show if there is an effect of changing J@/ﬁ[d from approx-
imately 6,6 to approximately 11. The comparison of the ratings indicate no

strong influence of IQS/ﬂ]d .

The evaluation comments are much the same for both Configurations
9 and 3, that is, the bank angle precision was bad and neither pilot used rud-
der very much, partly because they didn't need it and partly because they
couldn't sort cut what to do with it unless the aileron was accurately trimmed,

On Configuration 3 one pilot did notice that a very small aileron input
caused the airplane to roll over and achieve a steady state bank angle, but it
would get there in an oscillatory fashion. This pilot believes the configuration
has a lightly damped complex roll-spiral. The aileron input that would pro-
duce a usable bank angle was so tiny that he had trouble obtaining the small
input whenever he was looking for it. The actual roll-spiral damping ratio
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is 0,71 and apparently it takes a large frequency to make the roll-spiral self-
evident to the pilot. The comparison of | @/8/y for these two configurations
nets no specific information except that the sizable rolling moment produced
by sideslip was noticed but it doesn't seem to be excessive. Another notice-
able characteristic was that the sideslip that was produced by use of the ail -
erons was very nearly cancelled by the proverse yaw due to roll rate except
when the pilot reversed his roll rate., While he was reversing his roll rate
the sideslip due to aileron would add to that due to the initial roll rate. Both
pilots agree that the configuration must be flown closed loop.

Comparison of Configuration 10 with Configuration 4 reveals that Con-
figuration 10 was rated 10 by both pilots and Configuration 4 was rated 9 by
both pilots. Because both pilots rate each configuration the same, it seems
that there may be an explicit difference between the configurations, A care-
ful reading of the comments implies that if there is a difference it may be
that Configuration 4 is a wee bit more controllable. In the comparison be-
tween Configurations 15 and 37 where the preference is definitely for the
smaller value of [@/4]y , one pilot makes a specific note of the large 18/6|
in his comments on Configuration 37, Again the predominant characteristics
are those of the roll-spiral and the resultant lack of roll control,

From Figure 5 of Reference 14, given here as Figure 7, we expect a
rating of 5 for a configuration with a [@/8]g of 8 to 9, a zero spiral root and
a Dutch roll frequency and damping ratio of 2,3 rad/sec and 0.15 respective-
ly. Configuration 29 is very close to this point except that it has a roll-
spiral with a frequency of 0,07 rad/sec and it is rated 10 by both pilots, The
problem with Configuration 29 is that roll rate, for a step aileron input, in-
creases with time and very tight closed-loop control is required, The dif-
ference here is directly ascribable to the very long settling time of the roll-
spiral mode and the pilot sees only the portion of the response where roll
rate appears to increase linearly with time for a step aileron input.

Nominal Base Condition
Dutch

Actual ;a' Indicated Roll ‘é’a’ = 1.1 rad/sec
=0.2
0 Near Plotted Points Mode &
Roll Zg = 0.37 sec
Mode H#g, = 0.36 rad/sec/in.
I
: | Spirel ey =g pec!
¢ B
= 2 Symbol l&/8!
= et O .71
4 = v ——— 1,71 - 1,40
5 |00s f“ ==-O--- 1,75 - 2.55
3 o | | W[ O 2.90 - 4,56
a 27
® 7
.6 . B S 1.0 I
Doy

Figure 7. Pilot Rating Versus GJ¢/@d for Low Frequency,
Moderately Low Damping Dutch Roll
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Effect of &sp

Pilot Ratings and Comments

Pilot A Pilot B
Config.| @se Rating & Primary Comment| Rating & Primary Comment Fig,
29 0.07 10, Very, very tight 10, About to roll on bank, 2f
closed-loop on p starts slowly then
attitude, roll rate gets large
increases linearly
4 0.2 9, Ailerons order p, 9, Can't stop roll, lots 2¢
continuous closed- of (@ in Dutch roll
loop

Modal Similarities: &y = 2.11 rad/sec, &y = 0.2, g, = 0.2,

The difference in the comments for these two configurations strongly
reflects the difference in the roll-spiral mode rise time because both pilots
speak of Configuration 4 as having a rapidly increasing roll rate whereas
Configuration 29 starts out slowly and then roll rate increases linearly to a
large value. The rise time for Configuration 4 is 16 seconds and for Config-
uration 29 it is 71 seconds. In both cases the response is too slow for the
pilot to see what will eventually happen and so he will try to force the re-
sponse he wants, This comparison is representative of the improvement in
handling qualities realized by increasing @sp .

Combined Effect of @sg; 5se

e—r

Pilot Ratings and Comments

Con- Pilot A Pilot B

fig. Wsp | Dy Rating, Primary Comment|Rating, Primary Comment| Fig.

21 0.21 1.2 | 9, Very little roll damp- | 10, Lose it, rolls impos-~ | 2e
ing, continuous sibly, p builds up,
closed-loop large 8

33 |0.66|1.0 | 7, Large|®/8/4, long 5, Bobble in roll, large | 2g
oscillation in @ /@, oscillation in roll

Modal Similarities: @y = 1.2-1 rad/sec, %y = 0.2, 3, = 0.7,

Ia/ﬁ}dzl?'la 03¢/0)d= 0.95
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Pilot Ratings and Comments
Con- v Pilot A Pilot B
fig, Se G)a’ Rating, Primary Comment |Rating, Primary Comment} Fig,
22 10,21(1.2 | 10, Low roll damping, 10, Hard to control @ , | 2e
wants to roll off continuous closed-
loop, p builds up
rapidly
34 |0.66]1.0 | 9, Lacks directional €, plags §, , tend
stiffness to PIO

Modal Similarities: @, = 1.2-1 rad/sec, &, = 0.2, &g, = 0.2,

[&/6ly = 20.3 and 26.5, wpfwy = 0.95

The comparison of Configurations 21 with 33 and 22 with 34 compare
the effects of two different roll-spiral frequencies at essentially the same
Dutch roll characteristics, The difference in Dutch roll frequencies between
1.0 rad/sec and 1, 2 rad/sec is minor. The pilots appear to differ in their
evaluations of Configurations 33 and 34. Part of the discrepancy between the
ratings is due to the rating philosophy of the two pilots, one of whom included
the fact that the airplane was supposed to be a maneuverable tactical fighter
and the other pilot considered primarily the instrument flight requirements
and did not strongly include the tactical fighter requirements., However, the
evaluation comments of both pilots indicate a preference for Configurations
33 and 34 over Configurations 21 and 22 respectively. Their preference is
based upon their recognizable ability to obtain a steady state bank angle for
the smaller responses ordered during IFR flight., However, for large dis-
turbance maneuvers neither Configuration 33 nor 34 were at all good because
of the large sideslip that could be induced and because neither pilot could de-
termine how to use the rudder to consistently minimize the sideslip. There-
fore, the pilots find the better technique is to fly aileron only and let sideslip
come out at will, The aileron is bank angle-ordering for Configuration 33
and 34 and the pilots comment that a steady aileron force is required to main-
tain a steady bank angle. If the force is released, then the bank angle returns
tc zero. These comments show that the roll-spiral mode is of sufficiently
high frequency that the pilots can see and realize the response characteristics
of the airplane. They can use the response characteristics to their advantage
acceptably well for the slower and smaller responses that are used in IFR
flight but find them unacceptable for a general fighter type mission,

In summary, Configurations 33 and 34 are more aceceptable than are
Configurations 21 and 22 because of the greater predictability resulting from
the shorter rise time. An additional fact concerning Configurations 33 and
34 is that the |@/8[sp is very low compared to the other configurations. What-
ever contribution this may have is unknown but interesting to contemplate in
terms of further research.

A direct comparison of Configurations 33 and 34 indicates that the
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pilots had more difficulty with Configuration 34 in making roll angle settle
down and rated it the poorest. Configuration 34 has a lower roll-spiral damp-
ing ratio than Configuration 33 and thus has a longer roll-spiral mode settling
time. This pilot reaction results from the difference in settling times, which
for Configuration 33 is 6.6 seconds and for Configuration 34 is 23 seconds,.
We reiterate that the pilots found the use of the rudder too confusing to be of
practical value, However, the indication of Configurations 33 and 34 is that

a roll-spiral may be fourd which is flyable as a fighter. This, again is in-
teresting and reasonable to contemplate for further research.

The contrast betweer Configuration 33 and most of the rest of the con-
figurations is shown in Figuses 8 and 9 which show responses to aileron step
inputs for Configuration 10 and Configuration 33 respectively. A striking
difference is noted in the manner and the time required for bank angle to reach
a steady state value, It is precisely this persistent difference that has caused
so many configurations to be rated unacceptable. The settling time and pre-
dictable bank angle response for Configuration 33 is on the borderline of ac-
ceptability. The long settling time and oscillatory bank angle response for
Configuration 10 causes the pilot to react to only the very initial portion (per-
haps as much as 2 to 4 seconds) of the bank angle and roll rate responses
from which he feels the ailerons are acceleration~ordering, He therefore
feels he must modify his input and that closed-loop attitude control is required
for him to settle the airplane down, In general, for configurations like Con-
figuration 10, the pilot will uge pulse aileron inputs,

At this point we may contrast the pilots' technigue for obtaining bank
angle for the standard airplane and airplanes like Configurations 33 and 10.
If we assume the standard airplane to have a real root roll mode with a good
(small) roll mode time constant and a large 75, then the pilot will order roll
rate with his ailerons and he will center the ailerons and stop the roll rate
whenever the desired bank angle is reached. If the time constant is of a truly
desirable value, then the demand on the pilot to generate lead in order to stop
on the desired bank angle is negligible or else very simple to learn, Thus,
for a good standard airplane, the pilot commands roll rate directly and
positively.

For Configuration 33, the pilot orders bank angle directly with aileron
position and although the response is slow it is fast enough that the pilot real-
izes what is happening and he realizes he has control of the airplane. He also
realizes that to maintain a given bank angle he must hold a specific aileron
pogition.

The majority of the configurations are similar to Configuration 10
wherein the pilot must decide within a second or two what the result of his in-
put will be. For Configuration 10, he feels that his aileron inputs order roll
acceleration and he does not like this indication. Therefore, he operates
closed-loop with aileron pulses to generate lead in order to keep the airplane
under control as best he can and he characterizes the airplane as being "rolly"
and having too little or no roll damping.
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Effect of Yaw due to Ailerons

Configurations were evaluated to determine the effects of the yaw due
to roll control as expressed by the ratio wg/a)a’.

The term g is the numerator "frequency" of the aileron to bank angle
angle transfer function:

@ Ag (5% + 2Eqwy 5+ 33y")
Sa, T (s 23;,@0,8+a)d2)(53+2;55w5.35+a3592)
or
B g, SN (L L)Ly, Wr 1 s )l [L, (a0 g )M (<Y )]
5.

(s%+ 28, al, S+ay 2)/52“'23’32 @, 5+ Bsp 2)

The test configurations were 10, 47, 48 and 4, 49, 50 where Config-
urations 47 and 48 are variations of Configuration 10, and Configurations 49
and 50 are variations of Configuration 4, The ratings for these configurations
are given in the following table.

Pilot Ratings and Comments
Pilot A Pilot B
oy, !
Config., 'cjjz Rating Comment on lea. Rating Comment on Nsa.
48 1.05 10,10 Proverse 10 Lot of proverse
10 0.95 9,10 None 10 No mention
47 0.80| 9,9 Adverse 9 Strong adverse
50 1.05 10 Can't tell 10 Proverse
4 0.95 9 Tiny bit 9 Zero or small
adverse adverse
49 0.80 9.5 Adverse 10 No mention

Unfortunately, both base Configurations 4 and 10 are very bad ones
and the variations in Wg/w,y are only perturbations on bad situations. Be-
tween both pilots they correctly identify the degree and direction of the ail-
eron yaw, but the basic configuration is always so "rolly" that the effect of
aileron yaw is just another condition to the pilot and not a primary factor.
The only significant effect appears to be the degradation in roll control for
the proverse yaw configurations 48 and 50, where the airplane will inadver-
tently pick up extreme roll rates. This result is probably a consequence of
the additive nature of the individually generated components of sideslip which
will roll the airplane, Both pilots find this situation obnoxious and the re-
sultant configurations unflyable,
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It is interesting to note that each pilot flew both sets of configurations
48, 10, 47 and 50, 4, 49 in sequence and so had the opportunity to compare
any configuration with the directly preceding one. Of course, neither pilot
was informed that these configurations were in the sequence shown and they
were not requested to make explicit comparisons among them. However,
pilots do compare sequential configurations and since the configurations were
flown in the sequence shown, then credence can be placed in the reality of
the small rating differences which occur between the configurations. There
is no apparent, strong rating trend caused by the value of Wg/w,.

ADDITIONAL EVALUATIONS

In addition to the configurations discussed so far, several more were
evaluated by one or both pilots. They were chosen after a considerable por-
tion of the experiment was completed, and were not part of the original ex-
periment plan. The root locations of these configurations are shown in Fig-
ure 10,

59
64 63 6160 62
M-

JB7.79.62 .56 A8

22IR2ZE

Figure 10, Root Locations of Additional Configurations

Configuration 44 was evaluated by both pilots and differs from Con-
figuration 10 only by the value of the Dutch roll damping ratio which is in-
creased from 0.2 (for 10} to 0.5 (for 44). It is rated 8.5 by one pilot and 9 by
the other. In contrast, both pilots rated Configuration 10 as 10. Configuration
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44 is easier to fly than many configurations because it is easier to control
bank angle and roll rate. Although the configuration is flyable when the pilot
remains closed loop, bank angle and roll rate require sufficient attention
that the pilot cannot open the bank angle loop long enough to copy a complete
clearance.

Configuration 10, however, was always rolling and would roll on its
back while a clearance was being copied. The ailerons appeared to be
acceleration-ordering and the pilots were constantly trying to control the roli
of the airplane. The configuration was considered unflyable. Thus the com-
parison between Configurations 10 and 44 shows that the higher Dutch roll
damping ratio is beneficial because it reduces the effects and resultant com-
plications of a disturbed Dutch rell mode.

Not all of Configurations 57 through 64 were flown by both pilots be-
cause of a time limitation and individual pilot availability. These configura-
tions were flown as a preliminary investigation of the effects of yaw due to
roll rate., They were undertaken, in preference to some of the planned con-
figurations, because of the consistent pilot complaints about the proverse yaw
due to rolling { N positive). Configurations 10 and 14 were used as the base
configurations and of all the stability derivatives, only the value of Ny was
varied both positively and negatively, made zero and made equal to +g7/V.

N!, is a powerful derivative and changing it altered the modal constants con-
siderably. For all of these configurations, the aileron yaw was always slight-
ly adverse { wg/wys =~ 0.95 .

Configuration 57 had a value of th = 0. It is a variation of Config-
uration 10 and from the pilot comments, Configuration 57 is found to be more
controllable in roll than is Configuration 10. Both pilots rated Configuration
57 as 8 whereas they both rated Configuration 10 as 10. For both configura-
tions, neither pilot can figure how to use the rudder during a Dutch roll os-
cillation and they both find it better to not use the rudder.

Configuration 58 is the same as Gonfiguration 10, except that Mg =
g/V = 0.027 and one pilot rated it 8 and the other rated it 9.5, They bot
feel the configuration requires constant attention because of roll angle and
roll rate control and neither finds the rudder of much use because it is hard
to tell what to do with it.

Configuration 59 has Nl = -0.027 = -g/V and both pilots rated it 6.
This value of &', drastically changed the basic configuration from one with
a complex roll-spiral to one with a real roll mode root at -0.46 and a real
spiral root at -0,071 as can be seen in Figure 10. Thus, this configuration
has some roll damping and a roll mode time constant of approximately 2.18
seconds which explains the much improved rating,

Configuration 60 has a value of -0.042 for N and again possesses
real roots for the roll mode and the spiral mode. It was rated by only one
pilot and it was rated 6, The roll mode root is -0, 56 and the spiral mode
root is -0, 057. The roll mode time constant is approximately 1. 78 seconds.
The pilot says that it appears the same as the preceding configuration which
was number 59,
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The next group of four configurations (61 - 64) are variations on Con-
figuration 14 and they were evaluated by only one pilot. Configuration 14 has
real spiral and roll mode roots and was rated 9 by both pilots because of the
lack of roll damping. Its roll mode time constant was 3.7 seconds.

Configuration 61 has real roots for the spiral and roll modes and the
roll mode time constant is approximately 1,52 and a Dutch roll damping ratio
of -0,013. The value of N’ is zero. The pilot rated the configuration 9 be-
cause of the divergent Dutch roll.

Configuration 62 has Nl = g/V = 40,027, a spiral root of -0.1 and a
roll mode root of -0,426, The roll mode time constant was approximately
2.35 seconds. The Dutch roll damping ratio was 0. 026 and the pilot rated
the configuration a 6.

Configuration 63 has N'g = -0.027 but also a divergent Dutch roll with
a damping ratio of -0.05. The pilot rated it 10,

Configuration 64 had Njg = -0, 042 and a divergent Dutch roll with a
damping ratio of -0, 065, It was therefore rated 10.

The power of N to change the root of the characteristic equation is
the most noticeable effect in the comparisons of Configurations 57 through 64.

RESUME OF PARAMETER EFFECTS

g5e This parameter is best when it has a large value (= 0. 70)
and its effect is enhanced if ¥y is also large. For small values of ?sE(O. 06}
the airplane shows a practical divergence.

tsg This parameter is best when it is large (= 0.66) and when it
occurs with large &., . It is best under this circumstance because it re-
sults in a response which the pilot has time to see sufficiently well that he
can predict the outcome. He feels more in control of the airplane. Very
low wge leads to much too slow a change in roll rate.

]¢/,6]d This parameter is large compared to the value of it for most
present-day airplanes, For the values of it in this experiment it does not
appear to have a strong influence.

Zy This parameter can be helpful if it is large (0.5 or greater)
because it can help to reduce the rolliness, A large value is most beneficial
if the 75, and @gg are also large because all three effects will tend to re-
duce rolliness and make the response more predictable,

@ s N, Although both these parameters were varied, neither
was varied independently, Because of the masking effects of the other par-
ameters, no specific comment on the effects of wy and N:F is possible.

wg/wy This parameter showed no significant effects in this exper-
iment,
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FURTHER, GENERAL ANALYSIS

Analytical studies of typical closed-loop root loci, assuming that the
pilot is a pure gain, were made to determine the general closed-loop aileron
control characteristics that might be expected. The assumption that the pilot
operates as a pure gain bank angle controller is of questionable validity for
the wide range of characteristics that were examined here. The work of Ref-
erence 7 indicates considerably more complete and accurate descriptions of
probable pilot behavior as a controller., The purpose of the simple examina-
tion reported here (assuming a pure gain pilot) was to undertake a study of
the possible piloting difficulties which could be expected with this wide range
of lateral handling characteristics if the pilot did not adapt by altering his
transfer function. The pure gain assumed here is a reasonable approximation
for the pilot of airplanes with "good" (small Zg } lateral dynamics. Sketches
of typical locus patterns are shown in Figure 11 for varying gains. In that
figure, sketches 'a' through 'd' represent cases of the coupled roll-gpiral mode
and sketches 'e' through 'g' represent cases with conventional roll and spiral
modes, Sketches 'a' through 'd' show that for low gains, the roll-spiral sta-
bility always decreases with increasing pilot gain and in sketches 'b' and 'd'
it goes unstable at the higher gains. The roll-spiral shown in sketch 'a' can
also go unstable if the damping ratios of the Dutch roll ga, ) and the aileron
bank angle numerator ( gﬁ ) are reduced. In cases 'a', 'b', and 'c¢', the
closed-loop Dutch roll always undergoes a reduction in damping, and in case
'c' it becomes divergent. Case 'a' is for ¥4y, £ | whereas cases 'b' and 'd'
are for @alyy =* 1. Case 'c' shows the loci for @p/wy both somewhat less
than and somewhat greater than 1. Thus, for these cases, it is seen that if
the pilot uses a low enough gain he does not sericusly alter the stability of
either the Dutch roll mode or the roll-spiral mode. We may compare this
information with the airplane gear ratios (8 /&a5) chosen by the pilots,

This ratio is a gain of the open-loop airplane and contributes to the over-all
pilot-airplane gain,

845 % @ S
Kp 182 /84s 1 4, - (k) (z“s;) (ko)< TOTHE

GAIN

where Kp = pilot gain and &, = airframe gain.

Each pilot was free to choose the ratio between aileron displacement
and aileron stick motions. Plots of the two pilot's choices versus roll damping
{and noting pilot rating) are shown in Figures 12a and 12b, It is noticed that
most of the poorest-rated configurations for both pilots are for the lowest gains,
or lowest values of 8, /&4s , and that for one of the pilots this is predominant-
ly the case, In discussing their choices of aileron gear ratio of the poorer
rated configurations, both pilots remark that they would prefer very low gains
for maneuvering but that they would need a higher gain in order to stop or con-
trol the higher roll rates that would develop in rapid rolls to 30" and 60° bank
angles or the high roll rates that would develop inadvertently while the pilot
was flying in turbulence or copying a clearance. Thus the pilot's choice of
gearing, or gain, was not always in terms of control of small maneuvers,
but most often was a compromise between good IFR control precision and
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Figure 11. Typical Root Locus Patterns for Pure Gain Pilot
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maintaining the authority to control high roll rates, The indications of the
root loci are that use of the higher gain will cause diminishing stability of
either or both the Dutch roll or the roll-spiral. The pilots' comments con-
firm this because very often they would say they would have to remain tightly
closed-loop on roll attitude in order to settle the configuraticn down and that
this could take minutes. They also noted that they could fly with very small
inputs by waiting long periods of time but that this was a very impractical way
to fly, It was impractical because the wait (to see the result of an input) was
too long, the result was not easily predictable, and the small inputs were too
hard to resolve. At best, this technique could be used only in very smooth
air, Hence, both pilots used gains that were higher than they recognized
might be best for careful, precise flying in smooth air. They chose higher
gains because they wanted to keep the airplane under control in all circum-
stances, and because the very small gains would be impractical for continual
use, especially in rough air,

The main display of sketches 'e', 'f', and 'g' in Figure 11 is the well-
known result that whenever cag/wd > 1 for §'¢ = g'a,, then the Dutch roll mode
stability is less for the closed loop than it is for the open loop and whenever

WDy /Wy < 1 for g¢ o Za, then the Dutch roll mode stability increases for the
closed loop. These results are true (as can be seen here) for "normal air-
plane" root locations.

Another comparison of the configurations is based on the premise that
the configurations are the result of a stability augmentation system failure.
Here the pilots were asked if they would accept the configuration for the al-
ternate mission of general recovery from failure of the augmentation system,
The agreement between the pilots is quite striking,

Use on Alternate Mission Use on Alternate Mission
Config., Pilot A Pilot B Config, Pilot A Pilot B
1 Yk Y 34 N Y
2 Y N 37 N N, N
3 N N 38 N N, N
4 N N 43 Y Y
8 Y N 44 Y N
9 N N 47 N N
10 N N, N 48 N N
11 N N 49 N N
14 N N 50 N N
15 N N 57 Y Y
16 N N 58 N N
21 N N 59 Y Y
22 N N 60 Y
25 N N 61 N
26 Y Y 62 Y
29 N N 63 N
33 Y Y 64 N

Y = yes, N = no
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For all of the coupled roll-spiral configurations the pilots found the
use of the rudder to be very confusing. In general they allowed the sideslip
angle to generate into whatever value it would take and they felt that the re-
sultant side acceleration would be tolerable although they always maintained
the reservation thatit might not be. They estimated side acceleration from
the sideslip needle; the side acceleration ball was not operative in the
simulation.

We may indicate the problem of using the rudder to coordinate a
rolling maneuver by looking at the expression for the rudder required to keep
= 0 in a rolling maneuver. This expression can be developed by equating
/@ = 0 in the equations of motion and solving for &, assuming Y; 5‘,.. = 0.
This procedure is indicated in Reference 17 and results in:

Nig - Mo 9. 9(Ns
- —— L. —_ vl _fa ’r .r
—— @ +(L,se Ly =Ny +—| &+ T L @

r N N§
. 4 V i @ ’ a4 I
(N,. 5, N”“ag Ly Yo, 4 /_.Sf_)
(/] 5@,

Obviously, unless special conditions exist, the pilot must operate the rudder
according to ¢, @ and @ . This can be a difficult process that depends
upon relative magnitudes of the coefficients of @, & and @ and the pilot's
ability to see what should be done. But the pilots fmd that they cannot suc-
cessfully determine what to do and therefore they leave the rudder alone.
Therefore, sideslip develops and makes the coordination problem more dif-
ficult for the pilot to solve. The usual case for these configurations is that
the sideslip keeps changing and the pilot cannot determine how to phase his
rudder inputs and thereby reduce sideslip, In the "normal" airplane the pilot
phases rudder input directly with the sideslip ball or needle.
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4.

7.

SECTION V
CONCLUSIONS

The most obvicus conclusion is that the complex roll-spiral mode
configurations that were investigated represent poor to very bad
tactical airplanes, primarily because of the lack of roll damping
and the resultant "rolly" characteristics.

For the real root configurations, the pilot ratings of the roll mode
time constant are conspicuously below those in the reference data,
however, the trends of all the data are the same. The primary
sources of differences between the referenced and the present data
are the larger values of | @3l and the proverse yaw due to roll
rate that existed in the present experiment, and the problem of

controlling rate of descent with standard instrumentation at M = 1, 2,

Although the aileron orders bank angle {according to linear theory)
for any coupled roll-spiral mode, the pilot may well be unaware of
this fact because the mode may be so slow to reach a steady state
that the pilot cannot recognize its true behavior, The pilot will see
the ailerons as acceleration~ordering, rate-ordering or position-
ordering according to the amount of the response which he can ob-
serve before he feels he must do something about the motion of the
airplane., For moderate frequency (0.2 rad/sec) and low damping
(roll-spiral modes) the ailerons appeared to order acceleration.
With very low frequency (0.07 rad/sec) the ailerons order a lin-
early increasing roll rate preceded by a sluggish initial response.
With a higher frequency (0.65 rad/sec) and higher damping ratio
(0.7), the aileron appears to be position-ordering, although with

a slow response.

The higher the Dutch roll damping ratio, then the less "rolly"” the
configuration will be. However, the damping ratio must be very
high (0.5) to be beneficial.

The higher the roll-spiral damping ratio, the less "rolly" the
configuration appears.

The pilots' choice of roll control gain depends not only on the
ability to achieve the best closed-loop stability and control pre-
cision for small inputs, but also upon having sufficient gain to con-
trol large motions. These choices of gain are anatagonistic and

a compromise usually results.

The pilots find the use of the rudder to be confusing and so they

generally do not use it, In preference they accept the sideslip
angles that are generated.
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SECTION VI
RECOMMENDATIONS

Because Configuration 33 represented an almost acceptable roll-
spiral configuration, it would be worthwhile to study more thor-
oughly the combination of high roll-spiral frequency and damping
ratio in conjunction with more highly damped Dutch roll modes.

2, The reasons for the confusion in the use of the rudder pedal should
be investigated to determine if there can be a useful purpose for the
rudder,

3. A resultant recommendation on the allowable characteristics of
the roll-spiral mode should be determined and validated in flight
experiments,
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