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This report is a codification in two parts of conventional aircraft
handling qualities criteria. The results of this effort are to serve
as an intermediate design guide in the areas of lateral-directional
oscillatory and roll control. All available data applicable to these
problem areas were considered in developing the recommended new criteria. :
Working papers were sent to knowledgeable individuals in industry and |
research agencies for comments and suggestions, and these were incorpo- '
rated in the final version of this report. The roll handling qualities
portion of this report uses as a point of departure the concept that
control of bank angle is the primary piloting task in maintaining or
changing heading. Regulation of the bank angle to maintain heading is
a closed.-loop tracking task in which the pilot applies aileron control
as a function of observed bank angle error. For large heading changes,
the steady-state bank angle consistent with available or desired load
factor is attained in an open-loop fashion; it is then regulated in a
closed-loop fashion throughout the remainder of the turn. For the
transient entry and exit from the turn, the pilot is not concerned with
bank angle per se, but rather with attaining a mentally commanded bank
angle with tolerable accuracy in a reasonavle time, and with an easily
learned and comfortable program of aileron movements. In the lateral
oscillatory portion of this effort, in defining requirements for satis-
factory Dutch roll characteristics, & fundamental consideration is the
fact that the motions characterizing this mode are ordinarily not the
pilot's chief objective. That is, he is not deliberately inducing
Dutch roll motions in the sense that he induces rolling and longitudi-
nal short-period motions. Dutch roll oscillations are side products of
his attempts to control the airplane in some other mode of response,
and they are in the nature of nuisance effects which should be reduced
to an acceptable level. 1In spite of its distinction as a side effect,
adequate control of Dutch roll is a persistent handling qualities
research ares and a difficult practical design requirement. The diffi-
culties stem from the meny maneuver and control situations which can
excite the Dutch roll, and from its inherently low damping. Since any
excitation of the Dutch roll is undesirable, the effects of disturbance
inputs are almost uniformly degrading to pilot opinion rating. Never-
theless, removal of such influence dces not eliminate the need for some
basic level of damping. A worthwhile approach to establishment of
Dutch roll damping requirements is to first establish the basic level,
and then to study the varied influences of the disturbance parameters.
This approach provides the basis for the material contained in this
report.
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8YMBOLS

Acceleration along y axis, positive to right

Body (principal) axis amplitude ratio of angular rolling
accelerstion to yaw angle

Wing span

Number of cycles to damp to one-half amplitude
Decibels

Acceleration due to gravity

Constant

Product of inertia about xz axes

Moments of inertia about x, y, Z axes, respectively
Rolling acceleration due to externally applied torque

Variation of L with input or motion quantity particularized
by subscript

Ly + (Ixz/Ix)Ny
il = (Izgcz/Isz)

Yawing acceleration due to externally applied torgue

Variation of N with input or motion quantity particularized
by subscript

Ny + Li(Ixz/Iz)
1= (Iiz/Lsz)

Rolling angular velocity about x axis, positive right wing
down

Steady roll rate
Pilot rating number
laplace transform, s = o + jw

General first-order time constant
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Tq)1 s Tq,z Aileron roll numerator time constants for m% <0

T1/2 Time in seconds to damp to one-half amplitude

Tr Roll subsidence time constant

Tg Spiral mode time constant

Up Linear steady-state velocity along x axis

v Side velocity, positive to right

Ve "Indicated" side velocity, ve = Yp/p, UgB

y lateral stability axis, positive out right wing
Yy Variation of side acceleration with side velocity

YgrUb Variation of side acceleration with rudder deflection

B Sideslip angle, B = v/U,
e} Control angular deflection
Og, Aileron angular deflection
5y Rudder angular deflection
K Root locus gain constant; high frequency gain
K¢ k for roll rate to aileron transfer function
¢ Damping -~atio of linear second-order system particularized
by the subsecript
Ca Damping ratio of Dutch roll second-order
Csp Damping ratio of longitudinal short-period mode
Cw Damping
6 Pitch angle
o4 RMS value particularized by the subscript
V) Roll angle, positive right wing down
¢Vg Random side gust spectral form |
¥ Heading angular displacement %
w Undamped natural frequency of a second-order mode particular- %

ized by the subscript (red/sec)
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Subscripts
a Aileron
: b Body-fixed principal axes
' e Controlled element, or crossover
d Dutch roll
: g Gust
g P Roll rate, or pilot
r Rudder, or yaw rate
R Roll subsidence .
s Spiral divergence
sp Shert period
v Side velocity
B Sideslip
5 Control deflection particularized by the subscript
) Roll transfer function

viii



SECTION I

In attacking the requirements for satisfactory oscillatory (Dutch roll)
characteristics, a fundamental consideration is the fact that the motions
characterizing this mode are, for ordinary flying, not the pilot's chief
concern. That is, he is not ordinarily deliberately inducing Dutch roll
motions in the sense that he does deliberately induce roll-subsidence and
longitudinal short-period motions. Rather, Dutch roll oscillations are
side products of his attempts to control the airplane in some other mode
of response and, as such, they are in the nature of nuisance effects which
should be reduced to an acceptable level. If the Dutch roll is not excited
by normal maneuvers, then its nuisance value is inherently low, as is its
required (or desired) damping, 3. Under such circumstances a "good"

{q = 0-15 is considerably lower than a "good" ;sp = 0.7. This spread is
indicative of the basic difference between a primary mode of control and
a secondary side effect.

In spite of its distinction as a seéondary effect, adequate control of
Dutch roll motions is a pefhistent handling qualities research area and a
difficult practical design requirement. The difficulties stem from the
many maneuver or control situations which can ex:ite this mode and from its
inherently low naturasl damping. Table I is a summary of "Iateral Control
and Response Considerations" pertinent to the problem area. It describes
and quantizes a large number of possible situations in which lateral—
directional interactions can occur. To some extent the situations consid-
ered were selected because of the possibility of reducing their implications
to the relatively simple literal forms shown. Other situations, not so
easily definable, may in fact be more representative of actual piloting
problems. The general importance of each situation listed is surely doubt-
ful, but as a check list the table serves to show that there are many
differing effects which can contribute to handling qualities problems
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connected with the Dutch roll mode. In fact the discussions given in thne
last column indicate that a large number of the problems associated with
the list have already occurred in flight or fixed-base simulation. To some
extent this is a natural consequence of the literature search, discussions,
etc., that preceded the derivation of the list itself.

A quick perusal of the approximate literal expressions given in Teble I
shows the recurring predominsnmce of the cross-coupling terms,

3 2
-I-? » &ssociated also with lgl or IQI and %
Pla MY ay

N
—,-5 » associated also with ﬁ

2y 2

d

and in some cases (notably Item 7) the appearance of the terms

1
NI')__S-,EI
U, N.
(o] 81’

The importance of Ié/Né as a Dutch roll disturbance parameter nas long been
recognized,1'4 but its distinct contribution in differing situstions has
not received widespread considerstion. Thus, recent handling qualities
correlations relating pilot opinion to variations in Dutch roll character=-
istics usually assume that the correct coupling parameter related to Ié/Né
is either l@/BId or IQ/VéId. This may or may not be the case, depending

on the tasks given the pilot and the particular task or response which
influenced his opinion most. The fact that both the above, and other,
forms of the Lé[Né effect appear in Table T is indicative of potential

errors in the indiscriminate application of such correlations to differing
situations.



A similar comment applies to correlations made with respect to Ng /g,
effects, the current vogue (to some extent fostered by the author®) being
to correlate opinion data with respect to the parameter ((1\»/(1)1).7_9’15’27
This practice is, however, not so well ingrained as is the use of |¢/ve| a2
and there are already stirrings of rebellione’" H2 in the ranks.

The secondary parameters, [NI; - (8/Uo)] and L 1_/Nér, have received
little formal recognition in handling qualities experiments. However, the
ability tc meke aileron-only turns is strongly influenced by the former,
which has been carefully considered in setting up a number of "good" stabil-
ity augmentation systews. Such considerations, invariably involving addi-
tional feedbacks to the rudder (e.g., p or "shaped" 85), also require
attention to the value of Iér/N%r. The latter is of course of direct
importance in deliberate sideslips, which, for the decrab maneuver, involve
implications additionalw to those listed in Table I. It appears, generally
speaking, that the secondary parameters may be of primary importance for
high 1ift flight associated with low speed approach and lianding situations,
but will probably not be of major significance for climb, cruise, or high
speed.

For the latter "normal" flight conditions, it seems that the basic
disturbance parameters are indeed associated with those already in use.
However, the most suitable specific and/or general forms of the parameters
have not yet been adequately scrutinized. Since both @/ve-like and ay/ay-
like effects provide undesirable excitation of the Dutch roll mode, their
gross effects are almost uniformly degrading to pilot opinion rating.
Nevertheless, removal of such influences does not eliminate the require-
ment for some basic level of damping. It appears, therefore, that a
worthwhile approach to Dutch roll damping requirements is to first estab-
lish the basic level and then to study the varied influences of the
disturbance parameters. This approach, which to some extent has already
been attempted,28 is the basis for the discussions and presentations to

follow.
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BECTION II
BASIC DAMFING REQUIREMENTS

In considering the basic damping requirement we must search for pilot
opinion data which are largely uncontaminated by either "uﬁ/haf or "'¢/Vé'd"
effects. Furthermore, because the Dutch roll motions in such circumstances
are predominantly yawing and sideslipping, the suitability of fixed-base
simulator results seems somewhat questionable. Accordingly, the only
available data considered pertinent tc the basic damping requirement (with-
out reservation) are those ob*tained in flight for "low" values of ¢/ve or
¢/ and for known low values of Néa/Léa. There are three primary sources
of data which it this description, NASA,>’® McDonne11,* ana car’??

variable-stability-airplane flight test resultis.

Figure 1 presents selected NASA data for the conditions listed. In
addition to the "conventional" |g@/B|, |¢/ve| (in deg-sec/ft) parameters, the
pertinent ranges of aﬁl@/ﬁl are also shown. It may be appreciated from
Table I, Item 3, that this "new" parameter measures the rolling acceleration-
to-sideslip ratio of the Duteh roll motions following a side-gust step input
or release from a steady sideslip (more asbout this later). The values of
Néa/Léa used in the Ref'. 3 tests were adjusted by the pilot to be "optimum"
and were presumably close to zero. In fact, however, the complete faired
data of Ref. 8 (not presented) show a slight difference in ratings between
Ngg = O and Np, for best opinion. Nevertheless it can be assumed that the
majority of the data shown are free of significant N3, /18, (or wp/ay)
interactions. This is further verified by the fact that in most cases the
over-all rating® differs by less than half a point from the rating of the

*Over-all ratings were delivered "...on the basis of lateral oscilla-
tory characteristics (pilot controls fixed), and lateral-directional
handling qualities in both smcoth and simulated rough air, ..."



lateral oscillatory characteristics alone. Differences of one rating point -
or more are indicated by the flagged symbols —and these have been given
predominance over the corresponding over-all ratings in the fairings shown.
The basis for this is the notion that the controls-fixed oscillatory ratings
can in no way be influenced by (unknown) control surface derivatives and are
therefore the closest possible approach to the basic relationship desired
here. In further accord with this desire, the data points selected were
limited to ranges of the @/B-related parameters, which were as low as
possible but still compatible with retaining sufficient data to establish
meaningful trends. (The remaining, higher ¢/p points will be considered
later.)

As to the data themselves, Fig. 1a shows significant differences in
rating level among the various pilots participating in the Ref.- 3 tests;
but the trends are gratifyingly consistent (except for Pilot B, whose three
points are not self-consistent and are therefore not faired). The cross-
hatched median line, which lies roughly half way between the extreme rating
curves, could be considered conservative on the basis that there are more
pilots below it than there are above it. Pilot A of Ref. 8 (presumably no
relation to Pilot A of Ref. 3) falls reasonably close to the median line.
In contrast, the data of Fig. 1b show no consistent differences among the
Ref. 3 pilots, and the single faired line on each plot is reasonably
representative of all pilots.

The data shown in Fig. 2, again selected for reasonable "low" ranges
of the @/B-related parameters, represent a single pilot's ratings of only
the lateral oscillatory characteristics (thie was the only "task" per-
formed in the Ref. 4 flight tests). In line with the notions outlined
above, such data are considered to be uncontaminated by Néa effects and
thus qualify to establish the basic requirements sought here. The param-
eter "A" is the "body (principal) axis amplitude ratio of angular rolling
acceleration to yaw angle" and is closely relsted to aﬁlw/ﬁl; it, rather
than w/B or w/ve, is the parameter chosen in Ref. 4 to correlate ¢/p-related
effects, as will be fully discussed in the next section. In the meantime
it is pertinent to note that there is, indeed, a fairly sizable separation
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of the data as a function of the range of "A" for what would ordimarily be
considered a rather insensitive region in |¢/ve| or |@/B]. The fairings
shown acknowledge this separation and in the main correspond to minimm
ratings (i.e., the lower range of "A") for the incicated ranges of ay.

The one exception - the fairing shown in Fig. 2a for the 2.27 < uy < 5.13

data corresponding to the higher "A" range, because this represents the
more complete set.

The Fig. 3 data were obtained for a fairly comprehensive series of
handling qualities tasks, and are backed up by pilots' comments and fairly
complete sets of "effective" stability derivatives. Using the latter, it
was possible ;; select flight test data representative of "good" basic

roll control,”” and of low Néa/Iéa effects; and to segregate these further
into the "low" ¢/B sets shown. Unfortunately, most of the applicable

Ref. 7 data are for relatively high dampings, which have little effect on
pilot rating. However the Ref. 9 data do cover the more interesting low
damping region. In each of the test series a single pilot rated all

configuratione.

Figure 4 presents all of the faired data of Figs. 1-3 in direct
superposition. Careful comparisons of the curves in Fig. 4 show that for
comparable conditions the ratings given in the CAL tests7’9 are, on the
average, low by about one pcintf' For example, the curve labeled (:) is
low with respect to both curves (:) and (:) when either of the wvariables
(tw)g or ¢g (Figs. la and b, respectively) are considered. Curve (:) is
low with respect to (:) on the {w plot, but falls into line on the { plot.
Curve @ compared to curves @, @ , and ‘, and curve @ compared to
curve , are both low on the basis of either Fig. 4a or 4b. These
differences may be due to the normal variability between pilots (e.g.,
see Fig. 1) and the fact that only one pilot was involved in each of these
sets of results; differences in the missions envisioned (Ref. 7 simulated
entry, Ref. 9 landing approach); or possibly to the different descriptions
used to identify the numerical ratings. This last "expisnaticn" cannot be

seriously considéred without casting some doubt on all the cross-comparisons

of Fig. 4, since the sets of descriptions were different for each of the

*This also shows up in Fig. 1%a.




investigating groups involved; nevertheless in all cases ratings of 3.5
and 6.5 were considered the boundaries between satisfactory and unsatis-
factory, and between unsatisfactory and unacceptable (or tolerable and
intolerableh), respectively. As further evidence of roughly a ome-point
deficiency in the Ref. 9 ratings (and of direct interest in itself),

Fig. 5 compares the Ref. 9 curve of Fig. 5, raised one point, with
miscellaneous single data points culled from the various sources indi-
cated. All these data are for conditions correspording to landing approach.
In those cases where numerical ratings were not given (flagged symbols)

the writer assigned a number based or. the recorded pilots' comments. Also,
one case (C-130B) is undoubtedly influenced by the very poor heading con-
trol reported and is therefore represented by a filled symbol; it is
included to help establish trends for the very low frequency regime repre-
sented by the assembled points. It may be seen that the raised Ref. 9
fairing fits the individual points fairly well when plotted versus ({w)g,
but is grossly inadequate when plotted versus gd.

Figure 6 is a revised Vversion of Fig. 4 with the lines labeled (&)
through (:) raised one point, as discussed above; and the lines labeled
@, @ 5 @ » , and @ lumped into a single cross-hatched region.
The cross-hatched region corresponds to selected data obtained for
1.57 < ay € 3.59. The remaining data in roughly the same range, curves (:),
(:), and (:), fall more nearly into ¢ ser-all line with the level and trend
of the cross-hatched region when plotted versus (Cw)d, Fig. 6a, than versus
gd, Fig. 6b. This was also true for the very low frequency data given in
Fig. 5. It appears, therefore, that (gabd is the more suitable correlating
parameter for frequencies less than about 3.6 rad/sec—-a conclusion which,
except for the applicable frequency range, is held in common with others.B’h’11
Furthermore, the variation of ratings with (Caﬁd appears, on the average, to
fall within a band about one rating point wide, whose upper boundary is that
of the cross-hatched region of Fig. 6a extended along the (:) curve. For
uy's greater than 3.6 it appears that desirable dampings, viewed as either
(bw)gq or Ly, should increase. However, this tentative conclusion requires
later reconsideration because, in addition to the frequency differences, there
is a pronounced jump in at least one of the ¢/B-related parameters, a€|¢/B],
associated with the high frequency data (e.g., see Fig. 2b).
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SEOTION III
EFTEOTS RELATED 70 |9/Bl,

As indicated in Table I, there are a large variety of situations which
can excite Dutch roll through the lateral-directional coupling afforded by
Ié/Na. Some of these possibilities were recognized by early investigators
vho made determined attempts at correlation with a variety of parameters
before settling on their preference. The emergence of |q>/ve|d as the pres-

ently preferred forn=0»?! was preceded by consideration of |¢/ﬁ|"2’h’2h;

19/81%%5 1ol 1omvl, 15/¥1, 181" lay/Bl, lay/vel?; and lay/vl.*
However its acceptance is by no means completeh’16 and it seems likely, in
view of Table I, that specific influences now ascribed to |@/ve| could be
better described by parameters more directly associated with the tasks or
effects being rated by the pilot. The difficulty in such a specific, and
therefore varied, approach is that it can lead to a very complicated picture
of lateral oscillatory requirements. If such a picture is really necessary,
then it will have to be drawn; but it seems likely that there may be one or
two predominant effects which, if properly identified, will pretty much
delineate the total picture. With this hope in mind, let us examine some
of the "|@/ve| effects" in the current literatnre.

References 11 and 29 report results of fixed-base simulations where one
of the assessment maneuvers was a rudder kick. The reduced data presented
in Ref. 11 establish trends which show that for s given |@/ve| and
1/T1/2 = 1.44(tw)4q, pilot rating deteriorates as 1/C1/2 = 9.1¢4 increases.
In other words, for a given ({w)y and |p/ve| pilot rating is worse as ay is
decreased (for 1.3 < ag < 3.0). The same trends were also observed in the
Ref. 29 tests performed in the same simulator. In this instance, however,
the investigator noted that corresponding trends with frequency did not
occur when pilots rated the airplane's response to a step lateral gust
input. His conclusion was that the rudder kick results were being influenced
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by the increasing sensitivity of the rudder as «j was decreased. This
conclusion was verified in a separate serles of tests, which showed no
significant change of rating with decreasing ay provided Ng, was reduced
proportional to the reduced Ng = aﬁ.

Examination of the literal forms for Items 3 and 4 of Table I shows
that the results of Ref. 29, as outlined above, are consistent with the
notion that the pilots were primarily rating the oscillatory bank angle
response. Thus for step gust inputs at given values of |@/v| and (fw)y
the bank angle response envelope is independent of ay, as are the reported
ratings. On the other hand, for rudder kicks the response envelope is
proporticnal to (Ngr/hg)lw/ﬁld, and the ratings vary accondingly. For this
particular series of tests |p/B| was proportional to |@/ve|, therefore the
reported "correlations" with |@/ve| are good. However, such correlations
would be completely misleading in situations having the tested values of
(Nér/hg)iw/veld but different values of (Nér/aﬁ)quBld (e.g., due to an
airspeed change).

Another example of misplaced faith in |p/ve| is found in the results
reported in Ref. 30, again conducted in a fixed-base simulator. Here, values
of both |@/p| end |g/ve| were individuslly varied, through airspeed and alti-
tude changes, for constant "good" values of ap/ag = 0.93, ay = 3.29,

Ly = 0.13, Ty = 0.78, Tg = 20, and Ky = 2.87. The pilots separately rated
four tasks "without using rudder inputs,” and correlations for each task
were attempted versus |@/B| and |p/ve| with the conclusion that: "Corre-
lation with ¢/ve is evident for all flight conditions and all pilot tasks."
One pilot delivered an over-all rating for |@/B| = 12, |@/ve| = 0.58 which
(but
lo/8] = 4) in f1ight’ and was also in very good agreement with his and
other "conservative" pilots' rating of Task II. Task II (one of four)
required a 50° heading change in lateral air turbulence "...using a maxi-
mum bank angle of 45° and a moderate maximm roll rate." The simulated

turbulence was scaled to oyg = 4 f+/sec (rms) and had a spectral form given

by

vas almost exactly the same as the one he gave for the same IQ)/Ve

2
s + 0.58(Ug/1000)

Oy
[s + (us/1000)]2

g

(1)
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Remembering the pilot's chief concern with bauk angle response as
deduced from the earlier fixed-base simulations"’29 discussed above, it
seems pertinent to suppose a similar preoccupation in these tests. If so,
we should expect reasonable correlation with the parameter crq,/ov.8 associ-
ated with Item 5 of Table I. To test this notion, notice that the first-
order numerator of the similated gust form given above (Eq 1) is roughly
canceled by one of the denominetor first-orders, so that the gust form
assumed in deriving the approximate literal expression in Table I is
reasonably applicable; and ap = Up/1000. Then, for (f{w)g constant,
ay = 3.29, and letting G contain all the necessary constants,

2 2
g wg I

2
ez wf (]

The averaged pilot ratings given in Ref. 30 are plotted versus the values

G2

(2)

-]

of G(°¢/°vg): computed from the corresponding values of Uy and ¢/B, in

Fige Ta; Fig. Tb presents the same rating data versus the given values of
|@/vel+ It is the author's opinion that G(o¢/ovg) provides better corre-
lation than |g/ve

+ Furthermore, it enhances our understanding and offers
a logical basis for using such data for design purposes.

For example, suppose that the correlation with ¢/ve were better (and
it's probably fortuitous that it isn't), how or why should it be used, in the
context of Task II, to establish design requirements? In the first place,
|p/vel rather than |@/v| was originally suggested® to account for natural
changes in random gust velocities with altitude. But in this series of
tests there was no such adjustment of the gust input amplitude with simu-
lated changes in altitude. On the other hand, the bandwidth of the gust
input was changed with airspeed, but this effect appears in neitherrlm/Vél
nor |@/v|. Finally, how could the data be used to predict ratings for dif-

ferent ({w)q's than those tested —not an unreasonable design question. The

original presentation, duplicated in Fig. Tb, offers no clue, but if we
recognize that o¢/ovg depends on (gm)a1/2 (Item 5, Table I), then Fig. Ta
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could conceivably be used for f{w's otk~: than that tested (provided {w is
greater than the basic requirement already discussed). The point is that
expedient use of an illogical parameter which provides seemingly good corre-

lation of a specific set of data can be extremely misleading in a general sense.

In this instance, based on clues supplied by prior investigations, we
can, it seems, pinpoint the source of the pilots' complaints and use fairly
meaningful correlations. However, locating the source of concern is quite
difficult, in general, because pilot comments are seldom directly interpret-
able in simple terms. Nevertheless they can offer important clues and are
too often disregarded in the rush to get the data points plotted. For
example, the transcribed pilot comments perteining to the flight tests of
Ref. 7 show a strong concern for the large rolling accelerations and the
"touchy" rudder control associated with high ¢/ configurations; however,
the data are "correlated" using |9/Bly, at best a very incomplete meesure

of either effect. In this case the pilot, who also wrote the report (under
pressure of a deadline), disregarded his own comments! This same pilot,
as noted earlier, also flew the fixed-base simulator of Ref. 30 and deliv-
ered ratings consistent (based on @/v.) with the flight test ratings of
Ref. 7. Obviously he was not concerned with roll acceleration of the
simulator (not even included in the display) nor with rudder control
(specific instructions not to use rudder) but probably with the bank angle
excursions, as deduced above. The fact that his numerical rating, of what
must have been a completely different set of circumstances, happened to
coincide with his flight test rating is unfortunate. The coincidence
lends an aura of realism to the simulation study which, in consideration

of the above differences, is not justified.

The pilot of Ref. 7 is not alone in regarding roll acceleration as the
motion quantity of interest. The same concern is shown, indirectly (pilot
comments were not available to the author), in Ref. 4, which in fact con-
cludes that the proper correlation parameter is the ratio of roll accelera-
tion to yaw angle in the Dutch roll mode. Also, the pilot comments perti-
nent to the tests of Ref. 9 indicate (for the high 9/B, wp/ay = 1 cases) that
rudder sensitivity and roll velocity or acceleration rather than bank angle

®

1
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are the chief complaints. This background leads us to regard most fixed-base
similations on the subject of ¢/ effects with suspicion (possible exceptions
will be considered later). Fortunately the flight test investigations
already used to study the basic damping requirement were all @/B-oriented
and can slso be used to study such effects.

Of the available data, those of Ref. 4 are by far the most exhaustive.
Tests were run at a large variety of flight conditions covering Mach numbers
between 0.55 and 0.95 and altitudes between 10,000 and 40,000 ft. The natural
variations in the Dutch roll characteristics occurring in this region were
augmented somewhat by selective activation of the autopilot. In contrast,
the other data considered pertinent5’7’9 (we are still concerned only with
data of known “small" ahyha_influences) were obtained in each case at a
given condition of Mach and altitude, and heavy use was made of artificial
stability augmentation to obtain variations in ¢/p and damping. In view of
the coverage afforded by the Ref. 4 data and the (author's) present judgment
as to their validity, it seems incredible that this work has not been more
thoroughly digested and used. Undoubtedly there were a number of different
reasons advanced at the time by different authorities in the handling quali-
ties area for'disregarding these results. The author's own reasons, as best
he can recell, were their incompatibility with the results of Ref. 2, now
suspected to have been contaminated by aqy&qi effects; and the conviction
that judging an uncontrolled oscillation and projecting such judgments to
a rating of handling qualities was too great an abstraction for the pilot
to make. (We now expect pilots to make even greater abstractions, e.g.,
from a fixed-base simulator to flight!) Both of the above reasons have
lost whatever validity they ever had; the first because of the known impor-
tance of atha_effects, the second partly because of the close correspondence
between over-all ratings and ratings of the control-fixed oscillations of
Ref. 3. Also, the present recognition of Dutch roll characteristics as
nuisance effects perhaps renders such effects related to comfort, possible
disorientation, conflicting cues, etc., observable in the simple oscilla-
tory motions. While it is pretty obvious from Table I that there can be
effects and situations related to high ¢/B that will be considered more

12
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than a "nuisance," it appears that these may be so isolated as to require
only slight distortions of the "big picture" we hope to unveil.

In Ref. 4 the data are fitted by an empirical equation, which can be
vritten

R—1 @ + 0.0141A
wlY) - et en (3)

vhere R is the rating number and A, already defined as the body zxis roll
‘acceleration-to-yaw ratio, is given by

A = ag(1 +C§)I%§Idé uﬁl%ld | (4)

The use of this parametes rather than the corresponding (aﬁ)hp/ﬁld seems

to have been prompted by inconsistent flight test measurements of ¢/B. The
use of measured body axis rates, converted to displacements, was convenient,
accurate, and, perhaps, considered more meaningful. At any rate, the data
actually taken correlate fairly well with the empirical expression as shown
in Fig. 8. (The ranges of /B and ¢/v. listed are taken from the values of
Pp/Bp "deduced" in Ref. 4 from the measured %/*b and other "compatible”
data.) Plotted in the same way in Fig. 9a are computed versus actual ratings
of selected high Iq)/Bl data points from Refs. 3, 7, and 9. In these cases the
readily available parameter |u>2(q)/[3) Id’ rather than an equivalent value of A,
was used to evaluate the computed rating from a nomographic chartu of Eq 3.
The data selected from Refs. 7 and 9 are all the conditions tested in the
prescribed Néa/Léa range which are not already plotted in Fig. 3. The

Ref. 3 data are all those falling within the parameter ranges shown; some

37 data points (out cf the total 132) which lie between the parameter range
extremes of Figs. 1! and 9 are not shown on either plot. Fig. 9b presents
the same data plotted against ratings obtained by linear interpolation in
Fig. 8 of Ref. 3, which gives 3.5 and 6.5 boundaries as functions of 1/T1 /2
and }cp/vel . Incidentally, linear interpolation is completely consistent
with the manner in which the raw data were processed to obtain Fig. 8 of
Ref. 3.
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A comparison of Figs. 9a and 9 shows that, judging by the data lying
outside the band of perfe:t correlation #1, |a?(¢/5)|d is a more universally
epplicable parameter than |¢/ve|d; In fact, aithough derived from a com-
Pletely different set of data, Eq 3 seems to fit the particular Ref. 3
points about as well as the Ref. 3 derived fit itself. Furthermore, Eq 3
does a quite credible job on the Ref. 7 and 9 data, whereas the Ref. 3
fairings fail miserably. This failure is indicated, not only by the data
outside the Fig. 9 band, but, more conclusively, by the considerably
steeper than 45° trend shown by both the Ref. 7 and Ref. 9 points.

Since la?(qyb)l now 3eems to be in a preferred position, let's examine
more closely the implications of Eq 3. Notice first that for a constant
rating, R, partial differentiation yields

d(~tw) + 0.0141dA = 0.01072 1In (5:—‘—) A
or 25 (5)
é-(s‘—")-] = 0.0141 = 0.01072 1n (-R—i)
oA R=const 245

Thus, to maintain a given rating with increasing A = |«f(¢/B)| requires an
"addition" to fw proportional to the increase in A, with the constant of
proportionality, itself, increasing as the desired constant rating is
reduced. The Fig. 10 plot of Eq 5 shows that the form of this "additional"
requirement is consistent with established physiological and psychological

"laws." For example, neglecting the asymptotic character of Eq 5 at R =1, 10

(an artifact of the truncated rating system used), it appears that the log
of Atw/Alaf(p/B)! is essentially linear with rating. That is, the pilot is
apparently sensitive to multiples of, rather than increments in, the value
of the parameter— a Weber's law effect having its counterpart in numerous
perceptual experiments. Also, the parameter itself is indicative of the
integral of acceleration times time (i.e.. AQU)NJAJT1/2), which is a reason-
able metric of pilot discomfort or annoyance.51 Regardless of such "physi-
cal explanations" which, it seems, can always be made at the time (and
discarded later), the facts, represented by Figs. 8 and 9, certainly give

strong support to the superiority of |of(@/p)| over |@/ve| as a correlating
parameter.
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Now, if acceleration is what the pilot is objecting to, why isn't lateral
acceleration (e.g., at the pilot's head) more appropriate than rolling
acceleration? This question was seriously considered, and (unsuccessful)
correlations with |ay/¥| were attempted in the Ref. k work. The "expla-
nation" given in that reference for the final correlations with rolling
rather than lateral acceleration is quoted, as follows: "The (lateral)
acceleration ... is not what the pilot feels. He is not a rigid body ...
rigidly attached to the airframe. The nature of his anatomy and of his
attachment to the airplane are such that he receives some feel through
his feet, hands, and back, but primarily through his ischial tuberosities
(seat bones), which are in effect attached to the airframe through rela-
tively heavy vertical springs, and through relatively light transverse
springs. If the restraints were idealized to zero lateral restraint he
would still feel the moment, pr$, about his own body axis, as the reacting
couple on his ischia, independent of height. The problem is further compli-
cated inasmuch as the pilot's reaction ... must be by sight as well as by
feel."

Additional data bearing on this question are contained in Ref. 32,
which reports comfort ratings of lateral accelerations at the subject's
head obtained through in-flight forced rolling oscillations at frequencies
between 0.1 and 3.0 cps. Each of five pilots rated 30 second exposures
to various acceleration levels at various frequencies according to the
following scale:

a. Imperceptible or just noticeable, but entirely
acceptable.
b. Definitely noticeable, but acceptable.

c. Unpleasant and unacceptable for more than short periods
(acceptable for only short periods).

d. Definitely (entirely) unacceptable in any circumstance.

While the correlations contained in Ref. 32 are all shown oaly with respect
to iateral acceleration, the basic data required to make comparisons between
p and ay are available. Figure 11 shows such comparisons, where it may be
seen that in general the boundaries between ratings are more clearly

defined (i.e., fewer points need be discarded, or crossed out) when plotted
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versus p than versus 8y These data show that p is as good as, or better
than, ay as a correlating parameter.®

If, then, based on all the above evidence, we accept the correlations
of Figs. 8 and 9a, there is a concomitant implication on the faired, high
frequency, "basic" dampings of Fig. 6a (lines (:), @3» , (:) , and.ﬁ:)).

In effect, these lines are now driven into the central region when corrected
for the high hﬂa(wlﬁ)ld test conditions. That is, there is no apparent
change in the basic ({w)y requirement with frequercy up to » = 6.5 rad/sec.
This conclusion appears to be completely divergent from those dreswn by
previous investigators.11’2o Reference 20, reflecting the conclusions or
Ref. 11, uses constant {w = 0.21 as the low ¢/ve damping requirement for

» < 2.6 rad/sec and constant { = 0.09 for 2.6 < w < 4.5; beyond w = 4.5
(for low @/ve) it is suggested that the required [ be increased by

ot/dw = 0.1. The conclusion of Ref. 11 is based partly on fixed-base
simulations (which later results29 put in question — see above) and partly
on & re-examination of the data of Refs. 1 and 2, both of which have been
excluded from the present study because of unknown N§_/Ig, characteristics.
The additional recommendation of Ref. 20 regarding frequencies greater

NN . 1 o

than @ = 4.5 is based on speculations concerning the pilot's ability to
control poorly damped Dutch roll frequencies approeching 1 cps. But such
control is completely inconsistent with our present picture of the Dutch
roll motions (especially high frequencies) as anything more than a nuisance.
Nevertheless, requiring an increasing {; with increasing ay is also a
feature of the "additional" damping requirement of Eq 5 for a constant
|o/B|l4. That is, from Eq 5, for a rating, R, of 3.5 and constant ¢/B,

o(tw) = 0.0141 A =onm1q$§|

o) lml
S 0.0282 w 3 (6)

*The above defense of P rather than ay as perhaps the more sppropriaste
parameter does not necessarily extend to conditions other than those
associated with Dutch roll oscillations. For situations where large side
forces can develop, as for example in engine failures during supersonic
flight, side acceleration seems to provide the dominant influence.>?
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Whether or not the most universal form of correlation is in terms of
tke "basic" plus "additiomal" effects so far suggested is a moot point;
but the preponderance of applicable experimental evidence seems to support
such a partitioning. Nevertheless, other less universal but perhaps more
specifically important considerations must not be lost track of. For
example, we have already noted the good correlation obtained with the
parameter °¢/°Vg in fixed-base simulator evaluations of rough-air handling
quelities. X Correlations based on 0§/ovg (Item 5, Table I) shown in
Fig. 12, for limited flight data7 are similarly successful (o¢/ovg is not);
in fact, slightly more so than the corresponding correlations in Fig. 9a.
Other considerations (i.e., Table I) may override the simple "big picture"
so far established, e.g.,

1. For low values of N (i.e., approaching neutral stability)
lef(o/B)] = Né(Lé[pé) will not be a good indicator of
piloting problems. In such cases it is questionable
whether any amount of Dutch roll damping will elininate
undesirable, high Ié/Né effects due to rudder inputs
(inadvertent or trim) or thrust asymmetries, or aggra-
vated by aerodynamic or inertial coupling. The basic
reason for the retention of the awkward notation
|?(¢/B)| g, rether than an equivalent [3/pl,, is that
it serves to remind us of this and other limitations
on its applicability. There are additional considera-
tions applying to the low Né case which are discussed

in the next section.

2. For real approach and landing situations, and perhaps

for low values of |a?(¢/ﬁ)|d, the pilot becomes much
more concerned with the roll displacement than with the

roll acceleration. This is especially true when ground
clearance is involved, as in the decrab maneuver. Such
situations are undoubtedly amenable to valid fixed-base
simulation. >

3. In some special cases where the usual phase relationships
between ¥ and B are not maintained (e.g., for high

17



(8/Uo) (Lé/né)TR — see Item 1b, Table I), pilot discomfort
or annoyance may not be truly reflected by |o«f(9/B)] q-

18
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SEOTION IV
EFYEOTS NEIATED 70 ay/ay

Dutch roll motions can, of course, be excited by aileror-only control
of the bank angle. When this happens, the Dutch roll characteristics
become inextricably assocliated with the primsry control mode, and their
continued classification as a "nuisance" is then dubious. Consider the
roll transfer function, ¢/8z, given in Item 11 of Table I. Clearly, when
atha,# 1 and §¢ # {3 the "classical" single-degree-of-freedom roll response
given by (for small 1/Tg)

= ;?F-:?fts' (7

no longer applies. Now, the rolling velocity induced by an aileron input
contains not only the "pure" ~oll-subsidence component, but an additional
oscillatory component whose magnitude depends largely on aq/wd (see Item 2,
Table I). Thus, even though the pilot disregards the resulting yawing and
sideslipping motions as "nuisances," he must be aware of and control the
Dutch roll motions which appear in roll rate and bank angle. In so doing
he runs into two predominant "ayp/wy effects." The first of these is the
difficulty in accurately controlling (tracking) bank angle when aq/ha_>'1;
the second is the oscillatory roll rate following step aileron inputs for
“ﬁ¢hﬁ $# 1. Both effects are well supported by theoretical analyses and
experimental handling qualities dataé;41’15’27’3h; and Fig. 13 illustrates
their influence on pilot rating. The main purpose of the assembled data
is to show that fixed-base simulation results are in generally good agree-
ment with flight test results. Of interest too is the fact that there is
reasonable correspondence among the results regardless of extremes in the
maneuvering tasks and flight conditions (compare Refs. 8 and 34). Finally,
Fig. 13b shows that for small (positive or negative) values of (cu;p/aqa)2

opinion ratings seem to be pretty much independent of otherwise important
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Parameters such as {; and TR.55 This suggests that the dominant effect
in tkis region is the extreme cross-coupling which occurs for values of
(ah/haja less than 0.56 (more about this later).

Another kind of effect is that associated with a given ap/ay at a low
value of |@/B|lq. Note from the approximate expressions for |o/|q and
aéyhﬁ (Items 1a and 11, respectively, of Table I) that a specified value
of wp/ay ¥ 1 requires much larger values of Nj /I, for low than for high
|¢/B|d. Accordingly, in the Ref. T tests for a given value of uﬁ/ha_the
pilot's complaints about aileron yaw steadily increased (as did his rating
number) as ¢/p decreased (below the values of Fig. 13). These complaints
were directed at the required use of the rudder to maintain coordination
(Item 7, Table I) and were especially vociferous when unconventional cross-
coordination, associated with large favorable yawing moments (a@/aa greater
than one and Néa/Léa positive), was called for. Similar comments appear
in Ref. 34 and in Ref. 8 which noted, in comparing a conventional center
stick and pedals with a three-axis wrist-pivoted side stick, that "where
cross~-controlling was required, the pilots criticized the side-arm con-
troller because of awkwardness of coordination of rudder and aileron."” On
the other hand, the data of Ref. 33 show an opposing trend in that favor-
able yawing moments are more desirable than adverse (zero is still most
preferable). This bias is traceable to the improved control over transi-
ents resulting from the abrupt loss of a critical engine. The pilot-
imposed criterion for a rating between 1 and 3.5 was that "...the result-
ing sideslip angle should not exceed 5° with no corrective rudder applied
and with aileron used to maintain wings-level flight."

Yet another effect can be illustrated by the data of Ref. 30. You will
recall that the pilot was given, and separately rated, four tasks, one of
which has already been discussed in connection with Fig. 7. Task III of
the series was "from 1g level flight (to) accomplish one 360° roll and
stabilize straight and level." Rudder and elevator were to remain fixed and
maximum aileron used was limited to one quarter that available. This task,
vhich combines elements of both tracking and response to step aileron inputs
should be susceptible to wp/wy-like correlations. But the test value of
aﬁ/ha = 0.93, noted earlier, is so close to unity that no real influence can
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be expected on this count. However, when ap/ay = 1, the Dutch roll can still
be excited by §¢ ] gd.‘5 To check this possibility, values of g¢ were com-
puted from the tabulated derivatives supplied in Ref. 30 and plotted versus
the given average ratings; Fig. 14a shows the result along with the faired
data of Ref. 15. The latter were obtained for slightly different condi-
tions, viz., 1/Tg = 0, 1/Ig = 2.5, ay = 2.0, {3 = 0.1, ap/ay = 1.0 (compare
with Ref. 30 conditions, p. 9 ), and the three-pilot averaged minimum rating
(at {p = {q) was about 2.3. The fairing shown in Fig. 1ka is shifted from
that in Ref. 15 to a minimum rating of 3.5 at §¢ = 3. On the whole the
agreement between the two sets of data is pretty good, and the general
correlation of the Ref. 30 ratings with §¢ seems evident. For comparison
Fig. 14b supplies the correlation with |@/ve| advanced in Ref. 30.

Another influence not to be lost sight of is the effective change in
rudder-fixed rolling power with ap/ay. Notice from Item 11 of Table I tha*
the d.c. gain (s = 0) of the roll-to-aileron transfer function'is propor-
tional to Iéa(atha)e. For situations where ay, and ay are larger than the
crossover frequency associated with closed-loop operation (and TR is smaller55)
this gain is the effective gain5gnd variations from some optimum level will

adversely afrect pilot opinion. For Wy, g below the crossover region,
the effective gain is just 1,;,&. This brings up the additional point that
in general the severity of the aq/wd effect on closed-loop handling quali-
ties depends intimately on the location of the wp, oy pair with respect to
the desired crossover region. Initial consideration™ of such effects
assumed the crossover would be near 1/TR and proposed that the parameter
w3Tg be included in the complete specification of "aw/wa effects." Present
indications are35 that crossover is not simply related to 1/$R, but is more-

or-less constaat in the neighbtorhood of 2 * 0.5 rad/sec.

An additional important "aﬁ/hﬁ effect" just beginning to be recognized
is that associated with the task of maintaining lateral flight path align-
ment as in landing approach. In these circumstances the basic metric of
performance is the dominant time constant of the "outer" heading control
loop (Item 12, Table I); that is, the faster (within 1imits) the closed-
loop control of heading becomes, the better the pilot likes it. Such
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effects have been studied analytically16’36’57 and the results corpared
with fixed-base similations'® and flight test. The following is & brief
resume of these studies.

Tre basic closed-loop situation involves control of both bank angle
and heading with aileron (use of rudder is an undesirable complication®
and control of lateral flight path, y, boils down to heading, V¥, control16).
This multiple-loop problem is tackled by first closing the bank angle
"inner" loop (@ — 85) and then using the result as the "outer" loop
(¢' = 8y) characteristic denominator as illustrated in the root loci of
Fig. 15 (the single prime denotes that ome inner loop has already been
closed, the double primes are for two loops closed, following the conven-
tions established in Ref. 41). That is, the symbols (JJ) denoting the
@ — 8y closed-loop characteristics become the poles (symbol X) of the
¥' == 85 loop. The dominant heading control time constap’. (which corre-
sponds approximately to the inverse of the gain crossover frequency, ap) is
limited by stability considerations and is usually so small that the pilot
cannot employ effective lead (heading control is always a low frequency
mode). More specifically, referring to Fig. 15b it may be seen that the
limiting value of . is set by the necessity for avoiding instability at
cd; (i.e., having adequate gain and phase margins). Further, the extent
to which heading gain (and crossover frequency) can be increased depends
on the value of (Caﬁé, which in turn (Fig. 15a) is most strongly influenced
by the basic value of §¢m¢ (Item 11, Table I). Figures 15c¢ and 154 show a
similar dependence of the achievable heading time constant on 1/T¢H’ for
situations where the ¢/dy numerator is nonoscillatory (i.e.,c&% = 1/T¢1T¢2).
Finally, Fig. 16** shows the correlations obtained36 using the above basic
@/8g numerator characteristics as metrics. The correlations of Ref. 16 are
nct as conclusive since heading control was not the only task; nevertheless,
indications are that @.'s less than about 0.3 were considered objectionable,

a value in surprisingly good agreement with the conclusions implied in Fig. 16.

*And may be ineffective (Item 13, Table I) in affording improved closed-
loop control of Dutch roll yaw and sideslip.

**These data, obtained in variable-stability-helicopter flight tests,
are the only systematic results bearing on this problem known to the
author; they are presented here as examples of simila. ' _.ects which also
occur for conventional airplanes.
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This brings up another point. We have already seen that negative values
of m% are generally objectionable (Fig. 1%). Furthermore, we can infer
from Fig. 15c¢ that a prime objection to such characteristics is the resulting
negative value of 1/Tp,. That is, mentally transposing 1/Tp, to the right
half-plane of Fig. 15c, it is clear that, with the usual small values of
the 1/T5 spirel mode associated with conventional airplanes (e.g., Fig. 15a),
closure of the ¢ loop will result in almost immediate iustability,
characterized by a first-order divergence near 1/T¢H (similar to the
altitude-speed divergence which occurs for elevator control of altitude
for speeds below minimum dragho).
in practice when the directional stability, Ng, is very low (as it is for

the case pictured in Fig. 15¢). Under such circumstances, otherwise small

Such situations are most prone to occur

values of adverse yaw are almost certain to incur negative values of 1/Thn.
For sufficiently small negative values, the airplane may still be control-
l,aLble,z7 but will be heartily disliked énd undoubtedly dangerous. This
will of course be triae even for situations where the "dynamic" directional
stability, Né, still has a reasonable positive (stable) value. In effect,
the pilot, by trying to closely control bank angle, eliminates the stabi-
lizing effect of the (Ixz/Iz)Ig term appearing in Né = aﬁ and substitutes
the destabilizing —(Nog/Lsg)lp effect appearing in aff. Clearly, the lower
limit on allowable Ng must recognize these facts. That is, the minimum
value of Ng must always be sufficient to guarantee that neither a% nor uﬁ

become negative.

Another aspect of low directional stability is the possibility that,
in combination with high positive (Nﬁ — g/Uo), it may result in natural
(i.e., airframe only) coupling of the spiral and roll subsidence modes
into a low frequency oscillation.5 Such "lateral phugoid" modes are
usuelly poorly damped and generally difficult to control (an example is
given in Ref. 16). They occur quite rarely and are only mentioned here
as situations which, apparently, should generally be avoided for the
retention of good handling qualities.

A more comr.on problem associated with low directional stability and
large values of (Np — g/Uy) is the difficulty of obtaining good aileron-

>

*Recognize

that of or 1/Tp, To, = Ng + Yyl — (Nog/Lsg)Ig-
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only turn entries, because of high induced sideslip.15’l6’h5 In generel,

increased (gabd is of little direct help in such situations, which are
however relieved by "unconventional" augmentation (e.g., "shaped” 85 to
&y or B to 5¢) -

In summary, the various effects discussed above are:

1. Roll control (closed-loop) dynamic difficulties associ-
ated primarily with ap/eg > 1 and, for ap/eg =1, Lo $ty;
and deperdent on ay relative to crossover.

2. Roll oscillations in response to aileron inputs associ-
ated with ayp/uy + 1 and also, for ap/ag =1, Lo # &3-

3. Rudder activity, primarily dependent on N§ /Léa, to
prevent uncoordinated yawing and sideslipp motions.

4. Gain changes proportional to (athn)e for ay greater
than crossover.

5. Heading control difficulties characterized by low
valves of ({w)q or 1/Tq,1 .

6. Special problems associated with very low static
directional stebility.

This is a pretty complicated picture of what started out to be a simple
"additional"” consideration on the required Dutch roll damping. However,
there are certain major requirements-oriented general conclusions that can
be drawn from the various applicable experiments and analyses, as follows:

1. In general, Ng /Léa = 0 is preferred. Possible excep-
tions are 1ow5?d cases with sufficient |¢/p| to make
the open-loop roll oscjillation noticeable; then
ap/ag < 1 is helpfull>® because it permits the pilot
to aump the Dutch roll using ailerons only.

2. Increased yaw damping (affecting both {3 and (q) is
always helpful when (atha)a lies between about 0.5
and 1.5; for va%ues outside this range it appears to
be ineffective.

3. Fixed-base simulations including adequate displays and
performed by properly briefed, experienced test pilots
can be successfully used to explore all "uyp/uwy effects”
of major concern.
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SECTION V

A major conclusion of the studies contained in this report is that
handling qualities parameters must be carefully chosen to reflect the
pilot's real concern. This deceptively simple and on-the-whole acceptable
rule is loaded with dynamite! In the first place, as demonstrated by meny
illustrative examples herein, it is no easy task to discover or to infer
the root causes of the pilot's difficulties (this is particularly true
when pilot comments are not elicited or heeded). In the second place,
there are a large number of effects which, depending on the circumstances
involved, can be troublesome. Thus, paying strict attention to the ruie,
while it will eventually clarify and improve our understanding, tends
initially to be confusing rather than enlightening. The following specific
conclusions, drawn from the studies presented, will hopefully dissipate
some of this confusion:

1. Dutch roll motions are generally not desired or commanded by a
pilot and he regards them as a nuisance.

2. The required Dutch roll damping can be separated into "basic"
and "additional" components. '

3. The "basic" damping requirement appears to be best specified in
terms of total damping, ({w)y, rather than damping ratio, ;.

4. A satisfactory (rating of 3.5) basic value of ({w)y seems to lie
between 0.2 and 0.3, corresponding to Ty /o between 3.5 and 2.3 sec,
for all frequencies between about 0.8 and 6 rad/sec (Fig. 6a).

5. An unsatisfactory (rating of 6.5) basic value of (f{w)y seems to
be about zero for the above frequencies.
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6. To maintain a given rating in the face of increasing roll-yaw
coupling due to dihedral requires an "additional"” increase in {{w)q.

7. This "additional"” A({w)y appears to be directly related to the
ratio of roll acceleration to sideslip appearing in the Dutch
roll mode, as given by Eq 5.

8. Fixed-base simulations of such "additional" effects, to be
successful, must employ adequate displays of roll angle, rate
and acceleration; and the pilots involved should have experience with

similar values of (p/B)q in flight or in velid moving simulators (author's
opinion).

9. For low values of (p/B)yq and especially for flight near the ground
(as in landing approach or terrain following) the roll angle
rather than acceleration may more appropriately reflect the pilot's con-
cern (author's opinion). If this is true, then fixed-base simulation is
a valid tool for investigating such circumstances.

10. Where the usual phase relationships between ¥ and B are violated,
pilot discomfort or annoyance may not be truly reflected by (p/B)q-

11. Coupling effects due to aileron yaw are generally deleterious

as regards rating. "Additional" damping is generally helpful

in such cases except for values of the (anjha)e coupling parameter out-
side the range between about 0.5 and 1.5.

i2. For low (gaﬂd cases with sufficient Im/Bl to make open-loop roll

oscillations apparent to the pilot, aﬁjha <1, implying "adverse"
alleron yaw, improves the rating.

13. Good heading control seems to require a -losed-loop crossover
frequency, upg, higher than about 0.3. For those situations
where use of the rudder to improve heading response is undesirable or not

helpful, this can be roughly translated to mean that the aileron roll

26



numerator damping, (gcn)q,, or minimum inverse time constant, 1/Tq,| , mst
be greater than about 0.k4.

14. The lower limii on directional stability appears to be set by

the requirement that a% remain positive or that roll-spiral
coupling into a "lateral phugoid" be avoided.

15. Aileron-only turns at high 1ift require special consideration

of (additional) NI') — g/Uy effects which cannot in general
be countered by increased ({w)q-

16. All of the foregoing aileron effects (11 —15) are amenable to
investigation in fixed-base simulators.

i7.- Effects other than those specifically considered in this report

(e.g., Table I) will have per‘l;:i.nenc:e16 for special conditions or
configurations.
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|o/8] or wrissts thersof have long beea Sered prime imdicetors of lateral-directiomsl cross-
cowling proviems.’ "> 3 o/p my be tndicative of possible coaflicting cuss. Note timt for kigh T5/R3
(1.0, Ly terms magligible), tam (9/p) ~=1/(Ly + qyTy) for {@ << Ly & —4/Ta3 for lov Iy (1.e., Ly terms
doxinent), tan 9/B -= 1/(Z4 ~ 1/agTp), Lpplyisg that the 8ige can Decoms Mdgative.

[9/6] considered as ssother possible source of canflicting cuss. Sotice that for lov #fv (5 18/Ug),
¢/ = 1 as ia classic case. However, ite possible degredation cas be severe; for smaple, for

9/v « 2 dog/fpe « 0.0% rad/fps, @y = 1, gyTy = 0.5, {4 = 0.2, [¢/8| vecomes about 0.5, and 3 ¢/-p
epprosches 31 deg.

Thais complets expression shows the relative magnitude of the Dutel roll cecillation appearing ia roll
to be dependent on (ﬂq)z. Por sufficiently .ov values of VQ.G’" roll hesitetion or reversal say
occur; also, pilot rating is influsaced by the relative magnituds of the ocscillatory roll compomest.’'®

Corresponds to rolling motions folloving relesse from e stesdy sidaslip, which ie ¢ swandard flight test
used to 1 igate and evaluate latersl ocecillatory characteristics.

Pilots sometimes cosplain ad~ it "touchy” rudder control for bigh Iqlpl eanﬂnnucu,G and ¢lso about
the 41fficulty in establishing latersl-directicoal tris.d

A msusure of the domirant uncontrolled rolling motions in rough air vhich wndoubtedly comtridute to the
pilot's dislike of bigh [e/v| configurations.

Por high |9/8], 8,/8; can becoms umcomfortsbly high, ~o that deliberats sideslip masuvers tend to
seturate afleron coatrol.'® On the otber band, depending on eveilable silerom controllability (e.g.,
pear stall), it may be necessary to use rudder for roll costrol.

These tvo parumetsrs cambine to form e simplified picture of the rudder sction required to msintais sero
sideslip folloving ¢ step aileron tmt.w By infsrence they also indicets the mature of the p tims
history for the rudder-fixed response to ¢ step aileron.

Pilots somstimes complain about sign changes in ¢ and find it difficult to sccommodats to unconven-
tiooal signa’ (and magnitudes). largely dependent on valuss of lé'/lé.

For 1ov valuss of this parwmeter, pilot cannot resdily distinguish sideslipping conditicns'?’'™ am
eirplane mcotions tend to become uncoordinated —primarily ¢ low speed (lov side force) effect.

Indicstive of gonclaspica) inertial coupling in which noss-down elewator inputs (producing negative §)
lesd to violent departures from the "steady” roll rats, P,.

Closed-100p anslyses of @ —=8o°’'> es the primry coatrol loop revesl and explain piloting problems
essociated vith ag/ay 4 1,77 Lyng/tany 41, and noncptimm velues cf Ty.

Beading control with @ -e-8y es an inner loop can be charcterized (e.g., et epproach speeds) by large
values of Ty vbich result in ¢ "sloppy” grouma tneh.‘s'

Yor lov values of ths retio ay/ay, yev-rate-to-rudasr is very sffective in G?tu Dutch roll oecilla-
tions; for values epproaching (or greater than) umity, it is un“oeun.'s' "1 e retio 18 scrongly
dependent cn I.f,"n", and difficultiss vith bigh |g/p|y configuretions bave been chserved. difficulties
ere not elwys epparent on flight test airplaues, vhich may have euxiliary f informmtion'’” presented to
the pilot (B ~= By elways vorks well to suppress Dutch roll oscillations).
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