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Handling Quality Criterion for Heading Control

Roger H. Hoh* and Irving L. Ashkenast
Systems Technology, Inc., Hawthorne, Calif.

A heading control criterion based on the aileron-rudder sequencing required to achieve coordinated turns is
presented. Quantification of the aileron-rudder shaping is obtained by consideration of the ideal crossfeed which
completely eliminates sideslip induced by aileron inputs. The shaping and gain parameters based on this ideal
crossfeed are defined and correlated with pilot opinion ratings. Excellent correlation is obtained with data from
simulation of STOL, fighter aircraft, and space shuttle vehicles.

Nomenclature

g =acceleration due to gravity

L =aerodynamic roll moment divided by roll
moment of inertia

L, =3L/d\ where A=6,,, ¢,0rf3

L),\ :[L)\+(Ixz/Ix)N)\]/[I'—(If'z/Isz)]

N =aerodynamic yawing moment divided by yaw
moment of inertia

N, =0dN/o\where \=6,,6,,8,r,orp

N =[N+ U/ L)LY/ U = (3710 )]

N} = numerator of A/§ transfer function

D =roll rate

r =yaw rate

s =Laplace operator

U, = steady-state velocity

Yor =aileron-to-rudder crossfeed function

Ys, =34Y/0d6,

B =sideslip angle

Bmax =maximum sideslip excursion at the c.g. occuring

within two seconds or one-half period of the
dutch roll, whichever is greater, for a step aileron
control command?

A =characteristic determinant-denominator for
transfer functions

o, =rudder pedal deflection at the cockpit

6,3 =rudder pedal deflection 3 seconds after a unit step
lateral wheel input

O, = lateral wheel (or stick) deflection at the cockpit

$a =dutch roll damping

© = crossfeed shaping parameter

0] =bank angle

l¢/B14  =roll/sideslip ratio in the dutch roll mode

Dosc/Pave =a measure of the ratio of the oscillatory com-
ponent of bank angle to the average component
of bank angle following a rudder-pedals free im-
pulse aileron control command?

' =phase angle expressed as a lag for a cosine
representation of the dutch roll oscillation in
sideslip?

Wy = dutch roll frequency

Introduction

HE ability to make precise changes in aircraft heading is a
key factor in pilot evaluation of lateral-directional
handling qualities. Assuming other good qualities (e.g.,
adequate roll response, yaw frequency/damping, etc., per
Ref. 2), deficiencies in heading control, which can never-
theless exist, are directly traceable to excitation of the dutch
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roll mode due to roll-yaw crosscoupling effects. It is com-
monly accepted piloting technique to reduce these excursions
by appropriate use of the aileron and rudder, usually referred
to as ‘‘coordinating the turn.” The problem is that existing
criteria (see, for instance, Refs. 1-4) for heading control are
based on aileron-only parameters, and the effects of rudder
control are only indirectly apparent as they may have in-
fluenced individual pilot ratings. The fact that these criteria
are not satisfactory is shown in Ref. 5, where several con-
figurations which violated boundaries based on aileron-only
parameters were given good to excellent pilot ratings. The ap-
proach taken here is that for an otherwise acceptable airplane
the aileron-rudder shaping necessary to coordinate the turn is
adominant factor in pilot evaluation of heading control.

Approach

A comprehensive review of pilot commentary made during
the heading control experiments reported in Refs. 5 and 6 in-
dicated that the rudder characteristics necessary to coordinate
turns played a dominant role in the evaluations. While the use
of ““coordinated’’ aileron and rudder is accepted as common
piloting technique, a quantitative measure of what exactly is
acceptable or desirable is not known. The purpose of this
study was to provide a quantitative measure of coordinating
activity and to correlate this with pilot opinion ratings from
available data. We utilized the idealized aileron-to-rudder
crossfeed necessary to obtain perfectly coordinated turns as a
measure? of heading control acceptability because it is in-
dicative of: 1) The complexity of the rudder activity necessary
to achieve perfectly coordinated turns; 2) The heading ex-
cursions that occur when the pilot does not use rudder.

Analysis and Basic Concept

In general, coordinated flight implies min. yaw coupling
due to roll entries and exits which can be quantified in many
ways, e.g.: 1) zero sideslip angle (8=0); 2) zero lateral ac-
celeration at the c.g.; 3) turn rate consistent with bank angle
and speed (r=g¢/U,); and 4) zero lateral acceleration at the
cockpit (ball in the middle).

Conditions 1-3 are equivalent when the side force due to
aileron, Y;_, is very small, which is usually the case. The
fourth turn coordination criterion is complicated by pilot
location effects which, however, appear to be mainly
associated with ride qualities and not with heading control it-
self.> Based on these considerations it appears that sideslip
angle is an appropriate indicator of turn coordination. Ac-
cordingly, the following formulation undertakes to identify
the parameters that govern the aileron-rudder shaping
required to maintain coordinated flight as defined by zero
sideslip angle (8=0).

With an aileron-rudder crossfeed, Y.y the rudder, by
definition, is given by

8,=Ycrd, )
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For the assumed ideal (zero sideslip) coordination
NE N§
B= (—i‘—"— + YCF_6f> 5,=0
a A

whereby the ideal crossfeed is

o, N§
Yor= = -
s, N A ()

The Ref. 7 approximations to these numerators yield

Ns,l(s+A4,, (8/U) (s + (1/T,,)]

= 3
Y Is+A(8/Ug)ls+ (/T3 ) 1ls— (N;,/ Y3) @
where
L:— (L} /N, )N
4, (Ls,/Ns,)

© Ly—(L§,/N3,) [N, — (8/Up) ] i=worr

1
F ==L+ (L§,IN;,) [Ny = (8/Uo) ]
B

For the frequency range of interest, i.e., excluding both low
and high frequencies [4;(g/Ujp) < <s< <N; /Y3 ].

Ni, [s+(1/T3,))
Nj (s+(1/Tg,)]

chi -

@

To provide a meaningful reference for the control
crosscoupling term, N;_, in Eq. (4), it is expressed as the ratio
of yawing to rolling acceleration, Ngw/ng. Also, since the
rudder sensitivity can be separately optimized and does not
usually represent a basic airframe limitation, it is appropriate
to remove it from consideration. Accordingly, the resulting
modified crossfeed, Y¢p, is given as

Yipm Yoy oo __ N N§  N; Is+(1/Tg)) -
=LcFro ST T T ==
L;, Li, Ni Li, [s+(1/Ts,)]

Equation (5) indicates that the aileron-to-rudder shaping
required to maintain coordinated flight (8=0) is directly
related to the separation between the aileron (wheel or stick)
and rudder (pedal) sideslip zeros. Using the above ap-
proximations for 1/ Ty, and 1/ Ts,, the separation between
these zeros is a function of the control crosscoupling and the
roll rate coupling as follows.

1 1 L; Lj §
et (- 2) e
Ts, Ts, “Ni, Nj U,

Control Roll

Crosscoupling Coupling

Terms Term

Equation (6) merely serves to confirm that the pilot’s rudder
coordination requirements are directly related to the
crosscoupling derivatives.

As a basis for direct correlation with pilot opinion, a ‘‘rud-
der shaping parameter,” u, is defined in ‘‘theoretical”’ form
as .

w= (T, /Ts,) —1 %
The frequency response characteristics of Y¢r, Eq. (5), as a
function of the sign of u are shown in Fig. 1 in terms of literal

expressions for the Bode asymptotes. These asymptotes in-
dicate that the magnitude of the coordinating rudder is a func-

¥ As noted earlier, all derivatives are in the stability axis system.
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Fig.1 Asymptotes of aileron-rudder crossfeed.

tion of Nj /L;  atall frequencies and that the shaping of the
rudder response is determined by u. These parameters are
summarized in terms of their analytical and pilot-centered
functions in Table 1.

Practical Considerations

The parameters N; /L; and p are a natural choice for
correlation of heading control pilot rating data since they
completely define the aileron-to-rudder crossfeed necessary
for turn coordination. Such ideal crossfeed is difficult to
isolate with simple flight test procedures, but is nevertheless
considered a viable correlation concept because of modern
usage? which permits simulation and analysis methods to
demonstrate specification compliance. Computation of u is
straightforward as long as the 8 numerators in Eq. (2) are well
behaved, i.e., are well represented by the approximation of
Eq. (5). When they are not, a more general time response
definition of y is used which derives from the Eq. (5) form as
follows.

Assuming a unity high frequency gain for the Eq. (5) form,
and the ideal definition of u [Eq. (7)], the rudder time history
required to coordinate a unit step wheel or stick input is

8, (ty=1+u(l—e""T5.) 8)
Note that 6, (t) refers to the rudder pedal motion (thereby in-
cluding effects of rudder gearing and accounting for the

SAS). Solving Eq. (8) for the rudder shaping parameter, p

8, (1) —1
T J—e!Ts,

&)

Table1 Parameters defining the aileron-rudder crossfeed

Analytical Pilot-centered
Parameter function function

u defines shape determines complexity of rudder
of Yor activity necessary for ideally-
coordinated turns. Also defines
phasing of heading response when

rudder is not used
Ngw /ng defines magnitude determines magnitude of rudder

of Yep required and/or high-frequency
yawing induced by aileron inputs.
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When the 8 numerators are of the Eq. (5) form, the value of u
computed from time histories is independent of (large values
of) the final time chosen and equivalent to that obtained from
the Bode asymptotes of the first-order model in Fig. 1.
However, for cases where the 3 numerators are not well ap-
proximated by the first-order model, the value of u depends
on the value of ¢ used, which is properly set by the lower limit
on the frequency range of interest for piloted heading control.
The simulation experiments of Ref. 11 indicated that a
minimum heading crossover of about 1/3 rad/sec was
necessary for desirable handling qualities. Therefore a
corresponding time of 3 sec was selected as being most per-
tinent to a pilot-centered characterization of crossfeed proper-
ties. Recognizing further [Eq. (3)] that Ty = —1/L, is ap-
proximately equal to the roll mode time constant, 7, and
that the latter must generally be less than 1.0 to 1.4 sec. for ac-
ceptable roll control? sets the following limits on the ex-
ponential in Eq. (9).

Tr<1.01 e 'TR<0.049

=<1.4" <0.117
Accordingly, Eq. (9) reduces within a maximum error of 5-
10%, depending on airplane class, to

u=6,(3)—1 (10)

This simple relationship was used to compute u for the pilot
rating correlations later shown.

However, before this simple formula can be applied it is
necessary to avoid the high frequency responses which occur
due to pairs of roots which frequently occur with complex
SAS installations having associated higher order §
numerators. For example, a simple washed out yaw rate feed-
back and a first-order lagged aileron rudder crossfeed results
in seventh-order 8 numerators. High frequency pairs can also
occur in the 8 numerators of unaugmented airplanes. Most of
the zeros of these polynomials occur at very high frequency,
having negligible effect on the dynamics near the pilot’s
crossover frequency. Therefore, the standard procedure
utilized to compute the values of p was to eliminate all roots
of the 8 numerators above values of 6 rad/sec in pairs, i.e.,
keeping their order relative to each other the same (e.g., a
third over fourth would be reduced to a second over third or-
der, etc.). Roots above 6 rad/sec which do not occur in pairs
are left unmodified.

The following example illustrates a typical computation of
p and the effect of removing the high frequency roots from
Eq. (2). The aileron-rudder crossfeed for one of the Ref. 6
configurations used in the pilot rating correlations is given as

8, _ .19(s—.102) (s—.922) (s+605.2)
8.  (s—.057)(s+5.6)(s+109.9)

amn

As discussed above, all roots above 6 rad/sec are removed in
pairs and the high-frequency gain is set to unity, resulting in
the following equation

8, (5+.102)(s—.922)
= 12)
by  (5—.057)(s+5.6

The rudder time responses to a unit wheel input for Eqgs. (11)
and (12) are plotted in Fig. 2. Equation (12) is plotted with a
non-unity high frequency gain (1.046) to allow direct com-
parisons of shape with Eq. (11). Removal of the high frequen-
cy roots is seen to replace the initial rapid rudder reversal with
a unity initial condition. These responses are essentially

{For small, light, or highly maneuverable airplanes.

*"For medium to heavy weight, low to medium maneuverability air-
planes.

J. AIRCRAFT
ok Equation |

- % | Equation 12
£
§ SI
'§ t (sec)
5 o 05 1.0 1.5 20 25 30 35
,; + + + 4 + + ——
5 N ——— e
Qo
a.
2T
©
3
[

_|0 -

Fig.2 Effect of removing high-frequency roots from 8 numerators.

equivalent to the pilot who sees the necessity to use immediate
rudder with aileron inputs (which must be removed 1/2 sec
later). The value of u corresponding to this response is
6,(3)—-1=-1.17

Further Physical Interpretation

Figure 3 presents typical coordinating (3 =0) rudder time
histories for step aileron inputs on a grid of p vs. N /Lg .
Moving vertically on this grid changes the shape (u) of the
crossfeed, Yr, keeping the initial value (high frequency gain)
constant. Moving horizontally produces a change in the
crossfeed gain (N /L; ) at all frequencies without changing
the shape. Note that this is consistent with Table 1 and Fig. 1,
where it is shown that u dictates the required aileron-to-
rudder shaping and N;  defines the magnitude of the gain for
all times (and frequencies). The basic shapes of the time
histories in Fig. 3 are indicative of the fundamental assump-
tion that the rudder time history can be fit by the Eq. (5) form.
The basic implication of this form is that the rudder response
is essentially monotonic in the frequency range of interest.

For augmented airplanes the effective values of Ng /L§,
(which represent the high frequency yawing and rolling ac-
celerations) are taken as the high frequency gain of the sim-
plified 8/6,, and ¢/é,, transfer functions, e.g., all roots above
6.0 rad/sec are taken as equivalent gains. In effect this defines
N; and L;  as the yawing and rolling accelerations due to a
wheel (or stick) input at frequencies above 6.0 rad/sec. A
physical interpretation relating the crosscoupling derivatives
Nj§ and N, with the rudder shaping parameter, g, is given in
Table 2.

Known values of N; /L; and p define a unique aileron-
to-rudder coordination time history as discussed above, so it
is possible to establish how (or if) pilot rating of heading con-
trol is dominated by such coordination requirements by plot-
ting applicable pilot rating data ona grid of p vs N§_/L; .

Table 2 Physical interpretation of g

Value of
rudder
shaping Roll yaw crosscoupling
parameter characteristics
u>0 Nj and N p are additive, indicating that the

crosscoupling effects increase with time after an aileron
input.

u=0 N, =g/ Uy, indicating that all roll-yaw crosscoupling is
due to Nj . The aileron-rudder crossfeed is therefore a
pure gain.

—-l<pu<0 Ngw and N, are opposing. Initial crosscoupling induced
by Ngw is reduced by N, as the roll rate builds up.
Exact cancellation takes place when p= — 1, resulting in
a zero rudder requirement for steady rolling.

u< < —1 low-frequency and high-frequency crosscoupling effects
are of opposite sign, indicating a need for complex rud-
der reversals for coordination. If rudder is not used, the
nose will appear to oscillate during turn entry and exit.
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Fig. 4 Required crossfeed for V; = 0.

Nj, /L;, Near Zero

Before so doing, it is important to recognize, however, that
available rating data and pilot commentary>'"'? indicates
that control crosscoupling effects are not a factor when
|Ngw/ng | <0.03. This may occur when the basic control
crosscoupling is small or with augmentation systems which
result in ideal crossfeeds, Y, having denominators of higher
order dynamics than numerators (e.g., the augmented Nj, is

step aileron input at t=0
+ rudder is into the turn

zero). For N /L; identically zero, the required aileron-
rudder crossfeed takes the Bode asymptote form shown in
Fig. 4. The rudder magnitude required to coordinate mid-
frequency and high-frequency aileron (wheel) inputs is seen to
be dependent on the roll crosscoupling, g/U,—N,,, whereas
low-frequency rudder requirements are dependent on N/. The
required rudder shaping has the characteristics of a rate
system (ramp §, to step 6,, input) at low and high frequency.
Accordingly, aileron-rudder shaping per se is not the essence
of the problem, which reduces, instead, to concern with the
general magnitude of the required rudder crossfeed.

From Fig. 4 it is seen that g/U,— N, provides a good
measure of such magnitude; and, in fact, correlation of pilot
rating data (for IN; /L; 1<0.03 with g/U,—N, is quite
good. However, difficulties associated with estimating an ef-
fective g/U,— N, for augmented airframes presents practical
problems which make this parameter somewhat unattractive.
Also, for configurations with 1/TBW close to l/Tﬁ,, the ef-
fects due to N (see Fig. 4) can be important. A more general
approach is to compute a time history based on a unit step
aileron input into Y. Utilizing the same response con-
siderations as in the computation of g, 6,((3) is suggested as
the correlating parameter when 'Néw /L, 1<0.03 or when
the denominator of Yr is of higher order than the
numerator.
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Table3 Ground rules for application of rating data
to heading control criteria

1) Tp<1.25
2) wy>04
3) {4>0.08and {;0,;>0.15
4) 1¢/B1 4<1.5 when turbulence is a factor and IN; /L; 1>0.03
5) meets Fig. 6 boundaries when INj /L 1=0.03
6) meets Level 2 ¢ . /b, in Ref. 2
7) pilot comments do not indicate:
a) significant roll control problems
b) control power or sensitivity problems
¢) nonlinear control system problems such as friction, breakout,
etc.
d) excessive gust response

Experimental Data Correlations

On the basis of the foregoing, pilot ratings should corre-
late: for INg /L; 1>0.03, with u and N; /Lj; and for
!Ngw/ng|<0.03, with 6,(3). However, before proceeding
with such correlations, it is necessary to segregate pilot rating
data properly reflecting heading control problems. In this
regard it is important to recognize that heading control is
basically an outer loop!! and cannot be satisfactory if the in-
ner (bank angle) loop is unsatisfactory. The ground rules
listed in Table 3 reflect basic requirements for good inner-
loop characteristics and for other (except heading control)
good handling properties. If these requirements are satisfied,
the remaining problems are assumed to be associated directly
with heading control.

The requirements on {,, w,, and Ty are based on the
current MIL-F-8785B limits for Level 1 flying qualities. The
Level 2 boundary on ¢ /¢, is used because the Level 1
boundary appeared too restrictive, i.e., many data points with
good pilot ratings were found to plot outside the Level 1
bose/ Pave boundary. This result is also found in Ref. 13 and a
less conservative boundary is proposed there. The restriction
on l¢/B1, for IN3 /L; | greater than 0.03 is based on
results obtained from the in-flight simulation data of Refs. 13
and 14. The Ref. 13 data plotted in Fig. 5 show that pilot

J. AIRCRAFT

Table4 Summary of current data

Number of
Total points
Type of aircraft Description of number of meeting

simulated simulator Ref. datapoints ground rules
Executive jet variable stability 13 84 16
and military T33
Class I1
STOL variable stability 6 109 30
helicopter
General aviation variable stability 14 26 6
(light aircraft) navion
Jet fighter- variable stability 12 36 22

carrier approach navion

6 DOF moving 5 52 52
base with Re-

difon display

(NASA Ames

FSAA)

STOL 3 DOF moving 1 8 7
base
(NASA Ames
S-16)

Space shuttle
vehicle

ratings are very sensitive to increasing values of INj /L} |
when l¢/B1,>1.5. The pilot commentary correspon‘aing to
selected points in Fig. 5 are given below to help explain the
data.

Configuration 7A2. ‘‘Difficulty in coordination in terms
of maintaining heading under turbulent conditions.”’

Configuration 9A1. “‘Problems in non-turbulent con-
ditions magnified in turbulence. Pilot must cope with rudders
and some aileron to keep aircraft in control.”’

Configuration 4A2. ‘“‘Rapid deterioration of handling
qualities in turbulence.’’

This commentary is consistent with the results obtained in
Ref. 12 where it is shown that increasing dihedral (large
l¢/B14) is primarily a problem when turbulence is a factor.

Configuration number to identify
pilot commentary in text

22> 3 -Ny> .18

Pilot
Rating

-03 -0.2 -0 ,
N3,

L'sw

(@)

Sym t%‘d wy | L4 | Group
© 171|198 1 2
0 1.5 |201 | .24 3
D 3141202 .1 4
1481 1.0 | .29 7
A [311]1.09] .12 9
A [29]103].25 10
8 24| 98| .34 12
| |
Ol 0.2

Fig.5 Effectof l¢/8l,and N;_/L; on pilot ratings in turbulence (Ref. 13 data).
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Fig. 6 Pilot rating boundaries for
acceptable roll control in turbulence
with Vg /L;  <0.03 (from Ref. 12).

wg— { rad /sec)
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Result of Linear Interpolation
of Ref. 14 Dato

Note: Acceptable region lies
inside the boundaries

-10

Such effects can be interpreted in terms of basic piloting
technique as follows. The problem of flying a constant
heading in turbulence primarily consists of keeping the
average bank angle at zero. Because of the inherent neutral
stability of an aircraft in roll (L, =0), the pilot is required to
continually use aileron to pick up a low wing to keep the air-
craft from turning. If the aircraft has large aileron-yaw
crosscoupling (large Nj /Lj ), each aileron input will induce
a large sideslip which further magnifies the effect of tur-
bulence. This sort of rolling and sideslipping is extremely
disconcerting and may, in some cases, border on loss of con-
trol. Rather than accept this, the pilot must use coordinated
rudder with aileron when regulating against rolling gusts. The
increased workload imposed dy this requirement gives rise to
the rapid deterioration in rating with increasing aileron-yaw
crosscoupling. On the other hand, aircraft with low l¢/81,
exhibit a snaking tendency in turbulence, requiring very little
aileron input to keep wings level. Because of the inherent
directional stability (Ng), the lateral oscillations tend to
average out with little effect on the lateral flight path angle.
The data presented in Fig. 5 quantitatively define the value of
l¢/B1 , where heading control is contaminated by roll control
problems (in turbulence) as about 1.5. This is the basis for
Ground Rule No. 4 (Table 3).

It is clear from the above discussion and Fig. 5 that when
aileron crosscoupling is small, the effect of dihedral is less
critical. This is accounted for by using the variable stability
Navion data from Ref. 12 where the dihedral (Lj) was varied
over a wide range with low or zero IN; /L; 1. The 3-: pilot
rating boundaries from these experiments are given in Fig. 6
and form the basis for Ground Rule No. 5. " Comparison of
these boundaries with other low INj /Lj | data'>'* is
favorable. They were used to allow inclusion of certain of the
lp/B1,>1.5 data for INj /L 1<0.03 and thereby to per-
mit an expanded base for the pertinent correlations. It should
be noted that attempts to isolate these /31, characteristics
using ¢ .../ ¢,,. were not successful. It is felt that the reason
for this is that ¢ ;. /¢, is an aileron-only parameter, whereas
the roll control problems under discussion are related to rud-
der coordination requirements.

T The boundary for {;=0.4is based on only a few data points and
was faired by the authors.

-20 -30 -40
' 2
LB( 1/sec®)

A summary of the data sources considered is given in Table
4. Each of the data points found to be applicable to heading
control (i.e., met the ground rules) is plotted and faired on a
logarithmic grid of N /Lj vs pinFig. 7. When N§_/L; s
near zero ( <0.03) the pilot rating data are plotted versus 6,(3)
in Fig. 8. Due to a lack of data for large adverse N, it was
necessary to extrapolate the data fairing in Fig. 8 to obtain a
Level 2 requirement for 6,(3). This boundary should be ad-
justed as more data become available. Only in-flight and
moving-base simulator data were considered. With the ex-
ception of one or two points the data from all the sources in
Table 4 coalesce quite nicely. The criterion in Fig. 7 is con-
servative in that the few points that do not fit are rated better
than the other data in the same region.

The data plotted in Figs. 7 and 8 are replotted on the
current MIL-F-8785B sideslip criterion in Fig. 9 to compare
the rudder coordination boundaries with boundaries set by
aileron-only considerations. Many very good pilot ratings are
seen in Fig. 9 to fall outside even the 6-%2 boundary. The pilot
commentary from three of the Ref. 5 configurations having
ratings of 4.5 and better but falling outside the 6-%2 (Level 2)
boundary are given in Table 5. These comments reflect the
pilot’s ability to improve the aircraft heading characteristics

Table 5 Pilot commentary

Pilot4 B

‘‘Required considerable rudder for directional control.”’
““‘Can do better with rudders.”’
‘“‘Has a tendency to snap around with aileron.”

Pilot 54
‘“Has to be coordinated.’” ““Is simple to coordinate.”
““‘Bad without rudder.”” “‘Rudder makes it flyable. Give
it a 7 without rudder and a 4.5 with rudder.”

Pilot 5B

““‘Good heading control configuration; easy to lead aileron
with rudder.”

“Give it a pilot rating of 5.5 without rudder and a 3.5 with
the rudder.”
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with proper rudder usage. The poor correlation with the
current specification (Fig. 9) is therefore attributable to the
fact that rudder control is not accounted for therein.

Physical Interpretation

The iso-opinion lines in Fig. 7 indicate that some values of
the rudder shaping parameter, u, are more desirable than
others in that they are less sensitive to an increase in aileron
yaw. The following observations help to explain this trend in
terms of pilot-centered considerations: 1) Moderately high
proverse (positive) N3, is acceptable in the region where p=
—1. Physically, this corresponds to a sudden initial heading
response in the direction of turn followed by decreasing rud-
der requirements. (Required steady-state rudder is zero when
u= —1, see Fig. 3.) It is felt that the pilots are accepting the
initial proverse yaw as a heading lead and are not attempting
to use cross control rudder. 2) The allowable values of
proverse Nj decrease rapidly as u becomes greater than — 1.
Physically this corresponds to an increase in the requirement
for low frequency cross control rudder activity (see Fig. 3)
which is highly objectionable. 3) The pilot ratings are less
sensitive to the required rudder shaping when Nj  is negative
(adverse yaw). Recall that adverse yaw is consistent with con-
ventional piloting technique.

It is significant that the pilot rating correlations are not
dependent on the type of aircraft and in fact are shown to be
valid for vehicles ranging from light aircraft to fighter,
STOL, and space shuttle configurations. This result indicates
that good heading control characteristics are dependent on a
fundamental aspect of piloting technique (aileron-rudder
coordination) and that such factors as aircraft size, weight,
approach speed, etc., can be neglected for all practical pur-
poses. It is felt that the invariance of ratings with aircraft con-
figuration is related to the pilot’s ability to adapt to different
situations and to rate accordingly. Finally, the excellent
correlation of pilot ratings with the aileron-rudder crossfeed
characteristics indicates that the required rudder coordination
is indeed a dominant factor in pilot evaluation of heading
control.

The rudder shaping parameter is attractive as a heading
control criterion because the handling quality boundaries are
easily interpreted in terms of pilot-centered considerations.

Conclusions

The main conclusions are summarized as follows: 1) Pilot
evaluation of heading control is highly correlatable with the
aileron-rudder sequencing required to coordinate turns.
2) Very good correlation has been obtained with data from
widely varying configurations.

The results to data are very encouraging. The crossfeed
parameter seems to have great potential as a heading control
criterion. Additional experimental data to investigate certain
regions of the criterion planes in Figs. 7 and 8 are highly
desirable.
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