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NOMENCLATURE

Acceleration due to gravity

Aerodynamic roll moment divided by roll moment of inertia
OL/d\ where A = By, ¢, or 8

[Ln + (Ixg/TOMI/L1 - Tkn/Ixlz)]

Aerodynamic yawing moment divided by yaw moment of inertia
ON/d\ where X = By, Sp, B, T, O P

[ + (Ixz/I2)1n /01 - (IJ%Z/IXIZ)}

Numerator of A/8 transfer function

Roll rate

Yaw rate

Laplace operator

Steady-state velocity

Aileron-~to-rudder crossfeed function

Seée Equation &

Y /3By,

Sideglip angle

Maximum sideslip excursion at the c¢.g. occurring within two
seconds or one-half period of the dutch roll, whichever is
greater, for a step aileron control command (see Ref. 1)

Rudder pedal deflection at the cockpit

Rudder pedal deflecticn 3 seconds after a unit step lateral
wheel input

Normalized rudder deflection; 5.(3) = NgpOr(3)

Lateral wheel (or stick) deflection at the cockpit
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Fa Characteristic determinant-denominator for transfer functions

ta Dutch roll damping

m Crossfeed shaping parameter (See Eguation 10)
© Bank angle

f@/5|d Roll/sideslip ratio in the dutch roll mode

wbac/wave A measure of the ratioc of the oscillatory component of bank
angle to the average component of bank angle following a
rudder-pedals free impulse aileron control command (see Ref. 1)

wB Phase angle expressed as a lag for a cogine representation of
the dutch roll oscillation in sideslip (Ref. 1)

wy Dutch roll frequency

INTRODUCTION

The 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,
ete., per Ref. 1), deficiencies in heading control, which can nevertheless
exist, are directly traceable to excitation of the dutch roll mode due to
roll-yaw crosacoupling effects. It is commonly accepted piloting technigue
to reduce these excursions by appropriate use of the aileron and rudder,
usually referred to as "coordinating the turn." The problem is that exist-
ing 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 influenced individual pilot ratings.
The fact that these criteria are not satisfactory is shown in Ref. 5, where
several configurations which viclated boundaries based on aileron-only para-
meters were given good to excellent pilot ratings. The approach taken here
is that for an otherwise acceptable airplane the aileron-rudder shaping
necessary to coordinate the fturn is e dominant factor in pilot evaluation
of heading control. In this regard it is important to recognize that head-
ing control is basically an outer loop and camnot be gatisfactory if the
inner bank angle loop is unsatisfactory. Table 1 contains a set of reguire-
ments intended to serve as a checklist for good roll control. These require-

ments are discussed in some detail in Ref. 6.
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TABLE 1

GROUND RULES FOR AFPLICATION OF RATING DATA
TO HEADING CONTROL CRITERTA

1} Tg < 1.25

2) wg > 0.4

3) tg > 0.08 and tgwg > 0.15

4) |p/Blq < 1.5 when turbulence is a factor and |Ng, /Ls,| > 0.03
5) Meets L3 vs. wq boundaries when [N /Lg,| < 0.03

6) Meets Level 2 Qugo/®4ye in MIL-F-8785B

7} Pilot comments do not indicate:
a) Significant roll control problems
b} Control power or gensitivity problems

¢) Nonlinear control system problems such ag friction,
breakout, etc.

d) Excessive gust response

ANALYSIS AND BASIC CONCEPT

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

Conditions 1-3 are equivalent when the side force due to Ys, and Yy
are very small, which is usually the case. The fourth turn coordination
eriterion is complicated by pilot location effects which, however, appear
t0 be mainly associated with ride qualities and not with heading control
itself (Ref. 5). Based on these considerations it appears that sideslip
angle is an appropriate indicator of turn coordination. Accordingly, the
following formulation undertakes to identify the parameters that govern
the aileron-~-rudder shaping required to maintain coordinated flight as

defined by zerc sideslip angle (g = 0).
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With an aileron-rudder crossfeed, Ypp, the rudder by definition, is

given by
by = YCFOw (1)

For the assumed ideal {zero sideslip) coordination

whereby the ideal crossfeed is

=i

Y N%W
- %,
r
For augmented airplanes, these numerators are high order and cannot be
generalized. However, as was shown in Ref. 7, aircraft with complex aug-
mentation systems represented by higher-order systems (HOS) tend to respond
to pilet inputs in a fashion similar to conventional unaugmented aircraft
or low-order systems (L0OS). In fact, more recent unpublished work by the

author of Ref. T showed that a HOS which cannot be fit to a ILOS form is

predictably unsatisfactory to the human pilot.

The appropriate LOS form for Yop is based on the approximate factors

for conventional airplanes obtained from Ref. 8 as follows.

Néw[s + Aw(g/Uo)][S + (1/T[3W)]
Yer = ¥ ¥ (%)
Y5pls + Ar(8/Uo)1ls + (1/Tpy)Ils — (Ngyp/Y5,) ]

where
1h — (Th, /N4, )N}
Lp — (18;/88;)[Np — (&/Uo)]

i=worr

It

/Ty = —Ip + (Ld3/N5;) [Np — (g/Uo)
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For the freguency range of interest, i.e., excluding both low and high
frequencies [A1{g/Up) << s << Néa/Ygr]

Néw[s + (1/TBW)]
Napls + (1/Tg,)]

Yer =

(5)

To provide a meaningful reference for the control crosscoupling term, Néw,
in Eq. 5, it is expressed as the ratio of yawing to rolling acceleration,
NéW/LéW. Also, since the rudder sensitivity can be separately optimized
and does not usually represent a basic agirframe limitation, it is appro-
priate to remove it from consideration. Accordingly, the resulting LOS

representation of the crossfeed, Yy, is given as’:

gooo g T Moy Myle s (/)] (6)
T, 18, N, Lgyls + (1/Tg,)]

Equation 6 indicates that the aileron-to-rudder shaping required to
maintain coordinated flight (g = 0) is directly related to the separation

between the aileron (wheel or stick) and rudder (pedal) sideslip zeros.

As a basis for direct correlation with pilot copinion, a '"rudder shaping

parameter,”" p, is defined in "theoretical" form as
b= (Tpy/Tay) ~ 1 (7

The frequency response characteristics of YéF, Eq. 6, as a function of the
gigh of y are shown in Fig, 1 in terms of literal expressions for the Bode
asymptotes. These asymptotes indicate that the magnitude of the coordinating
rudder is a function of Néw/LéW at all frequencies and that the shaping of
the rudder response is determined by py. These parameters are summarized in

terms of their analytical and pilot-centered functions in Table 2.

*¥p1l derivatives are in the stability axis system.
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Figure 1. Asymptotes of Ailercn-Rudder Crossfeed
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TABIE 2

PARAMETERS DEFINING THE LOS REPRESENTATION
OF THE AIIERCN-RUDDER CROSSFEED

ANALYTICAL
PARAMETER FUNCTION PILOT-CENTERED FUNCTION
! Defines shape Determines complexity of rudder
of Yop activity necessary for ideally

coordinated turns. Also defines
rhasing of heading response when
rudder is not used.

Néw/Léw Defines magni- | Determines magnitude of rudder
tude of Y¢p required and/or high-frequency
yawing induced by aileron inputs.

The parameters Ng,/Lg, and p are a natural choice for correlation of
heading control pilot rating data since they completely define the aileron-
to-rudder crosafeed necessary for turn coordination. BSuch an ideal crossfeed
is difficult to isolate with simple flight test procedures, but is never-
theless considered a viable correlation concept because of modern usage
(Ref. 1) which permits simulation and analysis methods to demonstrate speci-

fication compliance.

Since the rudder sequencing with aileron inputs is the key issue, it
was decided to use a 1OS form in the time domain. Assuming a unity high-
frequency gain for the Eq. 6 form, and the ideal definition of up (Eq. T7),
the rudder time history required to coordinate a unit step wheel or stick

input is:
oe(t) = 1+ u(1 — e t/TBr) (8)

Note that &y(t) refers to the rudder pedal motion (thereby including effects
of rudder gearing and accounting for the SAS). Solving Eq. 8 for the rudder
shaping parameter, u:

Bp(t) — 1

=7~ (9)
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The value of t used 1s properly set by the lower limit on the frequency
range of interest for piloted heading control. The simulation experiments
of Ref. 9 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 pertinent to a pilot-centered char-
acterization of crossfeed properties. Recognizing further (Eg. L) that

Tay = —1/L§ is approximately equal to the roll mode time constant, Tg, and
that the latter must generally be less than 1.0 to 1.4 sec for acceptable

roll control (Ref. 1) sets the following limits on the exponential in Eg. 9.

TR < 1.0% /TR < o.0kg

1.47

1A
1A

0.7

Aceordingly, Eq. 9 reduces within a maximum error of 5-10 percent, depend-

ing on airplane class, to

ko= Bp(3) =1 (10)

This simple relationship was used to compute u for the pilot rating corre-

laticons 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 assoclated higher-
order & numerators. For example, a simple washed out yaw rate feedback and
a first-order lagged aileron rudder crossfeed results in seventh-order g
nunerators of unaugmented airplanes. Most of the zerog of these polynomials
cccur at very high frequency, having negiigible effect on the dynamics near
the pilot's crossover frequency, and therefore should not be accounted for
in the shaping function p. The standard procedure utilized to compute the
values of u was to eliminate all roots of the B numerators above values of

6 rad/sec in pairs, i.e., keeping their order relative to each other the

*For smsll, light, or highly maneuverable airplanes.

tFor medium to heavy weight, low to medium maneuverability airplanes.
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same (e.g., a third over fourth would be reduced to a second over third
order, ete.). Roots above & rad/sec which do not occur in pairs are left

unmodified.

The following example illustratea a typical computation of u and the
effect of removing the high-fregquency roots from Eg. 2. The aileron-
rudder crossfeed for one of the Ref. 10 configurations used in the pilot

rating correlations 1s given as:

By  ,19{s — .102){(s — .922) (s + 605.2)
B (s — .057)(s ¥ 5.6)(s + 109.9) (1)

As discussed above, all roots above € rad/sec are removed in pairs and the

high-frequency gain is set to unity, resulting irn the following equation:

{s + .102)(8 — .922) (12)

By
By (s — .057) (s + 5.6)

The rudder time responses to a unit wheel input for Eqgs. 11 and 12 are

plotted in Fig. 2. Removal of the high-frequency rocts is seen to replace

5 ———— Equation ||
------ Equation 12
'5. -
t {sec)

05 1.0 1.5 20 25 30 35

O } — 1 1 1 :
S—

Rudder Peda! Deflection (in.)

-15

Figure 2. Effect of Removing High-Frequency
Roots from £ Numerators
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the initial rapid rudder reversal with a unity initial condition. These
responses are egsentially equivalent to the pilot who sees the necegsity
to use immediate rudder with aileron inputs (which must be removed 1/2 sec

later). The value of p corresponding to this response is 85p(3) -1 = —1.17.

Figure 3 presents typical coordinating (f = 0) rudder time histories
for step aileron inputs on a grid of u vs. NéW/LéW. Moving vertically on
this grid changes the shape (p) of the crossfeed, Yo, keeping the initial
value (high-frequency gain) constant. Moving horizontally produces a change
in the crossfeed gain (NéW/LéW) at all frequencies without changing the
shape. Note that this is consistent with Table 2 and Fig. 1, where it is
shown that i dictates the required ailercon-to-rudder shaping and Néw defines
the megnitude of the gain for all times (and frequencies). The basic shapes
of the time histories in Fig. 3 are indicative of the fundamental assumption
that the rudder time history can be fit by the Eq. 6 form. The basic impli-
cation of this form is that the rudder response is esgentially monotonic in

the frequency range of interest.

For augmented airplanes the effective values of NéW/LéW (which represent
the high-frequency yawing and rolling accelerations) are taken as the high-
frequency gain of the simplified p/8, and o/, transfer functions, e.g., all
roots above 6.0 rad/sec are taken as equivalent gains. In effect this
defines Néw and Léw as the yawing and rolling accelerations due to a wheel
(or stick) input at frequencies above 6.0 rad/sec. A physical interpreta-
tion relating the crosscoupling derivatives Néw and Nﬁ with the rudder sheping

parameter, u, is given in Table 3.

Known values of Ng_/Lg, and u define a unique aileron-to-rudder coor-
dination time history as discussed above, 80 it is possible to establish how
(or if) pilot rating of heading control is dominated by such coordination
requirements by plotting applicable pilot rating data on a grid of p vs.
Ngo/ Lny

A summary of the data sources considered is given in Table 4, Fach 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 NéW/Léw V8. W

in Fig. 4. Only in-flight and moving-base simulator data were considered.
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TABILE 3.

PHYSICAL INTERPRETATION OF u

VALUE OF
RUDDER

SHAPING

PARAMETER

ROLL-YAW CROSSCOUPLING
CHARACTERISTICS

an aileron input.

Ng, and Np are additive, indicating that the
crosscoupling effects increase with time after

Np = /Uy, indicating that all roll-yaw cross-
coupling is due to Ngy
crossfeed ig therefore a pure gain.

The aileron-rudder

-1 < p<Q

-

Ny and N

builds up.

p are opposing.

Initial crosscoupling
induced by Ng,, is reduced by N as the roll rate
Exact cancellation takes place when
nH=—1, resulting in a zero rudder requirement
for steady rolling.

g << =1

Low-frequeney and high-frequency crosscoupling
effects are of opposite sgign, indicating a need
for complex rudder reversals for coordination.
If rudder not used, the noge will appear to
oscillate during turn entry and exit.

TABLE 4. SUMMARY OF CURRENT DATA
TOTAL NUMBER QF
TYPE OF AIRCRAFT DESCRIPTION OF REFER- NUMBER OF POINTS
SIMULATED SIMULATCR ENCE DATA POTINTS MEETING
GROUND RULES
Executive jet Variable stability 11 8k 16
and military T33
Class II
S5TOL Variable stability 10 109 30
helicopter
General aviation | Variable stability 12 26 6
(1ight aircraft) | Navion
Jet fighter- Variable stability 13 36 e
carrier approach | Navion
Space shuttle 6 DOF moving base 5 5g 52
vehicle with Redifon dis-
play (NASA Ames
FSAA)
STOL 3 DOF moving base 2 8 T

(NASA Ames S-16)
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With the exception of one or two points the data from all the sources in
Table 4 coalesce quite nicely. The criterion in Fig. 4 is conservative
in that the few points that do not fit are rated better than the other data

in the same region.
PHYBSICAL INTERPRETATTION

The iso-opinion lines in Fig. 4 indicate that some values of the rudder
shaping parameter, u, are more desirable than others in that they are less
gsengitive to an inerease in aileron yaw. The following obgervations help
to explain this trend in terms of pilot-centered considerations:

1) Moderately high proverse (positive) Néw is acceptable
in the region where p = —1, Physically, this corre-
sponds to a sudden initial heading response in the
direction of turn followed by decreasing rudder
requirements. (Required steady-state rudder is zero
when p = —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 Néw decreage rapidly
a8 U becomes greater than -1. Physically this corre-
sponds to an increase in the requirement for low-
frequency cross control rudder activity (see Fig. 3),
which is highly cbjecticnable.

3) The pilot ratings are less sensitive to the required
rudder shaping when Ng,, is negative (adverse yaw).
Recall that adverse yaw is consistent with conven-
tlonal piloting technigue.

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 rang-
ing 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 (ajileron-rudder coordination)
and that such factors as aircraft size, weight, approach speed, etc., can be
neglected for all practical purposes. Tt is felt that the invariance of
ratings with aircraft configuration is related to the pilot's abiliity to

adapt to different situations and to rate accordingly. Finally, the excellent
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correlations of pilot ratings with the alleron-rudder crossfeed character-
istics indicates that the reguired rudder coordination is indeed a dominant

factor in pilot evaluation of heading contrel.

The rudder shaping parameter is attractive ag a heading control criterion
because the handling quality boundaries are easily interpreted in terms of

pilot-centered considerations.
Ng,,/Lé, NEAR ZERO

Control crosscoupling effects are cbviously not a factor when |NéW/LéW|
is small. This may occur when the basic control crosscoupling is negligible
or with augmentation systems which result in ideal crossfeeds, Ypop, having
denominators of higher-order dynamics than numerators (e.g., the augmented
Néw is zero). For Néw/Léw identically zero, the required aileron-rudder
crogsfeed takes the Bode asymptote form shown in Fig. 5 for unaugmented
conventional airplanes. The rudder magnitude reguired to cocrdinate mid-
frequency and high-frequency aileron (wheel) inputs is seen to be dependent
orn the roll crosscoupling, g/Us — Nﬁ, whereas low-frequency rudder require-
ments are dependent on Nyp. The reguired rudder shaping has the characteris-

ties of a rate system (ramp &, to step 8y input) at low and high frequency.

I Y
's_ Uo NFTR

!
Yer

i
By Ta,

Ta, —ET_"_TS
i (Uo Np

Figure 5. Required Crossfeed for Néw =0
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Accordingly, aileron-rudder shaping per se i1s not the essence of the problem,
which reduces, instead, to concern with the general magnitude of the required
rudder crossfeed. Utilizing the same responge congsiderations as in the com-
putation of u, 8p(3) 1s suggested as the correlating parameter when |N5. /L. |
is small or when the denominator of Yop is of higher order than the numerator.
In order to remove rudder sensitivity effects, which can be separately opti-
mized, 5p(3) = Nérsr(B) is used as a correlating parameter. The gquestion of
what specifically constitutes a “small" value of Nj,/Lg, has proven to be
somewhat difficult to quantify. Reascnably good correlations were found by
plotting the N, /L, < 0.03 pilot ratings vs. 57(3) as shown in Fig. 6. More
recent experience in utilizing the u parameter has revealed several unaccept-
able configurations, where Néw/Léw is slightly greater than 0.0>, that fall
within the acceptable region in Fig. 4. Plotting these configurations on

the 5.(3) criterion revealed the deficiency in all cases tried.

Based on this experience, the rules for application of the u parameter
have been revised as follows. If |NéW/LéW[ < 0.07, plot p vs. Néw/Léw on the
Fig. 4 criterion and &p(3) on the Fig. 6 criterion and utilize the most con-
servative result. Note that &y(3) is simply the 3,(3) used in the p calcu-
lation (Eq. 10) multiplied by L3, [recall that Yép = YCF(NéW/Léw) and that
dp(3) = N or(3)]. If |Np,/Ley| > 0.07 the Fig. 4 criterion is used without
the need to check 5p(3).

COMPLEX RUDDER SHAPING

As discussed earlier, reascnable fits of the HOS to the LOS form implicit
in Eq. 10 presume that the alleron-to-rudder shaping is at least monotonic
in the region of piloted control. This assumes that if the required rudder
coordination to a step alleron input 18 non-monotonic in the region of con-
trol, pilot opinion will be poor. Since we have been unable to find any
configurations which have such a non-monotonic shape, and which have been
tested for pilot opinion of heading control, it is not possible to quantify

the mismatch effects at this time.
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CONCLUSIONS

The main conclusions are summarized as follows:

1} Pilot evaluation of heading control is highly corre-
latable with the aileron-rudder sequencing required
to coordinate turns.

2) Very good correlation has been cbtained with data
from widely varying configurations.
The results to date are very encouraging. The crossfeed parameter
geems to have potential as a hesding control criterion. Additional experi-
mentsl data to investigate certain regions of the criterion planes in Figs. b
end 6 and to inveatigate the effects of complex non-monotonic required rudder

shaping would be degirable.
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APPENDIX

In the Calspan critique (Ref. 14), two example configurations are used
to question the viability of the p parameter. This appendix is presented
not only as a rebuttal, but also to illustrate some examples of proper appli-

cation of the parameter.

The first example is configuration P8 from Ref. 15. It was specifically
chosen (in Ref. 14) because the pilot ratings and flight test commentary
indicated severe deficiencies in heading control (average rating = 8 and
maximum rating = 10, with three pilots)}, yet it plots inside the Level 2
boundary on the current Aﬁ/k specification. The configuration was plotted
on the p criterion boundaries of Fig. 4 and shown to fall within the Level 1
region. Unfortunately, it was plotted incorrectly in that Ng,/Lg, was not
converted to stability axis. More important, however, is the fact that for
low values of control crosscoupling such as for Configuration P8, the 6}(5)
parameter should also be calculated. Since &y(3) is simply &r(3) x Ld,, it
can be obtained directly from Ref. 14, Fig. 3 (which plots 8y vs. time) as
1.7 %X 1.04 = =1.77 (LE',W = 1.04 was obtained from Ref. 15). From Fig. 6 it
can be geen that a 6}(5) of —1.77T represents such extreme adverse yaw that
it does not even fit on the plot! However, if we extend the linear extra-
polaticn, a predicted rating of 8.5 results, which is in excellent agreement
with the pilot ratings. It should be noted that in the strictest sense the
version of u published in Ref. 6 indicated that 54(3) applied when |Ng,/Lsy|
is less than 0.03, whereas a value of 0.035 was utilized in Ref. 1L. How-
ever, it should have been realized thal even a siight reduction in airspeed,
such as would occur when maneuvering, would reduce NéW/LéW to values less
than 0.03. This fact, plus the repeated pilot commentary that yaw coupling
due to roll rate [which is what 5y(3) i1s all about] was extremely objection-
able should have made it obvious that the 6}(3) parameter should at least be
checked. Since the publication of Ref. 6 we have increased the applicable
range of 54(3) from |N§._ /Ls,| > 0.03 to 0.07 with the provision that both u
and &p(3) should be checked and the worst case utilized. It is hoped that
this will remove the necessity to apply engineering judgment in the selec-

tion of the appropriate criterion.
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A benefit from the Ref. 14 critique is that we now have a data point
in a region where no data were previously available. It is gratifying that

this new point supports the extrapolated boundary shown in Fig. 6.

There is continued implication throughout the Ref. 14 critique that a
first-order model must be identified before the u criterion may be applied.
This is erroneous. As stated in this paper and as was stated in Ref. 6,
high-frequency roots (at or above 6 rad/sec} which occur in pairs (denomi-

nator and numerator) should be removed from Yop. No other modification is

required. A simplified crossfeed which also removes the low-frequency roots
is used in Fig. 4 of Ref. 14 to calculate 5x(3). This is nonstandard usage
which if corrected would modify the (Ref. 14) Fig. L time history; accord-
ingly, the Ref. 14 criticism that the simplified (Fig. 4, Ref. 14) crossfeed
proviges nearly perfect coordination gnly out to 7 sec would be modified
somewhat. However, as stated in the p development paper, abrupt aileron
inputs longer than 3 sec are of no interest for c¢losed-loop heading control.
We Wpuld therefore consider the B time history shown in Fig. &, Ref, 1k
representative of excellent coordination for the precision heading control
task,

The second example cited by Calspan (an early version of the YF-16)
alsc turned out to be quite beneficial in terms of lending additional insight
inte application of the pu parameter. In this case the required rudder to
coordinate was found to be extremely non-monotonic (Fig. 8, Ref. 14). The
general nature of the shape of the actual required rudder and the shape sug-
gested by the lower-order equivalent system defined by u is shown in Fig. 7.
The extreme mismatch between the HOS and LOS precludes even a cursory evalu-
ation of u. However, the complex nature of the required rudder to coordinate
a step aileron input would in itself lead one to suspect very poor pilet
opinion of heading control. While Calspan was not sble to produce a pilot
rating for this configuration, it is well known that the original version
of the YF-16 was an extremely poor airplane (pilot ratings of 9 and 10). As
menticned in the paper, no data are available to date to allow us to extend
the longitudinal results of Ref. 7 to the lateral-directional axis, e.g.,
that the existence of a very poor LOS match is in itself a measure of poor
handling. These data, rather than invalidating p, actually provide the first
available data which tend to support the assumed extension of the Ref. 7

results.
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Figure 7. Rudder Time Histories

As noted by Calspan in their presentation, some of the mB values used
by STI in Ref. 6 were in error. This issue was covered in correspondence
between Calspan and STI over a year ago. However, the tendency to mis-
calculate 1) is perhaps an inherent deficiency in the parameter. Witness
the discrepancies for the same flight conditions between the wvalues of s

which appear in two separate Calspan authored reports:

WB (deg)
Configuration Reference 4 Reference 11
2P2 —295 54
3NO -189 o2k
3p2 —3hk -290
4pp =332 —208
12A2 207 —-159
12A1 —210 —-167
12P2 =356 —291

No attempt hae been made to determine which of these represents the "correct®

values of g
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Finally, Ref. 14 states that "crossfeed of aileron stick through a
sheping network is an idealization that does not properly represent the
task the pilot must accomplish." We could eagily take issue with this
statement by noting the lack of positive evidence {in Ref. 14) experimen-
tally quantifying the pilot's rudder activity, e.g., in describing func-
tion or other terms. However, in fact it does not even matter what inter-
nal feedbacks the pilot must use to generate the appropriste rudder; what
does matter is the characteristic shape and magnitude of the rudder required
to coordinate stick inputs no matter how the pilot chooses to generate ift,
If the magnitude is large, or the shape complex, he will neot like it. In
fact, he may not use the rudders at a2l1l, in which case the complex shaping
or large magnitude required will show up as a lack of consonance between

bank angle and yaw rate.
QUESTIONS AND ANSWERS

1. Ralph Smith: Is there a difference in short time tracking performance

from adverse to proverse yaw at the corresponding Level 1 boundaries?

Yes, ©Short term tracking performance was best for p = —] and proverse
NaW/Law. Physically the heading response leads the bank angle in this
region which tends to give abrupt lateral motion at the cockpit but results

in very tight tracking.

N
2, Chick Chalk: How is 54:(3) normalized when oo < 0.03.
B4(3) = N3 br(3). Tmplication is that N§ is removed and can be sepa-

rately optimized. Also note that dp(3) is calculated any time < 0.07.

Néw
LEW
3. Dwight Schaeffer, Boeing: What happens if a lot of B is needed to

coordinate turn?

Coordinated turn is defined as when yaw and roll are in consonance, €.g.,
r = (g sin @)/V. We have assumed that this is well approximated when £ and B

are zero, Vviz.,

1t

gin
(s — YV)B +r+ &_TE Ygrﬁr + Ypr

Underlying assumption is Yg,. + ¥, = O
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Ly, Jerry Lockenour, Northrop: It would be instructive to show 3y coordina-
tion for aileron pulse instead of a step because B (Byregord) transient upon
input removal is important. Alsc for depressed reticle bomb sights sideslip
upon ailercn removal can be helpful in minimizing the "pendulum effects.”

Any comment? Did you consider Lg.?

a. Our philosophy in showing an aileron step is that it is illustrative
of the pilots rudder action required to initiate a bank. Once the bank is
established, the removal of aileron is considered to be a step in the

opposite directicn.

b. The use of sideslip to guicken the heading response shows up in the

L parameter as a ''bulge"” allowing large proverse Ngw/LéW at g4 = —1.

c. Ls, is implicit in the p numerators. The answer is therefore, yes.
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