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Effects of Manual Altitude Control and Other Factors
on Short-Period Handling Quality Requirements

RoBERT L. STAPLEFORD™ AND IRVING L. ASHKENAST
Systems Technology Inc., Hawthorne, Calif.

Several factors that appear to affect short-period handling quality requirements are re-
viewed with particular attention paid to manual control of pitch attitude and altitude. The
effects of the various short-period parameters on the pilot’s closures of these two loops are
examined. Other factors that are considered include attitude overshoots, flight-path and
attitude consonance, gust responses, flight condition, and vehicle type. It is found that in
several cases the factors produce conflicting requirements. For example, attitude and alti-

tude-control requirements can be conflicting.

A very encouraging correlation between the

expectations based on analysis and existing experimental data is found. From this correla-
tion, several handling quality requirements for landing and cruise conditions are formulated.
It is also shown that short-period requirements cannot, in general, be reduced to two or

three simple parameters.

Nomenclature
Ag = gain factor in 8/8, numerator, see Eq. (1)
h = altitude
j = (=1)v2
K, = low-frequency (Bode) gain of Y}
Ko = low-frequency (Bode) gain of Yy
M = Mach number
M, = pitching acceleration due tec pitch rate, ¢ = 6
M., = pitching acceleration due to velocity along Z axis, w
M, = pitching acceleration due to linear acceleration along
Z axis, w
Mo = UM,
Ms = UM,
Ms, = pitching acceleration due to elevator deflection 8,
Ny = numerator of y/x transfer function, where y = 6 or

h; * = 8. 0rwy
Nl"%e ’n/y and 6/8, coupling numerator

If

q = pitch rate, 6

s = Laplace operator, s = o + jo

Ti = pilot lag-time constant

TL = pilot lead-time constant

Virs = time constant in /8, numerator, see Eq. (1)

U, = aircraft steady-state velocity

w = velocity perturbation along 7 axis

wy = vertical gust velocity

Y = pilot transfer function in altitude loop

Yi = pilot transfer function in rate-of-climb loop

Yo = pilot transfer funection in attitude loop

Zy = acceleration along Z axis due to velocity along Z
axis, w

b = L’T()Zw

Zs, = acceleration along 7 axis due to elevator deflection &,

@ = angle of attack

3. = elevator deflection

A = denominator of aircraft transfer functions

Cop = damping ratio of short-period mode

6 = pitch angle

o = real part of s

T = pilot time delay

w = imaginary part of s

Wsp = undamped natural frequency of short-period mode
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Introduction

HORT-PERIOD handling quality requirements have
been the subject of much experimental and analytical
activity in recent years (e.g., Refs. 1-17). Numerous experi-
ments have been run with fixed-base simulators, moving-base
simulators, and variable stability airplanes. Attempts to
correlate the data so generated have resulted in the proposed
use of several widely different correlating parameters. Un-
fortunately, all of these have been unsuccessful in correlating
all the data. To quote one of the more recent experimental
studies,! “None of the currently proposed criteria are com-
patible with the data obtained in this flight program.”

Analytical investigation of this problem area clearly shows
that there are certain fundamental difficulties to correlating
all of the data with a few parameters. The data must at
least be segregated into different flight regimes. Even then
there are several, often conflicting factors that apparently
affect pilot ratings.

One objective of this paper is to provide a compendium of
current knowledge on the factors that appear to affect short-
period handling qualities. Accordingly, it collects and
integrates material scattered throughout the existing litera-
ture which, hopefully, is given proper credit. However, not
all of the basic material reported here has been published
previously, the most notable original work being the analysis
of manual “Altitude Control” in the article so titled.

After examining each of the factors, an attempt to correlate
the analytical results with existing experimental data is made.
Separate correlations are considered for two flight conditions—
landing approach and cruise. The correlations are generally
quite good, and several conclusions regarding short-period
requirements are drawn.

Attitude Control

Attitude control is a basic requirement in almost all manual
flight situations, and good attitude control is essential to good
pilot ratings. Pitch angle 6 feedback to the elevator 6, is
often used by the pilot to stabilize an aireraft and is fre-
quently the inner loop for other tasks, such as altitude con-
trol. Fortunately, the analysis of manual control of atti-
tude using the pilot describing function model™ is in a quite
well-advanced state-of-the-art except for the possible effects
of motion cues.
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Fig. 1 Attitude control, single-loop closure (8 — 3.3
- - - with pilot lead or lag; —— without pilot equalization.

In the following general survey of attitude control,} we will
use the short-period approximate equations of motion which
assume constant airspeed and result in the attitude-to-
elevator transfer function given by

0 Agls+ (1/Ty)]
5:: 3(32 + 2§‘spwsp8 -+ wspz)

ey

where
Ay = Ms, + Zs, M5,

41* _ —Zut (Zs./ Ms) M, .
Ty 1+ Zs/Ms)M,

—Zw

2wy = —Zw — M, — Mg
wopl= —Ma + Z,M,
The pilot describing function model® has the general form
Yy=K\(Trs+ Ve /(T + 1) 2

where for present purposes 7 = 0.3 sec and A particularizes
the loop being closed (e.g., 6 at present, & later).

We will now consider four different combinations of short-
period frequency ws, and numerator inverse time constant
1/T4:  ws, appreciably smaller or larger than the crossover

1 Analysis procedure is similar to that employed in Ref. 15.
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frequency in the attitude loop, which is approximately 2
rad/sec in flight!®; 1/T,, either relatively small or larges$
To establish a feeling for reasonable values of (., ws,, and
1/T4,, some typical values for these and other parameters, to
be discussed later, are listed in Table 1.

The Bode amplitude asymptotes (right) and root locus
sketehes (left) of Fig. 1 show manual loop closures for these
four cases. The closed-loop poles for the equalized pilot are
indicated by the solid rectangular symbols and distinguished
by the single prime notation. From Figs. 1a and 1b we see
that if the short-period frequency is low, the pilot is required
to generate lead to obtain a satisfactory attitude loop, i.e.,
to make the open-loop produet ¥4(8/6.) look like K /s in the
region of crossover. Furthermore, the amount of lead he
must introduce increases (1/7 .. decreases) as 1/7, increases.
(Compare the 1/T, locations in the root loci of Figs. 1a and
1b.) It can also be appreciated from the figures that if the
damping ratio of the short period were decreased, the pilot
would have to supply more lead. As ¢, decreases, the Bode
phase near crossover (not shown) is decreased, and the pilot
must increase his lead to restore the phase. Because of the
degrading effects of lead on pilot rating, cases of low short-
period frequency cannot achieve the best pilot ratings.

From Figs. le and 1d we see that for high short-period
frequencies, the pilot introduces lag to make the open loop
look like K /s in the region of crossover (he may also add a
high-frequency lead if it would be beneficial). In this case,
his Jag time constant 7T'; is approximately T, to provide a
long K/s-like region. Since pilot ratings are generally inde-
pendent of the amount of lag required, 1/, should have a
relatively unimportant effect on attitude control if the short-
period frequency is high. In this case, the bandwidth limita-
tions on the attitude loop are set primarily by the damping
Copwsp Of the short-period mode as shown in Appendix IT of
Ref. 30. Accordingly, a given crossover frequency requires
a minimum value of {,we; and for a given level of {pwep,
the open loop is largely invariant below crossover, with per-
formance and pilot rating remaining fairly constant despite
variations in we, or 1/T,.3t

The preceding discussion indicates that for good attitude
control the pilot would prefer a high short-period frequency
and relatively high damping, regardless of the value of 1/T%,.
However, upper limits on acceptable values of short-period
frequency are set by two additional considerations. First, if
high short-period frequency is produced by a very large value
of —M,, then the pitch response to a vertical gust is quite
severe. This particular constraint does not apply if the

h
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8, 3,
Yo el w2

a) Series closures

8
L S EH

b) Parallel closures

Fig. 2 Block diagram of series and parallel attitude and
altitude closures.

§ An upper limit on 1/Ty, is 2¢spwsp because 1/Tg, = —Zu,
Uspwsp = —Zw — My — Mg, and M, + Mg is rarely, if ever,
positive,



JAN.-FEB. 1968

SHORT-PERIOD IHANDING QUALITY REQUIREMENTS 43

Table 1 Survey of typical short-period characteristics

UO: h: Zar Zw7 I/Toz; Wsp,y
Aircraft fps M 103 ft. ft/sec? sec~1 sec~1 Csp rad/sec Refs.
Landing approach
F-6A (F4D-1) 202 0.18 0 —180 —0.89 0.66 0.31 2.6 20
F-106B 223 0.20 0 —176 —-0.79 0.77 0.69 0.87 21
F-94C 235 0.21 0 —160¢ —0.69¢ 0.69 .50 1.3 22
RA-5C (A3J-3) 211 0.19 0 —120 —0.57 0.53 0.46 0.91 23
Boeing 727 194 0.17 0 —110 —0.57 0.57% 0.50 0.90 24
Boeing 707-320 223 0.20 0 —130 —0.59 0.65 0.39 0.76 25
ChHA 206 0.185 0 —81 —0.39 0.39° 0.61 0.81 26
B-52 333 0.30 2 —150 —0.46 0.46° 0.58 1.4 24
Delta wing SST 235 0.21 0 —210 —0.88 0.88? 1.0 0.68 27
Low altitude, high speed
F-106B 1004 0.90 0 — 2600 —2.6 2.3 0.41 5.0 21
F-94C 960 0.86 0 —2800¢ —2.9e 2.9 0.62 5.0 22
B-52 675 0.60 0 —740 —-1.1 1.1® 0.57 2.4 24
High-altitude cruise
F-106B 1936 2.0 40 —1520 —0.79 0.64 0.13 5.3 21
F-94C 715 0.73 35 — 540 —0.75¢ 0.75 0.31 2.1 22
Boeing 727 728 0.75 40 —340 —0.47 0.47° 0.30 1.4 24
B-52 747 0.77 50 —135 —0.18 0.18 0.29 1.2 24
Delta wing SST 2910 3.0 70 - 380 —-0.13 0.130 0.15 1.7 i1
¢ Estimated from Z, = —1/T6,, Za = UsZy.
b Tstimated from 1/T6¢, = ~— Zy.
short-period frequency is high because of a pitch-angle-to- closed. In the series closures, equalization in the attitude

elevator automatic feedback, but then the load factor re-
sponse becomes excessive. The second problem with very
high short-period frequencies is that high control sensitivity
M, must be provided to obtain reasonable control forces per
g. This will cause large initial pitching and linear accelera-
tions at the cockpit if the control is moved abruptly, an
eventuality that can be avoided by command shaping on a
stick-steering control system. However, the high sensitivity
may still present serious practical problems in trimming the air-
craft.

Altitude Control

Direct control of altitude with the elevator is generally im-
possible because of the airplane-response lags involved. A
direct rate-of-climb inner loop is obviously desirable, but un-
fortunately most rate-of-climb instruments have lags which
are too large to make the instrument usable in a tight control
situation. Accordingly, the pilot will usually use an atti-
tude-to-elevator inuer loop to provide lead for his altitude
control. Simultaneous pilot closure of attitude and altitude
loops can be effected with two different control techniques
referred to as series or parallel closures as shown in Fig. 2.

Series closures are more consistent with pilot comments on
how they fly an airplane than are parallel closures. In the
series closures the pilot makes an altitude correction by bias-
ing his attitude up or down an amount proportional to the
altitude error. Although series closures might appear more
consistent with general piloting technique, we will show
that in some cases parallel closures would give better altitude
control.

The primary difference between the series and parallel
closures can be seen by comparing the characteristic deter-
minants for the two types of control technique,

series closures

A" = A+ YeN4, + YiYNs, 3)
parallel closures
A" = A 4 YeNi, + YiN3, @)

where the double prime indicates that two loops have been

loop is also effective in the altitude loop, whereas with parallel
closures, equalization in the two loops is independent. To
show how attitude-loop leads and lags get into the altitude

loop, let us rewrite the characteristic determinants assuming
that

Vo= Ke(Tus+ 1)/(Tis + 1) &)
and
Yh == I{h (6)

Then we have
series closures

Ko(Tus + 1)
TIS + 1
W_A’

1()11{0(TL8 + 1)
TIS + 1

A" = A + N&+

—

N5 @

A"(Tis + 1) = (Tus + DA + Ko(Tss + DNG, +
KiKo(Tws + 1)N5,
parallel closures
Ko(Trs + 1)
Tis+ 1
A’
A'(Tis+ 1) = (Tis + DA + Ko(Tis + 1)N3, +
Ki(Tis + 1)NG,

Thus with series closures, the attitude lead carries over into
the altitude loop, while with parallel closures, the attitude-
loop lag appears as an altitude-loop lead.

Let us first consider series closures for the four cases of
short-period dynamics which were treated previously.
Sketches of the resulting altitude-loop closures are shown in
Fig. 3.9 The key conclusions (explained below) to be drawn

A" = A+ NS, + KNG, (8)

T In the sketches of Fig. 3, the results of the attitude closure
A’ are transferred from Fig. 1, and the relatively high-frequency
zeros of the h/8. numerator have been omitted.
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Fig. 3 Altitude control, series closures (6, h — ).

from this figure are 1) low 1/T, results in poor altitude band-
width; 2) the series closures are beneficial for the low short-
period frequency cases because the attitude lead is helpful in
the altitude loop; and 3) the series closures are detrimental
for the high-frequency cases because the lag in the attitude
loop degrades the altitude loop. The first conclusion is
easily seen (see also Ref. 28). First consider the low we,
case. If 1/T,, is low, the attitude loop will drive the free
s nearly into the zero at —1/Ty, (Fig. 1a). This low-fre-
quency root (—1/Ty,’) plus the additional free s in the alti-
tude loop severely limit the altitude-loop bandwidth. In
the high w,, low 1/T4, case, the attitude loop will have a
pilot lag 1/T; near 1/T,, and there will again be a closed-
loop root, 1/Ty," near 1/Ty,. With series closures, this low-
frequency root will then severely limit, the altitude-loop band-
width (even more than for the low w, case).

The other two conclusions just stated follow directly from
the observation that any additional lead usually improves
the altitude loop. Thus, for low w.,, when the pilot is using
lead in the attitude loop, series closures are desirable, because
the attitude lead is then present in the altitude loop; for high
wep, When the pilot is using lag in the attitude loop, series
closures are detrimental. TFor the high short-period fre-
quency cases, better altitude-loop bandwidths are obtained
if parallel closures are used. Then the attitude-loop lag acts
as a lead in the altitude loop to offset the modified lag resulting

J.  AIRCRAFT

from the inner-loop closure as illustrated in the sketch of
Fig. 4. If parallel closures are used for the high-frequency
cases, then the altitude-loop bandwidth is limited primarily
by the damping of the short-period mode as modified by the
inner loop.

Recent, unpublished experiments have verified these
analyses for the low w., cases. The measured pilot de-
seribing functions show series closures with lead equalization
in the attitude loop and nearly a pure-gain altitude describ-
ing function. Data were obtained only for ws, = 0.76 rad/
sec. Consequently, several questions about the manual
control of a configuration with low 1/7T,, and high short-
period frequencies remain unanswered. For example, will the
pilot change to a parallel closure technique to improve his
altitude-loop bandwidth? And if he does so, will he be con-
scious of an unusual control technique and degrade his
opinion accordingly? If the pilot cannot or will not adopt
the parallel closures, then for configurations with low 1/T,,,
better pilot ratings might be obtained with a low short-
period frequency than a high frequency. With the low
frequency, he would then have the beneficial effects of his
inner-loop lead in the altitude loop.

It should be pointed out that the previous discussion of low
1/Ty, effects might be altered significantly if the pilot had
available a good rate-of-climb display, i.e., a rate-of-climb
display with very low lags. In that case, the pilot could close
a series altitude rate loop to increase effectively the frequency
of the root near 1/T,. An example for the low w,y,, low 1/T,
case is shown in Fig. 5.

Additional Factors

In addition to the previous considerations, several other
open- and closed-loop factors may enter the picture. One
of these, already mentioned, is the altitude response to a
vertical gust which, with a tight attitude inner loop, is ap-
proximated by

< 3 ) _ NI+ YoNii  NLG
we)oms, A4 YNS, T N,
ZwMBe - ZﬁeMw N —1

siMs, + Zs.My)s — ZoMs, + ZsMu]  s(Ths + 1)

Consequently, increasing 1/T,, increases the altitude and
acceleration responses to a vertical gust [not very surprising
in view of 1/Ty, = —Z,, Eq. (1)]. This is the second detri-
mental effect of large 1/Ty,. The first was the requirement
for increased pilot lead in the attitude loop if the short-period
frequency were low.

Other closed-loop factors include those related to the
parameter Z,, which is equal to UsZ,. When |Z,| is very
large, the aircraft can be maneuvered with very small angle-
of-attack and attitude changes; and the pilot cannot discern
the desired pitch changes on a conventional artificial horizon.
This problem has occurred, for example, in simulations of the
supersonic transport during cruise. In this case, because of
the high speed, |Z,| is large, about 380 ft/sec?/rad or 0.2
g/deg, even though |Z, = 0.13 sec™! is small. One solution
to this problem is to provide the pilot with an attitude dis-

)
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Fig. 4 Altitude control, parallel closures for high w,,.
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play with increased sensitivity. 1f such an improved display
is not furnished, the pilot will substitute some other inner
loop for the attitude loop. In the simulations of Ref. 2, the
subjects said they used normal acceleration in place of atti-
tude. However, substituting normal acceleration for atti-
tude replaces the zero at 1/T, with one very near the origin.**
The potential altitude-control problems due to having, in
effect, a very small 1/T,, were discussed earlier. Apparently,
the Ref. 2 subjects compensated for the adverse effects of
replacing attitude with acceleration feedback by making more
use of the rate-of-climb display. It should also be noted
that the Ref. 2 simulations were for cruise conditions where
the altitude-control requirements are rather loose.

A second problem resulting from large |Z,|, also noted in
Refs. 2, 15, and 31, is the selection of control sensitivity.
With the control sensitivity selected to give good afttitude
control, a large |Z,| will make the acceleration response of the
vehicle much too sensitive. The pilot would then be con-
cerned about inadvertently overstressing the aireraft (or
jostling the passengers in a transport). In the simulations
of Ref. 2, it was found that if |Z,} were less than about 320
ft/sec?/rad, a pilot would pick the control sensitivity that
gave him essentially the same attitude gain in the frequency
band of 2-3 rad/sec for all configurations. For larger |Z,|
the pilots had to compromise their desire for good attitude-
loop gain with that for avoiding overstressing the airplane.
Consequently, they would select a control sensitivity less
than the optimum on the basis of attitude control alone.

Large |Z,] problems should be most severe for low-altitude,
high-speed flight, where the largest |Z,|’s usually occur
(see Table 1). Configurations in which |Z,| is very small
also have a problem; then large attitude excursions are re-
quired to get reasonable altitude response. Physically the
explanation is quite simple—if |Z,] is low, the pilot must use
large attitude changes to get sufficient angle of attack to
generate enough lift to move the airplane vertically. This
effect is clearly shown in the attitude-to-altitude ratio for
elevator inputs, which for the short-period approximation
and the generally valid inequalities |ZsM. <« |Z.Msl;

|Zs,M ;| < |Ms,] is given by
6 Ny o, Mss(s — Zu) (10)
h o Ny —=Zsst— M, + Mys+ Z.Ms/Z5,)]

The asymptotes of this ratio are sketched in Fig. 6. Thus,
over the broad frequency region from —Z,, to |Z,Ms./Zs)"2,
the attitude deviations required to obtain a specified altitude
response are inversely proportional to —Z,.

The importance of this problem depends not only on the
value of —Z,, but also on the frequency range of interest.

Table 2 Three short-period factors

Refs. Factor Effect of key parameters
2 Pitch rate (or attitude) Gp O 1/Tg, wsp much less
12 overshoot for step (or than unity produces
24 impulse) elevator large overshoots
34 deflection

2 Flight path and attitude Lagbetween flight-path

29 consonance angle and pitch attitude
is excessive for small
1/T02

Inereasing wsp increases 6
response and decreases
h response

Increasing 'Z, increases
h response

Open-loop gust response
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Fig. 5 Altitude control with rate-of-climb loop.

Situations where tight altitude control is unnecessary and
the altitude bandwidth can be low, as in cruise flight, are
not nearly so critical as during landing approach, where |Z,]
may be small, large attitude changes undesirable, and good
altitude control a necessity.

Three other widely recognized factors are listed in Table
2 (and more fully discussed in Ref. 30).

Effects of Flight Condition and Vehicle Type

Many attempts to correlate data from different sets of
experiments have been frustrated by the differences in flight
condition or type of vehicle being considered. Requirements
for accurate tracking are clearly a strong function of the flight
condition; e.g., the pilot is more interested in maintaining
tight path (altitude) control in the landing approach than
he is during cruise. Consequently, differences in flight condi-
tion can lead to differences in the pilot’s emphasis on his
ability to maintain close control over attitude or altitude.

Maneuver limitations on normal acceleration and pitch
attitude are also strongly dependent on vehiele type and flight
condition. The maneuver limitations on a fighter aircraft
are certainly different from those of a commercial transport,
and the limitations in landing approach differ from those in
a combat condition. In considering closed-loop tracking
ability for a given configuration, we must therefore consider

Yao
28,

Fig. 6 Attitude/alti-

** In the short-period approximation, the zero is exactly at tude ratio.

the origin. The acceleration numerator also has two zeros which
are generally of too high a frequency to significantly affect
manual control.
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not only the achievable bandwidth in the loops, but also the
variations in certain parameters which will result from the
closures. Even good tracking performance is not aceeptable
if achieving it requires excessive attitude or acceleration
excursions. 3

Clearly, the preceding effects should be taken into acecount
when attempting to correlate different sets of experimental
data. Although it is not suggested that experiments with
some differences are completely uncorrelated, some adjust-
ments must be made to account for the change in emphasis
which is inherent in either using a variety of flight conditions
or simulating a different class of vehicle.

An example of flight condition effects is contained in the
data of Ref. 11. This was a moving-base simulator study
of a supersonic transport during cruise. Pilot ratings of 1.5
on the Cooper scale were obtained for a set of augmented
vehicle characteristics given by

Cop = 0.61 wep = 1.34 rad/sec
Z, = —0.13 sec!

An analysis of this flight condition showed that the achievable
bandwidth of an altitude loop with an attitude inner loop
was very low, on the order of 0.1 rad/sec. Although such
poor altitude bandwidth would be unacceptable in a landing
approach, it is apparently quite acceptable during cruise
where the altitude control requirements are greatly reduced.

Analytical-Experimental Correlation

In this discussion we will attempt to show that the analyti-
cal factors discussed earlier are consistent with the existing
handling quality data. Because of the strong effects of flight
condition, the correlation will consider two conditions sepa-
rately: landing approach and cruise.

Landing Approach

During landing approach the pilot places heavy emphasis
on his ability to control altitude. As shown in the closed-
loop analyses already presented, altitude control is primarily
a function of three variables: short-period frequency wgp,
short-period damping ratio {., and attitude zero 1/7,.
Let us consider how we would expect pilot rating to vary
with w,, for different 1/T,,’s, but with ., held constant at
a ‘“‘good” value.

For very low w,,, appreciably less than 1 rad/sec, the pilot
ratings should be poor regardless of 1/T%, because of the
large amount of pilot lead required in the attitude loop. De-
creasing 1/T,, will somewhat reduce the amount of pilot lead
required but will also degrade the altitude control. For
very low w.p, the net effects of 1/7T, are uncertain.

For high w,, and high 1/T,, pilot ratings should be good.
Required pilot equalization in the attitude loop is at worst a
slight amount of lag, and altitude control is good. For very
large wsp, pilot ratings may deteriorate because of the factors
mentioned at the end of ““Attitude Control”—pitch response
to gusts and problems associated with high control sensitivity.
However, for the maximum frequencies usually associated
with approach conditions, such deterioration is expected to
be mild.

Let us now consider what happens at high w., if 1/T, is
low. A large amount of pilot lag is required in the attitude

loop, and the attitude responses to step (or impulse) inputs
have large overshoots. Also, the altitude bandwidth will
be poor unless the pilot uses the unfamiliar parallel closure
technique. Even then, although theoretical improvements
in bandwidth are possible, these can only be obtained with
inereased pitch overshoots which the pilot may (subeon-
sciously) reject as unacceptable, so that the net practical
improvement in bandwidth is probably small. Consequently,
with low 1/7T,, pilot ratings should be poor at both very low
and high we,. If 1/7, is above some unknown minimum,
there should be some w,, for which both the attitude equaliza-
tion and achievable altitude bandwidth are acceptable.
Thus, we would expect the variations of pilot ratings with
wsp to take the forms sketched in Fig. 7.

We will now examine some actual pilot rating data plotted
in similar form. In selecting the data to be used in this
comparison, the following restrictions on the test conditions
were imposed. 1) The simulated flight condition must have
been landing approach. 2) The short-period damping ratio
¢sp must have been good (the data actually used fall in the
range 0.35 < {,, < 0.8). 3) Pilot ratings were not signifi-
cantly degraded because of problems not related to short-
period dynamics, such as operating on the back side of the
drag curve, poor lateral-directional characteristics, or poor
stick gain.tt The available data that meet these restrictions
are given in Fig. 8, and additional information on the test
conditions is listed in Table 3. The range of w,, tested for
the lowest 1/Ty, (approximately 0.30 sec™, + symbol) is
too small to give a complete picture, but that which is shown
is not inconsistent with the predicted trends. The data for
moderate values of 1/T,, 0.47 — 0.80 sec™! (open symbols)
clearly agree with the trends predicted in Fig. 7; likewise
for the data for large 1/T,, 1.0-2.0 sec™! (solid symbols).
Furthermore, the data show a remarkable consistency con-
sidering the differences in test conditions (fixed base, moving
base, and flight) and in the type of aireraft simulated (from
fighters to very large transports).

Based on this analytical-experimental correlation, the
following conclusions would seem valid for landing approach:

1) There is a minimum w.;, roughly 1 rad/sec, below which
satisfactory pilot ratings cannot be achieved, regardless of
the value of 1/7T,,.

2) Batisfactory ratings for 1/, as low as about 0.5 se¢™!
are possible if w,p is In a narrow range centered roughly
about 1 rad/see, and ¢, is also good.

3) Increasing 1/T,, broadens the satisfactory we, region
and shifts it to higher frequencies and improves the pilot
rating at the optimum wsp.

4) The various effects of {yp, wsp, and 1/T, are too complex
to be correlated with one or two parameters even for optimum
Ms,; in general, all four parameters must be considered.

Cruise

The major difference between cruise and landing approach
is the lower requirement on altitude control during cruise.

~—
al wep=936

Pilot Rating

1 1 1

L L
o t
2 wgp(rad/sec) 3 4 s

Fig. 8 Pilot rating data for landing approach.

11 For those tests in which pilot stick-to-elevator gain was
varied, only the data for the optimum gain were used.
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For example, as noted in “Effects of Flight Condition and
Vehicle Type,” altitude bandwidths as low as about 0.1 rad/
sec are apparently quite satisfactory. Consequently, 1/T,
is expected to have considerably less effect, in cruise than in
landing, on pilot ratings for high w.,. This is shown in Fig.
9 by the satisfactory pilot ratings for 1/7, as low as 0.13
sec L.

Unfortunately only a relatively small amount of cruise
data could be found. It should be noted that the almost
classic data from Refs. 10 and 14 were omitted for three
reasons. First, a different rating system was used; second,
some of the ratings are bad because of poor stick gains; and
third, the ratings considered combat maneuvers as well as
cruise.

It appears that the handling quality requirements for
cruise are much simpler than for landing. A minimum s,
on the order of 1 rad/see, is required as well as a good damping
ratio.

Summary and Recommendations
Summary

Several factors that appear to affect short-period handling
quality requirements have been reviewed. These factors in-
clude attitude control, altitude control, attitude overshoots,
flight path and attitude consonance, gust responses, and
flight condition and vehicle type. It was found that in
several cases the factors produced conflicting requirements;
for example, the effects of short-period frequency in landing
approach if 1/T, is low. When w,, is very low, pilot ratings
will be poor because of the large amount of pilot lead required
for attitude control; for high w.,, attitude control is good, but
altitude control is poor, and there are large pitch overshoots.
The optimum w,, is then a compromise between attitude and
altitude control.

An attempt was made to correlate the analytical results
with existing handling quality data for two flight conditions:
landing and cruise. The results were very encouraging.
From the analytical efforts and the experimental data, the
following conclusions were drawn for the landing case con-
sidering optimum control gain:

1) Satisfactory pilot ratings cannot be achieved if the
short-period frequency is below a minimum value, which is
roughly 1 rad/sec.

2) BSatisfactory ratings can be achieved with 1/T, as low
as about 0.5 sec ! if the short-period frequency is in a narrow
range, roughly centered about 1 rad/sec, and the damping is
good.

3) Increasing 1/Ty, broadens the satisfactory wy, region
and shifts it to higher frequencies, and improves the pilot
rating at the optimum short-period frequency.

Table 3 Key to Fig. 8 data

Estimated
1/Ty,, Type of  Optimum
Symbol sec™! simulatore gain Csp Ref.
+ 0.30 MB 0.49-0.72 33
©) 0.47 ¥B 0.64 12
& 0.50 VS 367-80 Yes 0.70 33
& 0.50 FB Yes 0.50 6
¥ 0.57-0.93 MB Yesx 0.57-0.76 33
A 0.65 Vi3 367-80 0.53 33
G 0.74 FB 0.70 7
c 0.80 VS B-26 Yex 0.70 26
o 1.0 Vs T-33 Yes 0.35-0.76 13
| 1.0,2.0 FB Yes 0.75,0.63 6
* 1.9 FB 0.64 12
v 2.0 VS8 NAVION Yes 0.36-0.75 1

¢ I'B = fixed base; MB = moving base; VS = variable stability
airplane.
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© Ref.ll  MB 14T+ O3 sec”, £ = O8I
ORef.8 VS F-86 1Ty :li0sec,05 g, 07
2 -l =
& Ref. 32 FB /75,7014 sec”, £ ;=036
FB= Fixed Base Simulator

MB= Moving Bose Simulator
VS = Variable Stobility Airplane

Pilot Rating
N

)
vy .
@®

3 4
wgp(rod/sec)

Fig. 9 Pilot rating data for ecruise.

4) The effects of short-period frequency and damping and
1/T, are too complex to be correlated with one or two param-
eters; all three, plus control gain, must be considered.

For the cruise conditions the effects of 1/T,, are much re-
duced. The primary short-period requirements for cruise
appear to be short-period frequency greater than a mini-
mum, which is roughly 1 rad/sec, and good damping.

Recommendations

Although the results of the analytical-experimental correla-
tion are highly encouraging, additional experimental and
analytical activity is desirable. Further experimental veri-
fication of the analytically predicted trends should be ob-
tained and more accurate parameter boundaries should be
established. A series of carefully planned, systematic ex-
periments, with a great deal of analytical support, are there-
fore recommended.

The first step should be an investigation of the effects of
1/, $sp, wep, and Z, on altitude control. Differences in
flight condition and class of vehicle should be examined for
optimum values of control gain. The effects of a good (very
little lag) rate-of-climb display should also be studied. Fu-
ture aircraft may have such instruments, and that could
relieve some of the tracking problems described earlier.

This first phase could be accomplished on a relatively
simple, fixed-base simulator. Although not essential, mea-
surements of the multiloop pilot-describing functions during
this task are highly desirable. This would allow more
generalization of the results for this task, and the data should
also be applicable to other multiloop piloting tasks, such as
hovering over a spot. In the second phase, the effects of
other factors should be investigated by using a more realistic
simulation, preferably moving-base or a variable stability
airplane. Correlation of the phase one and two results
should help quantify the effects of the other factors.
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