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ABSTRACT

Two methods are described for predicting the handling
qualities of am aircraft in pitch. Both methods are based on
minimizing a pilot rating expression with respect to free
pilot parameters. In one case the pilot rating expression was
developed from a set of moving base simulation data. In the
other case, the pilot rating expression was developed from a
set of fixed base simulation data. 1Ia both cases pilot rating
is primarily a function of pitch attitude and pitch rate;
however, in the moving base case, the pilot rating is more
sensitive to pitch rate than in the fixed base case. For each
method, predicted pilot ratings and performance measures agree
well with the measured data corresponding to that case, Both
methods are used to predict pilot ratings for a set of flight
test configurations and the results of the two methods agree
to within one half a rating unit. The predicted ratings in

both cases correlate well with the actual pilot ratings from
the flight tests.

INTROOUCTION

The paper pilot concept for predicting aircraft handlinrg

qualities in a specified piloted task is based on the following
hypothesis.

1. For a well defined task, the pilot rating is a func-
tion of the closed loop performance and the pilot workload.
This function is called the pilot rating expression.

2. The predicted pilot rating can be obtained by mini-
mizing the pilot rating expression with respect to free pilot
parameters in the closed loop pilot-vehicle model. (The lower
the rating--the berter the handling qualities.) The minimal

value of the pilot rating expression corresponds to the pilot
rating for the task.

The paper pilot concept was successfully used to develop
a method of predicting the longitudinal handling qualities of
2 VIOL aircraft in a precision hover task (Refs 1 and 2). 1In
this case the pilot rating expression is a function of rms
pitch rate, ras longitudinal hover error and two pilot lead
time constants in the pilot model. The predicted pilot
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ratings agree well with actual pilot ratings from a fixed base
flight simulation study (Refs 3 and 4).

The paper pilot concept was next applied to a pitch
tracking task (Ref 5). The pilot rating expressiom, for the
commanded pitch tracking task was taken to be a fumction of
the ras tracking error and the pilot lead time comstant in
the pilot model, In this application, the predicted pilot
ratings did not cospare well with actual ratings for certain
cases. For those c.ses where the short period approximationa
to the aircraft dynsmics has a high natural frequency and is
lightly damped, the predicted rating tends to be well below
the actual ratings (Ref 5).

Two new methods for predicting aircraft handling qualities
in pitch have been developed to correct the deficiencies in
the original pitch paper pilot (Ref 5). They were developed
independently; however, both methods are based om the paper
pilot concept. In one case the pilot rating expression was.
developed based on an existing set of data from a moviag base
simulation. In the other case a set of fixed based simulation
data was generated and used to develop the pilot rating expres-

sion. The two methods are described and compared in this
paper.

P1LOT VEHICLE MODEL

The piloted task considered was that of maintaining a
nominal or zero pitch attitude in the preseace of a vertical
gust disturbance. The closed loop system is represanted by
the block diagram of Fig. 1.
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Fig. 1. Pilot-Vehicle Mode:.
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The form of the pilot model used is based on the cross-
over model of Ref 6 and is

5p . KP(TLSOI)
[ T, 3%1 o

-T8

where K is the pilot gain, Ty is the pilo® lead time constant,

‘rl is the ,ilot lag time constant, and e %% is a pure time
delay.

The elevatir dynamics are modeled by a first order lag
with a relatively high band width,

The airframe dynamics are modeled by linearized longi-
tudinal equations of amotion (Ref S).

The vertical gusts are modeled by shaped, Gaussian
amplitude, noise. In each methad, a different form for the
shaping filter is used; however, in both cases the power
spectral density of the gust approximates that of the Dryden
msodel (Ref 7).

The stability augmentation system that was considered
included linear feedbacks on pitch rate, pitch acceleration,
and normal acceleration,

RBJ PITCH PAPER PILOT

The data used to deveiop the RBJ pitch paper pilot was
taken from a report by Onstott, Salmon, and McCormick (Ref 8).
This report includes data from a moving base simulation of the
F-5 and A-7 aircraft. Eight configurations for eich aircraft
were simulated. The simulation studies included the task of
holding the pitch attitude to zero in the presence of a
vertical gust disturbance. Pilot ratings and rms pitch angles
are reported for a variety of rms gust intensities for each
aircraft configuration. For each of the 16 aircraft config-
urations, two cases were selected corresponding to low and high
turbulence levels, These 32 cases of different gust/aircraft
configurations were then used to determine the pilot rating
expression.

The resulting pilot rating expression is
J = PERF o .STL o 1
where

PERF [ 40
. . q

and % and _ are the closed lcop rms values of pitch
attitude and pitch rate, vrespectively.

The pilot lag time constant §s taken to be .1 sec
corresponding to a typical neuromuscular lag (Ref 9). The
pilot time delay is taken to be T s .32 foec. The values of
Kp and T, in the pilot model are selected to minimize the

value of J.
The predicted pilot rating is then given by
PR = RI(PERF) * .STL L |
where

PERF, 0 < PERF < 5.5
R, (PERF) =
5.5 , PERF > 5.5

The upper limit on R, is based on the assumption that there
is some limit to the degradation of pilot rating due to poor
performance. The .STL is 2 measure of pilot work load. The

addition of the comstant 1 insures that the predicted pilot
rating is greater than 1, which is the minimum (or best)
rating on the Cooper pilot rating scale.

The correlation between the predicted pilot rating end
the actual pilor ratings from Ref 8 is shown in the scatter
diagram of Fig. 2. Good agreement was obtained between the
actual and predicted ratings in those cases, In additionm
the predicted rms va'ues of pitch attitude agree well with
the measured values as indicated by Fig. 3.

P Dotails of the RBJ pitch paper pilot are contained in
Ref 10.

JDA PITCH PAPEK PILOT

A fixed base simulation was conducted to develop the data
base from which the JDA pitch paper pilot was developed. The
flight tests o." the USAF/CAL variable-stability T-33 aircraft
Ref 11) were used as & basis for the fixed-base simulation.
These tests were chosean because a full vange of sircraft
dynsmics and pilot ratings were presented. In particular,
several configurations haa 2 high shart-period nataral fre-
quency and were lightly damped. The pilot ratings given in
the report were for overall pitch handling qualities, although
tracking tasks were accomplished during the flights. The
fourteen base configurations described in Ref 11 were selected
to simulate. A rms gust intemnsity (w_) of 10 ft/sec was

used in the simulation. This level of gust intensity was
selected as the one which resulted in the vest agreement in



RBJ Pitch Paper Pilot Ratings
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pllot ratirgs betwveen the Fixed base simulation and Ref 11,
Pilot ratings w. » piven end the ras vslues of pitch attitude,
pitch rate, pitch acceleration, serodynamic angle of attasck,
and s%ick output were measured for seven to twelve runs for
each conriguration.

The average yilot rasings given during the simuilstion
compare fairly well with the sverage ratings of the fiight
tests fRef 12). The differences $n rvatings eve primarily duse

to the act that the flight tests ruted overall pitch handll ;
quaiit s, while the simulation ratings were based only on
pitch  -acking abidity., The resultc of the timulation were

used to determine a2 pilot raring expredsion.
The resulting pilot rating expression {9
J - PERF ¢ 43T « 1
ere
PERF » S.lce ¢ ,43%30

q

The pilot time drlay, 7, was taken to be .3 sec besed on
an anelysis of the siwulstion dsts. The values of K_, TL and

Ty iv the pilet medel are selected to minimize the value of J,
*hv predicted pilat rating is then given by
PR ~ R, (FERF) » 43T, + 1}
wher
PERF » 0 S PBRP € 8.5
$,5 + S{PBRF .- 5.5., F"RF > 5.3

The delinition of Ry 13 based on the ssrumntien that once the
performance detoriorates beyond a certain point, a further
Giteriozition of perfirmance is wot as consequential in the
pie rating. Tue .dSTL is a mensure of pilot work load.

Tae sddition of the constant 1 insudes that the predicted
parlot vatiag is greater than 1.

R, (PERF) »

The correlation betwsen the predicted pilot ratings and
tha actual pilut ratings frox Ref 12 iy shown iu The scatter
d-:gram of F.g. 4. Excellent agreement was obtained Detween
Lhe asctux) and predicted reatings Ln those cases, In addition,
the predictud rus velues of thy system states agres well with
the wessvred values ss indicuted in Pigs. 5§ through 8,

Details of the JDA pitch paper pilot are cortaine g
ReZ 32,
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COMPARISON OF THE TNO METHODS

Although the two methods of predictin~ pilot rating are
very similar, thero are differences in the details. The two
major differences are as follows:

J &3 function of Ggs aq. and TL in both cuses,

Howen in the RBJ method the dominate weighting is on
Ool(0gé~v ), where in the JDA method, the dominate weighting
is om oy (s.aoe . .CSaq).

2. 1In the JDA method, pilot lag, T! is considered as »

free parameter in the pilot model and thus in the ninimizat:on
psocedure., There was no indication, however, that the lag
torm is a significant pilot opinion factor.

In order to det veine which method is best, a flyoff was
performed. Dats from a low altitude, high speed, flight test
study (Ref 13) was used in attempt to determine which method
would work the best. It was this dats that caused the old
pitch psper pilot to crash and durn. An ras gust intensity
of 10 ft/sec was used in the JDA methad. This was the level
used in the fixed base simulation used to develop the pilot
18ting oxpression. An res gnst intensity of 6.5 ft/sec was
used in the RBJ method. This level resulted from finding the
ras gust intensity thst would give the best agreement between
the predicted pilot ratings using the RBJ method and those
given in Ref 11.

A compariton of actual pilot ratings and prodicted pilot
rating. are given in Table 1, Predicted ratings are shown

Table 1
Comparison of Predicted snd Actual Pilot Ratings

Pilot Ratin

Case Actual 01d Pitch Paper
(Ref 13) (Ref 13) Pilot (Ref s! RBJ JDA
LA 4, 2.18 1.94 2,28
LB 2,8 2.28 1,74 1.97
LC 2,28 2.42 1.47 1.70
LD 4, 2.17 3.50 3.80
LE 3.6 2.18 3.24 5.87
LF 2.63 2.24 2.04 3,22
LG 1.33 2.34 2,42 2.7
LH 5,33 2.83 6,08 6,64
[ ] 4, 2.66 5.23 §,27
La 4, 2.63 .78 5,01
LL 4.1 2.62 4,28 4,80

for the old pitch paper pilot (Ref 5), the RBJ nethod and th
JDA method. This comparison is shown graphically in Fig, 9.

CONCLUS10NS

In both methods, the predicted ratings gensrally agres
well with the rating data that wss used to develop the pilet
rating oxpression for that method. EGetter asgreement was
obtained with the JDA method, but fewer ceses were considered.

In addition both me*hodr give rms performance values that
agree well with the actusl dats that was avasilable for com-
parison, In particular, the JDA method resulted in predicted
rms vealues that agreed well with measured values for all of
the significant states in the pitch task,

When both methods were used on an independent data set
{the flight toest data of Ref 13), they hoth resulted in
snswers that were quite close. There is good cerrelation
between the actual retings snd those predi :ted by the RBJ
and JDA methods, The greatcst exception is in the LA case
where there 1s a difference in the order of two rating units,
1t is of course possible that the actual rating for this case
is incorrect.

It is clear from Teble I that a great improvement has
been reclized over the old pitch pngor pllet and that the "low
damping-high natursl frequency" prodilem of pitch paper pilot
has been fixed.

YOU CONE GOOD PAPER PILOT!
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