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INTRODUCTIUN

This constitutes a status report on the research
being performed by Purdue University’s School of
Aervonautics and Astronautics for NASA Ames/Dryden under
grant number NAG4-1. The topics of research in this
program include pilot/vehicle analysis techniques,
identification of pilot dynamics, and control synthesis
techniques.kb% optimizing aircraft handling qualities.
This report presents project activity in the arez. of
pilot/vehicle analysis techniques for the period January
1, 1985 ¢to Auqust 31, 1985.

CURRENT TECHMNICAL ACTIVITY

During the current project period, an analysis has
been underway of the flight-tost results obtained récentlg
(1984) by the CALSPAN Corporation on “Pitch-Rate <~1light
Control Systems 1in the Flared Landing Task", (Ref. 17,
with the Tolal In-Flight Simulator (TIFS). The eanaluysis
approach considereaed here iz based on the 0Optimal
Control/Frequency Domain (OC/FD)  techniques doveloped
under this grant at Purdue. These tcechniques origimolly
gtem {ram an optimal-control approach to perform o Neal-
Smith-like analysis on alrcraft attitude dynamics (Ref.
2)s but have recently been cxtended and used successfully

to analyze ¢the flared landing tesk. This extended
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analysis method was reported at the 1985 AIAA Guidance and
Control Conference (Ref. 3) and is further documented in
i Ref. 4. ¢ A copy of Ref. 3 is attached as an nppehdix.>

) A recent gtatus report (Ref. 3) documented some early
work performed on the TIFS configurations. Further
analysis of the data base is documented iIn this present
status report. Comparisons are made to the results in
Ref. 3 and some madifications to the analysis technique
are suggested and discussed. Finally, an in-depth
analysis of the effect of the experimental variables ({. e.
prefilter, wsp’ ...2 1s conducted to goin some further
insight into the flared landing task €for this class of

; vehicle dynamics,

REVIEM OF OC/FD TECHMIQUES FOR THE FLARED LANDING TASK

The OC/FD analysis uses an optimal-contrel approach
Eo.'cstimate the pilot describing functions., Model-based
. metrics obtained from the corresponding frequency-domain

analysis are then wused to explain experimental pilot
ratings. The analysis technique in Ref. 3 for the flared
landing ¢task includes the assumption that critica!‘to the
landing task is the pilot’s ability to precisely cont-ol
X flight-path, expressed as ¢the multi-loop control task
pictured in Figure 1. (VThis assumes a conventional
“frontside” landing ¢echnique wheve the pilot uses pitch

attitude to control flight-path-angle.)

The analésis approach first cansidevrs, howevaéﬁ. an
.. cvaluation of Just the attitude dynamics, wuzing a
;_ variation of the Neal-Smith—~like procedure of Ref 2. This
is done to expoze undosirable inner=loop attitude dynamics
uliich would be detrimental ¢to any langitudinal t&ast.

Attention then turns towards an  investigation of the
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flight-path tracking task, as modeled in Figure 1.

Attitude Analycis

A slight modification ¢tu the methods of Ref 2 was
presented in the previous status veport, This
modification uses a sensitivity parameter (SP) defined as

| i
SP = ¢ Droop, dB 3 x | AC=2 > max / & DC Gain, dB |

i 0c !
as a measure of loop quality. This parameter has the same
interpretation as the origihal "Resonance Peak" of Neal
and Smith in terms of oscillatory tendency. However, it
also vefleocts .the sensitivity of the closed—~loop dynamics
to slight variations in pilot aggressiveness, expressed §n
terms oaf forward path gein. As before, this sensitivity
paramoter is plotted versus the pilot’s phase
campensation. The results shown in Figures 2 and 3, for
example; include the Neal-Smith data and the LAHOS data
respectively Both data sets group nicely in terms of

Level 1, 2, and 3 pilot opinion ratings.

Note from the figures that it appears that the pilot
accepts generating a larger amount of phase lead in the
landing tesk (LAHOS) as opposed to up—and—auay flight
(Neal-Smithd. That is, confiqgqurations rated Level 1| in
the landing task would have received a Level 2 rating in
the precision attitude—control task evaluated by Heal and
Smith. Therefore, it would appear that the Neal-Smith
criterio cannot be used to directly predict handling

qualities in the flared landing task

Performing fthis attituds= analusis on the TIFS
canfigurations leads to the results in Figure 4 and Table
1. It is clear that these configurationz do not group
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together as nicely as the LAHOS configurations in Figure
3. Some TIFS canfigurations (e.g. 5-2) were rated Level
1, yet require relatively high pilot phase compensation
for precision attitude control.

Flight~-Path Analysis

For the flight-path-tracking task, identifying the
pilot’s phasc compensation Is not easily accomplished with
the multi-loop block diagram arrangement in Figure 1.
However., oance the individual blocks in Figure 1 have bepn
obtained wvia the optimal-control modeling, - the block
diagram can be manipulated to give an equivalent, single-
Ioop representation of the Fflight-path-tracking task.
This equivalent form is shown in Figure 3. &s vreported in
References 4 and 3, eqivalent pilot phase compensation,
as obtained from the pilot block (Pe 3 of the equivalent.,
single-loop reprecentation, ctorrelated strongly with pi1lat
ratings. This parameter 1is defained in Figure 6. In
addition, the deviation from the desired -20 dB/decade
characteristic of the pilot/vehicle open-loop Bode
magnitude, expressed in terms of a "High—-Frequency Open-—
Loop Pcak" (see Figure 7)), was used as an indicator of
loop robustness., These two closed-~loop parameters were
used to cvaluate the LAHOS configurations. Those results
are shown in Figure 8.

An additional measure of iloop quality is presented in

Ref. 3. This measure is related to the pilot”’s objective.

of preciscly controlling #£light-path error. Heglecting
noise sources, the steady-state, mean-cquared flaight-pat
error can be exprasced as
oo ¥
=25 0 2% o> 1% 5 <oddo 1
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where Sv (o> 1is the power spectral denglity of the
c - .

comnanded input. From Eq. 1 it is clear that to minimize
¥

o2 ., 1 52 ¢jo> 12 must be small when S, (0> is large.
e c c
This objective forces | gz Cjod l2 to be large at low

¥ e

frequencies since | §g Cjod 12

~ 1 for & tracking system.
For this reason, the maximumn magnitude of the
pilot/vehicle open—-loop Bode (loop gain) at low
frequencies will provide an indication of the tracking
performance. This is labeled the "Low-Frequency Opon—
Loop Peak" in Figure ?7. The resulting values of this
parameter, obtained {rom the OC/FD anclysis, have been
plotted wversus the equivalent pilot phase compencation
(workload metric) in Figure ?. Once again, the
configurations group very well in terms of pilot opinion
ratings. T

In the LAHOS experiment, the cockpit, aircraft c¢c.g.,
and center of rotation (c.v.) locations were very close on
the longitudinal axis. In the TIFS experiment, this .is
not true. The question therefore arises as to what are
the appropriate vehicle responses to be evaluated, The
responses at the vehicle e.r. were chosen initially for a
number of reacons. This celection eliminates the
kinematic effect of the rotational motion and focuses
attention on the "point-mass® performance of the flight
vehicle. It 4s noted that, in this case, the opeon— ond
closed-loop frequoncy rocponses were similor Lo those for
the LAHOS data set. This {8 shown in the resulting
pilot/svechicle open-loop Bode plots in Figure 10, This
data 1s very similar to that shown in Figure 7, obtained

in the aonalysis of the LAHOS confiqurations,

Performing the above {flight-path analysis on the TIFS
configurations d{dynamics of the c.r.) leads o the results
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in Figures 11 and 12. Quite clearly, the configurations
do not group nicely in terms of pilot ratings. In fact,
Configuration 8-3-1, rated Level 1, lies in the Level 3
region of Figure 8. Likewise, Configurations 8-1-1 and
8-3—-1, &s shown in Figure 12, lie in the Level 3 region of
Figure 9. Obviously some additional analysis is required.

CLOSER ANALYSIS

Care i=s required in epplying the analysis technique
used {or the LAHOS data to the TIFS configuratiens. There

are several differences between the two eoxperiments that

may be significant. The differences and/or keu issues
are;

1. Coclpit location

2. Variable T82

3. T92 - Tq prefilter

4, Washout filter

In the LAHOS experiment, the cockpit:, aivcraft c.g..
and center of rotation Cc.r.? locations were very cloce
on the longitudinal axis. The aircraft had conventionol

aircraft dynamics, plus leads ond lags. T was constant,

2]

and there was essentially no additiona? time delay.
Finally, the two vreal (airframe) reros (one 20 and one <0)
in the n_ / FS transfer functions were large in magnitude
{10-20 ;ad/sec). In the TIFS Pitch-Rate experiment, none

of thoe above is true,

Table 2 presents the form of the 6/ F_. ‘and

L / F_ transfer functions and indicates how they vary
c.r. =

with the addition of the prefilter and the wachout filter.
The prefilter cossentially cancels the dynamics intraduced

by the pltch-rate feedback control system. The washout
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{ filter was added in some cases to provide monotonic

St

(conventional) pitch stick forces in ¢the landing ¢flare.

by

! This was done by washing out the rate command

I b gty

characteristics at frequencies lower than 0=0.2 rad/sec

™

PEOEADOARDINEGAISNE A AN J P Sy

thus making 68 / Fs more like K at low frequencies.

| At this point, a short discussion of some parameters
used in this analysis will be undertaken to 2>xplain the
importance of these variables, and hence why they were
chosen. Those parameters that exnibit strong correlations
with the experimental variables and pilot ratings will

thon be examined.

5ok weit

Flight—-Path Bandwidth (rad/secd- frequency at which the
closed—-loop, pilot/vehicle phase for the {flight-path-
tracking task (see Figure 1) equals -90 degrees, )

This is an indicator of the combined pilot/vebicle

RSN S TSV

system’s ability to track over the commanded frequency
. ‘hand. ©

Inner—~Loop Bandwidth (rad/sec)— the flight-path-tracking

[EROVRINRRAPVPRIF)

task has been defined as the multi-loop tazk pictured
in Figure 1. The Inner—-Loop Bandwidth is defined as
the frequency at which the phase of the closed—-loop
pitch—-attitude inner—-loop fsce Figure 1) equals -180
degrees. This parameter will help provide some insight
into the variations of ¢this inner-loop with variations

in the experimental variables.

s
)
é Neal-Smith Inner—-Loop Bandwidth <(rad/sccd)-—- lthen one chooses

to apsroach the multi-~lecop, flared landing task analysis

problem from a "conventional®” point of vicw, 2 block

® B

: diagram of the ferm shown in Figure 13 is ucsvally

asesuned. This block diagram arrangement is different

Viewnn g

from that uvtilized in this study (see Figure 1),
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Appendix A outlines the manipulations needed to trans-—
form the block diagram shown in Figure 1 to yield o
result similar to Figure 13. This new block diagram
arrangement can now be used to estimate the parameters
used in the Neal-Smith approach. For example,

the inner—-loop bandwidth (closed-loap phase = —-%0
degreess is important. The OC/FD analysis yields

an estimate for the appropriate bandwidth. This
bandwidth has been tabulated to provide insight

into the apprapriate chr'-e aof the inner-loop
bandwidth. ‘

Equivalent Pilot Phase Compensation (deg>—~ the maximum

equivalent pilot phase equalization in the rcgion of
phase crossover. This is the same measure of pilot

workload as used in References 3 and 4.

Low-Frequency Pilot Phase (deg)— the equivalent, single-

loop pilot phase compensation at w=0.1 rad/sec.
Pitch-rate command systems result in considerably
different low frequency vehicle characteristics than
conventional aircraft. This parameter is an indicator

of how the pilot must react to these differences.

‘

RMS Tracking Error— the root—mean—-square tracking error.

An indicator of ¢tracking performance.

Lou~-Frequency, Open—Loop Peak (dB)}— As defined cailier (see

Figure 7). Another indicator of tracking performance.

Resonance Peak {(dBY>- Defined as shown in Figure 14. An

indicator of tracking performance ond pilat/vehicle
oscillatory tendencies. Thisz was used in the original
Neal-Smith anoalysis of the precision pitch—-tracking
tacsk.
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Droop ¢(dB)- Defined as shoun in Figure 14, An indicator of
low-frequency pilot/vehicle tracking performance.

Hagnitude Croasover (rad/sec)- the frequency at which the
open-loop pilot/vehicle gain equals 0 dB. This has

similar implications to other bandwuidth measures.

Phase Crossover (rad/sec)— the frequency at uvhich the open—
loop pilot/vehicle phase equals -180 degrees. Another
banduidth measure,

e will now examine the effect of cach of the
experimental variables on the system (pilot/vehicle)
dynaaics,

COCKPIT LOCATION RELATIVE TO CENTER OF RDTATION

One factar to consider is the pilet location relative
to the center of rotation (c.r.d or to the ¢c.q9. The above
analysis was not sensitive to this experimental wvariable.
It can be easily argued that the pilot’s "measurements" of
the flight variables are obtained at the cockpit, where he
is seated. If the pilot is far removed from the c.g. (or
the c.r.), his acceleration cues (nz) are signi?%cantlg
altered, Heingarten and Chalk in Ref. 6 present some
flight test data that supporis the impovrtance of
conzidering the cockpit location. They mnote a large
variation in pilat vatings for configuratiens ¢that were
essent?olly the same except for pilot position relative to
the e.r. A consistent improvement in pilot ratings was
observed as the cockpii was amoved fForward., The huypothesis
is that as the cockpit is wmoved forward, the pilot s
provided with o more casily perceived pitch acceleration
cue that supplies an early confirmation that the wvehicle

is responding to his command €i.e. lead),

e o e st P
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Consider therefore, an analysis based on the
assumpltion that the pilot operates on the flight-path, and
perhaps more importantly the flight-path rate
{proportional to n, ?, that he¢ sconses at the cockpit. The
important responses can therefore be obtained from the

approximation

where

and lp is defined as the distance from the c<c.g. to the
cockpit.

AT this point, attention should be turned towards the:‘

pilot’s control objective. With the pilot remote from the
c.g. and the c.r., the appropriate control objective |is
wolk  inmediately clegar, . The pilot could be trying to

control either the flight—-path of the c.g. or the c.r.'

tlhatever the appropriate control objective iz, it should
be clear that the pilot’s ability to control the £flight-
path at the cockpit $s a necessary condation., If the
pilot i{s not able ¢to control <¢this precisely, aczcurate
flight-path control of any other point on the aircraft ?s

not poscible. This is {llustrated nirely by the bloc}'

diagram shown in Figure 15. This represontation of the

closed-loop dynamics shows control of tha ¢flight—-path at

the cockpit as an inner—loop, no matter what the ultimate-

control obgective is.

Hith the use of Equations 2 and 3, tho relevant.

responses ave now those defined at the cockpit What is

significantly effected, as a result, 15 the lecation of

e e
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the zeros of the n, / F_ . transfer function. This is
illustrated in Figure 16. Figure 16(a) shows the zeros of

the n, 7/ FS transfer function. This constellation of
c.g.
zeros is typical of all the TIFS configurations, Figure

16(b) illustrates the results of transferring the dynamics
to the cockpit for the non-shuttle configurationz <(cockpit
14 feet forward of c.rT.), Two of the 1reros remain
approximately in the same 1location, but the other tuwo
moved to form a pair af minimum ptase, but lightly damped
zeros. The effect of these lightly damped zeros in  the

n, 7/ FS transfer function can be seen from the
c.p.

corresponding Dode plots (Figure 17) for Conf. 1-1, for

examplo., These zeoros produce the "notch"” seen in the

magnitude plot near 2.6 rvad/sec. The effect of these

zeros is also scen in the resulting open—-loop and closed-

loop <Y / Kc) pilot/vehicle Bode plots, as illustrated in-

Figure 18. HNotches in the magnitudes are evident in both
the open and closed—-loop responses. One notes that ¢the
open—-loop magnitude exhibits a slope near crossover close

to the -20dB/decade slape requived for good stability
margins.

For ¢the shuttie configurations (cockpit 19 feect
behind c.r.), the dynamics at the cockpit are completely
different. For these configurations the pilot’s pitch
accoleration cues are degraded with the apparent result of
dograded pilot ratings. This trend was also noted in the
flight testa of oingarten and Chalk. For these
configurations, conside~ing the cockpit location instead
of the c.g. has a lossor effect on the n, e FS numerator.

zeros. Compare Figure 19 with Figure 16, for example.

Table 3 presents Lthe form of the n, /£ F_ transfer
-
c.p.
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Transfer Function for Configuration 1-1
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function. As mentioned earlier, only the location of two
of the zeros change by evaluating the responses at the
cockpit instead of the center of rotation. The new
location of these zeros is dependent on the response at
the c.g9., the relative c.r. location, a2nd the relative
cockpit location. As a result of evaluating n, and ¥ at
the cockpit, the analysis reflects, or is sensitive to,
the location o# the center of rotation. This is clearly
seen by comparing the open—-loop pilot/vehicle Bode
magnitude plots (nz and ¥ at the cockpitd) of the shuttle
configurations {excluding 8-4> and the non-shuttle
configurations (see Figure 20). The center of rotation
for the shuttle configurations is 10 feet in front of the
cockpit uhile fer the non-shuttle configurations it is 14
feet behind the cockpit. The Bode magnitude plotcs clearly
show that significantly different dynamics resuvlt.

The differences in the cockpit location relative to
the c.rv.» is al«o evident in the step responses of the

vertical accelerataion at the cockpit (nz >. For the

cp
configurations with ¢the aft c.r., the responses at the

cockpit include enhanced vertical acceleration cues. This
is clearly shown in Figure 21. At the c.g., the initial
rosponse is in the oppocite sense to that commanded. At
the cockpit however, the initizl ¢ransient response is in
thoe direction of the commanded input. For the shuttle
configurations, howsver, the pitch acceleration cues at
thoe cochpit are only marginally batter than the
acceleration cues at the center of gravity, as showun in
Figure 22. Thus ¢these configurations have less desirable

responses at the cockpit.

The lack of quality pitch acceloration cues for the
chuttle configurations olsc rezults  in reduced Fiight;

path~tvacking abilxty. I% does appear however that ¢the
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difficulties introduced in these configurations can be
overcome through ather design considerations since same of
) the shuttle configurations did receive Level 1 pilot
ratings. That is not to say that the tracking ability can

be significantly increased, Jjust that other factors such
as pilot workload and acceptable low frequency

characteristics can compensate for this problem.

Tables 4-7 list some important wvariables obtained
from the analysis of the response at the cockpit. (For
completeness, Appendix [3 contains a complete listing of
these wvariables for the analysis of flight-path response
at the c.r.) These tables include results for two values
PP Tn! the pilot’s neuromuscular time constant. The value
aof 0.1 sec. was used in References 3 and 4, and was
initially chosen for this study. This choice, howeve;,-
resulted in extremely large distortions of ¢the open—-loop
peak in the pilot/vehicle open—loop Bode magnitude plots
for the shuttle configurations. A typical Bade plot is
shown in Figure 23 Modeling the pilot as slaightly less'
aggressive, or raising T to 0.2 seq, eliminated thecse
severe distortions of the open—loup Bode magnitude plots
end did not significantly alter any of the other rtesults
The results dascussed in the following sections are for
: ™ 0.2 sec. For completeness, hguwever, resulis for both .

values of Tn have bean tabulated in Tables 4-7.

§ From these tables, Figure 24 can be constructed, for
‘ example. This 1s a plot of Low-Frequency Opan-Loop Peak
versus Equivalent Pilot Phase Compensation, similar to:_
Figure 9. Unfortunately, this plot 5%il1l does not explain
i these prlot ratings Therefore, at thas point, further
analysis into the offect of the experimental variables is

called fcr.
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Table S
Flight-Path Analysis at c.p.: Pllot Phase Considerations
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Flight-Path Analysis at c.p.:
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Table 5 <{continuved)

Pilot Phase Considerations

(Tn=°.1)
| Conf. | Pilot | HMax. Pilot | Neal-Smith | Low Freq. |
] i Ratings | Phase Comp. 1 Inner-Loop | Pilot Phasel
: , ! Cdeg) : Bandwidth : Cdeg> |
I 1-1) 7s : 50.7 |  10.5 ! 127 :
I 1-21 8,7,5.5 | 36.6 | 2.80 1 76 !
1 1-3] 5,47 : 3.0 3.0 | 99 :
I 4-1 1 2.5,5 1 18.8 | 7.70 | 116 !
1 42l a2 : 16.5 | a.so | 72 :
I 4-3 1 7 | 28.1 | 3.20 | o8 t
: 4-3-1 : a, .: 17.5 : 3.25 : 35- :
i o711 2.5,3 1 17.5 | 2.80 | -3¢ !
i : : t : i
| o2-1 1 6,7 i 83.6 1  10.0 ! 20 !
! 22 | 4.5,3 | 9.3 ass | 78 !
I S-1 1. 4.5,4.5 | s2.5 | 11.0 | 121 I
1 s 2.3 , 55.6 | a.s0 | 74 :
' e-1 ] 3,56 ! 72.0 | 11.0 : 128 :
I &21 S,4,2 ! 31.7 | 2.00 | 118 !
D 6-1-1 | 4 : 67.2 | 11.0 I 65 :
I 6-2-1 1 3 ! 26.7 1 2.85 | 54 |
| o1 1 5.5,6 | 75.4 | 3.00 | o \
l8-1-1 | 2 : 71.1 : 3.05 | 29 :
I s21 9,87 | 87.6 | 2.60 | 100 |
! 8-2-1 | v : 94.4 | a.70 | 72 :
I 821 8,7 i o7.2 | 2.60 | 101
! 8-3-1 | 3 ! 93.3 | 2.25 73’ :
I 8-4 1 $ | -58.4 | 6.10 | 118 |
: 8-5 | 2 : 87.7 : 2.85 : 94 :
| 8-5-1 | 4 | 84.5 | 3.00 | 57 |
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Table 6 .
Flight-Path Analysis at c.p.: Tracking Considerations
¢r =0.2

Conf. : Pilot : RMS : Low Freq. : Resonance :
1 Ratings | Tracking | O.L. Peak 1| Peak i
! ! Errer | <dB> : 20
-1 | 7.5 | 1357 | 18.8 |  4.189 |
1-2 1 8,2,5.5 1 0.638 | 21,9 1 6.644 |
1-3 | 5,4,7 1 o.est | 2.3 | 6497 |
a-1 | 2.5,51 1.352 | 18.9 1|  3.655 |
a-2 | 2,3 ' 0.c06 | 22.8 |  6.319
4-3 1 ? I 0.738 | 21.7 1 6.366 |
4-3-1 | 4 l o.vea | 207 | 6.247 |
7-1 1 2531 0.854 | 22.0 1 .5.5%0 |
21 1 6,? | 1.372 18.2 | 5.006 |
2-2 | 453! o710 | 20,2 | 720 |
S-11 4.5,45 | 1.35 | 18.8 |  4.338 |
s= | 2,3 ! o | 209 | 6958 |
e-1 | 3,5,6 1 1356 | 18.9 | 4.7%6 |
6-2 | 5,4,2 I 1.354 | 18.9 1 4.105 |
6-1-1 | 4 | 1.mse | 18.5 4.776 :
6-2-1 | 3 I 1.348 | 19.0 1 3989 |
8-1 1 5.5,6 1 1.529 | 1.9 1 6.669 1
g-1-1 | 2 I o1sa ) 11.3 | 6443 |
821 9,8,7 I 1.552 | 10.7 1 2.331 |
g-2-1 | v I 1307 ) 0.9 | o671 |
s~31 8,7 I 1.597 | 10.8 |  6.881 |
8-3-1 | 3 | 1.s87 | 10.6 |  6.02% |
8-4 | 1 i 1.188 | 20,2 1 3.120 |
8-5 | 2 1600 : 10.7 | e.733 |
8-5-1 | 4 | 1.600 | 10.2 |  6.580 |
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l Table 6 (continued)
Flight-Path Analysis at c.p.: Tracking Considerations
_! (fn=0.1)

' : Conf. : Pilot : RMS : Low Freq. : Resonance :
] i Ratings | Tracking | 0O.L. Peak | Peak |
: : ! Error | ¢dB> : B> |
, I 11] 2s bo1est ) 192 1 siaee |
| 121 872,55 1| 0.50 1 246 1 S.670 |
1 13} s5,4,7 ! oe2 | 248 |  so2s0 |
| a4t | 2551 1.352 1 19.4 | 2.867 |
I a2 )] 2,3 l o.sss | 251 | s5.449 |
I 4-3 | ? i 0.674 | 248 | S.174 |
j a-3-1 | 4 | o675 | 247 | s.078 |
I 7-1 2531 ©0.831 1 236 |  4.478 |
I : : ; ! -+
o211 6,7 I 1.353 | 19.9 1 3.625. -
: : 2-2 : 4.5,3 : 0.586 : 25.0 : 5.990 ':
‘ i S-i 1 4.5,4.5 | 1.347 | 19.7 ] 3.525 |
, ':" s-2 | 2,3 .:- 0.571 : 5.0 | s5.805 |
et 1 3,56 ! 1049 1 200 | 3.548 "
, I 621 5,4,2 t1.348 | 19.6 1| 3.054 |
§ D 6-1-1 : 4 1342 | 9.9 | 3.460 !
‘ | 6-2-1 1 3 I 1.346 | 195 1 20995 |
i : a-1 1 5.5,6 | 1.483 - 13.3 | 5.467 |
: D a-1-1 | 2 | 1482 | 126 | s.234 -
| I e21 9,87 I 1.510 | 12.4 I 5.536 |
| ! g-a-1 | 7 } 158 | 125 | s.a91 |
. i 8-3 1 8,7 i 1.561 | 12 3 ! 5.452 |
‘ : 8-3-1 | 3 ' 1.sas 12.1 I s.420 ..:
' - 1 | 1.189 1 20.7 1 2.422 " |
85 \ ? 1560 1.9 | 5.4 |
. | 8-5-1 | 4 | 1.5 | 1.4 | 5.390 |
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Table 7
Flight-Path Analysis at c.p.: Other Considerations
¢r_=0.2)
Conf. : Pilot : Droop : Magnitude : Phase :
{ Ratings | ¢{dB> | Crossover | Crosscver |
: : : (rad/sec) : (rad/sec):
-1 ] 75 | -1.257 | 1.6s | 475 |
-2 | 8,7,5.5 | =-0.699 | 1.8 1 4.20 |
1-3 | 5,4,7 1 -0.783 | 1.8 | 3.00 |
a-1 1 2.5,5 | -1.240 | 1.0 1 4.90 |
4-2 | 2,3 | -0.e36 | 190 |  4.50 :
4-3 | ? | -0.755 | 18 1 3.10 |
4-3-1 | 4 | -0.746 | 1.85 | 3.5 |
7-1 | 2.5,3 | -0.790 | 1.90 1 4720 I
a1 | 6,7 | -1.335 1 1.65 | 4.25 1
a-2 | 4.5,3 | -0.836 | 1es | 260 ]
S-1 1 4.5,4.5 | ~-1.259 | 1.7 1 4.50 |
s-2 | 2,3 I —ap2! 195 | 295 |
6-1 | 3,56 | -t.248 | 1.7 | 4.5
6-2 | 5,4,2 1 -1.248 | 1.80 1 4.45 |
6-1-1 | 4 | -1.295 | 1.720 |, 4a.t0 |
6-2-1 1 3 | -1.230 | 1.80 |  4.50 |
8-1 ; 5.5,6 ; -2.338 ; 1.20 ; 2.15 :'
8-1-1 | 2 | -2.645 | t.20 | 2.20 ° |
821 9,8,7 | -2.456 1 1.45 1 2.15 |
g-2-1 | 7 ! -2.585 | 115 205 |
g-3 1 8,7 | ~2.584 | 1.15 1 2.00 |
8-3-1 | .3 : ~2.656 : 1.15 : 2.05 2':
8-4 | 1 I -1.033 1 2.00 |  4.40 |
8-5 | v | -2.617 | 145 1 208 ]
8-5-1 | 4 | -2.926 | 11s | 2.0 |
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- Table 7 (continued)
- Flight-Path Analysis at c.p.: Other Considerations
(Tn=0.1)
. : : Conf . : Pi1lot : Droop : Magnitude : Phase :
t } Ratings |1 ¢dB> | Croz=sover | Crossover |
_ : : : | ¢rad/sec) | ¢rad/sec) |
P I 11 7s I -1a81 ] 190 | 5000 !
i 121 8,7,5.5 | -0.4901 2.20 | 4.90 |
| 1-3 | 5,47  -o.ss3 ) 220 | 4.7 :
Ioa-1 2.5,5 1 -1.172 | 1.90 1 5.00 |
‘ I a2l 23  —0.492 | 220 1 5000 |
| a3 ? | -0.552 1 2.26 1 4.75 |
L P 4-3-1 | 4 | -o.se2 | a2y 475 |
/ e 25,31 06731 215 | 500 |
o [ 2-1 1 6,7 | -1.102 | 2 10 | 4.85 ;
: L a2 45,3, -0503, 2.25 L 4TS :
/ I S5-11 4.5,4.5 1 -1.1371 1.95 |  4.85 |
. =R 2,3 :' -0 503 | . 2.25 , 4.75 :
h ! e-1 ] 3,56 b -10972 ) 2010 ) as
‘ I 621 5,4,2 | -1.137 1 2.05 |  4.90 |
le-1-1 | 4 b o112 I 2.0 1 4.80 ,
| 6-2-1 1 3 | -1.153 1 200 1 490 |
- = L a1 | 5.5,6 | -2.036 | 1.30 1 2.60 |
| D g-1-1 | 2 l —2.305 | 1.30 | 2.0 :
) . i 821 9,87 | -2.116 | 1.5 1 2.60 |
. 1 8-2-1 | ? l —a196 1 130 ] 2o |
| I 8-3 § 8,7 | -2.214 | 1 20 { 2.40 !
, ! g-3-1 | 3 | -2.284 | 1.20 | 240
‘ e 1 8-4 1 1 | —0.9851 200 |  5.00 |
‘ ! a5 : ” | -2.317 | 1 20 : 2.35 :
| 8-5-1 | 4 | -2.561 | 1.20 | 2.35 |

-

[,

e sl



e e e

-

1
:

46

GAMMR TO GAMMA COMMAND

40.00
' 20.00 - '
) — ‘l‘
3 o -
: S TN i
! \ T
s \
= .00 ~ \
i —
: =
* [ds]
[}
=
-20 00
¢
‘ -40.C3 S L Sameamar i S ]
: 10 10 ° 10} 10 € 10 3
FREQUENCY (RRD/SEC)
———___10SE0 LOOP RESPONSE
_______ _OPEN LOOP RESPONSE
90 0 -
R
o =
' w
|78}
ul
(o 4
(4]
& 50 0
! ud
w
<
a
1 -180.0 = B
!
\\
| \
i +270.8 ——r——rrrrr Ty,
16! 10 ° 10! 102 10 3
FREQUENCY (RRD/SZC)

[Zigore 23
7;00“""/ 54120#/6 10/'/071/(/(3/)/0[5 @ac{c
‘ 'QC/P ’}“?'130/ ﬁul[jcc,

e et e e ot ettt by o



LOW FREQUENCY OPEN-LOOP PEAK (dB)

/ /’ K 7
: A, Lo -
\
47
] 4-2
221 3
4-3|(3-2
] 4-3
AV )
20 A
) 6-
- 1-1 -
18] S
16
14
12 A
1 8- a1
Gy (g
10 =5-X 7

0O 20 40 60 80 100 120
PILOT PHASE COMPENSATION (deg)

Frgeradd

TS cQQSd/{S aflfc.pu' Loey -/’—r;cﬂ-amcf Opcrh[-o:'}o
Reoke voess Egonrt Plot Phose Coprronil



N

~

-~ v

T ar = e - s e
o e - e S & —m

.-

48

PREFILTER - .

The dynamics introduced by ¢the pitch-rate command
system (Kl ’ h’2> result in an additional lag in the pitch
attitude dynamics. That is, K
X

lead/lag prefilter cancels this lag and results in more

[’ @ zero, is larger than
’2, a pole, <(see Table 2). The introduction of the

*conventional” aircraft dynamics in the region of
crossaver. As Figure 25 shows, this in turn results in an
increase in pitch attitude phase in the region of
crossover. This should vreduce ¢the required Equivalent
Pilot Phase Compensation (in the ¥ / Kc loop) as Figure 26
indicates.

The introduction of the prefilter also restores the
conventional attitude dependence on 1 / T82 that was lost
in the implementation of the rate command control system.
This also re-introduces the pitch overshoot associated
with conventional f£light vehicles (See Figure 27). At
first glance, the rate command system <(no prefilterd would
appear to be preferable, exhibiting an excellent pit;h—
rate response to a step input (i.e. good rise time with
minimal overshoot). In fact, the countrol system was
decigned with this in mind. The i1mportant variables in
the flared landing task however are flight-path-angle, ¥,
vertical acceleration, nz {(proportional %o %>, and
altitude, h. As Figure 27 indicates, ¢the pure rate
command system has a sluggish response to these flight
variables. On the other hand, with the additional of the
prefilter (restoring pitch overshoot), the system displays
a much quicker response. This should result {n improved
system performance uwhich will manifest {itself in éh
increased Flight-Path Randwidth., Figure 28 displays that

this is indeed ¢rue.
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Figure 27 also indicates a quickened 8 rosponse with
the addition of thoe prefilter. This should result in an
increase in the bandwidth of the inner pitch—attitude loop
(see Figure 1), This is shown clearly in Figure 29. This
again indicates the advantages of maintaining the

conventional pitch-attitude overshoot.

Since the prefilter increases the system banduidth as
well as rvreducing the pilot workload (phase lecad), one
would expect the overall pilot ratings to improve. Figure
30 indicates that this is indeed true. The exception to
this is Configuration 4-3. It received about the same
rating as Conf. 1-3. A simple explanation for this
exists. In this case, the prefilter did not significantly
alter the wvehicle dynamics hecause of the high value of
1/ Tae. This is clearly showun in Figure 31.

Finally, as Fiqure 32 indicates, th2 addition of the
prefilter significantly reduces the vehicle’s PIO
tendencies as measured on the PIO Tendency Rating Scale.
The reduced Equivalent Filot BPBhase Compensation ig
partially responsible for this since pilot phase load
distorts the open~loop:, pilot/vehicle Bode magnitude plot
in the region of crossover. The less lecad the pilot is
required to introduce, the less distortion there is In the
magnitude plot and therefore stability robustness ig
improved.

WASHOUT FILTER

The wishout filter was added to provide monotonic
pitch stichk forces in the landing flare This resulls in
a prtch response similaor to a conventional aircecaft by
changing €rom a pitch-rate command %o a pitch-position

command system at low frequencices., This is {llustrated in

e i e
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Figure 33. At first glance the rate command pitch.
respaonse would appear desirable since it exhibits ¢the
characteristic K/s behavior uwhich is required for good
tracking. However, pitch-tracking is not the ultimate
objective in the landing task. The.important variables
are flight-~path—-angle <or sink rate), ¥, and altitude, h.
The Ks/s behavior in the 8/ FS transfer function
translates into K/52 behavior at low frequencies in the
h/FS transfer function. This is knoun to be much harder
to control than & K/s plant (ar even a pure gain) and
results in pilots adopting a pulse control strategy.
Pilots ¢ind this objectionable. This pulse control
technique also resultzs in a floating tendency in the
aircraft and requires the pilot to push the stick forward
near the ground. Pilots familiar with conventional

aircraft dynamics find this very objectionable.

On the other hand, with tho washout filter <{pseudo-
conventional dynamics), the h/FS transfer function
exhibits K/s behavior at low frequencies (much easier to
control). With this type of plant, the pilots are able to
use continuous control inputs instead of a pulse control
strategy. Alsa, since at law frequencies <the pitch
dynamics are position command, the pilot is not forced ¢to

push the stick near the runuway.

Figure 34 shows the significant differences in the,
low frequency #£light-path phase between the pitch-rate.
confiqurations and a conventional aircraft (7-1). The
absence of the conventional phugoid mode in the pitch-rate

command confagurations results in significantly different

phase characteristics at low frequencies. This accounts .’

for the fact that Conf. 7-1 has a Low Frequency Pilot
Phase of -43 degrees whereas the TIFS contigqurations have

values of this parameter between 30 and 130 degrees. Thos
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washout filter significantly reduces this difference, as
Figure 34 shows,

The washout filter a2lso reduces the pilot/vehiéle P10
tendencies in ¢the cases where this is a prablem as shaoun
in Figure 35. This can be attributed to many factors.
First, as mentioned earlier, the addition of the washout
filter results in low frequency dynamics which are easier
to control. These ‘“easier" dynamics require less pilot
work (phased, thus the pilot is less likely to
inadvertently initiate an undesired oscillation.
Secondly, the continuous control inputs resulting from the
addition of the washout filter are less likely to initiate
a PIO than the abrupt stick forces asscciated with o pulse
control strategy: Finally, the washout filter restores
the conventional, low-frequency aircraft dynamics that
pilots are familiar with., The more familiar a pilot is
with an aircrafe, the less likely it is that he will
inadvertently initiate a PIO. Admittedly, with training
and exﬁerience,'this'last factor can be eliminated, but,
for these flight tests, ¢this possibility cannot be

eliminated.

From the above arguments, it is clear thee low
frequency vehicle characteristics are an important
consideration in determining £lying qualities in .ﬁhe
landing task. Our analysis therefore should be sensitive
to these factors. Another look at Figure 33 indicates
that the 1low frequency pitch attitude phase is increased
by 90 degrees at low frequencies with the addition aof the
washout filter. In addition, this figure indicates'bﬁa£
the same is true of the ¥ / FS transfer function. This
increase in vehicle phase at lou frequencies should resuls
in 2 corresponding decrease in the phase the pilot must

introduce at these low frequenclies. Figure 36 shouws that
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this is indeed the case. This figure indicates the effect

that adding the washout filter has on the equivalent,
single-loop pilot phase compensation as measured at o=0.1

rad/sec. In all cases it decreased considerably.

Hhen the plant exhibits a K/s pitch attitude
behavior at 1low frequencies, it waos showun above that the
pilot introduces more lead at these frequencies to
compensate. This means that the pilot is behaving like a
differentiator at these frequencies. Figure 37 shows this
is the case for Con# (4-3), while the addition of the
washout filter results in pilot dynamics exhibiting less
lcad at these low frequencies (Conf 4-3-1). This is also

shown nicely in Figure 37.

If all of the above arguments have been correct, ¢the
addition of the washout filter to the TIFS pitch rate
configurations should result in improved pilot ratings.

This is indeed the case as Figure 38 clearly shows.

VARIATION OF 1 / Ty ; Without Prefilter
2

A characteristic of high gain pitch-rate command
systems 1is that the attitude dynamics are independent of

1/ T6 . The pole introduced by tho control system, k'g,

2

cancels 1 / Te in the 8 / F_ transfer function and leaves .,

2
the transfer function shown in Table 2. s Figure 39

indicates, the pitch attitude inner—~loop bandwidth is

invarient with changes in t / Tg in these cases,

2
The flight-path dynamics, however, are not'
independent of 1 / Teg. As Table 3 shows, k’a appears in
the dernominator of the ¥ / F_ trancferv function
Ny 21/ TBQ). A= k’a 1/ T02Q> iz increased, the
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flight-path response bandwidth increases (see Figure 40).
Our flight-path analysis gshowed the same trends (Figure

41>. As 1 / TB was increased, the Flight-Path Bandwidth
2
increases as predicted. In addition, as 11 / TB is
2

increased, the Equivalent Pilot Phase Compensation
decreases (Figure 42). This is a result of the incressed

vehicle phase in the region of crossover as 1 / T8 is
2

" increased as seen in Figure 40.

In the discussion of the washout £ilters it was noted
that the Low Frequency Pilot Phase appears to be reflected

in the pilot ratings. 1 / Te also appears to have an
2
effect on this parameters as schown in Figure 43. The

reason for this is indicated in Figure 40, The pilot

introduces 1lead (or lag) to bring the closed~loop system

(pilot/vehicle) phase to zero degrees at low frequencies. ’

<@ ¥ 0.1 rad/sec.’, a characteristic of a qood closed-loop

tracking system. As § / T0 increases, the vehicle phase
.. . 2
decreases resulting in more vequired pilot lead. Care is

vequired in attributing this effect divrectly to 1 /7T

8
2
though. The phase of the flight-path dynamics at o=0.1
vads/sec. 1s more an effect of the low frequency vehicle
dynamics <z, and Xy see Table 3> than it is of 1 / To
< 2
For the TIFS configurations, these dynamics chanqge with
1 /7 )
02

The amount of phase lead required at thoese louw
frequencics is also a function of the relationship botween

¥ and 8. This relationshap is approximated by

1 /7T
%
s+ 31 /7

%

6 is decreased, this lag is increased.
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Therefore, for low values of § /'T0 (such as 0.38), there
2
is a significant lag between the pitch response and the

flight-path response. 8ince the pilot uses pitch attitude
to control the flight-path-angle, the larger this 1lag
becomes, the more difficult control of the flight-path
becomes. As this lag increases, the pilot must increase
his phase equalization (i.e. introduce additional lead
into the system? to compensate. This should be reflected

in the Low Frequency Pilot Phase. As 1 / T6 increases,
2
the Low Frequency Pilat Phase should decrease

corresponding to the decreasing lag between ¥ and 8. This

is opposite to the before-mentioned effect of 1 / Te
2
The overall effect is that the Low Frequency Pilot Phase

is lowest for intermediate values of 1 / T a compromise

r'
65

between the two effects. This is seen in Figure 43.

1/ T0 also effects the amount of phase 1lead the
2
pilot must introduce ﬁor the inner, pitch—-attitude loop

CPe in Figure 1). This is clearly shown in Figure 44,

For 1 / Te =0.38, the pilot must introduce a large amount
2
of pitch phase lead to precisely control the flight-path

This phase 1lead 1is significantly reduced for 1 / T8
2
=0.,72 This corresponds to the decreased lag between the

pitch and flight-path responses. This variation in P8 in
turn effects the HNeal-Samith Inner-Loop Bandwidth. The

large pilot lead introduced for low values of 1 / T8
2
gsignificantly iIncreases ¢hiasa bandwidth parameter (sce

Table 55,

Finally, the effect of 1 / T0 on pilot/vehicle
2
tracking performance should be noted As Figures 45 and

46 indicate, the iracking performance, as measured by RMS

e e e ot A,
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error and the Low-Frequency Open-Loop Peak respectively,

changes considerably with wvariations in 1 / T9 . For
- 2
example, the RMS error is significawtly larger for louw
values of 1 / T9 than for higher wvalues. It is
2

hypothesized that this results from the large lag between
the flight-path and pitch responses that exists for low

values of 1 / Te . This large lag creates difficulty in
2
controlling the flight-path through variations in pitch-

attitude. It is interesting to note that for every ane of

these 1low 1 / Te configurations, which are predicted to
2
have degraded €light-path traclring ability, the pilots

noted a lack of h or flight-path control.

VARIATION OF 1 / Tg ; With Prefilter
2
The prefilter restores the attitude dependence on

1/ Te associated with conventional aircraft dynamics
2

(sec Table 2).' The inner—loop attitude dynamics should,.

therefore be sensitive to variations of this variable. As
Figure 47 indicates, the Inner-Loop Bandwidth decreasss

with Jincreasing 1 / T8 . As shouwun in Table 3, the only
2
influence of 1 / T0 on the flight-path dynamics 15 on the
2
¥ / FS transfer function gain. Higher values of 1 / Te
2

result in nigher DC geins which reswult in higher flaght-—-
path response bandwidths (see Figure 48), Figure 49
indicates that this is alse ¢the case for Flight-Path

Bandwidth. Since 1 /T only 1nfluences the qgains, the .

9

phase <Cat 1least at high frequencies) is relatively

unaffected by 1 / Te . Thus the Equivalent Pilot Phase
2

Compensation should change very little with varaations in

1 / T9 . thougn the ainner-loop dynamics do have an
2



Inner-Loop Bandwidth (rad/sec)

5.0
] |

4.0 l

3'0 -4 . l ;
CONF. 4=1 4-2 4-3 5-1 5-2
1/Te 0.38 0.72 1.0 0.38 0.72

2

Y 2.8 2.8 2.8 1.8 1.8

| /C'Tgure 47 .
E flect of L/7é; /prc{;//cr on Fnner-Loop Banebods

.,
P
ed

2 e

.

PR



-

———— e - _

INCREASING 1/'!'*3
2

cp
F L

X:ad/sec)

/’/’;w«c 4§
E et of "”7/@/;9‘;*@ K/fer o ight- 1L
/Q%QMSC qu nc[rfj[clft’)

H
H

T s e miaes D oTT -
'



\
f AY
2, \

fl
N\

!

\

A

f
/ Y N A rRd et Wy bty AN % e R EEPTAReaL  Awe n swia Ve faerer
el
I 8
-

T 4
~— o =3
. )
o~ [} —

(298/pr3) yIprrpuTyg PTd-IYETTL

B s

g

e 4 R A S— A " LA £ A Wtk s B IR A ATkt TR ot o A e dme oa et £k £ e U

[ 4

4-3

4-1

CONF.

1.0 0.38 0.72

0.72

0.38

1.8

1.8

2,8

2.8

2.8

| gore 19
EFlect of T [Pecitter o Flight-Pely Bandwidin

Fig

ey



S \-.. ~ ~ : \_[’\il

= [ s - . ~ - e

indirect i1nfluence on this. Figure S0 indicates that this
is true. ’

The effect of 1 / Te on the Low Frequency Pilot
2
Phase 1is exactly the same as for the case without the

prefilter. The low frequency dynamics (22 and xl) and the
¥/8 relationship are unaffected by the addition of the
prefilter. Comparison of Figures 51 and 42 gshow that the
trends are exactly the ~same as discussed earlier. In

addition, the eff2ct of 1/ Te on the tracking
2
performance {is identical to the no prefilter case as seen

in Figures S2 and 53.

Finally, thc effect that 1 / TB has on pilot opinion
2
ratings should be noted. Both the Low Frequency Pilot

Phase and the meacures of tracking performance indicate
that the best pilot ratings shoulgd be aobdtaoined for the

intermediate values of 1 / T0 . These parameters also
2
indicate that the worst pilot ratings should correspond to

the low values of 1 / Te . . Faigure 54 indicates that the
2
pilot ratings. 1Iin general, +follow these same trends.

Therefore, Low Frequency Pilot Phase and the measures of
tracking performance seem to correlate well uith pilot

ratings.

SHORT PERIOD FREQUENCY

The effect of the short period frequenay, Qsp' on the
pitch attitude and Fflight-path froquancy rTesponses is
shown in Figure 53, This figure clearly ochows that
decreasing osp results in a decrease in bandwidth for both
the pitch—attitude and the flight-path rosponses, Figuve
96 and S§7 indicate that thic decrease in open-loop

bandwidths vesults 1n a decrease in the corresponding
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banduwidths. In addition, due to this decrease in both
inner and outer loop handwidths, the pilot must introduce
additional phase lead ¢to achieve the maximum achievable
bandwidth. This effect is exhibited in Figure 358. There
is not, however, a one-to-one correlation between osp and

pilot ratings for these configurations (see Figure 59).

SUMMARY

The analysis performed in the previous section was
necessary because our previously developed analysis tools
for the flared approach and landing task were not
sufficient to explain the experimental pilot ratings for
these TIFS Pitch—Rate configurations. This in—depth
analysis looked at ¢the effect the variation of each

experimental variable had on the pilot/vehicle closed-loop -

dynamics. This in ¢turn was related ¢to pilot opiniun
ratings uwhere applicable. A brief summary of these

results will now be presented

Many of the parameters defined earlier were shown to
be reflected, to some degree, in pilot ratings.
Equivalent Pilot Phase Compensation has been advanced in
other studies as an indicator of pirlot workload, and has
been used in this study in a similar capacity Likewise,
bandwidth has been previously advanced as a measure of
achievable system performance, a key example is the
Flight-Path Bandwidth. Tracking performance, as
characterized by either RMS Error or the Low-Frequeoncy,
Open-Loop Peak (gain), has also been shown to correspond,

in most cases, to pilot ratings.

The prefilter vestored the overshoot associated with
conventional arrcraft pirtch dynamics This quickens the
flight—-path and altitude responses and accentuates the

initial pritch acgeleration cues. The result is i1ncreased

AP ROAPS
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system performance, as indicated by an increase in the
Flight-Path Bandwidth, Pilot worklocad and pilot/vehicle
PIO tendencies were also reduced. Rll of these factors
contribute ¢to the improved pilot ratings obtained upon

implementation of the prefilter.

Pitch-rate command systems exhibit significantly
different low frequency dynamics than conventional
aircraft. The pilot must adopt a pulse control strategy
instead of the conventional continuous stick movements
associated with conventional aircraft. The result is a
tendency to float during the landing flare and a
requirement to sometimes push the stick forward near the
ground. The washout filter eliminates these tendencies by
changing the pitch dynamics from rate~command to
position—comnand at low frequencies (0ld.2 rad/sec?, The
washout filter also reduces vehicle sensitivity ¢p pilet
induced oscillations. As a consequenc2 of all of the
above, the introduction of the washout filter improved
pilot ratings In addition, the Low Frequency Pilot Phase
was introduced as a model-based quantity sencitive ¢to
these low frequ-ncy ph=nomera.

1 /77 also effected pilot opinion ratings It was

6,

shown that for 1lcw wvalues of 1 /7T the large lag

I
8,

between the flight-path and pitch responses significantly
effected the pilot/vehicle tracking performance. Overzall,

the tracking performance was best for the middle values of

1/ T0 . In addition, the Low-Frequency Pilot Phase was
2
highest (worst) for the low values of 1 / Te and lauest
2
(best)> for the middle wvalues of 1 / T8 . The pilot
2

vatinge, 1n general, followed this same trend.



wa ey e PV et TEr vereme T M wnriesia £ wowiemrs

94

Finally, the changes corresponding ¢to variation in
short period frequency, Qsp' were discussed Increased
°sp results in increased Flight-Path Bandwidth and
decreased Equivalent Pilot Phase Compensation. These
changes, houwever, did not have a one-to-one correlation

with pilot opinion ratings. It should be noted however

- that only a small amount of data is awvailable on this

variable since only two values of Qsp were available for
analysis. Hith more data points, it might be possible to

correlate this parameter to pilot ratings.

The in-depth analysis is intended ¢to yield insight
into the factors influencing pilot ratings. All of the

pilot ratings, howéver, cannot be oxplained at the present

time with a single handling quality criteria Work is _ -

continuing along these lines. Part of the problem is a
result of the large number of variations in the

experimental variables i1n a relatively few flights Any

‘additions to the data base obtained with follow--up tests

would therefore be helpful.
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Elicht Poth Trachkina Block Piagrans

The pilot observations vorror‘ ¥, and 8 in the OCM
pilot model ¢€or the flight-path-tracking task reflect a
block diagram form shown in Figure cé.i). It {is desired
ro convert this into the block diagram form shouwn in Fig-
ure [3.2. This manipulation cin be accomplished using sim—
ple blaock diagran arithmetic.

First, find the closed loop &ransfer function of the
inner attitudc.qup. This loop is shoun inside the dotted

box of Figure ¢R.1>. The resulting closed loop function

is
I LA S A t>
EV c.L. I—PG(OIFS) :
How define
G, = ——t—r a.2>

(¢] X-PG(G/FS)

so that Eq. (A.1) becomos

8
FK c.L.

Row deofine,

8 =~ =F (A4

vhere ﬂc i< a psecudo-pitch command. Eqn. <(R.3> can now be.

written as

F
<y = -8

_0 -
F.len. C ~ e, A.53

=1 = GG (O/Fs) <A.30
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zo that
.Y = =P, G, CO/FD . <A.6>
c.L 1] 8 s
8
<

This manipulation changes the block diagram of Figure
€A.1> to the block diagram chown in Figure (A.33. The
boxed section of Figure (A.3) can then be written as

1

(-;—)
¥_ . ! ¢85 ¢%y ¢A.7>
Fy Py.. a. 5. o ©°
(o] 1 + (5—)(->(5) c
6 9
c
' wvhich can be.éiﬁplified to
X o o-=be, - e <A.8>
F P L] 8
v 2] 1] c
e c
‘wheve
. .
GV = ¥ <{A.9>
1 - PU Ge (E‘)

>

Finally, define inner and outer loop pilot compensa-

tors as
PI(S) = ~Pe<s) <A.10D
-P}{p .
Po<s) = —F;— Gg<s) <Aq.11>

! 5o that the flight-path-tracking block diagram can now be
represented by the block diagram in Figure (A. 4).
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The OCM pilot model {5 used to obtain the frequency
responses {or ecach block shown in Figure (A. 1), The fre-
quency resporses can be manipulated in the same manner as

the transfer function blocks in the preceding derivations.
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Table B.1
Attitude Analysis

: Conf. : Pilot : Magnitude : Phase : Open-Loop:
$ t Ratings ! Crossover ! Crossover ! Peak !
: : : ¢rad/sec) : ¢rad/secd : <aB> |
g N ! ! ! !
! ! ! ! ! ;
i 1-1 ! 7.5 ! 2.20 ! 4.45 |  4.63 |
I 12| 8755 ! 2.25 L 45 | 462
{ 1-3 1% 5,4,7 ! 2.20 i 445 1 4.62 1
: a-1 | 2.5,5 | 2.35 I as0 | 425 |
{ 42! 2.3 ! 2.30 { 450 t 4.57
I 43 ? : 2.30 1 445 1 460
| 4-3-1 1 4 ! 2 30 { 450 { 471 |
I 2.5,3 | 2.35 ' ase ) 466 |
: 2-1 | 6,7 : 2.20 1 420 | 3.75 :
| 2-2 4.5,3 ! 2. 20 ! 420 t 375 |
|51 4 5,4.5 : 2.35 {42 ] a2 |
| s-21 2,3 | 2.3 | 425 1 4.6 1
L 61 | 356 ; 2. 30 {410 1 364
62 s5,4,2 ! 2.60. 42 ] 4w )
! 6-1-1 ! a ! 2. 35 ' 410 1 3.77 1
D 6-2-1 | 3 : 2.60 I 4z 1 4a0s |
I e | 5.5,6 | 2.35 1 ass | 3.36 :
| 8-1-1 1 2 ! 2. 40 {  4.35 1 350
! 82| 5,87 : 2.25 | 420 | 3.84 |
i g-2-1 ! 7 ! 2. 15 ! 415 1 a7t 1
: 8-3 : 8,7 : 2.10 : 3.90 : 5.29 :
! 8-3-1 1 3 : 2. 15 {  3.90 1 5.39 |
: 8-4 : 1 : 2.35 : 4 40 : 3.43 :
! 8-5 1 7 : 2. 10 t 375 +  7.30 !
: 8-5-1 : 4 ! 2 15 : 3.75 ! 7.56 |
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Table B.2
Attitude Analysis (continued)
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Table B.3
Flight-Path Analysis at c.r.: Pilot Phase Considerations -
¢t _=0.1)
: Conf. : Pilot : Max. Pilot : Freq. at : Cow Freq. :
¢ l Ratings | Phase Comp | MWhich this | Pilot Phasel
: : : {deg> : Occurs : (deq> :
I 1-1 ) 75 : 67.4 | 3.s0 | 122 :
i 121 8,7,5.5 | 57.6 | 3.50 ! 69 '
13 5,4, : 52.5 | 3.75 | 88 :
I 4-1 1 2.5,5 | 50.2 | 4.00 | 117 I
! 42] 2.3 : aa.9 | 4.00 | 65 !
1 4-3 1 ? i 47.4 | 3.75 | 87 1
: 4-3-1 : a : 45.1 : 4.00 : 24 :
P71 2.5,3 1 43 5 | 3.75 | -47 i
i t : 4y ¢ t : ¢
1 2-11 6,7 | 98 5 | 3.00 | 121 i
22 | 4.5,3 | 8v.6 | 3.00 | 20 ;
1 S-11 4.5,4.5 | 78.9 | 3.25 | 115 I
! 5—2417 2,3 : 748 | s.a5 | 66 !
I 61! 3,50 1 100.8 | 3.25 | 119 ,
I 6-2 1 5,4,2 | 7238 | 3.75 1 111 |
D 6-1-1 : 4 : 98.2 ! 3.25 : s6 :
| 6-2-1 1| 3 I 70.7 | 3.75 1 47 !
t t ; t t !
I 8-1 | 5.5,6 | 0.5 | 3.00 | 107 |
: 8-1-1 : 2 : 84.8 : 3.00 : L= :
I 821 9,8,7 ) 972.2 | 2.75 | 115 !
: 8-2-1 : rd : 105.6 : 2.50 : 90 :
I 8-3 1 Q,? | 109.1 ! 2.75 | 114 '
 g-3-1 | 3 ! 105.4 | 2.75 91 ;
I 8-4 1 1° I 72.3 | 2.25 | .77 i
\s-5 | ? : 101 1 : 3.00 : 104 ;
| 8-5-1 | 4 | 97 4 | 3.25 | 84 |
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Table B.4 .
Flight—-Path Analysis at c.r.: Tracking Considerations
¢r_=0.1>

: Conf. : Pilct : RMS : low Freq. : Resonance :
| ] Ratings | Tracking | O.L. Peak | Peak !
! ! ! Error | ¢dB> | > |
1 -1, 25 1 1413 ) 176 | 4.621 |
i 121 87,55 | 0.724 | 2.8 1 5.9722 |
1 1-3 5,47 | 0.7 | 21.0 | 5.556 |
| a-1 25,51 ¢ 333 | 17.7 | 4.293 |
! 42| 2,3 | o2 21,1 |  s.725 |
i 4-3 1 ? | o.786 | 21.1 1 s.488 |
! 4-3-1 | 4 ' o0.784 | 21.1 | s.3m |
N 2.5,31 .92 | 204 1 4.900 |
L 211 .o | 1.465 | 16.8 1| 4.691 -
I 22 | 4.5,3 | o.817 | 200 | s5.785 |
I 5-11 4.5,4.5 | 1.417 1 17.2 | 4.510 |
I s2 | 2,3 ! 0772 | 200 | s.772 |
: 6—1 : 3,5,6 : 1.454 : 16.7 : 4.449 r
I 621 5,4,2 1 1.412 | 17.2 1 4.070 |
D 6-1-1 : 4 1435 ! 16.8 |  4.580 |
| 6-2-1 | 3 | 1.409 | 1.2 1 4.048 |
| o1 | 5.5,6 | 2.252 | 15 1| 4.57% |
| 8-1-1 : 2 o 1.327 : 17 4 : 4.859 :.
I 821 9,87 I 1.369 | 17.0 1 4.930 |
! 8-2-1 | ? 1 1407 | 6.7 | s.028 |
I 831 8,7 I 1.446 | 16.1 | 4.845 |
! 8-3-1 | 3 Lot 16.2 | 4.914 |
| 84 | 1 | 1.490 1 | |-
: 8-S : ? : 2.462 : 14.6 : 4.681 f:
| 8-5-1 | 4 | 1394 | 158 | 4.881 ||
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Table B.S
Flight-Path Analysis at c.v.: Other Considerations

E— S W SR AP MR G M R GNP D GUD VD Gt W DED @GN WD D G O MR GUP D TR SUN GN GU) SED SMD GUR CmS UG D GED WIS GWR GIR W S R WD G o

(T“=O.1)
Conf. |  Pilot | BDroop | HMagnitude ;  Phase |
i Ratings <{dB> | Crossover } Crossover |
: : : (rad/sec) : (rad/sec):
1-1 1 2,5 I -1a14) 1720 | 330 |
1-21 ©,72,55 | -0.7851 1.860 1  3.35 |
1-3 | 5,47 ! -o.811 ) 185 | 350
a-1 1 2.5,5 | -1.076 | 1.70 + 3.35 |
a-2 ! 2,3} -0.%0 | 180 | 350
4-3 | 2 | -0.798 1 1.8 |  3.55 |
4-3-1 | 4 } -o.eo8 | 1.8 | 3.0 .
7-1 1 2531 -0.9181 1.80 | 3.60 |
-1 1 6,7 | -1.511 1  1.60 1 3.10 |
2ta | - 4.5,3 | * -0.8%6 : 1.25 | 3.30 :
S5-1 1 4.5,4.5 | ~1.454 | i.65 1 3.25 |
s-2 | 2,3 ! owesa! 195 ! a8 |
e-1 | 3,56 | -1.524 1.e0 | 3.0 |
6-2 | S,4,2 | -1.468 1 1.65 1  3.30 1|
6-1-1 | 4 | -1.517 | 1.60 | 3.0 |
6-2-1 1 3 | -1.480 | 165 1 3.30 |
e-1 1 5.5,6 1 -1.695 1 1.20 1 2.15
8-1-1 | 2 l -1.393 | 1.20 | =220 |
g-2 1 9,8, | —1.424 1 1.15 | 2.15 1
8-2-1 | 2 ! -1.480 | 1.15 |  2.05 _:.
831 87 | ~1.557 | 1,15 | 2.00 I'-
8-3-1 | 3 | -1.549 | 148 | 2085
8-4 1 1 n | 2.00 1 4.40 |
8-5 | ? 1 -1 909 115 | 205 |
8-5-1 | 4 | -1 6te | 115 | 205 |
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Teble B.6
Flight-Path Analysis at c.r.: Tracking Considerations
¢t _=0.1>
: Conf. : Pilot : High Freq. : Bandwidth :
! t Ratings | O.L. Peak | <¢~20 degl |
: : : dB> | <radrsec) |
1 11, 25 : 7.90 | t.ssy |
I 121 8,2,5.5 | 5.70 | 1.981 |
: 1-3 : S5,4,7? : 5.80 |, 2.045
1 4-1 4 2.5,5 | 8.30 | 1.989 |
I a2 2,3 : 6.90 | 2034 |
I 43 1 ve ' 6.0 1 2.059 |
D 4-3-1 | 4 : 6.00 | 2.7 |
I o7-1 2.5,3 | 6.40 I 2.034 |
§ } t t t
I 2-11. 6,2 ! 7.10 1 1.865 |
1 o2-2 | 4.5,3 | 4.60 | 1.993 |
I S-11 4.5,4.5 | 2.60 | 1.925 |
! s2a] 2,3 : 6.50 | 1.975 |
! e1] 3,56 : 790 | tsa |
i 621 5,4,2 ! 8.30 1 1.913 1
e-1-1 | 4 ! 8.00 | 1.849 |
| e-2-1 | 3 3 8.30 | 1.912 |-
b ot | 5.5,6 1 8.10 | 1.885 |
: g-1-1 : 2 : 7.40 : 1.914 :
. i 821 9,8,7 ' 8.20 i 1.863 |
| g-2-1 | ? ! 7.70 : 1.851
i 831 8,7 | 9.90 1 1.753 |
! 8-3-1 : 3 : 10.30 : 1.769 :
i 8-4 | 1 ! i |
b g-s ! 2 ! 13.3 ! 1.909 !
! | | l |
| 8-5-1 | 4 | 142 ‘ 1.721 |
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