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ABSTRACT

A method for predicting tracking performance of piloted Class IV airplanes in
turbulence has been validated through a moving base 'simulation of sixteen F-5 and
A-7 configurations on the Northrop Large Amplitude Flight Simulator. The method is
based on pilot model theory and predicts root mean square tracking errors for piloted
tasks in turbulence. Both lateral and longitudinal dynamics are considered and the
accuracy of the method is assessed. Specification design criteria are evolved from
the simulation data for bank angle and pitch angle attitude~hold tasks in turbulence.
Digital programs which perform the prediction calculations accept arbitrary equations
of motion and are available on request from the United States Air Force; a user's guide
is included in the report along with complete tracking error, gust level,and pilot rating

data from the simulation.
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I. INTRODUCTION

A, SCOPE AND PURPOSE OF THIS REPORT

This study of airplane flying qualities in turbulence is a contribution to the
growing research into the dynamics of piloted flight. The development of techniques
for analyzing the pilot-vehicle system has taken place over several decades and the
success of this work is well known. An essential feature of these methods is the
representation of the human pilot as a control system element. The pilot models
usually employed, especially in the exiensive work of Systems Technology, Inc.,
are linear approximations to the pilot. They are developed by curve fitting
experimental power spectra for actual or simulated flight and include uncorrelated
pilot generated noise called pilot remnant. Many researchers have investigated
pilot dynamics in terms of human physiology, including the dynamics of neural
pathways, muscular response, and vestibular sensing. This has resulted in improved
understanding of the pilot's input to the airplane control system and has, further,led
to better definitions of desirable airplane characteristics.

The specification of aircraft dynamics desirable to the pilot is usually phrased
in terms of parameters such as frequency and damping, as well as other frequency
domain quantities, but for the study of flying qualities in turbulence, it is useful to
examine the time domain statistics of the piloted system. The object of this is to
determine the way and extent that increasing furbulence degrades a time invariant
gystem and increases the workload of the pilot. Root mean square tracking errors
for attitude hold tasks in turbulence turn out to be useful measures of performance
that are sensitive to changes in airplane dynamics and, experimentally, are nearly
independent of the pilot, Pilot models along with spectral turbulence models, such
as those of Dryden, or less convenienfly, von Karman, can be used fo predict these
attitude hold tracking errors and forms the basis for the Northrop study of flying
gualities in turbulence, .

The research reported here is both a continuation and an extension of the Air
Force program,' Airplane Flying Characteristics in Turbulence, ' (Reference 1). This
former effort demonstrated that root mean square tracking error of certain airframe
desigﬁs could be predicted in the above way by pilot-vehicle analysis, and the accuracy
of the specific approach immediately suggested the possibility of evolving a validated
analysis methodology and specification criteria for flying qualities in turbulence. The



current program has achieved both of these objectives through further development of
the prediction methods and by an extensive simulation of the F-5 and A-T as two
representative Class IV airplanes. The results show that the optimism of the former
program is fully justified and the prediction method has been extended to include lateral
and lengitudinal tasks in still air and in turbulence. The simulation was flown by one
former Navy and two former Air Force pilots, including two graduates of test pilot
schools. The resulting 1326 data flights, each of 100 seconds duration, have been

used to validate the prediction methods and are characterized by tight clustering of

the tracking error data. Pilot ratings were also taken for the turbulence flights and
these also show consistency among the pilots, The simulation data have been included

in numerical form (Appendix IV),

B. PREDICTION OF FLYING QUALITIES IN TURBULENCE

The essential featurcs of the prediction method, as presented in Reference 1
and validated in this report, are fixed form gain-lead~-time delay pilot models and
optimization of the system,with respect to mean square tracking error,by selection of
the pilot model gain.

Since the disturbance to the system as measured by tracking errors is the
quantity of interest, the various features of flying qualities in turbulence are referred
to it, The results of Reference 1 show that not only is the magnitude of the rms
error important, but also the sensitivity of the systemn tracking error to pilot antici-
pation (lead) and control amplitude (gainj. Furthermore, the previous study showed
that the predicted error was verifiable by moving base simulation. The models used
were of fixed form and, in most cases, a pilot lead of .5 seconds was appropriate.
Since the usefulness of an evaluation method depends on standardized and readily
available procedures, fixed pilot model lead and time delay were used throughout the
study. Perturhations of pilot model lead were made at optimum gain and the .5
second lead was found to be correct in almost all cases.

Digital programs have been developed which greatly simplify the analysis
procedure. These have grown out of the program reported in Reference 1 and are
available upon request from the United States Air Force. A user's guide is included
in Appendix I. The programs are considerably more general than their predecessor,
and will accept the user's equations of motion. Furthermore, the programs can be
readily modified to include additional feedback loops without having to provide the

literal determinant expansions associated with the multiloop analysis.



C. SPECIFICATION CRITERIA AND EVALUATION OF FLYING QUALITITES IN
TURBULENCE

There are several reccognized limitations to the current Military Specification,
"Tlying Qualities of Piloted Airplanes," Reference 2, which have prompted the current
rcscarch into clased loop pilot-vehicle analysis, The correlation between open loop
dynamic characteristics of airplanes and the flying cualities during piloted flight is the
hasis for most items of the Speeification. Since closing a feedback loop around a dynamic
systcm may effect gross changes in the system dynamics, such a correlation will
be valid only for those airplancs which do not depart too far from conventional design,

In addition, the increasing use of fiight control augmentation devices means that
current flying qualities eriteria may not be sufficient for the evaluation of modern
high performance airplanes. Thug, a standardized procedure is needed which can
directly cvaluate an airplane in ferms of its closed loop piloted characteristics, In
order for this approach to be compatible with the established Air Force evaluation
ratings of Levels 1, 2 or 3, numerical performance predictions are needed which
account for subjective handling qualities effects including pilet work load,

Another area of concern is the lack of any precise method of establishing flying
qualities requirements for performance in atmospheric turbulence. Acceptable
representations of gust spectra have been established, and their use has been cited in
some paragraphs of the Specification. However, no numerical ¢riteria have been
developed for acceptable flying qualities in turbulence and no precise analytical
technigue for evaluating airplane performance in turbulence has been established.
TFurthermore, the difficulties attendant with flight festing in turbulence can be
avoided by the use of analytical evaluation procedures. This approach not only avoids
the problems of searching out suitable turbulence for flight testing, but also supplements
the use of pilot ratings as a turbulence performance parameter. Pilot ratings have
proved to be ingufficient for flying qualities in turbulence evaluations, Reference 1,
and a better approach is to develop criteria based on phygically measurable performance
quantities that can be analytically predicted. This has proved to be successful in terms
of the normal mode F-5 and A-7 airplanes,and example criteria,based on the results,

are presented in Section IV,

D. AREADER'S GUIDE TO THE REPORT

Although this report is a complete account of the simulation and the resulting
validation of the prediction method,there are further details of the earlier study that
are to be found in Reference 1, and the reader who is interested in using these methods

should be familiar with that report as well,



The general rcader will find that both Reference 1 and this report can be read
quickly, the physical bulk ol cach report notwithstanding. The following seleclions
from this report will provide a short but complete account of the pregent and previous
programs:
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II. PREDICTION METHODS

A. SUMMARY OF EARLIER RESULTS

As stated in the Introduction, the research reported here is an extension and
further cvaluation of the flying qualities in turbulence analysis metheds reported in
Reference 1. The essential features of this approach are closed loop pilot-vehicle
representations of the linear system, and the eptimization of the total system perfor-
mance by selecting the gain in a fixed form pilot model. Root mean square (rms) per-
formance measures are used ard the objective is to study the rms performance of the
system rather than to examine in detail the pilot's activity at the controls. The experi-
mental results of Reference 1 show, as well as the results of the current
program, that these system models not only are useful for predicting the
tracking accuracy of piloted airplanes in turbulence, but also provide a direct means
of determining the extent to which a pilot must generate lead for optimum tracking.
Another important consideration is the sensitivity of the system to changes in pilot gain.
This can also be directly evaluated and several examples of airplane control failures
will illustrate the effects of pilot gain sensitivity on tracking performance and pilot

opinion,

In order to keep the mathematical models and subsequent analysis as simple as
possible, linear system representations are used for both airplane and pilot, and the
tracking tasks are based on Gaussian processes. Let the power spectrum of a desired
Gaussian command tracking task or Dryden gust disturbance be represented by ¢ii,
then the transfer function H(s) which filters white noise is the physically realizable

part

of the spectral factoring of ¢ii(s)

¢.;(8) = [‘f’ii(S) T [%(S)}__



If the pilot-vehicle closed loop transfer function for a particular piloted task of tracking
the variable q is represented by G(s), then the system performance % per unit rms

input disturbance with spcetrum (bii(s) is given by

. fjuo ‘2
?ﬁ _ qbii(s) Gi(s) ds
al= s
q joo
1
-_— ¢ (s ds
2rj “jon 11( )

This quotient of integrals is the basic caleulation of the prediction method,and is
solved with little difficully,by an exact method in the multiloop performance prediction
program discussed in Appendix I. Thus,the performance can be evaluated once ¢ii(s)

and G(s) have been determined,

The algebraic methods for deriving the multiloop transfer functions for an air-
plane with feedback loops clogsed by augmentation system and the pilot, Figure 1, are
fuily presented in Appendix I of Reference 1. The resulting expressions formerly re-
quired the tedious evaluation of many determinants,but are now generated automatically
in the lateral and longitudinal programs developed during the current program. Further-

more, the programs are set up to accept a general pilot model.

The simplest form of transfer function that is representative of the pilot's dynamic
response includes the features of gain Kp, lead 'I‘L, and time delay = which model,
respectively, the stick amplitude, anticipation, and overall inability of the pilot to
react instantly to a change in state of the airplane. The time delay T is represented
by the exponential transfer function e ' and is approximated by means of the Padé
formulas ei_Ts given for easy reference in Figure 2. In this way, the pilot model

Yp takes the form

TS
Y =K (T
p !

b S+1)ei-

L

This model was used in the research program of Reference 1 to predict the rms
excursions of a piloted wings-level task in turbulence. The result was that the predic-
tion and the simulation performance data closely matched over a wide range of gust
disturbance susceptibilily. Figure 3 shows this agreement where each point represents
the average for a T-33 variable stability configuration normalized to a gust level of

10 ft/sec rms.
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Other tasks,including heading and command tracking in still and turbulent air,
also were studied and reported in Reference 1. A further result was that a pilot lead
of .5 sec is near optimum for good or moderately good airplanes,and that a time delay
of .45 sce is appropriate for heading and all command tracking tasks, The wings-
level task depends hcavily on acceleration cues that effectively reduce the pilot time
delay to .3 sec, a result that can be understood,theoretically, as shown in Section IV

of Reference 1.

The gust disturbance uscd was the Dryden form representing the v gust with a
powor spectrum of ¢v approximated by

2

143 (Lw)

v
0

b W) o
v vV 9
o 1+ ..L—E‘i

The command tracking tasks were compensatory tasks deriving from white noise

filtered hy

K

H(s) =
(s + .5)2

for the bank angle command tracking task and

K

H(g) = ———s
s +.2)°

for the command tracking task in heading. The predictions for still air command
tracking correlated well with simulator results,and a further result concerns a cross
plot of rms performance in still air bank angle command tracking, and the lateral
wings level task in turbulence. Figure 4 shows this cross plot in which each point
represents a different T-33 configuration. The horizontal scatter demonstrates the

relative independence of tracking errors in turbulence and in still air,

Further considerations concerning pilot gain and lead sensitivity are discussed
in Reference 1,where the general shape of predicted rms performance versus pilot

model gain graphs are related to important subjective handling characteristics.

10
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B, ROLL TASK ANALYSIS MODELS

The roll task study is similar to the one reported above from Reference 1, The
compensatory model of minimizing bank angle error is equivalent to the piloted task
of trying to hold wings level in turbulence, Figure 5, and the pilot task of following a
continuous but random communded bank angle, Figure 6. The transfer functions for
these systems are generated automatically by the digital program, along with the rms
tracking error, and the equations of motion,used along with the aerodynamic and con-
trol data,are given in the appendices. In addition, the command tracking signal, the
pilot models and the gust representations must be specified,

The command tracking task was generated by means of the filter

K

H(s) =
(s + .5}2

Sinee the white noise source used in the simulation had a bandwidth of 50 Hertz and
incorporated a prefilter to provide control over low frequency fluctuations, the pre-
filter was used in the prediction calculation. Thus, the command tracking task is

meodeled by white noise filtered by

s2 . K

(s + .3)2 (s + .5)2

H(s) =

More will be said about this prefilter in Sections I and IV, The pilot model used for

the command tracking calculation was

-.458
Yp¢ =K¢ (.58+1) e,

in which the second order Padé approximation was used,

The turbulence model for the wings level task included not only the lateral v
gust, but also the correlated r gust. The Dryden form filter for these are given in
Figure 7 and were also prefiltered in the above manner. The r gust contribution to
the error was estimated at between 10 and 20 percent,depending on the aerodynamics
of the airplane,and provides enough contribution to warrant its inclusion in both the
simulation and the prediction program. The p gust was found to be of little conse-
quence and, hence,was neither simulated nor included in the prediction program.
The pilot model used in the turbulence task is

Yp415 =K, (:-5s+1) e, - 38
where the third order Pad¢ approximation was used to provide sufficient high frequency
accuracy.
12
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The prediction procedure (which serves as a model for the other tasks dis-
cussed in Sections C and D) requires computing (’be as a function of Kp where:
¢, is the rms bank angle error. The minima of this function then are used as
performance predictions for the turbulence and still air tasks. In addition, further
assessment of the turbulence flying predictions is made by using the optimum gain
Kp¢and perturbing the pilot model lead from 0.0 to 1.0 seconds. The two graphs,
gain and lead variations, have been plotted for all configurations in both normal and
failure modes. These are best understood when viewed with the simulation results
and are included with the simulation data in Appendix IV, Root locus graphs are also
plotted easily since the program prints out these system eigenvalues for each rms

computation,

C. HEADING TASK ANALYSIS

A system diagram of the heading task in turbulence is given in Figure 8. This
task requires pilot models in both the bank angle and heading control loops, which are

given by:

_ _0458
Y =K, (.5s+1e,

Py

przK,‘b(js-i-1)e2 :

458

The prediction procedure here involves optimization over variations in Kp o and Kp "

These two parameter studies are too voluminous to be included as graphs.

In general, the subject heading of flying qualities in turbulence involves many
aspects of handling qualities that have not been considered during this study; for
example, the use of rudder control. The minima of rms ¥ occur for values of KP@)
which are much lower than those required for the wings level task and near optimum
performance is often obtained for large variations in Kpd This is clearly reflected
in much of the simulator data in Section III. A recently compieted study by Franklin,
Reference 3, appears to be an important contribution to the study of heading task, but
was received too late to allow comparisons with this study, beyond observing that

both investigators coincidently chose the same prefilters for the white noise generators.

16
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D, PITCH TASK ANALYSIS MODELS

The pitch task study closely resembles the bank angle analysis discussed above.
System diagrams for the level attitude task in turbulence and command tracking in
still air are shown in Figurcs 9 and 10, and the pilot model used for both tasks is

given by

_.455
Ypa,—-Ke (.5s+1)c,

As with the bank angle study, variations of 6, are computed with respect to hoth
pilot model gain and lcad, and the graphs of these funclions arc discusscd in Scetion

ITl,along with root locus diagrams as a function of pilot model gain.

The Dryden filters for the w and correlated g gusts are given in Figure 7 and
were prefiltered.  Again the correlated g gust produced 10 to 20 percent of the tracking
crror, and the u gust proved to he insignificant for the airplanes and flight conditions

studied.

The command tracking task was gencrated by the filter

s2 K

(s +.3% (s+.2)°

H(s) =

As will be seen in the next section, the fixed-form pilot model works well for
predicting pitch attitude hold tracking in turbulence although the lower frequency

command tracking predictions clearly require more elaborate models.

18
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ITI. VALIDATION OF THE PREDICTION METHODS BY
MOVING BASE SIMULATION

A. EXPERIMENTAL CONSIDERATIONS

One of the most important results of the study reported in Refcrence 1 is the
confirmation that proper acceleration cues to the pilot are necessary for meaningful
flying qualitics cvaluation in turbulence., In order to provide the necessary motion
cucs for the ¥-5 and A-7 simulation, the Northrop Large Amplitude Flight Simulator
{LAFS) was utilized. The large amplitude capacity of the beam allows the turbulence
tasks to be flown with only weak centering washout control of the beam and cab, and Lhe
calibration of the frequency response of the simulator showed improvement over that
reported in Appendix ITI of Reference 1. This provided a faithful representation of the
acceleration characteristics of turbulence and aircraft response,without pilot concern
over reaching the travel limits of the simulator and automatically resetting. The
gimulator drives were lefl constant for the entire turbulence simulation. For the
lower frequency command tracking tasks, the translational displacement of the beam

was reduced,

Since very small errors in the analog computations can distort the mean square
quantities measured, three kinds of checks were used for each airplane studied and
for each failure mode. Static and dynamic response checks were digitally calculated,
and ecach time a configuration was flown, a pulse initiated time history was matched
to the digital check, In addition, the equations were driven with lateral and longitudinal
turbulence, and the stick-fixed rms bank angle and pitch errors were measurcd. These
checked closely with the o;jen—loop prediction calculations and provided a test of the
gust filter and mean square analog circuits,as well as a check against small biasing
voltages that did not affect the fidelity of the simulation,but greatly reduced the accuracy

of the mean square data.

In order to eliminate such small biasing voltages and to control skewed statistics
from long period components in the noise, a prefilter was used. This filter provided a
low-frequency second-order cutoff at . 3 radian per second so that sinusoids of periods
longer than 20 seconds were suppressed, providing essentially unbiased turbulence and

tracking commands over the 100 second recording period of each flight.

21



Obtaining the above checks proved to be difficult and time consuming. However,
the very tight clustering of the simulator data and its agreement with the predictions

showed the importance of such care in turbulence research,

The cockpit was a standard Class IV representation with all relevent instruments
operating. In order to control the experiment as precisely as possible and eliminate
threshold effects, the tasks were all flown IFR in a darkened room. The display
utilized the bank and pitch steering bars of the ADI with 10 degrees full deflection on
both the roll and pitch tasks. The heading task also used the HSI (Horizontal Situation
Indicator). The lateral and longitudinal stick was provided with breakout and force
gradients that approximated the reported data for each flight condition, The rudder
pedals were not used.

B. DEFINITION OF PILOT TASKS

All tasks, both turbulence and command tracking, were compensatory in nature;
the error being presented on the cockpit instruments. The pilot was asked to zero the
bank steering bar for the bank angle tasks, the pitch steering bar for the pitch angle
tasks, and the HSI for the heading task. At all times,the pilot was flying the complete
airplane, although the lateral and longitudinal gusts were not simulated together. Each
flight lasted approximately two minutes. After becoming familiar with the configura-
tion, the pilot generally would acquire the task within ten seconds, whereupon data
were taken for a 100 second period. Each pilot was instructed to track as tightly as he
felt necessary to improve performance; i.e., to minimize rms tracking error, and yet
sustain his performance uniformly over each flight during a two hour flying session.
When flying lateral turbulence, the pilot was asked to hold approximate altitude; and
when flying longitudinal turbulence, he was asked to keep wings approximately level but
to pay no attention to heading. Likewise, the pilot was asked not to pay attention to

heading during the bank angle task. Similar instructions applied to the command track-
ing flights without turbulence. ’

C. DATA TAKING AND PIL.OT RATINGS

Data were taken from analog mean square circuits as integrated squared voltages
and later reduced digitally, Care was taken to scale the circuits so that small voltages
as well as overloading were avoided; this required some rescaling during the course of

the simulation. The flights were monitored on paper and a close watch was kept for
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biasing voltages on the error and turbulence voltages. Occasionally, problems would
appear that would require shutting down until the problem was eliminated. This
accounts for departurcs from a standard schedule in the table of simutation data
{Appendix IV).

Pilot ratings were requested after turbulence flights only. The pilots were given
a rating sheet, Figure 11, and usually flew the same configuration,with approximately
the same gust level,at least twice before giving the rating. The pilots were asked to
rate the difficulty of the task, but not to rate the roughness of the ride nor to
compensate the rating for the turbulence level. The pilots felt some uncertainty about
the meaning of such ratings in turhbulence, hut they were able to assign numbcers with-
out difficulty. The consistency of the pilot ratings obtained indicates that the above
instructions, though somcewhat gencral, were sufficient for pilots to assign work level

ratings for the airplanes in Lurbulence.

Il should be carefully noted that the pilot ratings obtained in the above manner
may hot correspond to familiar Cooper or Cooper Harper rating scales since
these scales reflect the global merit of the airplane in still air tasks or in
turbulence, If given accurately, the Cooper or Cooper Harper ratings in turbulence
may be only weakly related to turbulence intensity since the pilot might compensate
the rating for the turbulence level. In other words, the pilot might reason, after a
particular flight in rough air, that the flight was difficult but the gusts were very
strong and, therefore, the airplane must be given a good rating since it was control-
lable in such heavy turbulence. On the other hand, the pilot might have been flying a
configuration that was very prone to atmospheric disturbance under conditions of only
light to moderate turbulence. This variability in gust susceptibility has been clearly
seen during the current simulation as well as in the study of Reference 1. In both simu-
lations, the gust levels were set by asking the pilots to indicate when the intensity of the
turbulence was light, moderate, and heavy. Although the gust levels are scattered
for statistical reasons, it is clear that the pilots reporteddiffering gust levels as
heavy for different configurations. For example, the T-33 configuration BC 2.4 of
Reference 1 was impossible to simulate at v gust levels over 10 ft/second rms,
whereas AB 3, 3 could be flown at well over 20 ft/second rms turbulence. The data
in Appendix IV includes further examples. Thus,the pilot is not able to estimate the
turbulence intensity reliably, which means that the compensated rating for turbulence
flights might be in error. Thus, by asking for the actual workload, a more precise
measure of pilot controllability can be obtained. The data obtained shows this to be the

case, as discussed in Section IV,
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D. ROLL TASK SIMULATION

The data included in this report consist of the pilot model gain and lead variation
prediction graphs, gust and command tracking simulator data, and root locus diagrams
of the dynamics as a function of pilot model gain, These data are located in Appendix IV
and will be referred to by figure number. In addition, Appendix IV contains further
details about how the data were obtained and plotted, The pilot task and simulation
arrangement have been discussed above, and the aerodynamic and control data are to
be found in Appendix IO {or all airplanes, augmenters, and control failure configura-
tions. BSince many features of the shape of the variation graphs relate to handling

gqualities, a case by casc discussion of the bank angle data follows,

F-5 Tlighl Condition #1: Mach .81, Altitude 5135 fcet, TFigures 63-67.
With augmenter, the variation graphs, Figure 63, indicate that the pilot cannot reduce
the tracking ervor below the open-loop value of 1.19 degrees for 10 {t/second turbulence.
However, this open-loop tracking crror proves to he among the lowest of the simulated
airplancs, and the plateau of the gain variation graph through a gain of . 4 deg/deg
inclicates that the pilot will not experience performance gain sensitivity, The simulator
data demonstrate, Figurc 64, the linear relationship which exists between tracking error
and gust level for good airplanes. The numbers attached to the graphical data arc
pilot ratings and show that the airplane is acceptable for light and moderately heavy

turbulence.

Without augmenter, Figure 65, the tracking error increases rapidly with in-
ercased pilot gain. Thus, the pilot has to be careful not to excite the system beyond
the open-loop response level. This, in addition to the unacceptable dutch roll damping,
Figure 67, accounts for the higher pilot ratings and tracking errors on the simulator
data graphs (Figure 66).

F-5 Flight Condition #2: Mach .4, Altitude 4950 feet, Figures 68-72.

As a result of the lower airspeed this airplane is more disturbed by turbulence

than #1, The variation graphs show that with augmenter, the pilot can reduce the
tracking from the open-loop value with the undemanding lead of Ty = .5 sec used in
the fixed form prediction pilot models. The simulator data show good agreement with

the predictions and with acceptable pilot ratings for light and moderate turbulence.
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Without augmenter, the pilot model cannot reduce the tracking errors, and the
pilot ratings indicated that the airplane is unsatisfactory in low turbulence and unaccept-
able in heavy turbulence.

F-5 Flight Condition #3: Mach .9, Altitude 5000 feet, Figures 73-77.

This airplane is much like #1, and the prediction data show features to which the

discussion of #1 applies.
¥-5 Flight Condition #4: Mach .8, Altitude 32,150 feet, Figures 78-81,

The normal mede augmented airplane is controllable by the pilot,with the undemanding

lead of T, = .5 sce being optimum, and the gain variation graph shows that the pilot
gain is not critical. The pilot ratings at low turbulence reflect these characteristics
along with the acceptable dutch roll eigenvalue and its associated locus. The airplane
is also acceptable though rated unsatisfactory at moderate to heavy gust levels, a
result of the large bank angle excursions (probable peaks of 10 degree bank) at the
higher turbulence level.

Without augmenter, the gain variation graph on Figure 80 shows a local minimum
at a gain of .9 deg/deg. A careful monitoring of the lateral stick showed that the
pilots were using large aileron deflections and, therefore, high gain. Thus, the
simulation data show that the pilots apparently operate at this gain. Furthermore,
Reference 1 includes several examples where the pilots operated at gains at which
the gain variation graphs show local minima. This minimum shows greater gain
sensitivity than the augmented case. This, along with the foo lightly damped dutch
roll eigenvalue, accounts for the higher pilot ratings and scatter in the performance
data. The high susceptibility of this failure mode to gust disturbance and bad pilot
ratings at light to moderate turbulence clearly indicate that this configuration has
very poor flying qualities in turbulence,

A-T Flight Condition #1: Mach .6, Altitude 15,000 feet, Figures 83-92.

With augmenter, this airplane displays sensitivity to both pilot gain and lead. The

predicted disturbance level is not unusually high although the open-loop disturbance
level is large. The pilot ratings show that in light to moderate turbulence, the
airplane rates fair to poor.

Without augmenter, this airplane shows unusnally high sensitivity to pilot gain
and lead perturbation. This results in poor to bad pilot ratings at light to moderate
gust levels, and bad to very bad ratings at moderate turbulence. The scatter in the
command tracking data reflects the low frequency of the roll eigenvalues and a

tendency for PIO during the tracking task.
A failure mode of the A-T lateral control system was also simulated for each

flight condition of the A-7, with and without augmenter., The exact control system in
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all cases is specified in Appendix OI,

The control failure mode, with and without augmenter, causes only small departurcs
from the other A-7 flight condition airplancs and the above discussion applies here.

A-7 Flight Condition #2: Mach .9, Altitude 15,000 feet, Figures 93-102,

The gain and lead variation graphs show that the augmented normal mode airplanc has

rcasonably good Lurbulence handling qualitics since perturbations in gain and lead do not
causc significant increases in tracking error. The performance, which is exactly
predicted in this case, is the lowest of the ontire bank angle simulation, In spite of
this, the pilot ratings are higher than for other airplancs having greater disturbance

in gusts. The pilot ratings arc [air at light turbulence levels and fair Lo bad at moedorate
turbulenee levels., The problem appears to be with the control system, although the
time histories check with the simulator. The pilot reported that the airplanc was

sluggish and unplcasant in the turbulence tasks.

Without augmenter, the gain variation graph shows that the pilot model cannot
significantly improve upon the open-loop tracking error, and the pilot ratings are
deteriorated to fair through very bad in light to moderate gusts,

With the control failure, the airplane is not much different from the normal
mode case, However, the tracking errors are larger but the pilot ratings are better,
being good to fair in the light furbulence range. This phenomenon oceurs with several
configurations and is a result of the particular rating system used. Since the pilot
rates on workload exclusively, this simply shows that the relationship of tracking
accuracy and pilot workload varies from airplane to airplane.

A-7 Flight Condition #3: Mach .6, Altitude 35, 000 feef, Figures 103-112.

All normal and failure mode airplanes at this flight condition display sensitivity to
perturbation in pilot gain and lead. However, the pilot found the angmented and
unaugmented airplanes, without failure, relatively easy to fly, and the tracking performance

was near median in the simulation data.

The failure mode airplanes,with and without augmeﬁter, were very unpleasant to
fly, being rated bad to very bad at moderate to heavy turbulence.

A-7 Flight Condition #4: Mach .9, Alfitude 35,000 feet, Figures 113-122.
The normal mode airplane has gain and lead variation graphs that indicate good
turbulence handling qualities. The simulator data show that although the tracking
error is greater than flight condition #2, the pilot ratings are much better.

The same comments apply to the failure mode with augmenter, although the

pilot ratings are somewhat worse - fair at light turbulence and bad at moderate
turbulence. In the cases without augmenters, the pilot gain variation graphs show

more sensitivity to pilot gain perturbations and have higher associated pilot ratings.
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E. HEADING TASK SIMULATION

Since the heading study will not figure in the discussion on specification criteria,
a less thorough description and interpretation of the data will be given here.

The data for each configuration and mode are presented in four graphs. The first,
Heading Error versus Gust Level, also has pilot ratings attached to the data. The second
graph shows the amount of bank angle used during the flight. It is significant that for
many of the cases where the heading error versus gust level data are tightly clustered
about a line through the origin, the rms bank angle data are greatly scattered. (Good
examples of this are found in Figures 125, 129, 143, and 145. This substantiates the
analytical finding that with respect to the pilot model described in Section II, the head-
ing error surfaces parameterized by bank angle pilot model gain K and heading pilot
gain K%U often resemble the surface shown in Figure 12,) Thus, in these cases, the
pilot can select the amount of bank angle during the task from peaks of six degrees o,
to cite Figure 145 again, up to 80 degrees with little or no advantage to heading
tracking performance gained by the larger excursions. The third graph shows the rms
sideslip versus gust level. The performance data here resemble the heading error
versus gust level data and shows tight clustering. The fourth graph gives the rms
yaw ratc versus gust level, Complete data for the heading study are presented in
Figures 123 through 170.

F. PITCH TASK SIMJULATION

The data presentation format for the pitch task simulation follows that of the
bank angle study above, Unlike the bank angle case, there is no great diversity in the
qualitative aspect of the different configurations in the pitch task. The data are
presented in Figures 171 through 210,

The normal-mode airplanes all have gain and lead variation graphs that show a
plateau in the gain variation graph, Thus, the pilot cannot substantially reduce the
open-loop performance. However, the normal-mode airplanes are not sensitive to
pilot gain perturbations and this, coupled with low lead variation, indicates that little
or no lead is required: thus, optimal turbulence tracking is easy for the pilot. As a
consequence, the pilot can track close to optimum for a wide range of workload and,
since the pilot rating, as defined for this study, reflects the workload, it is expected
that some disagreement in pilot ratings should result. This is seen to be the case in
the simulator data, particularly at higher gust levels. Figure 177 shows pilot ratings
of 3, 5.5 and 7.0 at nearby points. Figure 182 shows two pair of neighboring points,
with ratings of 2.5 and 5 for one pair of points and 3.5 and 7.5 for the other. The
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agreement between the pilots,nevertheless,is good in both ratings and tracking errors
for most configurations for which the pilot can reduce the tracking error below the
open loop value. The predictions also show good matching with the simulation data

although they are less accurate than in the bank angle case.

The unaugmented airplanes show increased sensitivity to pilot gain and sometimes
a requirement for large pilot lead {for example, Figure 178).

The command tracking simulator data are tightly clustered and in most cases the
tracking errors are lower than the predictions, The cause of this is that the fixed-form
pilot model does not have the correct low-frequency characteristics for this task. The

longitudinal phugoid mode hecomes unstable for low gains in the pilot model, thus
resulting in larger tracking crror predictions than if the mode were controlled,allowing

higher pilot model gains. It has been found that this phugoid mode hag little cffcel on
simulator pilot tracking errors, and that predictions can be improved cither by adding
an altitude fecdback loop o the pilol model or by suppressing the forward velocity

cquation of motion.

A fusclage bending mode is known to be of importance in the handling qualities
of the F-5. This was accounted for by normal acceleration to elevator feedback in
both the simulation and the prediction computalions by incorporating this elosure into

the cquations of motion and hence,into the acrodynamic data.

G. ASSESSMENT OF THE PREDICTION METHODS

Prediction lines have been shown on the simulation data graphs in Appendix IV.
In order to obtain a better view of the accuracy of the prediction techniques, a brief
description of the result is included here.

As a means of comparing the simulation and the prediction, the simulation data
have been normalized to a standard turbulence level of 10 ft/second and then averaged.
These averages and the corresponding predictions are given in Figures 13, 14 and
15. To help visualize these numbers, cross plots of these averages against the
predictions have been graphed in two ways; normal mode alone, and normal and
control or augmenter failure modes combined.

Figure 16 shows the normal mode bank angle results which illustrate the
accuracy of the method for normal mode airplanes, and the entire bank angle study is
summarized in Figure 17. Here the data are more scattered since many of the
failure mode airplanes introduce piloting effects and techniques not required for the
control of normal mode acceptable airplanes and not accounted for by the fixed form
pilot model, Figure 18 shows that the prediction and simulation command tracking
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rms ¢, (deg) rms @, {deg) ms ¢, (deg) rms ¢, (deg)

Configuraticn Computed Average Prediction Computed Average Prediction
at 10 ft/sec YE at 10 degrees ¢

F-5 #1 AUG 1.50 1.19 4,78 4,03
W/0 AUG L.7# 1.01 5.06 4,26
F-5 {2 AUG 2.60 2.45 4.38 4,76
W/0 AUG 3,04 3.94 4,29 5.22
F-5 #3 AUG 1.45 1.10 4,79 4,03
W/0 AUG 1.74 .86 4.4l 4,06
F-5 4 AUG 2.16 2.25 4.76 5.73
W/0 AUG 3.76 3.35 4.76 5,90
A-7 #1 AUG 1.77 1,60 5.73 4.19
W/0 AUG 2,36 3.53 5.24 5.95
F  AUG 2.24 1,45 5.06 3.62
F W/0 AUG 3.19 2,81 4,58 4,32
A-T f##2 AUG 1.10 1,10 4,01 3.46
W/0 AUG 1.50 1,96 3.99 4,06
F AlG 1,58 1.00 4.04 3,56
F W/0 AUG 2.03 1.67 5.18 3.71
A-7  #3 AUG 1.88 1.97 4,85 53.59
W/0 AUG 2,12 3.58 5.11 4,87
FAUG 2.45 1.66 4.83 4.39
F W/0 AUG 2,82 2.48 4,67 5,99
A-7 {4 AUG 1,57 1.27 3.84 4.11
W/0 AUG 1.86 2.48 3.86 5,31
F AUG 2.45 2.12 4,77 3.77
F W/0 AlUG 2.96 1,97 3.82 4,32

FIGURE 13, AVERAGED BANK ANGLE SIMULATION AND PREDICTION DATA
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rms P, (deg) rms ¢, (deg)
Configuration Computed Average Prediction

10 ft/sec
/ ¥

F-5 41 AUG .93 . 66
W/0 AUG 1.11 .79
F-5 {#2 AUG 1.99 1,28
W/0 AUG 2,53 1,73

F-3 #3 AUG .85 .39
W/0 AUG 1.02 .68

F-5 4 AUG 1.12 .82
W/0 AUG 1.66 1.20

A-7  #1 AUG 1.20 .88
W/0 AUG 1.62 1.12

F AUG 1.42 .87
F W/0 AUG 1.30 1.04
A-7  #2 AUG .76 .58
W/0 AUG .91 W77
F AUG .88 .58
F W/0 AUG " .84 .76
A-7  #3 AUG 1.86 1.01
W/0 AUG 2,27 1,24

F AUG 2,03 1.0

F W/0 AUG 2,06 1.22
A-7  #4 AUG 1,08 .69
W/0 AUG 1.27 .93
F AUG 1.64 .70
F W/0 AUG 1.63 .82

FIGURE 14, AVERAGED HEADING ANGLE SIMULATION AND PREDICTION DATA
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rms @, (deg) rms fe (deg) rtms 6. (deg) Tms f (deg)
Configuration Computed Average Prediction  Computed Average Prediction

at 10 ft/sec e rms 8. = 10°
F-5 {#1 AUG 74 .42 2.87 3.83
W/0 AUG 1.03 71 2.82 4,60
F-5 2 AUG 1.02 .79 3,53 3.81
W/Q AUG 1.38 1.25 3.69 3.95
F-3 {3 AUG .6l a2 2.70 3.74
W/0 AUG .80 .63 3.61 5.80
F-5 {4 AUG .66 .51 3.69 4.64
W/0 AUG .72 .82 3.67 5.01
A-7  #1 AUG W72 « 54 3.23 3.24
W/0 AUG 1,10 .98 3.63 4,63
A~7  #2 AUG .63 42 2.78 6,11
W/0 AUG 1.02 67 2.84 4,39
A-7 #3 AUG . 60 .63 3.07 6,20
w/0 AUG .83 1,23 3.36 5.35
A-7 #4 AUG .39 +45 3.13 3.83
W/0 AUG .93 « 79 3.13 5.77
FIGURE 15. AVERAGED PITCH ANGLE SIMULATION AND PREDICTION DATA

33



rmstpe A

(deg)
400 ™
3.0
Simulator
2.0
1.0
L
0 1.0 2.0 3.0 4,0 :>
rms P
(deg)
Prediction
FIGURE 186, BANK ANGLE GUST TRACKING DATA FCR

NORMAL MODE F-5 AND A-7 AIRPLANES

34



rms¢c/\
(deg)
4.0

3.0

Simulator

2.0

1.0

1.0 2,0 3,0 4.0 ~;>
ms ¢,
Prediction (deg)

FIGURE 17. BANK ANGLE GUST TRACKING DATA FOR NORMAL
AND FATLURE MODE F-5 AND A-7 AIRPLANES

35



rms g,

(deg) N
6.0 L
®
L ]
5.0 F * 0t e e
[ ] : e [ ] P
o .
. o
N *® .
4.0 : . ®
Simulator
3.0 ¢
2.0 -
1.0
1 1 i [ 1 i
1.0 2.0 3.0 4.0 5.0 6.0 :>
rms ¢
Prediction (deg)
FIGURE 18, BANK ANGLE COMMAND TRACKING DATA FOR NORMAL AND

FAILURE MODE F-5 AND A-7 AIRPLANES

36




results generally match, but that for the tracking task employed, the method is not
useful for ranking the performance between configurations.

The normal mode heading data in Figure 19 show close agreement for six of the
eight airplanes. Figure 20 shows that for all configurations, even though the method

predicts errors somewhat low, the result can still be used to rank performance.

Excepl for one casc, the normal mode airplanes in pitch angle attitude hold tasks
have nearly the same performance as shown in Figure 21. However, the failure mode
airplancs show a considerable scatter in their responses, Figure 22, and arc both
cvaluated and ranked well by the method. On the other hand, the pitch angle command
tracking predictions are mostly too high as a result of the poor low-frequency responsce

of the fixed form pilot model, Figure 23.

In order to assess these results numerically, averages of the pereent errors of
the predictions were computed for each of the Figures 16 through 22, These analyses
and the standard deviations of the prediction error distributions are shown in Figure
24, It should be noted that these figures evaluate only the prediction method's ability
to predict the turbulence tracking errors. Accordingly, in the bank angle case,the
normal mode average error is 13.35% at predictions of 1. 10 degrees to 2. 25 degrees,
over a range of 205%. For all bank angle cases, the error average is 29.89% over a
range of 389%. The average heading prediction error for all airplanes is 54.08% over
a range of 298%, which does not take into account the strong correlation along 2 line
displaced upwards from the line of agreement. Thus,the ability of the method to rank
cases would be much better than thegse error averages indicate. The pitch data show
an average prediction error of 31.78% for all airplanes over a range of 297%. These

relations of prediction error to range of data are shown in Figure 25.

This ability to estimate system performance, and to rank prospective designs
in terms of tracking ability, makes it now practical to consider turbulence effects
during the design phase, and provides a means of analytically evaluating airplanes
against turbulence flying qualitites criteria.
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IV, SPECIFICATION CRITERIA

A, OBJECTIVES OF SPECIFICATION CRITERIA

There are two principal purposes [or flying qualities specifications in MIL-F-
8735D0: to provide a reliable guide to the acceptability of military airplancs, and to
provide a standard against which airplanes can be designed. In order to evolve prac-
tical criteria, the methods of application must be considered, and compliance with
any requirement must be demonstrable by analytical or experimental evaluation,
preferably both., This means that such criteria must be developed around existing
analvsis methodologies that are readily available, easily applied, and unambiguous
in outcome.

These requirements, along with sufficient data, have limited the nature of the
criteria in MIL-F-87858,and its predecessor,to considerations of numerical measures
of unpiloted dynamic response which have been found fo correlate well with pilot
opinion. On the other hand, a great amount of research has gone into the development
of techniques for analyzing the flying qualities of the pilot-airplane system through
frequency domain techniques, such as multiloop analysis of pilot vehicle systems.
However, the resulting methods have not lent themselves to rigidly standardized
evaluation methods and numerical criteria.

The necessity of developing criteria for flying qualities in turbulence is recog-
nized in MIL-F-8785B, although no criteria or analysis methods are presented. Fur-
thermore, the Background Information and User's Guide for MIL-F-8785B suggests
the importance of analyzing the piloted airplane. The work reported in Reference 1,
and its continuation reported in Section II of this volume, make it clear that the sugges-
tion for closed-loop analysis is not only appropriate but indispensable; good airplanes
in still air can be good or bad in turbulence even at low gust levels of 5 ft/sec rms or less.
Furthermore, through use of fixed-form pilot models with a standard linear representa-
tion of the airplane and its control system, an analysis method has been validated which

has the following features required of a useful evaluation technology:

1. Available computer programs make the method readily available and easily

used as shown in Section IT and Appendix L

2, The analysis is a completely standardized procedure.
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3. The results in terms of minimum root mean square tracking error arenumerical

and,therefore, are unambiguous.

4, The accuracy of the prediction method has been ascertained by two moving-
base simulations for a total (including the work in Reference 1) of over 1700

simulator flights of 34 configurations of Class IV airplanes flown by 5 pilots.

Thus, a natural criterion for performance of airplanes in turbulence is to specify
acceptable rms tracking error in bank and pitch angle for a nominal gust level and fixed-
form pilot model. The validation simulation for such a criterion includes many config-
urations with augmenter or control system failures which have unacceptable character-
istics in turbulence. A tentative requirement based on airplanes in turbulence will be
presented at the end of this section. It will be seen that the simulator results are
largely independent of the pilot so that such a criterion rates the airplane and not the
individual pilot,

In addition to specifying tracking accuracy, it is necessary to require pilot
acceptance. For some handling qualities parameters, good performance correlates

well with good pilot ratings, It is thus necessary to see whether additional kinds of
criteria are necessary to guarantee an acceptable pilot rating for attitude-hold tasks

in turbulence.

B. PERFORMANCE AND PILOT RATINGS

Any specification criterion evolved from the simulation must necessarily involve
the pilotArating data obtained, The simulator data presented in Appendix IV in graphical
and tabular form, show that the pilots agree well in terms of tracking ercor and
have general agreement in pilot ratings. In order to obtain a better estimate
of this agreement, pilot ratings of the two test pilots,JBJ and WWK have been cross-
plotted for the same airplane and control system state at approximately the same
turbulence levels., Figure 26 shows the bank angle task data for which the pilot ratings
correlate strongly. A count of the points reveals that 83% of the compared ratings are
within 21 rating unit. The pitch angle task pilot ratings have been cross-plotted in
Figure 27. Here, 65% of the compared ratings are within +1 rating wmit. If the lower
boundary is extended downwards by one-half unit, 84% of the cross-plotted ratings are
encompassed ,

Since ratings occur at whole and half rating units, the +1 boundary line has
been slightly expanded to include all points that lie on the boundary. The expanded
boundaries do not enclose any points that were originally excluded. Multiple points

are indicated by placing them adjacently but pointing away from the origin.
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Similar cross—-plots can be obtained from the data of Appendix IV which compare
pilot JTT with JBJ and WWK., These differ slightly from Figures 26 and 27 and are not
presented. Thus, it is clear that both pilot tracking error and pilot ratings are highly
correlated between the three pilots, Cross-plots of the gust and still air command
tracking simulation data have been made to demonstrate the independence of still air
and turbulence flying characteristics. These confirm the earlier results of Figure 4

and are found in Figures 28 and 29,

C. PILOT RATINGS AND FLYING QUALITIES CRITERIA

Since an apparently natural approach to the turbulence flying qualities specifica-
tion is through restricting the allowed tracking error for a given level of turbulence,
it is necessary to see whether such criteria ensure acceptable pilot ratings. Figure
30 shows a graph of pilot ratings versus tracking error for the entire bank angle
simulation, Although the data tend to cluster along a line approximately through the

'origin, the data are very scattered and exhibit a range of pilot ratings from 2 to 9 at
a tracking error of 1 degree rms. If the normal mode airplanes only are plotted as
in Figure 31, the scatter is nearly as bad, In pitch, a large scattering of the data
is obtained for the entire pitch task simulation as shown in Figure 32, and for the
normal mode cases only, Figure 33.

Since it has just been demonstrated that the pilots agree on both tracking errors
and pilot ratings, this scatter reflects the diversity between the tested configurations.
Nonlinear relations between tracking error and pilot rating within the data for each
airplane also contribute to the scatter as will be seen next. It must be kept in mind
that all of the data of the last four figures range over turbulence levels from 3 ft/sec
to nearly 17 ft/sec. Restricting the gust level sharply reduces the scatter. This is
the way criteria will be developed in the following sections.

D. PERFORMANCE CRITERIA

Criteria will be proposed for performance in light to moderate turbulence levels

of 7 ft/sec or less. The boundaries will be based upon the normal mode F-5 and A-7
airplanes which are presumed to be Level 1 in light turbulence; at worst Level 2 in

moderate turbulence of 10 ft/sec rms, Compared to many of the failure mode
airplanes and T33 configurations of Reference 1, these airplanes appear to perform

well. In order to see the relation between pilot ratings and tracking error for the

restricted gust levels, Figures 30 through 33 have been replotted for the light to
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moderate turbulence flights only.

The normal mode bank angle data are shown in Figure 34, The tracking errors
show an empirical boundary at 1.5 degrees, and this is proposed as a boundary for
the specification. In addition, all data points lie below the rating line of 6.5. Thus,
for the normal mode airplanes in light to moderate turbulence, hounded tracking
performance ensures bounded pilot ratings. By taking, as working examples, the
normal mode F-5 and A-7 airplane as acceptable standards in both still air and in
turbulence, the pilot ratings as designated above in Figure 11 for turbulence tracking
define, then, this acceptable performance,which will be referred to as Level 1
through the rest of this report. These pilot ratings are not comparable to ordinary
pilot ratings for calm air evaluation, but nevertheless they reflect pilot work level
and discomforture. Thus, in turbulence where the pilot must necessarily work harder
than in calm air, pilot ratings greater than 3.5 can be expected for Level 1 airplanes.
The key point is this: By considering gust levels of 7 ft/sec rms it is found that
specifying allowable tracking errors ensures that normal mode airplanes (Level 1
airplanes in calm air) will have bounded pilot ratings; thus, a tracking error specifi-
cation will also ensure pilot acceptance as defined by the normal mode F-5 and A-7
airplanes taken as representative standards.

In order to see the consequences of the boundary, Figure 35 transfers the
boundary to the graph of normal and control or augmenter failure mode airplanes in
7 ft/sec rms or less turbulence. It is seen that approximately 18% of the flights were
unsatisfactory with regard to the boundary. Thus, the proposed turbulence level and
proposed specification boundary eliminates 16% of the worst flight while ensuring
bounded pilot ratings.

The same procedure can be carried out with the pitch data. Figure 36 shows
pilot rating versus pitch angle tracking error for normal mode airplanes in gust levels
of less than 7 ft/sec rms. A proposed specification boundary has been drawn at .55
degrees. When both normal and failure mode data are plotied, Figure 37, the
recommended boundary is seen to exclude 12% of the flights.

E. RECOMMENDED SPECIFICATION CRITERIA FOR FLYING QUALITIES IN
TURBULENCE

Since the above boundaries for performance were obtained for data points

deriving from simulator flight of 7 ft/sec rms turbulence or less, the data represent
an average turbulence level that is less than 7 ft/sec rms (approximately 5.5 ft/sec
rms). Thus, the proposed specification boundaries of Figures 32 through 35 must be
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multiplied by 10/5.5 in order to correspond to the prediction and to simulator data
normalized to 10 ft/sec rms turbulence. This results in an acceptable rms tracking
crror of 2.7 degrees for bank angle tracking and 1. 00 degree for pitch angle tracking.
To see how these criteria separate the airplanes on the basis of normalized simulator
data averages and the corresponding predictions, the simulator versus prediction
graphs for the bank angle and pitch studies are reproduced with the proposed specifica-
tion boundaries added. Tigures 38 and 39 show thc normal mode airplanes, all but

one of which satisfy the criterin. Figures 40 and 41 show the normal and failure mode
data, and it is apparent that the airplanes with worst tracking performance have been
excluded.

The proposed specification houndary has been shown on both the simulation and
on the prediction axes of these graphs. Since the normal-mode airplanes correlate
well and lie within the boundary on both axes, it is reasonable to requirc compliance
with both boundaries whenever simulator or adequate flight test data, including in-flight
simulation data, are available. The requirement that the predictions satisfy the cri-
teria ensures that the performance requirement will be met with a low work load for
the pilot in terms of lead, even though testing or simulation tracking scores may be

lower than the prediction as a result of pilots using greater than .5 second lead,

With these considerations in mind, the following statement is an example of the
closed-loop criterion recommended for inclusion as a specification requirement in
MIL-F-8785B:

3.7.5.1 Piloted Airplanes in Turbulence

This requirement is to ensure adequate pilot control of pitch and bank
angle attitude during Category A missions of Class IV airplanes oper-
ating in light and moderate turbulence. Using the Dryden form gust
spectra with a scale length of 1750 feet, closed-loop pilot-vehicle root
mean square tracking errors for p]tch and bank angle attitude hold
tasks shall be computed using a turbulence prefilter represented by
S:2
(s +. 3)2

and the pilot model transfer functions:

(S5s + 1)(.0952 - 1.8s + 12)
(-0932 + 1.8s +12)

bank angle Ko
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{(.5s + 1)(.202532 - 2,75 + 12)
(.202552 + 2.7s + 12)

pitch angle Ky

The airplane control and augmentation systems shall be represented

by a linear representation for each flight condition over Mach . 4, and

the pilot model gains K4 and K shall be chosen to minimize the root
mean square tracking error for 10 ft/sec rms turbulence incorporating v,

r, w, and g gusts. Level 1performance will then be met if the root
mean square tracking errors are:

e Less than 2.7 degrees in bank angle;

¢ Less than 1.0 degree in pitch angle.

In addition, it is required that simulation and flight test data, when
available, meet this requirement.

Although this specification is based on normal-mode airplanes that are well
behaved in turbulence, there are difficalties to be overcome before it can be included

in MIL-F-8785B. The assumption that the F-5 and A-7 airplanes are representative

of Level 1 Class IV airplanes must be tested, and further simulation over larger parts
of the flight envelop must be completed, especially at low Mach number. Once the sim-
ulator results are obtained, a program of flight testing or in-flight simulation must be
carried out to verify that pilot acceptability is ensured (in the sense of Subsection D
above) by tracking error requirements, With these programs completed, there would
be sufficient data to assign margins and recommend final specification criteria,of the
kind above, for inclusion in MIL~-F-87858B,

The suitability of such criteria is established by the present program since the
results of the simulator evaluation are largely independent of the pilot. A review of
the simulator data conclusively demonstrates that for normal-mode airplanes, the
pilots achieve very nearly the same tracking error, and that the errors scale linearly
with gust level from light to heavy turbulence. The pilots reported different techniques.
WWK preferred to operate as little as possible and to simply ride it out in cases where
there was little promise of tracking improvement. JBJ, on the other hand, generally
attempted to track tightly in all cases. In spite of these differences, the agreement in
not only tracking error performance but also in pilot ratings illustrates that it is the

airplanes that are being rated, not the pilots.
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This, coupled with the total system performance prediction methods, completes
the requirements for a specification. By avoiding the complexities of the pilot's
dynamics at the stick, a simple and standardized total system model has been evolved
which demonstrates strong corrclation with the simulation data. The availability of
the prediction method or a rcady-to-operate digital program removes the main diffi-
cultics usually associated with a new methodology. The above validalion analysis
eslablishes that these prediction techniques have sufficient accuracy for usc with the
criteria suggested above, thus completing the program as outlined in Subseclion A of
Section 1V,

One further maitter that requires some comment is prefilters. Since the turbu-
lence power spectra contain very low frequency energy, which is observed as mean
winds during finite data taking flights, it is not possible to simulate or flight test in

{unfiltered) turbulence and measure the gust levels accurately since the mean of the
turbulence velocity field may not be zero. By filtering out the very low frequency
components representing mean winds {(w<, 3 rad or a period of approximately 20 sec)
a data taking period of 100 seconds becomes a sufficiently long time to obtain a
reasonable average value. The simulator data reported here have been obtained from
such prefiltered gust spectra and, hence, the turbulence models must include this

prefilter.
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V. FURTHER CONSIDERATIONS

A. FLIGHT TEST PROGRAMS

A fundamental premise underlying the entire program is that the moving-base
simulation provides a suitable representation of the flying characteristics of airplanes
in turbulence. Some studies have been carried out which indicate that moving-base
simulators provide a reliable instrument for reproducing the subjective aspects of
airplane flying qualities, but little is known about the validity of numerical measures,

such as attitude hold tracking errors, in turbulence.

The difficulty in carrying out a program of flight tests to measure tracking
error is almost entirely one of obtaining suitable turbulence. Even in the simulation
with pure Gaussian gust distributions, it was necessary to prefilter the noise in order
to remove slowly varying voltages (analogs to mean side winds) that bias the measurement
of the gust intensity. Thus, close attention will have to be paid during reduction of data
from flight testing to the characteristics of the record used to ensure a reasonably

steady and zero-mean cross wind.

A better approach to the validation of the simulator by flight testing is through
inflight simulation. Flight testing with the Total In-Flight Simulator, and programs
such as reported in Reference 3, will provide useful data through the on-board
generation of turbulence and turbulence effects. Since further experimentation is
required before the criteria of the kind suggested in Section IV can be adopted, a
flight test program should be carried out to test two assumptions:

1. The simulator and the prediction methods rank airplanes correctly in terms

of tracking performance.

2. The simulator and prediction methods produce tracking errors and pilot
ratings that correspond to flight test data.

Since control of the turbulence environment is essential for accurate evaluation
of tracking errors per unit gust, it is recommended that a program of in-flight simula-
tion be carried out. The task should correspond to the attitude hold task as detailed
in Section III. Once an assessment of the simulation results has been made with respect

to the above two items, several other extensions can be attempted. For example,
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non-Gaussian turbulence models have been studied as a way of producing the patchy
character of real gusts. 1lsing such models in conjunction with in-flight simulators
would be of value in assessing items 1 and 2. Another important study is to fly (and
simulate) the turbulence tasks VFR rather than IFR. This will introduce some visual

threshold effects and represents another step toward actual flight.

Above all, the prediction methods have worked well for the F-5 and A-7 airplanes,
and the suggested criteria rest on the assumption that these airplanes are representative
of Class IV airplanes. This should also be tested by both in-flight simulation and
ground-based moving-hase simulation. Criteria ultimately rest on the experience of

many airplanes, and in this new field of research the data are still very limited.,

B. RECOMMENDATIONS FOR FURTHER APPLICATIONS

There are numerous ways that the above analysis methods can be developed to
provide direct applications in the study of airplane design. Weapons delivery is one
area where many applications have been made at Northrop. Both turbulence and
command tracking predictions have been used to correlate with simulation of weapons
delivery tasks, and improved designs based on this analysis have been verified by moving-

base simulation.

A somewhat different extension of the work is the inverse problem: Given one
airplane with defects, how can it be improved? Owing to the complexity of the
multiloop system transfer functions, improvement often means careful and simul-
taneous adjustment of several aerodynamic and conirol parameters along with the
control system configuration, Thus, the likelihood of achieving the desired results
by cut-and-try methods is poor. The general applicability of the methods applies
over all areas of military and civilian flying where tracking tasks are being perform-
ed in turbulence. A natural application is to other classes of airplanes in other
category tasks; for example, transports in landing approach under turbulent condi-
tions., Another example is the study of large flexible airplanes.

C. LARGE FLEXIBLE AIRPLANES

An important problem of current interest is the handling and ride qualities of

large flexible airplane such as the B-1 in low-altitude high-speed penetration and
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landing approach. A short preliminary study of the B-1 airplane has provided some

insight into this application.

The flexible airplane is represented by a set of rigid mode equations which is
coupled to a set of flexibility equations. These are linear, and the gust forcing functions
enter into all equations through the aerodynamic coefficient in the rigid equations and
through shaping filters for the flexibility mode equations. Since the prediction programs
can accept a sufficient number of equations of motion to handle this problem, some
calculations can easily be carried out. The primary difficulty associated with this
problem is one of representing the control and augmentaticn systems., The pilot models
used have been simple, although it is realized that certain factors of the handling and
ride qualities interface may affect the form of the models. The demonstration of the
applicahility of the basic prediction computation methods and the success of the Class IV
validation program reported above suggests that the approach to Class IV flying qualities

in turbulence analysis should apply to these Class HI airplanes.

Ride qualities evaluation can also be developed from the prediction method. The
assessment of the acceleration at the pilot station requires both the root mean square
and the power spectrum of the accelerafion. It is an easy matter to derive the acceler-
ation to unit gust transfer function for the closed-loop pilot vehicle system. This can
be used to calculate the root mean square acceleration, and ‘the power spectrum can
be algebraically obtained. Although a study of ride qualities has not been completed,
the normal acceleration to gust rms calculation has been included in the longitudinal

prediction program.

In short, the following areas appear to be important and promising for future

research:
1. Weapons delivery under turhbulent conditions.

2. The inverse problem: relating the turbulence handling qualities to the

aerodynamics.

3. Large flexible airplanes in terrain-following and landing approach in
turbulence.

4. Landing approach of all classes of airplanes in turbulence.

5. In-flight refueling in turbulence accounting for the response in turhulence

of both airplanes.
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VL. CONCLUSIONS

There were two fundamental objectives of this program: to validate the {lying
gqualities in turbulence prediction methods developed in a previous study (Reference 1),
and to evolve design specification criteria for piloted airplanes flying in turbulence.

Both of these objectlives have been achieved.

The research documented in this report has not only validated the results of the
previous program (Reference 1), but has led to a much deeper understanding of the
flying qualities of airplanes in turbulence. An experimental program using the
Northrop Large Amplitude Flight Simulator studied 16 configurations of normal and
failure-mode F-5 and A-7 airplanes. These were flown by three pilots, including former
Navy and Air Force test pilots, for a total of 1326 flights of 100 seconds duration.
Careful attention was paid to the techniques necessary to obtain faithful representa-
tions of the F-5 and A-T7 airplanes and accurate measurements of the turhulence

intensity, command tracking signal intensity, and tracking error.

This resulted in data which demonstrate several features of the pilot that have
not previously been fully realized. For almost all configurations the pilots not only
achieved similar tracking errors at similar gust levels, but also agreed closely in
pilot ratings for the turbulence tasks. In addition, the tracking error scaled linearly
with the gust level from light to heavy so that most of the data appear clustered about
a line through the origin on a graph of tracking error versus turbulence level, Thus,
the consistency of the tracking error performance, pilot ratings, and linear scaling
of tracking error with gust level is one of the major demonstrations of this program.
Since these data will undoubtedly yield more information than has been treated in this

study, they have been reported in their entirety in numerical form (Appendix IV).

The specific achievements of this program are summarized in the following

paragraphs,
A, YALIDATION OF THE PREDICTION METHOQD

There were three attitude-hold tasks in turbulence, bank angle, heading angle,

and pitch angle. The Dryden turbulence models included v, w, and the correlated r

71



and q gusts, and fixed-form pilot models were used in a linear pilot-vehicle system
from which root mean square tracking errors were calculated. A statistical analysis
of the prediction and simulator data has been included (Figures 172 and 173) that shows
the method to have an average error of 13% over a range of predicted bank angle
error of 205% for normal-mode airplanes. In pitch, the average error is 32%

over a range of 297% for all airplanes. The study in heading shows that the predic-
tion method can be usually applied to this multiloop task description. These results
are, therefore, much more accurate than open-loop estimates and provide a

reliable way to analytically assess the performance of the piloted airplane in turbu-
lence. Moreover, Lhe theoretical graphs of tracking error versus pilot model gain
and of tracking error versus pilot model lead yield valuable information about the
dynamic characteristics of the pilot-vehicle system. Furthermore, the prediction
method consists of a standardized procedure that can be easily carried out using the
compuler programs developed during this effort. A User's Guide is contained in
Appendix I, and the program is available on request from the United States Air Force,
These new programs are considerably more general than the one reported in Refer-
ence 1, and include both lateral and longitudinal dynamics. The equations of the air-

craft dynamics are furnished by the user.

B. SPECIFICATION CRITERIA

The availability of a validated analysis method for evaluating performance in
turbulence makes it possible to develop specification criteria. Using the F-5 and A-7
airplanes as representative of acceptable airplanes in normal-mode operation, cri-
teria were developed for both bank angle and pitch angle performance in light to mod-
erate turbulence. An example of a paragraph for inclusion in MIL-F-8785B has been
given to illustrate the precise form that turbulence flying qualities eriteria can take

when based on the validated prediction method.

C. APPLICATION TO ATRPLANE DESIGN AND EVALUATION

Although assessment of an airplane design against a criterion is one important
use for the prediction method, in practice the techniques are valuable in ranking
competitive designs with respect to trucking performance. Since a superposition
principle applies to the pilot-vehicle system, it is possible to evaluate many precision
tasks in turbulence, Examples studied at Northrop, in conjunction with several devel-

opment programs (including the Northrop A-9 airplane), have shown that the best
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aerodynamic or control design for still air may not be the best for low-level turbu-
Ience. Since the actual mission will likely encounter low-level turbulence, it is,

therefore,useful to design about a nominal gust level. In this way, the flying quality
prediction methods provide a powerful and accurate guide to the tradeoff analysis of

still air and turbulence condition designs,

D, FINAL REMARKS

This program has led to both validated flying qualities prediction methods and
specification criteria for Class IV airplanes flying in turbulence. The accuracy of the
method has been shown for hoth gualitative and quantitative characteristics, and the
human pilot demonstrates unexpected reliability as a linear operator for both single

and multiloop turbulence tracking tasks.,

The success of these methods for Category A operation of Class IV airplanes
suggests applications to other tasks in different categories and for other classes of
airplanes. A preliminary study of a large flexible airplane has been partially car-
ried out and indicates that the prediction techniques apply. Other promising and
important continuations of this research have been suggested in Section V, and it is
hoped that the achievements of this program will stimulate further effort in these

direciions.
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APPENDIX

GUIDE TO THE EXTENDED LATERAL AND LONGITITDINAIL,
TURBULENCE PREDICTION PROGRAMS

INTRODUCTION

The methodology documented in this report requires the calculation of closed-
loop pilot-vehicle performance. The use of conventional transfer functions for com-
puting pilot-vehicle performance is advantageous from the point of view of the
information available from a knowledge of pole-zero locations. Hence, rms perfor-
raance has been calculated trom closed-loop transfer functions. Multiloop analysis
techniques allow a systemalic development of the required transfer functions from
polynomials which are intuitively related to system performance. Unfortunately, the
technigue is time-consuming; therefore, digital computer programs have been devel -
oped to calculate closed-loop pilot-vehicle transfer functions and to generate the rms

performance.

Three digital computer programs are documented in this appendix. The pro-

grams provide:

1. Lateral command tracking response;
2. Lateral gust response;

3. Longitudinal gust and command tracking response.

The formulation of these three programs has been kept as modular as possihle
so that the interested user may reformulate the logic to suif his particular needs. In
fact, all three programs use a common subroutine package. The elements of the sub-
routine package will be detailed, following which instructions will be given for use of
the Lateral Command Tracking Program, the Lateral Gust Response Program and,

finally, the Longitudinal Program.

SUBROUTINES

This collection of subroutines contains 13 programs designed to aid in handling
polynomials. Those which could be of use for general operations are described in
detail; those subroutines peculiar to the digital programs of this effort are merely

summarized.
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TPREF (AK, LPN, AL, LPD). This subroutine multiplies the command tracking

2
. 8 .
filter by — %5 - The resulting transfer function is then scaled to give a command

(S +.3)
of 10° rms and is returned to the main program as the command tracking filter. The

elements of the argument are:

AK — linear array of the coefficients of the numerator polynomial of the
command tracking filter, starting with the coefficient of the highest
power of s, [AK(1)S"+AK(2)s* 1+ - - __ + AKn+1)s? 1.

LPN — number of coefficients in AK.
AL — coefficients of the denominator polynomial of the command tracking
filter, starting with the coefficient of the highest power of s.

LPD — number of coefficienis in AL,

AK and AL are effectively limited to ten elements,

PREF (AM, LGN, AN, LGD, U0Q). This subroutine multiplies the gust filter by

2 5 - The resulting transfer function is then scaled to give turbulence of 10 ft/sec
{s+.3)
rms, and is returned to the main program as the gust filter., The elements of the
argument are:
AM - linear array of the coefficients of the numerator polynomial of the gust
filter, starting with the coefficient of the highest power of s.

LGN — number of coefficients of AM,

AN — coefficients of the denominator polynomial of the gust filter, starting

with the coefficient of the highest power of s.

LGD — number of coefficients of AN.
UO — velocity of the vehicle,

AM and AN are effectively limited to nine elements.

NUM{A,Bl,Bs. ... ... ). This subroutine is unique to the Longitudinal
Program, It is designed to formulate the numerator polynomials of the ¢losed-loop
longitudinal transfer function. The input arguments consist of pilot model transfer

functions and N-symbols required for the particular numerator.

NSYM (NCA1l, NCB1, NCA2, NCB2, DDET, ND). This subroutine calculates the
N-symbols required for use of the multiloop analysis technique. The logic of the pro-
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gram can be most easily understood by starting with the matrix description of the air-
craft equations of motion below:

[A] [X] = (B] I8]

A is the matrix of the coefficients of the unknown of the selected equation of motion,
For example, in the typical three degree-(_)f-freedom lateral equation, A would contain
the coefficient of ¢, r, and 3 (see page 26é). Thus, the elements of the matrix A
would be polynomial in s. Similarly, B gives the coeificients of the control Vdéflectioh
r;;-mtvllrbulence inputs., NSYM will replace one or two columns of A by columns of B
and calculate the characteristic polynomial of the resulting matrix. This polynomial
is simply an N-symbol of the multiloop analysis transfer function,

The elements of the argument of NSYM are defined helow:
NCA1l — integer giving the first column of A to he replaced
NCB1 — the column of B to replace NCA1l
NCAZ — the second column of A to be replaced
NCB2 — the column of B to replace NCB2

DDET — linear array of the coefficients of the resulting characteristic

polynomial. starting with the highest power of s
ND — the number of coefficients in DDET.

If no columns are to be replaced, set the appropriate argument elements to zero,

The user should note that the polynomial elements of the A and B matrices
are calculated in the main routine of the supplied programs for a particular set of
equations of motion, Thus, only stability derivatives need be input. However, the
areas in the program where A and B are defined can be easily discerned, and the
user may change the equations to meet his own purposes (i.e., additional terms,
change of axis systems, etc.), The elements of A and B are limited to third order
polynomials of the form:

AQ, T, S +----rA@, I, J)
I row
J column
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The size of A is limited to 16 x 16 of these polynomial elements and the size of B to
16 x 5, If NSYM is used in other programs, the user must include the common
block:

COMMON A, B, N

where N is the size of A.

LMPY (A1, A2, A3. .. ... .). This subroutine is unique to the Longitudinal
Program. It is designed to multiply seven polynomials together, The argument of the
pr;)gram consists of linear arrays of the coefficients of the seven input polynomials
plus the resulting product and the number of coefficients in each polynomial. The size

of any polynomial is limited to 30 coefficients,

RMS (X, Y, N1, N2, H). This subroutine will calculate the rms response of a
transfer function to a white noise input. It performs checks to determine whether the
input functionis stable. If the transfer function is unstable, a zero value of the rms

is returned. The elements of the argument are defined below:

X - alinear array of the coefficients of the numerator polynomial of the
transfer function, starting with the highest power of s

Y — the coefficients of the denominator polynomial of the transfer function,

starting with the highest power of s

N1 — the number of coefficients in the numerator
N2 — the number of coefficients in the denominator
H — the rms response to white noise.

INV (C, N, DET). This subroutine calculates the determinant of an arithmetic

matrix, The elements of the argument are defined below:
C —an nxn arr.ay of the input matrix elements
N — the size of C
DET — the determinant of C that is calculated.

EQUATE (AA, N, BB). This subroutine will equate two arithmetic matrices,

The elements of the argument are described helow:
AA — a square array of the elements of the input matrix
N — the size of AA

BB — a square array of the elements of the output matrix which the pro-

gram equates to AA,
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ADD (A, B, C, N, M, MAX). This subroutine will add two polynomials and return

the sum. The elements ol the argument are defined helow:

A — a linear array of the coefficients of one input polynomial, starting

with the highest power of s
B — the coefficients of the second input polynomial

C — the polynomial sum of A + B, starting with the coefficient of the highest
power of s in the first storage location

N — the number of coefficients of A
M — the numbhor of coefficients of B
MAX — the number of coefficients of C.

MPY (A, B, C, N, M, L). This subroutine will multiply two polynomials and

return the product. The elements of the argument are described below:
A — a linear array of the coefficients of one input polynomial, starting
with the highest power of s

B — the coefficients of the second input polynomial

C — the polynomial product of A x B, starting with the coefficeint of the

highest power of s in the first storage location
N — the number of coefficients in A
M — the number of coefficients in B
L. — the number of coefﬁcienté in C.

MULR (A, N1, X, Y). This subroutine is designed to call a root-finding routine
and,thus,return the roots of the polynomial. By calling the root-finder from this sub-
routine, it is possible for the user to easily substitute a root-finder from his own
library without changing the main program, The elements of the argument are defined

below:

A — a linear array of the coefficients of the polynomial to be factored,

siarting with the highest power of s
N1 — the order of A
X -— a linear array of the real parts of the roots of A

Y — a linear array of the corresponding imaginary parts of the roots of A.
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MMPY (Al, A2 ... .. . . ). This subroutine is unique to the Lateral Program.
1t is designed to multiply eight polynomials together and return the product.

POLRT (XCOF. ... . . .). This subroutine factors a polynomial. It is called

by the subroutine MULR and may be replaced by the user's own root-finding routine.

LONGITUDINAL PROGRAM

A block diagram of the longitudinal pilot-vehicle system is depicted in Figure
42, and a flow chart of the digital computer program to calculate closed-loop pilot-
vehicle performance is shown in Figure 43, The input format for the digital computer

program is given in Figure 44,

The longitudinal airframe and control sysiem equations of motion are presented
in this subsection of Appendix I. These equations are written in a wind-axis system in
which the X-axis always points into the relative wind and the lift and drag forces always
lie along the Z- and X-axes, Small angle assumptions are made and a level-flight
initial condition is chosen. Provision is made for pitch rate feedback, both with and

without washout, and for fuselage bending.

It should be noted that while wind axis equations of motion are used in the longitu-
dinal program, body axis equations are used in the lateral program. This was done to
match the mechanization of the man-in-the-loop simulation which had been designed to
minimize the use of computing equipment. The interested reader may consult
Reference 4 for a more complete discussion of this type of mechanization. However,
the equation of motion may be readily changed as explained in the discussion of the
subroutine NSYM.

Also presented are the transfer functions for the loop closures shown in the

block diagram of Figure 42. Pilot transfer functions may be entered into the pro-

gram as ratios of polynomials.
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The theta pilot is expressed as:

(Pilot Compensation Numerator)
(Pilot Compensation Denominator)

YG = (Gain)

(Time Delay Approximation Numerator)
{(Time Delay Approximation Denominator)

(Mechanical Control System Numerator)
(Mechanical Control System Denominator)

The normal acceleration pilet models are similar, except that the provision for

the mechanical control system polynomials is not included in these models. The

acceleration pilot models can, of course, be used for augmenter feedbacks, with the

location of the sensor determined by the gquantity Lx in the airframe input data for an

off-cg sensor location.

The other inputs are given in Figure 44 and are self-explanatory,
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Q

AIRFRAME AND CONTROL SYSTEM EQUATIONS

V-Xyav-X,a-ge - -Xga - Xy,

“Z AV & -7 a-6 = Z § ~Z a -Z,v
v
. do7e 97g Vg

-Mg a—ManrG-MqB = Mdede—Maag-qug

T 88
= 4 PRV (6-0)+Q,  6+Q,
“comm bo augl a“gz f:lugF3+

+T.E. down

Fuselage bending factior, a positive number expressed as rad/fps

are positive numbers for stabilizing feedback, sec

: Washout time constant, sec

-20[0 SCD /mVO
o]

-(qo SCDa/m) +g

_2qo SCL/mV02

-4, SCLa/mVO
L /mVO

be

~~qQSC

(For additional symbol definitions see Appendix I1.)
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TRANSFER FUNCTIONS

it

A = A-‘-Y9 Ne +Ya Na +Ya Na
é Z Z Z Z
e p Pt5 cg ng
. e e
Gust Tracking
2] aZ ] a
p cg
Nt9 + Ya N s s + Ya N p s
4 Z g e Z g e
o gw P w cg w
& - A”
Ew
8 azp azp a ce
N +%Y N + Y N
aZ 8 de dg az Jg 6e
P w P w
a.Z dg
p _ w
d A‘f
Ew
8 a 6 a
N +Y N Py N cg
65 iy, ég e s dg e
gq p q cg W
d - A”
gq
¢ 2y 2z azc
Ny Ty Ny op+YaNap ag
Z e Z e
. P, By p 5
Zp = Bq
6——' d”
gq
g aZ ] a'Z
P cg
NB * Ya N L] é * Ya Nd é
6 Zp g, e ch 8w e
o . _ %
6 - [X]
g A
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N 1Y, N Pyy N P CB
a7, be dg Az oq 8o
p u P u
a, 0
Jp gu
6 A”
Bu
Inasmuch as qg is correlated with wg, @ and 2 for the combination of these
p
two gusl components are:
6 = w‘ ...._..8._ + q _.Q._
g dg g 6g
w 9
azp azp
a, = w]|l 1]+ —
2y g\ 4 g1 3 g
w q
For the ug gust component:
4

6 = u —

azp

a = Uu —_—

Z
p g agu

A+Y N +Y N
. A/ “z_, Z,
E P Pye €8 CBse
2] - AI‘I
Y N
aZ 8 a’Z
P _ Pse
°c 4"
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EXAMPLE OUTPUTS

The output of the longitudinal program for an example case is given in Figure

45. For this case, pitch rate is fed back through a washout filter. Fuselage bending

also is included. Because these feedbacks are incorporated into the equations of

motion, the N-symbols include their effects, A second-order Pade approximation is

.used along with a first-order lead in the ¢-pilot model. No mechanical control system

is included.

The symbols for the rms values in the program printout are defined below:

THT:

AZPT:

THW:

AZPW:

THQ:

AZPQ:

THU:;

AZPU:

Rms theta error in degrees due to a 10-degree rms theta input

command,

Rms acceleration at the pilot's station in fps2 due to the above

input command,
Rms theta error in degrees due to a 10-fps rms w-gust,

Rms acceleration at the pilot's station in fp82 due to the above

gust,

Rms theta error in degrees due to a 10-ips w-gust and correlated
g-gust.

Rms acceleration at the pilot's station in fpfs.2 due to the above

gusts.

Rms theta error in degrees due to a 10-fps V-gust,

Rms acceleration at the pilot's station in fp52 due to the above

gust,
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LATERAL PROGRAMS

A block diagram of the lateral pilot-vehicle system is depicted in Figure 46,
and flow charts of the digital computer programs to calculate closed-loop pilot-vehicle
performance are included as Figure 47 for gust tracking and as Figure 48 for com-
mand tracking. The input formats for these digital computer programs are given in

Figures 49 and 50,

The lateral airframe and control system equations of motion are presented in
this subsection, These equations are small-perturbation equations in a body-axis
system. Provision is made for roll-rate feedback and an aileron-to-rudder intercon-

nect. As shown in Figure 46, a separate loop is provided for yaw-rate feedback,

Also presented in this subsection are the transfer functions for the loop closures

shown in the block diagram of Figure 46,
Pilot transter functions may be entered into programs as ratios of polynomials.

The phi-pilot is expressed as:

(Pilot Compensation Numerator)
(Pilot Compensation Denominator)

Y¢ = {Gain)

{Time Delay Approximation Numerator)
{Time Delay Approximation Denominator)

(Mechanical Control System Numerator)
{(Mechanical Control Sysitem Denominator)

The si-pilot and beta-pilot models are similar except that the provision for the

mechanical control system polynomials is not included in these models.

The other inputs are given in Figure 49 and are self-explanatory.
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{ START '

READ
DIMENSIONLESS
PARAMETERS

CALCULATE
DIMENSIONAL
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FIGURE 47,

READ CONTROL Z
DIGITS AND

TITLE
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THE INPUT
DIMENSIONAL?

WRITE
DIMENS IONAL
PARAMETERS

CALCULATE
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CALCULATE
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FIGURE 47, (Concluded)
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O

AIRFRAME AND CONTROL SYSTEM EQUATIONS

~ T 1 *
g cos 6] 5 l_bsm N\ r -+ S-YNB Y, 8, +Y, Y, B
v V s a °
0 4]
' 1 ' 1 [ 1
{s- - L ~L.B8 - L& <1 + i Llr
sl s Lp)‘b . Iﬁﬂ 5 0a Id‘dr Lﬁﬁg I_r_lg
_SN! | S—N' _ f . 1 “"N' LNt LT‘
p? r’ Ngh = Ny o, "Ny Np Byt Nty

AUXILIARY EQUATIONS

r —

S Y cos 90

p _

5 - ¢

da = da —Kr S¢
comm aug

6r - dr +KJ’AR]L‘Sa
comm
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d” -

Gust:

°‘l

TRANSFER FUNCTIONS

A+Y, N +YwNw+YNﬁ+YN
]

@ ¢’6 B 6, ‘r'r,
a a T
¢ r ¢ B 1
+Y,Y N +Y,Y, N +Y, Y, N
¢ r 6 8 ¢ B 8, 8, ¥ 8 8, 6,
N O +yv,Nf %,y NP Y.y B T
8, ¢ Ty 8y V8, 8y s, 8,
g 3 B B
f:]
d”
¢ o ¢ B ¢ r
N% +Y¢.ng da+Yﬂ'N6g ar+YrN6g dr
gﬁ B B8 B
A‘!
N + Y Nw ¢+Y Nw B
wa ¢ ag g, B ag 6y
gB A B
1
B ¢ B v 8 r
Ng + YN, , *%N, 5. TN
6 g ‘a g, a g °r
gy T r r
d'll’
¢ ¥ ¢ B $ r
N +Y, N + Y, N +Y N
d:a V] "g 8, B8 bg Bp 'sg ¢
gr T T r
A”
v ¢ v B
N + Y, N + Y. N
¥y ¢ b 82 B 5y &y
g, r r
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The gust component rg is correlated with ﬁg. B, ¢, and ¥ for the combination of

these two gust components are:

Command Tracking:

’ v B
d+‘1wN% +Y3N‘Ba +YrNr6 +Y’JJYﬁN5
¢ a r r

ag - A“
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EXAMPLE QUTPUTS

Example cases showing the outputs of the lateral programs are given in Figures
51 and 52, Yaw rate damping is included in these cases but not roll rate feedback
or aileron-to-rudder interconnect. Because the yaw rate feedback is provided for by
a scparate loop, its effect is not reflected in the N-symbols. Reoll rate feedback and
the interconnect are incorporated into the equations of motion so that their effects
would be included in the N-symbols had they been used. In the ¢-pilot model, a Pade
approximation is used for the gust example case, a first order for the command
tracking case. First order leads are used in each case in the ¢-pilot model. Nao

mechanical control system is included.

In the gust program printout, the errors due to "BETA-GUST" are in degrees
rms for a 10-fps rms v-gust. Those due to "BETA-GUST PLUS R-GUST'" are for the
10-fps v-gust plus correlated r-gust.

In the command tracking program printout, the errors are in degrees rms due

to a 10-degree rms phi command,

The example printouts illustrate "looping" the ¢-pilot gain. The ¥-pilot gain

may be "looped” in the same manner (for turbulence tracking).
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LIST OF SYMBOLS FOR APPENDIX II

A - Side acceleration at the pilot's station, ft/ sen:z2
A - Normal acceleration at the pilot's station, ft/ sec2

Agust’ Bgust’ Cgust’

. 2
Dgust’Egust’Fgus ¢ Gust filter constants, 1/sec or 1/sec

Xgust’Ygusf;’ zg‘ust
Atc - Tracking filter time constant, 1/sec
b - Airplane wing span, ft
_ 1 2 , .

Ch = D/-?: PV, Airplane drag coefficient
CD - Drag coefficient at trim angle of attack

0
CD = 9 CD/aa, Nondimensional drag coefficient derivative

with respect to angle of attack, 1/rad

Cy, = L/% povgs, Airplane lift coefficient
CL - Lift coefficient at trim angle of attack
o]

C, = 3C L/aa, Nondimensional lift coefficient derivative
@ with respect to angle of attack, 1/rad
CL:S = 3 cL/ao e Nondimensional lift coefficient derivative

e with respect to elevator control, 1/rad
D ~ Alirplane drag, 1b
g - Acceleration due to gravity, ft/ secz
h - Altitude, ft
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Moment of inertia about x-axis, ft-lb--sec2

Product of inertia in xz-plane, ft—lb—sec2

Moment of inertia about y-axis, ff;—lb—sec2

Moment of inertia ahout z-axis, ft-lb-sec32

2 -1
1- (IXZ/Ix L)
Aileron-rudder interconnect gain

Fuselage bending constant, rad/g

Pitch augmenter gain, rad/ft/sec

Gust filter gain for o and 8 gust filters, rad/volt
Roll augmenter gain, rad-sec

Simulator-beam vertical drive signal compensation gain term,
rad/volt

Simulator-beam lateral drive signal compensation gain term,
rad/volt

Pitch angmenter gain, rad-sec
Pitch augmenter gain, rad—se02
Yaw augmenter gain, rad-sec2

Tracking filter gain, I'ad/volt—sec2

Simulator-cockpit pitch drive signal gain

Simulator-beam vertical drive signal washout gain

Simulator~-cockpit pitch drive signal compensation gain term,
rad/volt
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Simulator-cockpit roll drive signal washout gain

Simulator-cockpit roll drive signal compensation gain term,
rad/volt

Simulator-cockpit yaw drive signal washout gain
Simulator-beam lateral drive signal washout gain

Simulator-cockpit yaw drive signal compensation gain term,
rad/volt

Distance between simulator cockpit gimbal center and

simulator beam gimbal center, ft

Distance from airplane center of gravity to the pilot's station

along the x-axis, ft

Rolling moment, ft-1b; Lift, 1b
K[L+ 0, /TNy | 51=8.p,7,6,,6,
(1/1,) (8L/8p), 1/sec

(1/1x) (9L/a1), 1/sec

(/1) (8L/3B), 1/sec”

(1/Ix) (aL/aaa), l/secz—rad
(I/Ix) (8L/26 P 1/sec?-rad

w/g, lb—secz/ft
Pitching moment, ft-lb
(1/1)) (OM/3q), 1/sec
(1/IZ) {(8M/ba), 1/sec?
(1/1,) (0M/88), 1/sec

(/1)) (BM/28 ), 1/sec”
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Yawing moment, ft-lb

L= 6
KIN (L /L)L, 1;i=8,p,r,6,,0,

Noise generator signal, Gaussian, 50 Hz bandwidth, infinite

random sequence length

(1/12) (dN/8p), 1/sec
(1/IZ) (dN/9r), 1/sec

Side acceleration at airplane center of gravity, g units
Normal acceleration at airplane center of gravity, g units

(1/1) (8N/ap), 1/sec®

(/L) (BN/BGa), l,fsecz-rad
(1/12) (3N/2 6r), 1/secz~rad

Roll rate, rad/sec

Pitch rate, rad/sec

(1/2)p Vg, dynamic pressure, lbs/ft2
Yaw rate, rad/sec

Laplace operator, 1/sec

Wing area, ft2

Thrust, 1b

Simulator-beam vertical drive signal rate washout constant, sec

Simulator-beam vertical drive signal position washout

2
constant, sec

Simulator-heam lateral drive signal rate washout constant, sec

Simulator-beam lateral drive signal position washout constant,

2
sec

True airspeed, it/sec
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AV

X,¥.2

r
comm

As,
aug

Ab,
aug

Ab
®hend

Initial true airspeed, ft/sec

Perturbation true airspeed, ft/sec
Airplane weight, 1b

Stability axes (i.e., a right hand orthogonal body-axis system
with origin at the center of gravity, the z-axis in the plane of
symmetry, and the x-axis aligned with the relative wind of

zero sideslip trimmed flight)
Force in x-direction, lb
Force in y-direction, lb

(1/m V) (8Y/88), 1/sec

{1/m v.) (aY/aar), 1/sec-rad

Force in z-direction, Ib

Angle of attack perturbation from trim, rad

Angle of sideslip, rad

Aileron deflection, rad. Positive right aileron up

Commanded aileron deflection, inches of control deflection at
stick grip, positive to right

Elevator deflection, rad. Positive trailing edge up
Commanded elevator deflection, inches of control deliection at
stick grip, positive forward

Rudder deflection, rad. Positive trailing edge left

Commanded rudder deflection, inches of pedal travel, positive

left pedal forward

Increment in aileron deflection due to roll augmenter, rad
Increment in elevator deflection due to pitch augmenter, rad

Increment in elevator deflection due to fuselage kending, rad
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Aér
aug

Aj

BD

Bw

Increment in rudder deflection due to yaw augmenter, rad

Increment in rudder deflection due to aileron-rudder

interconnect, rad
Pitch angle, rad

Washed-out simulator-heam vertical drive signal with

compensation

Washed-out simulator-beam vertical drive signal without

compensation

Simulator-cockpit pitch drive signal with compeansation
Simulator-cockpit pitch drive signal without compensation

Almospheric density, lbs-secz/ftzlt

FPitch augmenter time constant, sec
Yaw augmenter time constant, sec

Simulator-beam lateral drive signal compensalion time con-

stants, sec

Simulator-beam vertical drive signal compensation time

constants, sec

Simulator-cockpit pitch drive signal compensation time

constant, sec

Simulator~cockpit roll drive signal compensation time

constant, sec

Simulator-cockpit roll drive signal washout time constant, sec

Simulator-cockpit yaw drive signal compensation time

constant, sec

Simulator-cockpit yaw drive signal washout time constant, sec

Roll angle, rad
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Washed-out simulator-cockpit roll drive signal with

compensation

Washed-out simulator-cockpit roll drive signal without

compensation
Yaw angle, rad

Washed-out simulator-beam lateral drive signal with

compensation

Washed-out simulator-beam lateral drive signal without

compensation

Washed-out simulator-cockpit yaw drive signal with

compensation

Washed-out simulator-cockpit yaw drive signal without

compensation
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APPENDIX II. SIMULATOR DATA

INTRODUCTION

The following discussion presents the experiments performed on the Northrop
Large Amplitude Flight Simulator. The simulator dynamics and the tasks were care~-

fully controlled to provide the best possible data. Descriptions of the simulator and
equations programmed follow,

SIMULATION

An external view of the Northrop 3-Axis Large Amplitude Flight Simulator is
shown in Figure 82 of Reference 1. The motion system of the moving base simulator
employs a gimbaled cockpit suspended at the end of a beam as shown, The three
rotational degrees of freedom are obtained through the gimbals. The beam is pivoted
on a clevis and driven by front and rear hydraulic actuators to provide vertical
translation. Lateral translation is derived through a pivoting mechanism between the

clevis and the post, driven by hydraulic actuators.

A satisfactory level of fidelify in the output characteristics of the simulator

response must be achieved within the limitations imposed by the following constraints:

1. Available hydraulic power imposes magnitude limits on acceleration and
velocity motion response.

2. Total travel of the simulators sets limits on displacement,

3. The motion control servo sets upper and lower limits on the dynamic re-
sponse of the simulator.

4. Coulomb and breakaway friction exist in the output of the servodrive. The
motion performance capability of the simulator is summarized in Figure 53.
Figure 54 shows a typical response of the simulator translation motion sys-
tem to sinmsoidal inputs, and indicates how velocity saturation sets amplitude
limits on motion response over midrange frequencies. Acceleration satura-
tion determines amplitude limits at high frequencies, and position saturation

sets displacement limits at low frequency.
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TWO.PLACE COCKPIT — ONE-PLACE COCKPIT —
BEAM BEAM BEAM BEAM
STATIONARY MAX ACCEL STATIONARY MAX ACCEL
DISPLACE- ACCEL- ACCEL- ACCEL- ACCEL-
MENT VELOCITY ERATION ERATION ERATION ERATION
Z | vemTicaL +10 FEET $16.2 FT/SEC - 1489 - t689
@ [ LATERAL 14 FEET +21.6 FT/SEC - +18g - 22¢
- PITCH 130° $1.1 RAD/SEC | +24.4 RAD/SEC? | +14.4 RAD/SEC?
g o 2 2 SAME AS TWO-PLACE
¥ YAW +30 1.5 RAD/SEC | +20.3 RAD/SEC +16.0 RAD/SEC
g 9 2 COCKPMIT
5] ROLL +45° +2.7 RAD/SEC | +35.3 RAD/SEC? | +29.1 RAD/SEC
FIGURE 53. PERFORMANCE SUMMARY, LARGE AMPLITUDE 3-AXIS
FLIGHT SIMULATOR
r ™,
29
100 f?zis‘) \ﬁv’o Zo z
YRR R
&‘d‘(‘t - o "6;
e."«°'6'5 - 1 11‘, >
R ST
=
S AR ™ T
g I 4" VELGCITY LINIT = 13.2 FI/SEC
_S | ’
' 1 3 RELATIVE AMPLITUDE
- Y > RESPONSE VERSUS
l Yl i ] FREQUENCY WITH
52 %, H [ MOTION COMMAND
¢y Bl 1] AMPLITUDE HELD
E< (£ CONSTANT AT 4 FT/SEC
=y /,..a V. ",) L 17 b
[=]
E" ;d-oue ToLow /] ) 'qpl/
g% 4 (, FREQUENCY “,
By FILTERING ON X
2 o INPUT COMMAND I *;
= FHE urren i
FREQUENCY '@.....
T LIMIT = 5.4 CPS Yy € !
7 (RELATIVE AMPLITUD
/] 21 ResPONSE DOWN 308}
CUHHINA L
o ] ]
Y] 1.0 10 100
FREQUENCY (CFS)
FIGURE 54, RESPONSE OF VERTICAL TRANSLATED MOTION SYSTEM

AT PILOT'S STATION TO STEADY SINUSOIDAL MOTION

130




An external visual display is also available for use with the simulator. However,
all experiments were performed under instrument flight rules and no external visual

display was used.

A pictorial description of the drive philosophy is given in Figure 55 . Note that
the essential requirements are that beam movements provide linear acceleration cues
and that cab movements provide rotational and attitude cues. In practice, the drive
system filters must be "tuned" to provide the maximum possible fidelity within the
limits of the equipment. Since the tasks involved in this simulation required no large
amplitude maneuvers, very good motion cues could he obtained without fear of reach-
ing simulator limits. The frequency response obtained by "tuning' the simulation is
given in Figure 56. Details of the drive equation and vehicle dynamics are given in
Tables II through XIV of Reference 1. Note that the full five degrees of freedom of
the simulator were used in conjunction with the six-degree-of-freedom representation

of the vehicle on the analog computers.
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A
_p .
Transform B Hi-Pass ¢’Bw Compensation l-[']3]:)
Az to Beam Filter & Limits
— P
Beam Yaw
Ayp
Transform B Hi-pass GBW Compensation OBD
A to Beam Filter & Limits
Zp
Beam Pitch
1 Leveling
p Hi-Pass ¢M Compensation ¢C
Filter & Limits
Cab Roll
I Leveling
6 Bw
] oM Compensation 9()
0 Gain & Limits
——
Cab Pitch
l Leveling
Yaw
. Hi-Pass "bM Compensation 'J’C
)] Filter & Limits
———rr———pey
Cab Yaw
FIGURE 55. SIMULATOR DRIVE PHILOSOPHY



O

10 F 1 50
s 5o
AR A PHASE
SHIFT
(db) A A (DEG)
a0k 4 -50°
N A tod oy aal — ai gy frop®
0.1 10 10.0
FREQUENCY —H,
CAB PITCH
10 ( W 50%
0 é__m O 0 @om.- 9
A - PHASE
AR A A A SHIFT
(db} A (DEG)
10 b 4 -50°
L 1 1 ednd L L I i L | _1000
0.1 1.0 10.0

FREQUENCY - H,

CAB YAW

& PHASE
8 AMPLITUDE

FIGURE 56.
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10 1 510
0 £ @ [l m
AR b A = 0 PHASE
(db) & SHIFT
(DEG)
aof a {-50°
&
N v oov gl n 1 N I o
0.1 1.0 10.0100
FREQUENCY H,
BEAM YAW
iop 7 50(1
1} &} 0
AR A WU n PHASE
(db) A SHIFT
A (DEG)
10f 4-50°
A 50
i i boaa gl M L M S S W A ,]000.
0.1 1.0 10.0
FREQUENCY — H,
BEAM PITCH
10 150°
A
0 = M LRy 0 PHASE
AR & SHIFT
(db) A (DEG)
- o Q
10 150
1 P N IS A o L ) T T .100°
0.1 1.0 10.0
FREQUENCY — H,
CAB ROLL
FIGURE 56 SIMULATOR FREQUENCY RESPONSE (Concluded)
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LATERAL-DIRECTIONAL AIJRFRAME EQUATIONS

r_ XY g sing
A mvV * V0 +0Einerp

. - r.
o mer imner

iner *h gust

o= Tt ' 1 1 1
p Lﬁ ﬁaero * Lpp aero | eraero * Lﬁaaa " Ldrér

piner =jpdt

p =P

. +
aero iner pgust

A= N! 1 t 1 '
r Nﬁﬁaero * Npp aero * Nrraero * Nﬁ Ga - NG 61‘

a r
r. = [ rdt
iner

r. +
Yaero iner I'gust

2 - V‘Baero * !Xr -gsing + VO (B+ riner)

ay {1
N =B _ X
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Aor K s
aug aug
I.iner Tr s+1
aug
Ad
aaug K
Piner paug
As = .
T, ari a
i
K
&
(Ka +S+3)a +As,
1 comm aug
K § + A§ + AS
' Ieomm aug i



X = -qOS (CD + C
o

Z=-q8(C; +C
Q

LONGITUDINAL AIRFRAME EQUATIONS

: x Tx
V=t m 80t 8, cos?

Aviner = f V dt

Avaero B ‘Q‘Viner " Vgust

V=V +AV
o aero

2q SV
aa)- 7 (CD
o a

aero
d + Cdacr)

TX
—= = constant

./ g cosg
Q—V0m+ v +q

o, :fé dt
ner

o =a, +0
aero iner gust

iner

ZqOSAV
o +C 6 )~
La aero L(Se € v

aero (C. +C
o o

= 43
! MC! aero

qiner = f q dt

93ero ~ Yiner * qgust

* Mde‘se * Mgt qua.ero
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a

z
P

= VO er £.4-gcose -V, -Giper =@
a .
!
N = - _ZE. - .x_
ch g g
Kq s
= [—BUE g q. Aa
T s+1 L iner a, z
qaug g aug
AS =K (N, -1.0)
ebend az zcg
h=ve-a cose- Biner sing
K
2
K + e i +Ad + ade
€1 €comm aug bend
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SIMULATOR COCKPIT EQUATIONS

5 . K¢(p -6 tanw) + wasm(aM + eBw)
M

: : . S i + 6_. \sin
M T PBW T Gosd " YBw S (O t fpw)Sin ¥y

C KQM
o - Kb = dpycos(0y + 6pyjcos vy
M s + 1
T
b
(ron s *+ 1) ¥y
l!)‘3 - KwM
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SIMULATOR DATA

1

Hon

1l

I

It

23,34 1t
0.762 5902

1, 310 sec
261 volts/rad
0. 500 sec

0.200 sec

0,200 (bank angle task)
0.080 (heading and pitch angle tasks)

0,080 3302

1.234 sec
121.7
0,100 sec

0.03185 se02

0.100 (bank angle and heading tasks)
0.500 (pitch angle task)

0,400
1.00 sec

0,473 sec
60. 4 volts/rad

0,400

1.220 sec
115. 5 volts/ rad

0.400
2.000 sec
0.355 sec

123.0 volts/rad
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GUST SIMULATION

Agust s+1
agust - Bgust - (Ng) (Kgust) B 2y S+ 1
gust gust
_ 5
Toust = Dgust s+ 1 Bgust
E
= st
pgust (Ng) Fgust s+1
ust
\4 = (N_)
gust g Ygust s+1
q = S o
gust Zgust s +1 “gust
TRACKING SIGNAL
K
tc
é 9¢ y OT lp = (N ) -
te? te te g (s + Atc}z

ROOT MEAN SQUARE COMPUTATIONS

100
1 2
Xms — 100 [x(t)] dt (Analog Computer)
¢
1
*rms = &p ) /2 (Digital Calculation)

Lateral task, x(t): Vo‘Bgust’rgust"giner’riner’¢’ P ¢€,¢tc

Longitudinal :
ongitudinal task, x(t) Voa'gust’qgust’Vgust’ainer’qiner’GE’ Btc
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SIMULATOR COCKPIT INSTRUMENTS

Attitude Director Indicator (ADI)
Piteh Indicator: 6
Roll Indicator: ?
Steering Bar:

(Tracking Com-

mand Display) o =0~ ‘Dtc
or be = ¥ ¥
or 8 c =g - Btc

Horizontal Situation

Indicator (HSI): (17
Airspeed Indicator: V0 + AV
Altimeter: fﬁ dt+h
Vertical Velocity .
Indicator: h
G-meter Nz

cg
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APPENDIX I

PILOT RESUMES

AERODYNAMIC AND CONTROL DATA FOR
THE F-5 AND THE A-7 SIMULATION
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APPENDIX III

PILOT RESUMES

AERODYNAMIC AND CONTROL DATA FOR
THE F-5 AND THE A-7 SIMULATION

J. B. JORDAN (J,B. J.)

Mr, Jordan, who recently joined Northrop Corporation, has had over 1§ years
and 6000 hours of pilot experience with the United States Air Force. Ten years of this
has been in the field of Engineering Flight Test, He is a graduate of USAF Aerospace
Research Pilots School and the USAF Fighter Weapons School, and has becn involved
with many flight test programs, including the ¥-105 and F-111A airplanes,

W. W, KOEPCKE (W.W.K.)

Mr. Koepcke is currently employed in the Northrop Aircraft Division Research
and Development department. At Northrop he has participated as an engineer-pilot in
several conventional aircraft and VTOL simulation studies, including an auto-
rotation and stability augmentation failure study of the CH-46 helicopter, and A-X
dive hombing evaluations. He has flown the Northrop T-38A and F-5B, and the exper-
imental S-1. Prior to joining Northrop, he served in the U.S, Navy as an operational
pilot with the fleet and as a test pilot at the Naval Air Test Center, Patuxent River,
Maryland. He is a graduate of the U,S. Naval Test Pilot School. He holds conven-
tional airplane and helicopter commercial flying licenses, and has approximately 4000

hours of flying time.

J.T. THOMAS (J.T.T.)

Mr. Thomas has 23 years of experience in military aviation with the U. 8. Air
Force, and is presently Manager of Tactical Requirements in Tactical Operations
Analysis at Northrop. His flying experience includes 5300 hours in numerous fighters

and trainers, including the F-86, F-84 and F-100 airplanes.

SIMULATION MECHANIZATION

The following Figures, 57 through 62, include all relevant details of the

simulation,
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CONTROL SYSTEMS

Longitudinal

K. s
g
—f—8ug
Ad - - s 1 +Kqu q+KaZ Aaz
& qaug aug aug p
a8 = N - 1. 0)
“bend 4, ( Zcg
K
s
ée :<Ke+s+2)6e + Aé + A
1 comm aug ®hend
a .
Z /.4
N D U, S
zcg g g
Lateral — Directional
Kr 5
- aug
44 I st 1/ "
aug r
aug
Ada - Kb P
aug aug
4 "r_ - Kari 6a
interconnect
K
21,
by = K . *s+3/)°% tad,
1 comm aug
4 = K 3§ + A + A8
r T Teomm I'aug Tinterconnect
FIGURE 61. CONTROL SYSTEMS
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LATERAL FAILURE MODES

1'-5 Control System as shown except for

K = 0
r.
aug

A-7  Control System as shown except for

w/0 AUG K. =0
aug
K =0
aug
Failure with AUG Ka = {
2
Failure w/o AUG Ka =0
2
K =0
T
aug
KP =0
aug

LONGITUDINAL FAILURE MODES

-5 Control System as shown except for

K =0
aug

A-T Conirol System as shown except for

FIGURE 62. FAILURE MODES
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APPENDIX IV

SIMULATOR FLIGHT DATA
AND PREDICTION GRAPHS
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APPENDIX TV

SIMULATOR FLIGHT DATA AND PREDICTION GRAPHS

The data collected in Appendix IV consists of two groupings. The first con-
tains the numerical simulation results arranged in the catcgories of bank angle,
heading angle, and pifch angle., All flights recorded during the simulation are re -
ported and no data have been excluded from the analysis for any reason. Pilot
ratings are according to the scale and instructions described in Section III, and rms

tracking errors and gust levels are reported for each flight.

The second set of data is graphical in nature and is also arranged in the order
bank angle, heading angle, and pitch angle. For each configuration, the tracking error
is graphed versus the gust level. The pilot is identified by symbol and the attached
numbers are pilot ratings. Since the pilot model is linear, the predicted tracking
error at 10 ft/sec rms turbulence defines a prediction line through the origin and the
computed error. The lines have been drawn on these simulation data graphs which
are preceded by the pilot model gain and lead variation graphs described in Section
II1¥ Root locus diagrams of the bank angle and pitch angle configurations have been
included. They were made during the course of a preliminary analysis when it was
useful to have information about the stability of the short period eigenvalues. Low
frequency roots are not shown and the pilot models incorporate only first order Pade
delays. Control and augmentation dynamics have also contributed loci to these

diagrams.

* These plots of pilot parameters were all generated for the turbulence
tracking task.
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F-5 CASE 1 WITH AUGMENTER

Flight ms v, rms ¢ tms @, PR Pilot
1 5.06 1.01 JTT
2 5.86 .81 3
3 9.55 1.30
4 9.94 1.33 6
5 11.26 1.56
6 13.22 1.64
7 13,26 l.52 7.5
8 8.57 L.28
9 5.97 .87

10 6,31 2.48

11 6.12 2,38

12 5,66 .99 WWK
13 6,02 .83 3.5

L4 8,68 L.57

15 9,37 1.43

16 9.46 ' 1.53 4.5

17 11,17 1.87

18 11.97 1,91 5.5

19 4,18 2,52

20 4,50 2,40

21 5,24 .26 JBJ
22 4,98 +94 3.5

23 9.88 1,59

24 10,09 1,46

25 9.76 1.61 5

26 12.40 1.88

27 11.49 2,07 6

28 7.80 2.77

29 5.38 3.20
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Flight

30
31
32
i3
34
35
36
37
38
39

40
41
42
43
44
45
46
47
48

49
50
51
52
53
54
55
56
57

rms v

3.09
5.31
9.48
8.90
10,25
11,38
11,71
11,90

53.25
5.35
9.59
8.91
9,34
13.61
11,19

6.09
8,08
10,42
8.43
9,02
12.48
11.27

F=-5 CASE 1 WITHOUT AUGMENTER

™mS ¢

7.88
6.38

4,73
4,50

5.58
4,78

C

157

rms ¢e

91
1.08
1.76
1.59
1.75
1.95
2.17
2.04
2.85
2.82

.79

.96
1.78
1.56
1.70
2.35
2,02
2.46
2,22

.91
1,06
1.76
1,54
1.58
2.47
2.60
3.50
2.82

PR

5.5

6.5

Pilot

JTT

WWK

JBJ



F-5 CASE 2 WITH AUGMENTER

Flight ms v Tms ¢C rms @e PR Pilot
58 4,39 1.51 JIT
59 4,32 1.29 4
60 9.22 2.71
61 10,87 2.55 5
62 8.90 2.28
63 12,61 3,37
64 13.5%4 3.41 6
65 8.81 3.92
66 6.14 2,28
67 4.46 .16 WWK
68 4.90 1.0 4
69 9.13 2.01
70 9,34 1,88 6
71 12,98 2,55
72 14,28 2.67 7.5
73 5.19 2,56
T4 5.67 2,86
75 4,41 L.19 JBJ
76 4,55 1,21
77 8.16 2.97 4
78 9.13 2,27
79 7.90 2.35 5
80 13,22 3.56
81 13.80 3.73 7
82 6.56 2.59
83 4,78 2.01
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Flight

84
85
86
87
88
89
90
91

92
93
94
95
96
97
98
99

100
10t
102
103
104
105
106
107
108

rms v

4,57
4.4k
9,96
9.44
12.83
14.69

4,48
4,34
10,52
8.55

14,25

17,34

4,05
4,55
8.81
8.96
8.87
14,86
13.82

F-5 CASE 2 WITHOUT AUGMENTER

rms
¢(‘,

5.06
6.62

5.63
5.78

4.21
5.80

159

rms
¢E

PR

1.53
1.54
2.81
2.93
2,96
3.49
2,02
2.74

1.30
1.43
2.50
2,01
3.14
4,18
2.91
2.98

1.40
1.32
3.17
2,99
2,74
5.70
6.37
1.30
2.44

9.5

10

Pilot

JTT

JBJ



Flight

LOS
L10
111
112
113
114
115
116

117
118
119
120
121
122
123
124
125

126
127
128
129
130
131
132
133

™S Vv

§8.02
5,55
11.88
12,91
14.72
13.83

5.83

5.97
12,86
11,84
13,21
15.20
14,36

8.41
8.36
11.89
12.03
15.53
14,98

F-5 CASE 3 WITH AUGMENTER

ms ¢ rms ¢

1.30
.93

1.93

1.76

2,37

2,40

6,09 2,42
4,14 2.14

.95

«95

L.64

1.70

1,62

2.18

1.82

5.20 2.04
5,38 2,30

1.00

1.70
1.62
2.24
2.29
4,47 2.75
6.25 3,29

160

PR

(o2 + LN v LB VS

2.3

7.5

Pilot

JBJ

JTT



F-5 CASE 3 WITHOUT AUGMENTER

Flight ™ms v rms ¢c rms ¢E EE_ Pilot
134 5.72 .95 JBJ
135 5.55 .96 3.5
136 11.64 2.04
137 11,46 1,79 6.5
138 15,87 2,96
139 14,25 3.08 9
140 5.53 2.42
141 5.73 2.43
142 5,54 .84 JTT
143 5.11 .94 4
144 12,10 2.04
145 11.13 1.78 7
146 13,65 2.36 8.5
147 15,71 2,79
148 14,98 2.46 ]

149 5.48 2.16

150 5.25 2.62

151 5,66 .88 WWK
152 6.01 ' 1.10 3.5

153 12,11 1.80

154 11.06 1.58 7

155 15.50 2.98

156 14.64 3.49 9.5

157 6.91 2.89

158 5.05 2,40
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F-3 CASE 4 WITH AUGMENTER

Flight ms v rms QC rms @e EE_ Pilot
159 5.93 1.36 WWK
160 6.95 1.61 2
161 11,99 2.96
162 12,20 2.86 7
163 17.80 3.72
L64 17.51 3.66 9
165 5.67 3.07
166 6.79 1,73 JBJ
167 6,63 1.36 3
168 10.64 1.92
169 9.83 2.15 5
170 11,68 3.05
17 12,88 2.95 6
172 5,95 2.78
173 5.52 2,80
174 5.52 1.10 JTT
175 6.68 1.38 3
176 7.96 1.59
177 10.26 1.95 4
178 10.40 2.29
179 11,52 1.91 5
180 6.39 2.55
181 6.30 2.93
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F-5 CASE 4 WITHOUT AUGMENTER

Flight Tms Vv rms ¢c rms %3 EE_ Pilot
182 6.07 2.39 WWK
183 7.06 2.75 5
184 15,07 4,86 10
185 5,67 3.07
186 6,36 2.05 JBJ
187 6.83 2.11 6
188 8.95 4,05
189 9.14 3.79 7.5
190 11,86 4,37
191 12,28 5.45 8
192 5.95 2,78
193 3.52 2,80
194 6,83 2,96 JTT
195 6,18 2,33 5
196 9.17 2.68
197 9.01 2.43 3.5
198 11.16 5.70
199 12,10 4,20 8
200 6.39 2,55
201 £.30 2,93
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A-7 CASE 1 WITH AUGMENTER

Flight rms v rms mc rms ¢e EE_ Filot
202 4,82 .94 WWK
203 5.11 1.25 4,5
204 6.72 1,30
205 7.40 1.40 5
206 10.65 1.87
207 8,72 1,63 7
208 5.69 2,98
209 7.98 3,31
210 4,34 .78 JBJ
211 5.48 .93 4
212 7 .64 1.24
213 7.84 1.33 5
214 7.47 1.95
215 106,13 1.70 7
216 6,57 5.29
217 4,65 4,61
218 4,82 .88 JTT
219 4.96 .82 5
220 8.08 1.09
221 6,42 1.06 5
222 12,17 1.37
223 9.83 1.10 7.5
224 5.29 2.03
225 6,75 2,16
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Flight

226
227
228
229
230
231
232
233

234
235
236
237
238
239
240
241

242
243
244
245
246
247
248
249

rms v

4.89
4.94
7.04
6.94
9.62
§.95

4,98
5.97
6.47
747
10.68
9,9

4,43
4,93
7.68
6.85
9.22
9.10

A-7 CASE 1 WITHOUT AUGMENTOR

rms
¢C

6,36
4,85

5.45
5.89

7.15
6.31
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ms
q)e

1.62
1.53
1.92
1.55
2.13
2.09
2.83
2,67

1.40
1.41
1.57
1.95
2,46
2,85
4,71
4,10

6,5

7.5

5.5

6.5

7.5

8.5

Pilot

JBJ

JTT



A-7 CASE 1 FAILURE WITH AUGMENTER

Flight ms v rms ¢C Tms ¢e EE_ Pileot
250 5.47 1.40 WWK
251 6.43 1.51 4,5
252 14,35 3.16
253 14,26 3.33 9
254 3.86 1.01
255 3.49 1.10 3.5
256 1.62 "y 4
257 5,27 3.42
258 5.79 3.93
259 3,63 .88 JBJ
260 3.71 .91 3
261 5.94 1.34
262 6.14 1.21 5.5
263 11.15 2.69
264 9.65 2.01 7.5
265 5.23 2.22
266 5.09 2,00
267 4,00 .71 JTT
268 3.79 .79 2
269 7.22 1.41
270 6.67 1.03 4.5
271 10,22 1,37
272 10.50 1.32 7
273 9.25 1.48
274 9.67 1.78 8
275 6,23 2.30
276 3.69 1.693
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A-7 CASE 1 FAILURE WITHOUT AUGMENTER

Flight ms v Tms ¢c rms Qe EE_. Pilot
277 6.88 2.42 WWK
278 5.73 2,34 5.5
279 10,62 3.77
280 12,79 4.38 8.5
281 3.47 1.75
282 3.57 1.72
283 1.89 .88 4.5
284 5.51 3.48
285 6,80 4,01
286 3.89 1.29 JBJ
287 3.90 1.36
288 3,65 1.09 4,5
289 6,07 2.10
290 5.88 1.73 6.5
291 9.22 2,42
292 9.61 2,78 8.5
293 5.37 2.13
294 5.15 1.96
295 3,67 .87 JTT
296 3.19 .84 3
297 6.11 1.30
298 5,74 1.23 5.5
299 10,85 1.95
300 9.13 1.69 7.5
301 10,65 2,19
302 10.66 2,09 8
303 4,70 L.77
304 3.45 2.03
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A-7 CASE 2 WITH AUGMENTER

Flight ms v rms ¢c rms ¢e E’E— Pilot
305 6.38 .67 JTT
306 6,22 .57 4
307 7.33 .73
308 10,29 .81 7
309 11.84 .94
310 11.71 .97 8.5
311 5.90 2,65
312 5,12 1.65
313 6.04 77 WWK
314 6.74 .89 4
315 9.52 1.11
316 8.74 1.14 5.5
317 11,37 1.55
318 12.48 1,58 5.5
319 6,64 2.89
320 5.83 2.68
321 6.02 .73 JBJ
322 5.93 .69 3
323 9.10 .91
324 9,40 .91 4.5
325 11.97 1.49
326 12.88 1.41 7
327 4,65 1.96
328 5.91 1.84
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A-7 CASE 2 WITHOUT AUGMENTER

Flight rms v rms ¢C rms Qe EE_ Pilot
329 6.84 .82 JTT
330 7.33 .73 5.5
331 9.48 1.06
332 8.90 .94 8
333 12,25 1.38
334 11,47 1.19 9
335 5,59 1.68
336 4,99 1.79
337 5.75 1.40 WWK
338 6,25 L.20 3.5
339 9.85 1.76
340 10.47 1.73 6
341 11,61 2.17
342 12,65 2,33 7
343 5.61 2.73
344 5.11 2,67
345 6.83 1.13 JBJ
346 6,33 .98 4
347 10,36 1.63
348 10.30 1.36 6.5
349 12,69 1,79
350 14,04 1.97 8
351 6.12 2.06
352 5.65 2.19
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Flight

353
354
355
356
357
358
359
360
361
362
363

364
365
366
367

368
369
370
371
372

373
374
375
376
377
378
379
380
381

rms v

6.71
7.13
9,85
9,27
9,89
11.38
i2.11
3.78
4,00

5.95
4,94
9.95
8.49

9,23
12,07
11.59

5.03
5.61
8.62
9.28
8.15
11.62
13,38

A-7 CASE 2 FAILURE WITH AUGMENTER

rms
@C

6.13
5.37

7.60
5.18

6,58
8,04

170

rms @
e

1,18
1.07
1.58
1,49
1.70
2.07
2.16

.82

.71
2.61
2.77

.99
A7
1.23
1.04

1.08
1.40
1.43
2.47
2.08

.84

.92
1.24
l.41
1.39
1.84
2,27
2,74
2.67

PR

2.5

5.5

6.5

Pilot

JBJ

JTT



A-7 CASE 2 FAILURE WITHOUT AUGMENTER

Flight rms v Tms q: rms Qe EE_ Filot
382 6,80 1.44 JBJ
383 6.52 1.55 5
384 9.51 2.01
385 11,19 2.43 8
386 12.98 3.00
387 10.86 2,84 8.5
388 3.95 1.10
389 4,15 1.09 3.5
390 5.61 2.46
3581 5.34 2.83
352 3.40 .99 JTT
353 6,03 1.0l 4
394 11,04 L.58
395 10,06 1.40
396 9.18 1.39 6
397 13.04 2.00
398 10.65 1.75 7
399 3.90 1.89
400 4,71 2.15
401 5.12 1,15 WWK
402 5,60 1.09 4.5
403 7.97 1.78
404 8.51 1.73
405 8,33 1,62 6
406 12,29 2.50
407 12,10 2.50 6
408 5.54 3.06
409 4,12 2.66
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A-7 CASE 3 WITH AUGMENTER

Flight ms v ms t})c Tms qae _Ii Pilot
410 4,51 .92 JBJ
411 4,40 .82 3
412 7.56 1.42
413 6,65 1.29 5.5
414 9.05 1.56
415 8.36 1.35 6.5
416 5.41 2.30
417 5.13 2.27
418 5,09 1.24 JTT
419 4,74 .88 3
420 6,72 1.03
a4zl 5.61 .96 5
422 9.20 1.31
423 9,65 1,51 6
424 5,77 2,08
425 3.52 2.06
426 4,87 1,13 WWK
427 5.07 1,13 4,5
428 6.81 1,40
4329 6,46 1.41 4.5
430 9,69 1.87
431 8.21 1.25 5
432 4,85 3.52
433 5.68 3.32
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A-7 CASE 3 WITHOUT AUGMENTER

Flight ms v rms ¢C rms ¢e PR Pilot
434 4,36 l.14 JBJ
435 4.39 1,17 4.5
436 6,67 1.33
437 6,85 l.22 5
438 6,62 1.44
439 9.50 2,02
440 8.57 1,87 7
441 6,27 2.77
442 5.22 2.44
443 4,19 .97

JTT
444 4.00 1.08 3.5
445 6.50 l.21
446 6.84 1.17 5.5
447 9.07 1.75
448 8.34 1.44 7.5
449 5.39 2.09
450 4,95 2.24
451 4.94 1.15 WWE
452 4.67 1.41 5
453 6.85 .72
454 7.11 1.93 5.5
455 9.97 1.82
456 10,73 2.49 6.5
457 5.37 3.51
458 6,76 4.49
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Flight

459
460
461
462
463
464
465
466
467
468

469
470
471
472
473
474
475
476

477
478
479
480
481
482
483
484

rms v

4,55
4.60
6.29
6.41
7.38
7.60
3,04
2.72

3.85
3.99
6,63
7.28
8.98
8,85

3.64
3.98
6,27
7.15
7.62
8.72

A-7 CASE 3 FAILURE WLITH AUGMENTER

rms
¢(Z

6,34
6,29

5.77
5.67

5.75
6,00

174

Tms
¢e

1.28
1.04
1.35
1.31
1.66
1.47
1.25

.69
2.71
2,61

.93

.97
1.49
1.45
2.05
2.25
2.94
2,98

1.04

.89
1.30
1,72
2.11
2,25
3.31
2.67

PR

6.5

4,5

5.5

5.5

Pilot

JTT

JBJ




A-7 CASE 3 FAILURE WITHOUT AUGMENTER

Flight Tms v rms gc Tms tpe 121_ Pilot
485 4,38 1.24 JTT
486 4,41 1.29 4.5
487 6.88 1.81
488 7.42 ' 1.83 6
489 7.74 1.79
490 7.30 2.00 7
491 3.09 .83
492 2.60 .94 4
493 4.94 2,13
494 5.19 2.17
495 4,30 1.33 WWK
496 3.98 1.17 5
497 7.47 1.54
498 7.26 1.77 5
499 8.36 2,07
500 8.13 2.14 5.5
501 7.30 2,76
502 5.92 3.54
503 3.92 1.05 JBJ
504 4,17 L.24 L.5
505 5.89 1.92
506 6,38 1.87 6.5
507 7.34 2.44
508 7.04 2.43 8
509 5.51 2,71
510 5.58 2.71
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A-7 CASE 4 WITH AUGMENTER

Flight rms Vv rms ¢c tms ¢ PR Pilot
511 5.62 1.21 WWK
512 5.98 1,03 4
513 5.90 1.47
514 10.48 1.48 5
515 11.24 1,52
516 12.36 1.85 6
517 2.64 Y 3.5
518 4,72 .79 JBJ
519 4,66 .80 3
520 8.51 .21
521 8.22 1.02 4
522 11,37 1.75
523 13,08 1.80 6
524 6.65 3.54
525 7.07 2.49
526 4,49 .85 JTT
527 5.31 .68 3
528 8.34 1,13
529 7.83 1.02 4.5
530 12,49 1.41
531 11.18 1.14 7
532 5.59 2.00
533 6.43 1.89
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Flight

534
535
536
537
538
5339

540
o541
542
543
544
545
546
547

548
549
550
551
552
553
554
555

A-7

CASE 4 WITHOUT AUGMENTER

rms v

3.42
6.38
7.34
5,28
11.04
12.20

4.79
4,91
8,03
8.16
11,22
12,91

bbb
4,49
7.48
8.57
12,49
13,27

Ims
¢C

5.87
5.05

5.68
6.41

177

rms
QE

L.12
1.35
1.55
1.75
2.11
1,73

1.14
1,05
L.71
1.68
2.26
2.02
2.49
2.16

.92
1.02
1.14
1.26
1.51
1,48
2.04
2.14

6,5

3.5

5.5

Pilot

JBJ

JTT



A-7 CASE 4 FAILURE WITH AUGMENTER

Flight rms v ms ¢c rms ¢e EE_ Pilot
5356 3,50 .96 JBJI
557 3.39 .82 3.5
558 5.65 1.39
559 5.66 1.44 5.5
560 7.52 1,81
561 7.27 1.76 7
562 5,70 2.75
563 6.06 2.51
564 3.05 .75 JTT
565 3.40 .82 3
566 5.58 l.44
567 5.50 94 5
568 6.14 .21
569 8,06 1,52 7
570 6.59 2.66
571 5.22 2.34
572 3.42 94 WWK
573 3.50 1.06 4
574 5.66 1.21
575 6.36 1.69 5.5
576 7.42 2.10
577 6.84 1.82 6
578 5,89 3,28
579 5,64 3.15
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A-7 CASE 4 FAILURE WITHOUT AUGMENTER

Flight ms v rms ¢C rms ¢e EE— Pilot
580 3.29 1.08 JBJ
581 3.38 1.04 4
582 5.77 1.84
583 6.13 1.68 6.5
584 6.89 1.91
585 7.45 2.31 7.5
586 5.36 2,30
587 5.48 2.34
588 3.56 1.00 JTT
589 3,46 .91 3
590 5.99 L.54
591 5,45 1.25 6.5
592 7.26 1.75
593 8.37 2.08 7.5
594 3.30 2.13
595 4,58 1.91
596 3.78 1.29 WWK
597 3.46 1.27 4.5
598 5,78 CL.74
599 5.32 1.56 6.0
600 6.94 2.39
601 7.22 2.46 6.5
602 | 5.45 2,80
603 5.4 3.23
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Flight Tms vg
604 5,26
605 5.34
606 9.52
607 9.60
608 12,40
609 11.91
610 6,28
611 5.47
612 8,20
613 9.75
614 12,65
615 12,35
616 5.03
617 5.32
618 9.93
619 10.16
620 14,97
621 13.73

F-5 CASE 1 WITH AUGMENTER

tms g, rms rms ¢ rms r PR Filot

.66 <45 4,22 .16 JIT
W48 W46 2,74 .16 2.3
.80 .79 3.98 .31
.85 .79 7.38 .31 5

1.18 1.03 8.38 40

l1.02 .99 6,30 .38 5
.68 .36 4,16 .19 WWK
.52 48 2.44 .15 2.5
.70 .70 3.72 27
.79 .82 4.40 .29 3.5

1.08 1.05 4,38 .36

1.10 1.06 3.74 .38 4.0
.60 +45 2.84 .15 JBJ
+33 W47 2.44 16 3
.93 .87 4,08 .31
.89 .88 3.46 .32 5

1.03 1.00 3.56 .38

l.21 1.15 4,76 .38 7
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3
—
=
-

622
623
624

625
626

627

628
629
630
631
632
633

634
635
636
637
638
639

F-5

CASE 1 WITHOUT AUGMENTER

rms vg ms we
7.44 .79
5.82 W1
8.88 1.11
9,07 .9
12.30 1.53
11.72 L.42
4.97 .« 54
5.17 W57
8.94 .93
8,45 .87
11,78 1.14
10.62 1.14
5.48 .64
3.02 .65
9.653 .97
8.63 .94
12.87 1.42
13.60 1,40

rms g rms ¢ rms r
.71 5.43 A1
.57 6.10 37
.89 9.83 .65
.95 8.50 .73

1.24 17.64 .88
1.22 14,40 .95
.51 3.54 e 35
.53 3.96 .35
.88 3.94 .60
.91 2.46 .66
1.22 4,64 .88
1.10 4,30 .79
.58 4,16 .41
W32 3.10 « 34
.91 4.16 .56
.87 4,52 .59
1.26 4,82 .84
1,32 6.88 .85
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PR

8.0

3.0

3.0

4-0

6.0

8.0

Pilot

JTT

JBJ



Flight ms v
640 4,57
641 5.62
642 8.81
643 10.55
644 5.32
645 4,37
646 11,24
647 10.38
648 4,39
649 5.23
650 i1.84
651 11.67
652 5,50
653 8.15

F-3 CASE 2 WITH AUGMENTER

rms ¢e

1.18
1.00
1.63
2.05

.90
.92
2.18
1.83

.87
1.01
2.41
2,25
1.76
1.89

rms 3 rms ¢ Ims r

.99 8.72 + 26
1.10 8.78 24
1.70 3.84 .37
2.08 6.03 L4l
1.01 3.53 .18

.90 3.58 .18
2,15 5.63 42
1.97 4.97 .43

.85 4.40 .18

.98 4,57 .18
2.33 9.03 .4l
2.30 8.80 .48
1.63 7.03 «31
1.71 9.45 .35
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5.5

Pilot

JTT

JBJ



F-5 CASE 2 WITHOUT AUGMENTER

Flight rms vg rms g rms g rms ¢ rms r EE Pilot
654 4.96 1.09 1,04 5.01 .37 JTT
655 4.69 .98 1.00 3.08 .33 7
656 9.73 2.11 2.15 4,84 .76
657 9.02 2.09 2.08 4.93 .76 5.5
658 4.48 1.04 1.09 2.18 W4l WWEK
659 4,54 1,06 1.0t 2.20 .36 4.5
660 12.15 2.97 2.74 8,32 .99 6.5
661 10.85 2.75 2.72 5.70 1.01 7
662 3,59 1,02 .92 3.37 .37 JBJ
663 4,53 1.41 1.04 5.55 .38 4
664 9.69 2.39 2.17 8.15 .80
665 11.47 3.29 2.89 10.15 1.06 9
666 7.71 2.23 1.80 10.50 .69
667 7,92 2.20 1.79 10.52 .65 7.5
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Flight ™ms v
668 5.18
669 5.43
670 12,98
671 11.25
672 5.88
673 5,50
674 12,99
675 11,97
676 15,92
677 14,81
678 5,62
679 5.20
680 11.24
681 10.77

F-5

CASE 3 WITH AUGMENTER

rms &e rms 3 rms o msr
.50 241 2.70 .19
.50 W42 3,10 .19
1.14 1,39 6,82 b
.94 .98 4,75 .39
.37 W46 3,96 .20
.48 Ab 2,78 .20
.76 A 5.40 .38
.98 .90 5.50 43
1.20 1,18 4,68 .53
1.18 1.07 7.28 T
.60 b 3.44 .18
. Wil 2.72 .19
.85 .87 5.00 .38
.82 .82 5.90 .39

184

PR

5.5

Pilot

JBJ

JTT



Flight

682
683
684
685

686
687
688
689
690
691

692
693
694
695

rms v

3.12
5,68
10,36
10,66

5.52
6,35
11.52
9.74
15.49
14.41

5.87
5.84
15,34
12,34

F-5

CASE 3 WITHOUT AUGMENTER

rms
we

.57
.64
.96
1.1t

.66
.69
l.06
.88
1,52
1.38

.38
.61

1,07

rms 3 rms @ rmsr PR Pilot

48 3.94 .37 JBJ
52 4,42 LAl 3

.94 5.26 76
.97 6.74 .79 7
.33 3.94 .40 JTT
.34 5.24 W42 5

1.05, 4.98 .89
.92 3.98 79 6.5

1,34 8.74 1.02 8

1.29 8.64 1.04
.53 3,84 42 WWK
.53 3.96 A2 4
.96 5.78 T7

1.05 6.38 .76 6
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F-5 - CASE 4 WITH AUGMENTER

Flight rms v ™ms ¢e Tms g3 rms ¢ rms r EE Pilot
696 6.95 .71 .71 2,92 .17 WWK
697 5.92 .64 .65 2,70 .17 3
698 8,92 1,03 .93 3.44 .23
699 9,22 1.01 1.04 3.62 .28 4,5
700 13,06 1,51 1,40 5.84 «36
701 11.12 1.10 1,17 4,00 .31 4.5
702 4,44 .64 Ny 3.46 .12 JBJ
703 5.12 .64 Y 2,60 .14 3
704 9.29 1.00 .95 4,34 .23
705 7.75 .87 .82 2.78 .22 4
706 6,15 o 74 .65 2.64 .16
707 6.21 .75 .64 3.08 .16 3
708 6.09 .62 .63 2.64 .15 JTT
709 5.77 .62 .62 3.64 .15 3
710 8.06 .90 .85 4.58 .22
711 6.54 .63 .66 6,56 .18 4
712 11,12 1.15 1.18 11.96 + 30
713 9.34 1,02 .99 7.08 «27 5
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F-5 CASE 4 WITHOUT AUGMENTER

Flight Tms Vg ladis ¢e rms g TS ¢ rms r PR Pilot
714 5,67 1.09 1.05 3.54 .55 WWK
715 6.26 .19 1.00 3.50 .50 5
716 9,23 .26 1.30 3.96 .62
77 9,36 l.47 1.51 4.92 75 6
718 13,11 2.24 2.23 7.02 1,15
719 14.39 2,04 1.96 6,16 .89 7.5
720 4,67 .75 .63 4,56 .29 JBJ
721 4,66 77 .73 3.90 <35 4.5
722 8.77 1.51 1.46 6,84 .75
723 9.20 1.4% 1.55 6,22 W71 7.5
724 6,96 1.34 1.08 6,30 33
725 6,88 1,00 94 5.06 46 5
726 5.0l 1.05 .81 7.50 W41 JTT
727 6.l4 .96 .82 7.10 Al A
728 7.93 1.33 1.11 8.94 .35
729 7.80 1.29 1.07 10,44 .52 3
730 9,68 1.92 .44 15.62 76
731 10,58 1.40 1.33 8,66 .63 6
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A-7 CASE 1 WITH AUGMENTER

Flight rms Vg rmszbe rms 3 rms ¢ rms T PR Pilot
732 4,66 .70 .60 4,08 .11 WWK
733 4.89 .63 .64 2,88 .12 5
734 7.14 .80 .87 3.96 .17
735 6.54 .81 .73 - 3.16 .16 4.5
736 9.74 1.13 1,22 4.63 .24
737 9.48 l.16 1,21 4,95 .22 5
738 4,94 59 .64 4,20 .11 JBJ
739 5,03 .57 .66 3.41 .12 3
740 7,46 .79 .96 9.50 .19
741 7.26 .79 .97 7.89 . 20 5
742 8,85 .97 1,04 10,99 .25
743 8,42 1,01 1.06 11,10 .23 6.5
744 4,14 1.11 .83 18.98 .19 JIT
745 4,48 1.16 1.00 22.32 .22 7.5
746 7.31 .73 .84 10.73 .16
747 6.26 .96 .89 14,76 .21 6
748 9.65 1.55 1,44 19,15 . 30
749 9.21 1.11 L.39 15,08 .23 6.5
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A-7 CASE 1 WITHOUT AUGMENTER

Flight TmS vg rms ¢Q rms § TS ¢ rmsr PR Pilot
750 4,83 b L 4.25 .18 WWK
751 3. 18 .87 .79 5.38 .21 5.5
752 7.26 1.00 .11 4051 .30
753 7.29 l.11 1.33 a.17 . 27 3
754 9.73 1.57 1.46 6,14 .41
755 10.76 1.56 1.58 7440 241 5.5
756 5.34 .87 .85 6.15 .23 JBJ
757 5,08 .99 94 8.81 .28 3
758 8.14 1,20 1.30 7.71 .34
759 7.84 1,33 1,22 9.01 .34 &

760 9.51 1.57 1.56 11.13 .46

761 9.53 1,37 L.47 11.83 el 7

762 3.11 1.05 .96 19.51 .27 JTT
763 3.01 .83 .82 11.99 .23 7

764 7,40 1.17 L.34 14,42 .34

765 1.72 1.44 1.28 18.35 .37 8.5

766 i0.24 1.49 1.54 18.08 L4l

767 10.94 l.61 l.61 18.73 Wil 8
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Flight

768
769

770
771
772
773
174
775

176
777
778
779
780
781

A-7

CASE 1 FAILURE WITH AUGMENTER

ms v rms l,be rms f3 Tms ¢ rms r
6.04 .86 .79 3.45 .24
5.47 .82 .71 3.47 .22
3.58 .57 1. 2,47 .10
3.57 .57 .32 2.27 .09
6,73 1.04 1.19 10.81 .« 24
5.66 .88 .87 13.22 . 20
8.32 .97 1.14 10,99 .25

10,23 1.15 1.40 12,68 .28
4,17 .67 .61 7.19 .12
3.42 .6l .57 6,82 e12
6.55 .90 .93 9.88 .20
5.97 .67 .82 5.02 .15
9.38 1.15 1.17 B.75 .26

10,05 1.28 1.37 12,28 .29

150

PR Pilot
WWK
3.5
JBJ
2
6
6.5
JTT
3
5
6,5



A-7 CASE 1 FAILURE WITHOUT AUGMENTER

Flight rms v rms ¢e rms 3 rms ¢ rms r PR Pilot
782 6.90 .83 .88 4.58 .19 WWK
783 7.02 .87 .89 5.80 20 4
784 3.14 LG9 W37 2.79 .10 JBJ
785 3.43 .65 .80 8.31 .14 3.5
786 6.06 1.08 1.16 17.06 .25
787 5.86 .75 .81 9.58 17 5
788 8.76 .85 l.41 15.78 .24
789 7.90 1.02 1.23 17,43 W27 7
790 3.78 .65 .73 11.29 .13 JIT
791 3.50 .56 .53 8.41 .12 5
792 6.15 91 .97 13.47 .17
793 5.67 .86 .87 13,44 .19 6
794 9.71 1.32 1.50 17,86 .27
795 10.11 1,13 1,39 11.47 .28 6.5
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Flight

796
797
798
799
800
801

802
803
804
805
806
807

808
809
810
811
812
813

A=-7 CASE 2 WITH AUGMENTER

rms Ve rms we ms f§ rms @ TmS T PR Pilot
6.78 .32 «33 3. 11 .15 JTT
5.91 .50 46 5,80 .15 3

9.75 .65 71 5.81 $22

9.05 .66 .68 5,00 .22 5

11.92 .84 .89 4,50 .28

12,89 .80 .89 5.49 .28 6.5

7.16 .67 .61 5.73 .15 WWK
6,36 « 34 <54 4,56 .15 4.5

10,10 .75 .81 3.52 .22

9.20 .72 .72 3.90 .20 5

13.06 .96 1,03 4,96 +31

13.86 1.02 1.08 5.18 .29 5.5

6.17 . 60 +50 2,12 .13 JBJ
6.62 .5l 37 2,37 .15 3

8.73 .70 .67 2,36 .19

9.80 .67 .73 2.44 .20 4

13,21 .93 1.00 2.71 .26

13,14 .89 1.01 2,55 .27 6.5
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Flight

814
815
8lé
817
818
819

820
821
822
821
824
825

826
827
§28
829
830
831

rms v

6,04
6.00
11.21
10,41
12,11
13.97

3.88
5.77
9.71
9.21
12.33
11.68

6.86
6.49
14,69
10.19
12,32
12,60

A-7

CASE 2 WITHOUT AUGMENTER

rms ¢e rms 3 ms ¢ rms r PR Pilot
.57 . b4 4,45 .27 JTT
.57 .58 3.67 « 25 4,5
1.06 1.12 5.30 .51
.93 .93 5.34 .39 6
1,07 1.14 5.27 .56
L.12 1,22 5.05 .56 6.5
W61 57 4,66 .24 WWK
.59 .57 3.77 . 24 4
.90 .93 4.35 «38
.83 .87 3,63 .36 5.5
1,08 1.17 3,97 )
1,14 1.15 5,02 .50 6.5
.61 TN 2,13 . 24 JBJ
57 .39 1.72 .22 3.5
.89 . %4 2.32 .35
.83 .88 2,24 .33 5
1.10 1,13 2.86 .09
1.18 1.22 3.38 .51 7.5
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Flight

832
833
834
835
836
837

838
839
840
841
842
843

844
845
B46
B47
848
849

A-7 CASE 2 FAILURE WITH AUGMENTER

ms v rms we
6.60 .67
6.45 .65
10,15 .70
9.57 .82
10,62 .95
12,49 1.09
5.62 .57
5.92 .50
9.72 .79
10.48 .86
10,79 .83
13,15 1.05
5.72 .27
5.67 .55
9.26 .87
8.96 v
13.18 1.13
12.21 1.05

Tms rms ¢ TmS r PR Pilot
.58 3.21 .19 JBJ
.58 2.72 .19 3
.84 2,53 .30
.82 2.41 W27 5
.94 4,40 .35

1,08 4.90 .36 7.5

47 5.4l .19 JTT
.50 2.40 .18 2

.79 2,93 .27

.85 4.63 .29 5

.86 3.68 .32

.97 7.46 .32 6

<50 4.76 .18 WWK
.52 5.24 .19 3

.78 5.83 .29

+75 4.82 .26 4.5
1,09 7.76 . 34
1.00 5.30 .34 5
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Flight

850
851
852
853
834
855

856
857
858
859
860
861

862
863
864
865
866
867

A-7 CASE 2

FAILURE WITHQUT AUGMENTER

ms v rms we rms f rms 9 TmsS r PR Pilot
5.89 .56 .53 2,84 .18 JBJ
5.77 .54 .51 2.92 W17 4
10,49 .94 .92 4,90 .30
11,33 .83 .88 4.32 .29 6.5
12,69 1.00 5.62 .36
12.41 .97 1.05 4,03 .34 7
5.60 % .48 2.22 .15 JTT
5.70 W46 49 1.93 17 3.5
10,26 84 .79 7.36 « 26
9.17 .82 .75 6,99 .26 4.5
10,91 .77 .84 7.37 .30
12.09 .85 .89 8,89 .32 6
5.36 .54 .48 4,94 .17 2.5 WWK
5.61 £33 .50 4,44 .18
9,68 .77 .81 5.71 «27
8.85 W73 A7 4.32 «25 4
12.52 1.08 1.08 6.04 .35
11.74 .95 .99 5.35 .33 5.5
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Flight

868
869
870
871
872
873

874
875
876
877

rms v

4.29
4.25
6.40
6.64
11,35
9.71

7.89
6.32
9.51
9,86

A-7

CASE 3 WITH AUGMENTER

Tms ¢e Tms g Tms @ rmsr PR Pilot
W97 .83 4;06 b JBJ
1.11 .99 5,00 .16 4
1.06 1.13 7.79 .21
1.10 1.40 12,96 .25 6.5
1.49 1.53 14,39 .32
1.44 1.68 14,03 31 8
1,49 1.42 4,69 «22 WWK
l.14 1.13 4,39 .18 4,5
1,62 1.68 4,08 25
1.95 1.86 4,69 .27 5.5
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A-7 CASE 3 WITHOUT AUGMENTER

Flight rms Vo rms ¥ rms 3 rms ¢ rms r PR Pilot
878 4.78 1.01 1.12 424 22 JBI
879 4,69 1.01 1,10 4,31 .22 5
880 7.13 1.62 1.70 11.30 .39
881 6.81 1.66 1.85 10,10 W45 7.5
882 6.20 1.52 1,43 4,09 .29 WWK
883 7.17 1.79 1.72 4,20 .34 6
884 8.81 1.83 1.85 3.93 .35
885 9,32 2,02 2.05 4,35 Whl 6
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Flight

886
887
888
889
890
891

892
8913
894
895

896
897
898
899

rms v

3.62
4,25
6,09
5.10
7.10
8.20

4,28
4.03
6.73
T.14

7.49
7.07
7.54
8.31

A-7 CASE 3 FAILURE WITH AUGMENTER

rms ;pe

.76
74
.90
.81
.86
.80

1.02
1.02
.25
1.45

1,57
1,92
1.99
2.53

rms f Tms ¢ ms r PR
.69 9.70 .13
.81 9.67 .13 5
1.07 11,48 .17
.91 9.12 .16 5.5
1,00 8.66 .18
1.38 14,02 .18 6
1.06 4,28 .17
.92 4.04 W15 4,5
l.36 3.63 .21
1,58 4,45 .26 5.5
1,63 5.46 .25
1,72 7.66 .27 3,5
1.88 8.84 .33
2,10 11.77 .37 6.5
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Pilot

JTT
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Flight

900
901
902
303
904
305

906
907
908
909

910
911
912

ms Vv

3.88
4.85
5.45
5.36
6,97
6.35

3.96
4,17
6.33
6,45

6.69
8.47
8,33

A-7

CASE 3 FAILURE WITHOUT AUGMENTER

ms

B4
.69
1.07
1.00
1.03
1.28

1.01
1.44
L.65

2.32
1,48
1.03

rms B Tms @ Ims T PR
1.00 17.39 .16
1.01 14,64 .15 6
1,10 11.70 .17
1.10 14,55 .19 7
1.37 17.99 .21
1.60 18.09 .26 7.5
.96 4,22 .15
1.01 3.54 .16 4
1,42 5,40 .23
1,52 5.65 .15 5
1,99 11,94 .36 6.5
1.94 14,70 .23
1.40 13.13 .22 4
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JTT

WWK

JBJ



Flight

913
914
915
916

917
918
519
920
921
922

A-7 CASE 4 WITH AUGMENTER

™ns v rms ¢e rms g ™ms ¢ rmsr PR Pilot
5.99 .66 .62 2.88 .18 WWK
5.97 .63 .61 2.97 .12 4

11.82 1.18 1.12 4,97 . 24

10.42 .98 .99 3.61 .23 5

4,33 .62 .57 3.21 .13 JBJ
5.12 .61 .56 2.66 .12 3

7.09 .71 .65 2.23 .16

71.76 72 o 75 2.13 .18 4

11,95 4.89 3.61 15,54 .58

10,16 2.13 1.99 8.08 43 9
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Flight

923
924
925
5926

927
928
829
330
931

A-7 CASE 4 WITHOUT AUGMENTER

™s Vv Tms we rms 3 ™ms ¢ rms r PR Pilot
6,53 1.02 .88 5.12 .27 WWK
5.67 .78 .73 2,83 .22 4.5

9,63 l.14 1.15 3.42 .35

12,41 1.40 1.40 3.55 Al 5

4,56 .66 .71 2.95 .23 JBJ
4,13 .62 .49 1,70 W15 3.9
7.90 1.13 1.08 3.21 « 34

8,26 1.59 1.50 4,29 .39 5.5

12.58 4.04 3,90 17.33 1.07  10.0
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A-7 CASE 4 FAILURE WITH AUGMENTER

Flight rms v rms rms g rms ¢ rms T PR Pilot
932 3,26 .60 .54 2.18 .12 JBJ
933 3.66 .60 .57 1.89 .12 3
934 5.81 .89 .93 2,68 .20
935 4,89 .98 .87 3.78 .21 4,5
936 7,08 .92 .97 3.16 .25
937 7,07 72 .96 2.96 .25 5.5
938 3.24 .59 .55 5.58 L4 JTT
939 3.70 . 64 .62 4.90 .16 4
940 6.42 .95 1,03 6.16 .27
941 5,56 .81 .86 4,73 .24 4.5
942 7,73 1.10 .94 8,22 .26
943 6.80 .95 .97 5.22 .27 5
944 3.29 .73 .58 3.32 .13 WWK
945 3.98 .81 .74 3.42 .17 4
946 5.18 .93 .85 2.89 .19
947 6.10 .97 .99 2.77 .21 4
948 7.12 1.12 1.16 2,88 .26
949 6.97 1.16 1.15 3.21 .27 4.5
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Flight

550
951
952
953
954
955

956
957
958
959
960
961

962
963
964
965
966
967

A-7 CASE 4 FAILURE WITHOUT AUGMENTER

™T™ms v Tms P e rms 3 Tms ¢ rms r PR Pilot
3.24 .62 « 34 2.32 .13 JBJ
3.61 .71 .66 2.37 .14 3.5

5.46 .88 .88 6.02 22

5.03 .75 .78 4.26 .17 5.5

7.61 1.10 1.11 4.57 .26

7.11 1,04 1.04 4,60 + 25 6.5

3.67 .71 .66 6.95 14 JTT
3.93 .63 .65 5.33 .16 4,5

5.49 .72 77 5.51 .22

5,41 .85 .85 6.28 .23 5

7.10 .92 1,10 8.84. + 25

7.32 .93 1,10 8.97 .29 6.5

3.09 .66 .57 2,82 15 WWK
3.33 .57 .56 3.01 .13 3

5.55 .88 92 3.48 W22

5.86 .93 .99 3.30 22 4.5

6.86 1.14 1.18 3.78 .29

7.82 1.40 1.35 4,09 .31 4.5
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F-5 CASE 1 WITH AUGMENTER

Flight Tms W Tms g . ms g, .}.11_ Pilot
968 6.25 L49 JTT
969 5.91 .36 4
970 10,66 .73
971 10,58 74 7
972 31.54 . 24 WWE
973 3.58 .25 3.5
974 6,67 oG8
975 8.33 .bl 5.5
976 L.74 . 50
977 1.85 a2
978 4,09 .29 JBJ
979 3.78 .29 4
980 6,30 il
981 7.29 .50 7.5
982 1.84 .16
983 1.82 .19 4
984 1.37 W4l
985 L.44 .48

204



F-3 CASE ] WITHOUT AUGMENTER

Flight ms w rms § ms g —Ii Pilot
986 3.13 .50 JTT
987 5.54 A7 5
988 3.36 .37 WWK
989 4.02 W47 4
990 7.09 .66
991 6.84 .66 7
992 2.24 W46
993 1.50 .52
994 3.72 . 38 JBJ
995 3.81 .37 6
996 5,69 «57 8
997 1,93 .19 4,5
998 1,81 2 24
999 1.58 46

1000 1.37 .39
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Flight

1001
1002
1003
1004
1005
1006
1007
1008

1009
1010
1011
1012
1013
1014
1015
1016

1017
1018
1019
1020
1021
1022
1023
1024

Tms wW

3.14
2,99
4.41
5,28
G.55
9,33

1.57
1.67
2.58
2,52
4,37
3.48

3.47
2,97
5.16
5.02
7.38
7.39

F-5 CASE 2 WITH AUGMENTER

rms @
[

1.62
1.54

1.10
1.59

1.33
1,33
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rms
ee

FR Pilot

»35
»29
45
.60
.92
.88
+ 54
+50

.18
.19
.28
. 26
ool
.37
b2
.52

5.5

JBJ
4,5

5.3

JTT



Flight

1025
1026
1027
1028
1029
1030
1031
1032

1033
1034
1035
1036
1037
1038
1035
1040

L1041
1042
1043
1044
1045
1046
1047
1048

rms w

3.32
3.33
5.20
4,66
9.19
B.47

1.60
1.54
2.57
2.50
3.97
4.40

2.85
2.78
4,92
5.64
7.17
7.49

F-5 CASE 2 WITHOUT AUGMENTER

rms
eC

ety —.

1.95
1.56

1.22
1,70

1.42
1,40
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rms
8 e

PR

+ 51

.23
.23
. 37
« 34
.63
.57

.59

3.5

6.5

3.5

6.5

7.5

Pilot

JBJ

JTT



Flight

1049
1050
1051
1052
1053
1054
1055
1056

1057
1058
1059
1060
1061
1062
1063
1064

1065
1066
1067
1068
1069
1070
1071
1072

F-5 CASE 3 WITH AUGMENTER

Ims W rms &
-4 c

5.47
5.94
9.02
8.74
14,09
13.02

1.31

1.45

5.79
5.37
5.02
10.55
2,48
2,34

1.60

1.48

2.32

2.24

6,13

5.82

8.95

8.60
1,15
1.96
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rms
8 e

.28
.32
.52
.30
.79
J1
o7
.30

.37
38
« 57
.63

.14
.38
.36

PR

2.3

3.5

4.5

2.5

7.5

Pilot

JBJ

JTT



Flight

1073
1074
1075
1076
1077
1078
1079
1080

1081
1082
1083
1084
1085
1086
1087

1088
1089
1090
1091
1092
1093
1094
1095

ms w

6,62
6.15
8.83
8.47
15.02
12,87

5,43
5.40
8,94
2,60
2,23

2.65
2,34
3.65
5.34
7.71
7.03

F-5 CASE 3 WITHOUT AUGMENTER

rms
8 C

1.08
1.11

1,36
1.48

1.27
1.22

ms
6 e

Jbh
46
.69
.67
1.04
1.06

.25
Ay
.52

. 24

W48
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PR

3.5

Pilot

JBJ

JTT



Flight

1096
1097
1098
1099
1100
1101
1102
1103

1104
1105
1106
1107
1108
1109
1110
L1111

1112
1113
1114
1115
1116
1117
1118
1119

Tms w

7.17
6,90
12.70
11.70
17,70
17.28

7.05
6,68
12,38
11.75
17.05
17,66

7.65
6.86
12,73
12,48
3.87
4.39

F-5 CASE 4 WITH AUGMENTER

rms § rms #
c e

43

<40

.73

.73

.96

1.00

1.57 .02
1.26 b

1,62 .66
1.46 +52

.55

.96
.89
.27
+31
1.58 .60
1.51 +39
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PR

6.5

5.5

4.5

Pilot

JBJ

JTT



Flight

1120
1121
1122
1123
1124
1125
1126
1127

1128
1129
1130
1131
1132
1133
1134
1135

1136
1137
1138
1139
1140
1141
1142
1143

rms w

6.62
7.37
10,88
12.32
15,07
17.83

7.44
7.35
12,97
11.79
16,52
17.15

6.58
7.05
11.10
10,58
4,34
4,11

F-5 CASE 4 WITHQUT AUGMENTER

rms §

1.56
l.41

1.49
1.30

1.09
1.31

211

rms 8
e

.34
.54

.67
o 74
1.10
1.00
1.26
1.31
« 36
.62

.73
.71
1.16
1.20

<43
. 60

PR

6.5

7.5

5.5

Pilot

JBJ

JTT



Flight

1144
1145
1146
1147
1148
1149
1150
L1151

1152
1153
1154
1155
1156
1157
1158
1159
1160

1161
1162
1163
1164
1165
1166
1167
1168

Tms w

5.81
6,01
9.74
11.27
12,18
11,69

6.00
6.34
11.14
11.11
L4,67
13.75

4,68

4,66
4.87
8,33
8,23
11.86
11.40

A-7 CASE 1 WITH AUGMENTER

rms # rms §
C e

.54
W52
.71

1.73 .65
l.44 .31

1,03

.86

L.45 42
1.28 .35
$32

.39

1.26 b
1,42 42
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PR

3.5

7.5

4,5

5.5

5.5

Pilot

JTT

JBJ



A-7 CASE 1 WITHOUT AUGMENTER

Flight Tms w rms Bc ms 6 E- Pilot
1169 5,57 .66 JTT
1170 5,95 .66 5

1171 12,19 1.06

1172 10.87 .95 7.5

1173 13,11 1,26

1174 12.29 1.02 8.5

1175 1.12 49

1176 1.37 .51

1177 6,21 .88 WWK
1178 5,97 .73 6

1179 10.14 1.31

1180 11,40 1.39 7.5

1181 1.13 W46

1182 1.27 A

1183 3,84 .54 JBJ
1184 4,18 .53 4,5

1185 10.08 .98

1186 8.76 .82 6.5

1187 12.60 1.30 8

1188 1,60 .39

1189 1.06 .39
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Flight

1190
1191
1192
1193
1194
1195
1196
1197

1198
1159
1200
1201
1202
1203
1204
1205

1206
1207
1208
1209
1210
1211
1212
1213

rms w

6,41
6,71
7.59
8.24
3.05
3.20

2.91
3.22
6.21
5.73
9.11
8.45

3.20
3.09
6,21
5.63
9.23
9.57

A-7 CASE 2 WITH AUGMENTER

rms
GC

1.48
1.42

1.71
1.76

1.21
1.30

214

rms @
e

45
45
45
.47
.25
.25
42
46

.18
.« 20
.36
.31
.51
.52
.45
.35

.30
.30
.39
.32
.57
. 39
»39
.36

PR

6.5

2.5

6.5

Pilot

JTT

JBJ



Flight

1214
1215
1216
1217

1218
1219
1220
1221
1222
1223
1224

1225
1226
1227
1228
1229
1230
1231

3.07
2.69

3.40
2,82
6.42
7.20
8.81

3.29
3.39
7,43
7.04
8,44

A=7 CASE 2 WITHOUT AUGMENTER

rms
GC

1.78
1.58

2,21
1.70

1.37
1.60

215

rms
Be

«33
.28
.58
.37

.30
31
.63
» 3%
.77
W42

«39

.71
.64
l1.02
Wl

PR

Pilot

JTT

JBJ



Flight

1232
1233
1234
1235
1236
1237
1238
1239

1240
1241
1242
1243
L44h
1245
1246
1247

1248
1249
1250
1251
1252
1253
1254
1255

rms w

5.95
6.34
10,76
11.55
16,77
18,65

6.24
6,03
11.86
11.30
16,56
17.08

5.46
6,02
12.70
il.44
16.29
19,40

A-7 CASE 3 WITH AUGMENTER

rms Tms
6C. oe

.28
.26

1.50 .38
1.9 .38

1.84 o4l
1.36 .39

1,00

1.23
1.30
1.29 W72
1.53 .50
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PR

2.5

6,5

Pilot

JBJ

JTT

WWK



Flight

1256
1257
1258
1259
1260
1261
1262
1263

1264
1265
1266
1267
1268
1269
1270
1271

1272
1273
1274
1275
1276
1277
1278

rms w

5.73
5.81
11.70
11.86
17.61
16.68

5.77
5.38
12.96
10,865
17.66
17.81

5.79
7.06
l1.61
11.53
15.24

A~7 CASE 3 WITHOUT AUGMENTER

ms ™ms
ec 8 e

.33

1.61 .48
2,20 49

1.58 .4l
1.49 L43

.81

1.30
1.20
1.70
1.30 « 65
1.69 .76
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PR

3.5

Pilot

JBJ

JTT



A-7 CASE 4 WITH AUGMENTER

Flight ms w rms g rms ge PR
1279 3.15 .19

1280 2.72 .21 2
1281 6.75 Ny

1282 5,97 .31 3
1283 8.46 .50

1284 8.97 .51 4.5
1285 1.58 A7

1286 1.48 40

1287 2,78 .16

1288 3.58 .19 1.5
1289 6.37 .33

1290 6.47 .32 4
1291 8.54 45

1292 9.32 47 ‘ 6.5
1293 1.59 W48

1294 1.24 « 34

1295 3.22 .23

1296 3.27 .23 3.5
1297 5.96 .36

1298 7.00 46 4.5
1299 9.06 «33

1300 8.65 «51 5.5
1301 1.64 .66

1302 1.47 .49
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Pilot

JBJ

JTT



Flight rms w
—£

1303 2.86
1304 3,02
1305 6.01
1306 5.74
1307 9.39
1308 9.84
1309

1310

1311 3,45
1312 3.56
1313 6,09
1314 5.63
1315 9,43
1316 10,73
1317

1318

1319 3.05
1320 2,70
1321 5,68
1322 6,34
1323 8,77
1324 9,31
1325

1326

A-7 CASE 4 WITHOUT AUGMENTER

rms #
[

1,93
1,47

1.12
1.29

1.56
2,21
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rms g

«29
30
.52

.29

.37
W4l

.33
.33
.58
.65

G2
.63

e

PR

2.5

Pilot

JBJ

JTT
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