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ABSTRACT

A method for predicting the performance of the total pilot-vehicle
system has been developed for the lateral dynamics of Class IV air-
planes. This method, which is based on pllot model theory and multi-
loop analysis, predicts tracking errors for command tracking tasks
and also for attitude hold tracking tasks in turbulence. The pre-
dictions are in terms of root mean square time domain statistics and
are obtained by means of a fully automated multiloop analysis per-
formance prediction program available from the United States Air
Force, Thus, system performance can be evaluated analytically in
terms of familiar time domain root mean square statistics, The
validity and accuracy of this method has been ascertained by means
of moving base simulation on the Northrop Large Amplitude Flight
Simulator operating in five degree of freedom motion,
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I. INTRODUCTION
A. Scope and Purpose of this Report

The research reported here contributes to a continuing Air Force program aimed
at developing better flying qualities prediction techniques suitable for performance
specification. Although the primary responsibility of this effort was flying qualities
prediction in turbulence, general methods have been developed that are applicable to
a large number of pilot vehicle system problems. The underlying concept, incorpo-
rating the human pilot into the mathematical description of the total system, has been
widely used in the past to evaluate certain aspects of the dynamics of piloted flight,
This kind of analysis yields important information about the frequency domain charac-
teristics of the system but has had two typical drawbacks. The first is the difficulty
of carrying out lengthy algebraic computations which must be repeated many times,
and the second is the uncertain interpretation of frequency domain results in terms of
time domain performance. These limitations have now been largely removed through
the development of a digitally automated method which computes root mean square
{rms) performance of a broad class of single or multiple loop pilot-vehicle systems.
Thus, this report not only will present these methods along with partial confirmation
by moving bage simulation, but also will serve as the manual to an easily used digital
program that computes the total pilot-vehicle system performance for command track-

ing or attitude hold tasks in the presence of specified atmospheric turbulence.

B. Specification of Flying Qualities

There are several recognized limitations to the current Military Specification
"Flying Qualities of Piloted Airplanes" which have prompted the current research into
closed loop pilot-vehicle analysis. The correlation between open loop dynamic charac-
teristics of airplanes and the flying qualities during piloted flight is the basis for most
items of the Specification. Since closing a feedback loop around a dynamic system
effects gross changes in the system dynamics, such a correlation will be valid for only
those airplanes which do not depart too far from conventional design. In addition, the
increasing use of flight control augmentation devices means that current flying qualities
criterfa may not be sufficient for the evaluation of modern high performance airplanes.
Thus a standardized procedure is needed which can directly evaluate an airplane in
terms 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 include subjective handling qualities

affecting pilot workload.

Another area of concern is the lack of any precise method of establishing flying
qualities requirements for performance in atmospherie turbulence. Acceptable
representations of gust spectra have been established, and their use has been cited
in some paragraphs of the Specification. However, no criteria have been developed
for acceptable flying qualities in turbulence and no precise technique for evaluating
airplane performance in turbulence has been available., This, again, needs to be
handled by closed loop pilot-vehicle methods since both the susceptibility of airplanes
to gust disturbances and the pilot's ability to reduce them must be assessed. Further-
more, the difficulties attendant with flight testing 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 circumvents the use of
pilot ratings as a turbulence performance parameter. Pilot ratings have proved to be
insufficient for flying qualities in turbulence evaluations and a better approach is to
develop criteria based on physically measurable quantities that can be analytically pre-
dicted. The performance measure considered in this report is root mean square
tracking error of the total pilot-vehicle system, a parameter which is possibly respon-
sible for differences in pilot ratings between flight in still and in turbulent air (Ref-

erence 1).

An especially important use of the methods presented in this report is in aircraft
design. Since these evaluation techniques depend only on a knowledge of the aerody-
namic and control derivatives, the flying qualities of the piloted vehicle can be assessed
at the earliest design stage. Even though turbulence criteria are not yet established,
it is possible to perform comparative studies between proposed configurations and
operational aircraft of known characteristics. In this way not only the turbulence
tracking qualities, but also the closed loop command tracking capabilities of any design
can be predicted for such tasks as target tracking and weapons delivery in a still or

gusty environment.

C. Quasi-linear Analysis

One of the most fruitful areas of closed loop pilot-vehicle system research has
been quasi-linear multiloop analysis (References 2, 3). The basic assumption is that
the actual nonlinear, time varying and perhaps stochastic pilot-vehicle system can be
closely approximated by a suitable linear model. Since the pilot may be operating on

several control axes simultaneously, several loops must be studied as a single system.



In general, these loop closures will be coupled through the linear equations of motion
representing the vehicle. This results in complex transfer functions containing terms
formed from the repregentations of the pilot along with factors associated with the
isolated vehicle. Once the pilot-vehicle transfer functions have been derived, they
can be studied to determine the frequency domain nature of piloted control tasks. In
this way, information can be obtained regarding the total system bandwidth, damping,
and the extent of compensation the pilot must adopt for acceptable performance. Many
years of research into this approach to flying qualities has led to the development of
pilot models that have proven to be of great use in understanding pilot activity and the

relationship between airplane parameters and acceptable flying qualities.

This type of system modeling can also be used to obtain quantitative performance
measures of the pilot-vehicle system. Root mean square error can be computed from
the quasi-linear models and has been used in such studies by Durand on carrier land-
ing analysis (Reference 4). The pilot models usually are determined through the verbal
adjustment rules (Reference 2) but the approach taken for the turbulence research is
to optimize the pilot models with respect to the total system root mean square error
performance. Thus the emphasis here is on modeling the total pilot-vehicle system
performance, an approach also taken by Kensinger (Reference 5) who obtained excellent

agreement between analytical and simulator results.

D. The Anderson Rating Prediction Method

An important extension of these closed loop analysis methods has been recently

made by R, O, Anderson (Reference 6). Working with VTOL hover data, he constructed
a linear function as a predictor of pilot rating that shows remarkable agreement with a
large amount of data from diverse sources. Although the formula requires the mea-
sured quantities of pilot lead and system tracking error, it has been extended to a
purely analytical prediction method, By assuming that the pilot optimizes his perfor-
mance with respect to the Anderson formula, the pilot rating can be computed from a
knowledge of only the stability and control derivatives of the airplane. This extended
predictive technique dubbed '"The Paper Pilot" was developed by R.O. Anderson and
J.D. Dillow (Reference T7) and has amply demonstrated the usefulness of this approach

which has led to a proposed flying qualities specification.



E. Conventional Aircraft in Turbulence

The success of the Anderson-Dillow method immediately suggests using a similar
approach for conventional aircraft to sfudy tracking tasks in turbulence. This program
has been partially completed and the results are the main topic of this report. There
were three main objectives of the research, (a) to determine how well performance
can be predicted by analytical techniques, (b) determine by simulation how well system
performance correlates with pilot rating as a function of turbulence level, and (c)
suggest an approach to developing turbulence specification criteria based on closed
loop pilot-vehicle analysis. The work has been limited to conventional lateral dynamics
and methods have been developed and digitally implemented for computing not only the
closed loop pilot-vehicle system transfer functions, but also the tracking error pre-
dictions, a major contribution to the Anderson rating formula. These predictions have
been confirmed for four pilot tasks by moving base simulation on the Northrop Large
Amplitude Flight Simulator. The success of this verification indicates that closed loop
criteria for flying qualities in turbulence will be possible and that the technology devel-
oped during this effort can be used to evaluate many handling qualities features of air-

planes in the earliest design stages.



II. TOTAL SYSTEM PERFORMANCE PREDICTIONS
A. Four Approaches to Pilot-Vehicle Analysis

There are four basic approaches that have been used in pilot-vehicle closed
loop analysis. Although they share the basic idea of developing a mathematical
representation for the pilot, the specific modeling of the system is accomplished by

several different methods,

The first successful method was developed largely by Systems Technology, Inc.
and represents the system in the frequency domain where the problem can be handled
by muitiloop analysis. The pilot models are adjusted by a set of verbal adjustment
rules and the performance is evaluated in terms of the closed loop system eigenvalues,
bandwidth, damping, phase and gain margins and other frequency domain performance

parameters, The object of the adjustment rules is to achieve optimum performance,

postulated, but not directly evaluated, as root mean square (rms) error (Reference 2),

A second way of approaching the problem is through optimal control theory.
The importance of optimal performance as a basic objective of pilot model adjustment
indicates that optimal control theory can be applied. This has been done with success

(Reference 8) although the resulting methods are difficult,

A third approach is represented by the Anderson pilot rating prediction method
(Reference 6). This will be described in Part C. Here root mean square error
performance is combined with pilot workload to give an index that is the predicted
pilot rating. The pilot model has a fixed form and the workload is obtained from the
amount of lead the pilot model requires. The parameters of the pilot model are opti-
mized with respect to this rating index so that the minimum obtained i8 the predicted
pilot rating. Anderson has had considerable success with the relatively simple
dynamics of VTOL hover and this approach appears to be promising for conventional

airplanes.

The fourth way of approaching closed loop pilot-vehicle analysis is the underlying
concept of this study of flying qualities in turbulence. Fixed form pilot models are
used in multiloop system descriptions and root mean square error calculations are
made using the multiloop total system transfer functions. The pilot models are then
optimized with respect to root mean square error to give predictions of the total
system performance. This technique has also been successfully used by Kensinger
(Reference 5). The validity and accuracy of this approach has been ascertained by

moving base simulation and the results of the study are presented in Section III.



Since this report is to serve as an introduction to both pilot-vehicle analysis and
the turbulence performance prediction methods developed during this research effort,
it is necessary to present some of the basic features of these techniques. The brief
discussions of this chapter contain the most important aspects of several contributing
theories and constitute an essentially complete guide to the use of the prediction
procedure. A more detailed knowledge of these areas is undoubtedly useful and the
reader is invited especially to consider the report by McRuer and Graham on pilot
model theory (Reference 2) and the Anderson VIOL specification (Reference 6) as
essential to a proper working knowledge of the subject. The underlying mathematics
and other peripheral data have been relegated toc appendices in order to keep this pre-
sentation brief and germane. A computer program has been prepared to carry out the
algebra of the multiloop analysis and rms error calculations. This has proved to be
indispensable since these computations are lengthy unless fully automated. Appendix
II congtitutes a user's guide and the program itself is available upon request from the
United States Air Force. Individual users will possibly want to modify and extend
the basic digital program to fit particular problems, although the variety of lateral
situations already covered is large. These changes can be easily carried out by the
user with the aid of Appendix II. In order to understand what this program computes
and what it means in terms of time domain performance statistics, performance

measures are discussed first,

B. Performance Measures

The use of root mean square (rms) as a performance measure not only is conve-
nient and physically appealing, but has proved to be appropriate for the study of pilot-
vehicle performance. This is the case because most stochastic processes encountered
in flying qualities research can be suitably approximated by Gaussian processes which
belong to the class of processes for which the mean and variance are a complete statis-
tical description. Therefore, rms quantities are naturally associated with the statistical
analysis., By using the total system pilot vehicle transfer function to compute rms per-
formance for a Gaussian tracking task, the analysis can proceed by considering the
familiar statistics of the time domain, In the case of VTOL performance in precision
hover, Anderson assumed a Gaussian gust environment and computed the rms system
performance by means of a contour integral, and the same method was adopted for this
study of conventional lateral dynamics. Suppose that for some control axis q and forcing
function i that the q/i transfer function for the total systems is given by the rational

function



q/i = G(®) (1)

If i represents a Gaussian process with zero mean and power spectrum ®5; then the rms
value of q per unit rms i is given (Reference 9) by

[+.0]
rmsq = (2)

joo
P f #;; (51 ds

These integrals can be easily evaluated by a rapid digital program that is dis-

1 Joo 2
5] f_j ¢, (5) |G(s)|"ds

o)
(=]

cussed in Appendix II. Since @, can be spectrally factored, the forcing function which

models say, a random tracking command signal or gust term in the equations of motion

can be represented as a transfer function H (s) where

H(s) = (@) 3
ii

is the realizable part of the spectral factoring
@..(s) = sy} * s)y| ~
i = [“ii )I ["n( )]

Thus the desired command tracking signal is obtained by passing white noise through the
filter H(s).

Since the integration is over all frequencies w, the rms value is exact for an infinite
sampling time. The assumption that G (s) is a rational function is no more than the
quasilinear approximation which represents both the pilot and the vehicle by purely
linear dynamics. Now that the method for computing rms q is clear, it is necessary
to discuss the way in which the system transfer function G (s} is obtained.

C. Lateral System Models for Compensatory Tracking
If Yq represents the describing transfer function of the pilot acting on the

command tracking error q, then the total system selected for study can be represented
by the block diagram of Figure 1. By selecting appropriate functions Y, , Y, and

Yﬂ , and applying either the injected gust or a command tracking signal at one of the
input ports, a specific compensatory tracking task can be selected. Furthermore,

Y. can be used to model an augmentation system such as a yaw damper, and control or

actuator dynamics can be included by including their dynamics with the pilot models.
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For example, consider the main task to be discussed later, bank angle attitude hold
in turbulence in which the pilot is asked to keep the aircraft wings level. Since he
does not act on heading or sideslip the pilot models Yy and Y, are set equal to zero

B
which effectively removes the heading and sideslip loops as shown in Figure 2. If dg

B
represents the gust injected into the equations of motion and ¢ —4a denotes the bank

angle through aileron loop closure, then the total system open loop transfer function

of bank angle to dgﬁ is written

=G (s) (4)

since the bank angle ¢ is the system error of interest ¢e . Thus if H (s} is scaled for,

say, 10 ft/sec rms lateral gust, then
2

1 (e o/
rms ¢, = 5 ) H (s) /dg ds (5)
oo Blo—~ba

gives the rms bank angle error for the task in 10 ft/sec turbulence. The actual

computations of ¢/ 4 g l ¢ -da requires the expansion of several determinants and is

completely automated along with the computations for many other system task models

in the digital program discussed in Appendix II.

In a similar way the system performance for a Gaussian command tracking
task ¢ c represented by white noise passed through the linear filter H (s) can be com-
puted. The system here is shown in Figure 3 which also shows the way in which qbe
is obtained. In this case ¢c represents a random signal obtained by filtering white
noise which has a constant power spectrum by the filter H (s). The open loop transfer

function ¢ /¢ can thus be used to obtain
P.d2a

¢/¢e|¢—*da
1+ é/g

(6)
‘]Gb-rda

4]
e}
[e]

so that the system rms error is given by

1 (=
I‘n’lSqﬁe "E';;Tf

'joo

¢/¢€’¢—bda
1+ ¢/¢€’ N

H (3) - H (s) ds (M

—+J3a
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Another example is the pilot task of maintaining heading in turbulence. If a yaw
damper Yr is used, the system is as shown in Figure 4. Letting the augmenter and

heading closures be desighated by r ~4r and ¢ — éa , the open loop transfer function

is then written

Vb, = G (s) (8)
r—4r
¢ —§a
y—4a

D. Pilot Model Theory

The many studies of pilot dynamics that have been undertaken during the last
two decades show striking agreement on the form of the pilot describing transfer
function. Of the many reports available, one of the most useful is Reference 2 which
contains most of the basic theory of pilot models along with methods for pilot model

parameter selection.

Essentially, the pilot describing function consists of a gain coefficient, first
order lead, first order lag, and a pure time delay of r seconds. Thus the general
pilot model has the form

(T, s+ 1)
Y = L

-T8
qa  Xq WD ©

{9

Of the four parameters Kq, TL’ TI’ and r , only the first three can be chosen by
the pilot. The parameter T depends on the pilot task and, though variable, is not gen-
erally selectable by the pilot, This r is an effective time delay and includes neuro-
muscular lag. The selection of Kq, TL’ and TI is arrived at through adaptation and
is made so that the best performance is obtained with respect to some criterion, The
exact nature of this performance index for tracking has been subject to a large amount
of study, but the exact form is still unknown, Nevertheless, it has been found that the
pilot penalizes the aircraft for both tracking errors and workload, (Reference 10).

This tradeoff between tracking error and the effort necessary to reduce it has been
successfully modeled by R.O. Anderson for VTOL precision hover tasks. Using system

rms tracking error as a measure of performance ¢ and pilot lead TL a8 an indicator of

11
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workload, he postulated a linear combination of these guantities as a predictor of pilot
rating PR in the form

PR = Ky 0+K, T + K_+ (10)

1 3 LI T )
By choosing the coefficients Kj according to recent data, Reference 10, he was

able to predict the pilot ratings for a large number of cases, some of which are shown
in Figure 1 of Reference 6 and reproduced here as Figure 5. Since the usefulness of
such a method is its ability to predict the pilot rating, Dillow and Anderson developed

a conjugate gradient optimization scheme (Reference 7) that minimizes PR by assuming
a mathematical model for the pilot vehicle system and then varying the pilot model
parameters. Tt is useful to examine the actual system for longitudinal precision

hover ahove a fixed point which is shown in Figure 6, Here there are two pilot models

required, one in pitch attitude 6 and one in ground displacement x . Let TL and
o]

TL denote the pilot lead time constants in seconds for pitch and position displacement,
- .

and let oq and U denote the rms values of pitch rate in radians per second and displace-
ment in feet. Then a measure of system hover performance ¢ is postulated as

c=0 +10¢ (11
x q

If a minimum ¢ is adopted, ¢ —_— for the VTOL data, the rating formula to predict

Cooper Ratings, PR (Reference 6) takes the following form

a = a
m

PR = +2.5T, 4T, +1.0 (12)

m LG X

subject to the following restrictions based on measured pilot parameters

F =T

m s
0 - - = 2.50
m
0:2.6T < 3.25 (1
L9
0 = TL < 1.2
X

13
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Since the hover task is performed in a gusty environment, turbulence modeled
by a Dryden Gaussian form was used at an rms level of 5 ft/sec., The proposed VTOL
specification allows the designer to use any pilot model of the above form to meet the
required pilot ratings subject to conditions including system stability and a time delay

of = .44 sec.

Although a program for the lateral dynamics of conventional airplanes as broad
as this has not been carried out, it is clear that in addition to the usefulness to design,
the ability to predict the system performance tracking errors in turbulence is an
essential part of establishing specification criteria. Once methods have been estab-
lished that are good predictors of system tracking errors, it will be possible to
attempt the construction of an Anderson type formula for lateral dynamics of conven-
tional airplanes. These prediction methods have been developed in this report for
several pilot task situations and both the analytic and experimental results will be

presented in Section III,

In order to arrive at the optimum pilot model, many variations of the parameters
must be made. The labor involved in this is very greatly reduced by using the digital
computer program described in Appendix II, but a knowledge of the describing function

adjustment rules of Reference 2 is most useful,

For a single pilot model system, the parameters should be selected such that
1, The system is stable.

2. Afirst order lag 'I‘I is adopted if this improves low frequency characteris-
tics and this does not introduce high frequency destabilizing effects that
cannot be overcome by a single first order lead.

3. A first order lead TL is adopted if a noticeable improvement in performance
is achieved, but should be as low as possible and should satisfy TL <1.,2.
4, The gain Kq is adjusted to give the optimum performance in some sense

analogous to minimum root mean square tracking error Te*

The time delay T has to be determined from experiment, and the success of

modeling the system depends critically on this value. Since the quasilinear assump-
tion requires that the system model be purely a rational function of 8, the time delay

e ' ° must be approximated by a rational function of 8. The most often used expres-

sion is the first order Padé formula e, “78 given by

e-’rs . . ~T8_ 858-2/7
T Creve/r a4
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Since the digital program can accept high order pilot models, a comparison of
results between first order and higher order Pad€ approximations was made. The
results show that the computed system tracking errors in each case are nearly the
same, bhut that the first order form fails to indicate the correct stability boundaries.
It turns out that this causes little difficulty and suitable precautions are easily

taken, For reference, a table of the first five orders e TT8 through e5-TS is found

1
in Figure 7.

An often useful way to obtain a good initial estimate for the pilot parameters is by
means of the crossover pilot model. If Yc(s) represents the vehicle transfer funclion,
then according to the model, the pilot describing function Yq is adjusted so that
w, € 1T (15)
Yc(lu) Xq(lw) - T
in the vicinity of the crossover frequency W e This approximation displays better
amplitude than phase accuracy, but usually describes the fundamental features of the

pilot-vehicle system.,

The above models for the pilot are based on the quasilinear assumption, although
the human is known to engage in such nonlincarities as sampling, hang-bang control,
uncorrelated noise injection and thresholds., By means of the power spectra of the
forcing function and the pilot's output, the amount of linearly uncorrelated power called
the remnant can be measured, If . and ¢, represent these spectra, then the linearly
uncorrelated part of the pilot's output can be regarded as uncorrelated neise with
power spectrum ¢nn injected at the outpul. The linear pilot model output to input

describing funclion for closed loop operition is given hy

Y
=
His) 1-—'—9-—-"+ v Y (16)
q ¢
and the power spectra of the output including remnant is
1 (i) H (- ‘ 17
¢, (0 H (i) H(-lo) & )t 8 (w) (17)

The square of the correlation coefficient for linearly correlated input and output is
then given by
H (iw) 0 (-ie) &,

‘ 18
2 > (18)
cce
. P
2 nn 19)
P I )

ce
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Data on the value of p are difficult to obtain; but often show values of 2 near one,
though lower values are frequently reported. The interpretation of 2 in terms of per-
formance depends on many factors such as the measurement methods and ¢ii' The
analysis and simulation performed during this effort has established that the effect of
remnant on bank angle tracking prediction is very small aud of little consequence. In
more complex tasks, the remnant undoubtedly is more significant although many of the

nonlinearities listed above can be modeled by an increased effective time delay.

A usefu) test for optimality of the pilot is as follows. Let 9, be the command
signal, q, the system response, c the pilot output, and finally e = q, = Y Then the

pilot is optimum with respect to the performance index

e2 + K 02 (20)

if the following relation holds

2_"2 2 "2
= - - 21
e"=q,-q - 2Ke 21)
This result, which follows from Weiner filter optimization by spectral {actoring, is
useful in determining the influence of controller on the human pilot. By matching

experimental data to the above formula, the value of K can be determined. A derivation

of the formula, along with further details, is found in Reference 16.

The development of multiloop pilot models depends on the above techniques since
each closure of the pilot is represented hy the quasilinear form developed above. In
this case, optimization with respect to some index, such as rms tracking error or an
Anderson formula, is much more difficult and requires a choice of weighting factors
for the different control axes. This occurs in the VTOL study where a factor K is

used to form the index

% 4 Kaq (22)

A supplementary analysis that should be employed in the study of many examples
is the root locus method. By examining the loop closures, particularly in multiloop
problems, the nature of the system dynamics can be easily assessed. This analysis
should be employed wherever there is the least difficulty in obtaining pilot closures or
when undertaking a new type of problem. In this way, the closed loop system eigen-
values can be found so that a complete knowledge of the pilot-vehicle natural frequen-
cies and damping ratios is available. The actual determination of these numbers is auto-

matic since the system characteristic polynomial is factored every time the multiloop

19



program is used. In addition, the open loop transfer functions are optionally printed
out and can be used to generate the loci from any of the widely available root locus

programs,

E. Turbulence Models

In order to keep the analysis and simulation of nine selected counfigurations as
simple as possible, only the turbulence component of greatest effect on lateral flying
qualities was employed, namely the lateral Sgust. The incorporation of this lateral
turbulence inte the system equations is mathematically similar to the representation of
the rudder and aileron where the input to the system consists of the da or ér forcing
function multiplied by the approximate force and moment in each equation of motion.
The lateral 8 gust 6gB is such a forcing function and since it represents fluctuations of
B, the correct coefficients are the aerodynamic coefficients of 8. The multiloop sys-

tem transfer functions for lateral ggust inputs are given in Appendix II.

The ggust can be modeled by either the spectrally factorable Dryden model or a
rational approximation to the von Karman model. Since the Dryden form is easily
utilized for both the analysis and the simulation it is adopted here. An extensive

study of turbulence representations is contained in References 11 and 12.
The spectral form of the lateral 8 or v gust is

(Lui
9 1+3 VO

L ,
¢, W = © . : (23)
LA il

(4]

where L is the lateral scale length, and Vo is the airspeed, and 7, iz the rms gust
level in rad/sec. This is easily factored to give the transfer function by which white

noise can be filtered to give the required gust. This filter is

1o
1+ %314 (iw)
8]

H (iw) =K (24)

2
1+ %— {iw)J
0

where K is used to scale the filter to the desired rms gust level in ft/sec.
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Some further discussion on the question of turbulence modeling for in-flight

simulation is given in Reference 13.

Now that a presentation of the prediction technique is complete, the analytical

and experimental results of the next chapter can be presented.
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III DEMONSTRATION OF THE METHOD

In order to demonstrate the accuracy of the multiloop prediction method, a brief
moving-base simulation of Class IV airplanes was completed for several command
tracking and gust tracking tasks., Eight configurations flown by Cornell in the Air
Force variable stability T-33 (Reference 14) were simulated along with the F-5. The
stability and control derivatives and a complete description of the simulation mechanics
are contained in Appendix III. Both bank angle and heading control tasks were included.
Since bank angle tracking was the main object of study it is discussed first.

A. Bank Angle Task Prediction

A preliminary analysis of the F-5 and a large number of T-33 configurations
was undertaken to obtain familiarity with the broadest possible tracking characteris-
tics. In all cases command tracking, Figure 3, and attitude hold tracking in turbu-
lence, Figure 2, were studied. After examining many cases, it was found that an

estimate for the pilot lead of T, = .5 sec and the values of T discussed below usually

L
led to approximately minimum rmas bank angle error, ¢e , for both tracking tasks. The
roll time constant TR

optimum pilot models control the roll subsidence mode, a result which has been often

for these airplanes was between .5 sec and 1.3 sec so that the

reported (Reference 2), Using this pilot compensation, a graph of rms bank angle
error ¢e versus pilot gain K4 was computed. The gains were selected so that the

optimum K¢ was included, and then a plot rms $, versus T, was obtained using the

optimum value of Kg. In this way the sensitivity of the systlém response to pilot model
variations can be assessed as well as the closeness to the actual optimum model.
Since the TL =,5 sec is near optimum in terms at performance in every case, the
predicted tracking performance is then the minimum rms ¢, attained by the Ky versus

rms ¢e graph.

The value of the effective time delay T requires careful selection. For the com-
mand tracking task in still air where inertial acceleration cues are less important than
in turbulence tasks, the value v = .44 sec was used for the prediction analysis. This
time delay has also been used by Anderson (Reference 6 to model tracking tasks
where acceleration cues are small, The method chosen to model the acceleration
motion cues for turbulence tasks was to adopt a time delay of T = .3 seconds which
provide good modeling of the system. Further analytical results concerning the equiv-

alence of reduced time delays and acceleration cues are presented in Section IV.
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By using the appropriate value of r and the pilot lead T. = .5 sec, the rms ¢e

L

versus K¢ gain variation graph and the rms qbe versus T. lead variation graph were

computed for the F-5 and over forty T-33 configurationsl:l Of these, the F-5 was
selected for further study and simulation along with eight T-33 airplanes exhibiting a
wide variety of optimum performance and prediction graph characteristics. The pre-
dictions obtained from the graph have proved to be accurate not only in the rms per-
formance levels, but also in other features of handling qualities related to the shape

of the gain and lead variation graphs.

A Dryden form filter of the form discussed earlier was used to model the gust
for both the analysis and the simulation and was scaled, using the initial true velocity
Vo’ to 10 ft/sec rms lateral gust. The command tracking signal used for the analysis

and the simulation is represented by white noise filtered through

K

(25)
(s +. 5)2

H (8) =

where K is used to scale the tracking signal to 10° rms,

The following representative gain and lead variation graphs, which will be dis-
cussed individually in Part C, are all computed for a time delay of T = .3 sec including
the command tracking graphs which show representative dynamics although the com-
mand tracking predictions are computed for T = .44 sec, The actual predicted value
for command tracking can be read from the prediction line on the command tracking

simulator data graphs at the 10° rms tracking signal level.

A case-by-case discussion of the bank angle data follows a brief discussion of

the simulation.

B. The Simulation

The Northrop Large Amplitude Flight Simulator was used in five degrees of free-
dom motion, omitting only the motion along the X-axis, for the six-degree-of-freedom
lateral and longitudinal equations, The longitudinal dynamics were held constant for
all configurations and presented an easy task; the longitudinal pilet instructions were

to hold approximate altitude,

The lateral simulation was an IFR flight condition with full instrumentation in
the cockpit. In order to present better bank angle information than is available from
the attitude director indicator (ADI), a vertical bar with horizontal travel (the bank
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steering bar of the ADI) was used to show ¢e' For hoth the gust and the command
tracking, the pilot instruction was to keep the error as small as possible ih an rms

sense, but to work at a level that could be maintained during a two-minute period.

A complete description of the mechanization of the simulation, along with other
pertinent information, is contained in Appendix III. In all cases the pilots were allowed
to become familiar with the airplane before data were taken. Three pilots, whose
backgrounds are also in Appendix III, were used and owing to the similarity of their

performance, they have not been identified in the following simulator graphs.

Each simulator flight lasted about 2 minutes, The pilot was allowed to acquire
the task and data were then taken for periods of 100 seconds using mean square analog
circuits. The mean square tracking error was measured in this way along with the
mean square values of the command tracking and the gust which fluctuated considerably
from flight to flight.

Although there was some evidence of learning, no recorded flights were omitted
from the data, and all moving-base data obtained are contained in the following pages.
Fixed-base data are designated by asterisk, but fixed base data for some configurations
could not be shown because of scaling. Averages of fixed base data are included in a

later figure, Figure 46.

The Air Force variable stability T-33 configurations used in this study are
reported in Reference 14, along with pilot comments. The airplanes are grouped into
series such as AB 2, and the entry in each group is identified by its position, e.g.,

AB 2,6 designates the sixth configuration listed under AB 2,

C. Bank Angle Simulation Data

AB 2.6 ~ Figure 8 shows the command (tracking) and gust (tracking) response

for the indicated pilot model. The gust response rms ¢, VS K  graph shows that the

pilot should be able to reduce gust-induced bank angle and that¢his gain is not too
critical, Figure 9 shows that, although the lead of TL = .5 seconds is near optimum
for the gain K¢ = 4.5, lower values of TL do not cause noticeable deterioration of the
performance. The tracking performance is good (in comparison to the other airplanes
studied), and the open-loop disturbance level in gust is also relatively low. Thus, a
gust tracking performance of rms ¢e = 1.5° for 10 ft/sec rms turbulence is predicted,
and is indicated by the line in the gust tracking graph of Figure 10. The command
tracking prediction has been computed separately to give the predicted figure of rms

¢e = 2.0° for a 10° rms command signal. Reference 14 gives a Cooper rating of 3.0,
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The bank angle tracking ability of AB 2.6 is also reported to be good, and the pilot,
W.W.K., of this simulation, reported this airplane pleasant to fly. Since this appeared
to be a realistic configuration, a large amount of data was taken, The agreement for
both tasks is good, although the lower frequency nature of the tracking task causes

more scafter in the data points.

AB 2.7 - Figures 11, 12, and 13 show the predictions and simulation data for
this case. The configuration is very similar to AB 2.6, but pilot W.W. K., reported
that AB 2.7 has more associated yaw and side acceleration. He also reported that at
higher gust levels rms dgﬁ > 20 ft/sec the roughness of the ride increased his motiva-
tion to control the airplane. This shows up in the data points below the line at these
levels., The tracking characteristics are similar to AB 2.6, and Reference 14 gives

a Cooper rating of 3.0 to this configuration also.

AB 3.1 - Figures 14 and 15 show that the open loop gust response is very small
and that pilot activity cannot reduce the error by any appreciable amount. Pilot
W.W.K., after flying for a while, reported spontaneously that he could not reduce the
bank angle errors, but that it did not seem to matter since they were very small.
Again, the simulator results agree well at the 10 ft/sec value, but show lower values
than predicted when more side acceleration is felt at 20 ft/sec turbulence (Figure.16}.
The tracking prediction shows that this airplane is not as good as AB 2.6 or AB 2.7, a
result also apparent in the simulator data. Reference 14 indicates a Cooper rating of
7.0, which seems to reflect this, The two data points far above the prediction line are
believed to be caused by a temporarily biased output of the noise generator, but were

reported for completeness.

AB 3.3 - Figures 17, 18, and 19 show that this airplane is similar to the AB 3.1
except that the tracking performance is better. This is possibly reflected in the
Reference 14 Cooper rating of 5.5, although the simulator data are too scattered to
tell. Again, the gust performance is better than predicted at high gust levels and the

fixed-base data for gust are well displaced above the line.

BB 2.3 - This airplane is an interesting example since it displays one of the best
command tracking predictions (Figures 20 and 21) of the airplanes studied, yet the gust
tracking characteristics are not very good. The large slope of Figure 22 shows that
the aimlane is more susceptible to gust disturbances than AB 3,1 and AB 3.3. An
important feature of handling qualities of this airplane was reported by the pilot,
W.W.K. He stated that he must use a constant high gain and that he could not relax
without the errors increasing noticeably. This is indicated by the shape of the gust
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response rms qse vs K¢ graph, The general difference hetween the flying qualities for
tracking and gust tracking for BB 2.3 was further illustrated when the gust flights were
completed and the familiarization with the tracking flights begun; the pilot, W.W.,K,, did
not recognize the airplane and remarked that the new airplane was much better. The

airplane is generally well behaved and is given a Cooper rating of 2.0 in Reference 1i4.

BC 2.2 - Figures 23 and 24 show that the predicted performance of BC 2.2 is
inferior to BB 2.3. This is confirmed by the simulation as shown in Figure 25, Pilot
W.W.K. reported that configuration was just controllable and that he did not dare
relax, a reflection of the slope of the gust response graphs rms (be Vs qu and rms gbe
Vs TL. Reference 14 reports that there is difficulty in precise bank angle control and
gives BC 2.2 a Cooper rating of 5.0.

BC 2.3 - The comments of BC 2.2 also apply to BC 2.3, including the Cooper
rating of 5.0. The gust tracking is worse, but the predictions remain accurate as

shown in Figures 26, 27, and 28.

BC 2.4 - This airplane is given a Cooper rating of 7.5 by Reference 14, which
also reports that the bank angle control is not sufficiently good for precision tracking.
Figures 29 and 30 show the predictions of greater rms ée for the gust tracking. Pilot
W.W,K. reported that the airplane was hard to fly and that he had to get immediate con-
trol and could not ease into the gust task, a possible manifestation of the hump in the
gust rms cse Vs Kq‘,> graph. Again, the accuracy of the predictions is confirmed by

simulation, as shown in Figure 31.

F-5 - Figures 32, 33, and 34 show the predictions for this airplane, a standard
configuration of the F-5 which reportedly has exceptionally good tracking characteris-
tics. This is illustrated by the command tracking performance prediction which is
lower than all other airplanes studied. Since the F-5 is a representative Class IV air-

plane, it was selected for further analvtical study.

The above studies assume a fixed time delay = and consider perturbations of Kg
and TL about the values of optimum K¢ and TL .5 seconds. In order to examine the

effect of different values of TL and 7, perturbations about these points were made. Fig-

ure 35 shows the effects of varying Tin the rms ¢e Vs K¢ graphs for command tracking
and a similar study for AB 2.6 yields the graph shown in Figure 36. A two parameter

variation of TL and K g is shown in Figures 37 through 42, These essentially map the

rms ¢e surface with Kg and T_ as coordinates., Viewed in this way, the figures are

1
cross sections of constant TL and it is clear that the surface rms ¢e becomes nearly
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FIGURE 35 F-5 DELAY VARIATION
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horizontal in the TLdirection along the T, curve near .5 seconds. Thus, the opti-

L
mum K and TL used for the F-5 prediction is near optimum for the system, In this
way the gain and lead variation prediction graphs are cross sections of the rms ¢e

surface at the prediction point of T_ and v, and can be used to determine the changes

L
in TL and K & which will move the prediction point closer to the optimum. A modifica-
tion of this has been used by Anderson and Dillow to optimize with respect to the

Anderson pilot rating index.

Since incorporation of gust or command tracking prediction methods into an
Anderson formula depends on a strong linear correlation between pilot rating and rms
performance, a number of simulation flights were made to obtain pilot ratings. Con-
figurations and turbulence levels were chosen randomly, and the pilot, W.W,K., rated
the airplane on a Cooper scale. Twenty-five ratings were obtained and are shown in
Figure 43. All configurations are represented in this data, and are usually repeated
with different turbulence levels. A table of the performance and configuration for

each pilot rating is found in Appendix III.

Two graphs showing predicted versus measured performance for all configura-
tions in command and gust tracking are presented in Figures 44 and 45. They summa-
rize the above cases, and each measured data point is the average of data correspond-
ing to gust levels less than 15 ft/sec. These show the accuracy of the method over the
range of predicted responses referenced to 10 ft/sec and 10° rms command tracking

signal for all nine airplanes simulated.

In order to demonstrate the importance of both inertial acceleration pilot cues
and moving base simulation for flying qualities in turbulence research, a number of
flights were made fixed base. Some of this data has already been shown by asterisks
in the simulation data graphs, but much of it was off scale. Figure 46 shows fixed
base vs moving base averages for five configurations, AB2.6, AB3.3, BC2.2, BC2.3,
and F-5. The agreement between fixed and moving base data is not good at low

rms ¢ levels and becomes less so as this quantity increases.

Figure 47 shows a plot of measured command tracking rms ¢ VS gust tracking
rms ¢e. Each data point represents one configuration and the data was normalized to a
10 ft/sec gust and a 10° tracking signal before averaging. The data points are dis-
tributed horizontally which shows that there is no significant correlation between
performance of the airplanes in command tracking and in gust tracking, This estab-
lishes that flying qualities in turbulence and flying qualities in still air are uncorrelated

aspects of airplane performance requiring separate criteria and analysis techniques.
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The command tracking performance scores are in good agreement with numerical
results reported for the crossover pilot model discussed in Section II, For example,
Heifferon and Hannen (Reference 15) compute rms performance for a system having

the form
k -Ts
Y Y = p e

p ¢
tracking a randomly generated signal. They include data corresponding to a time delay
of 7 = .44 sec and a tracking signal obtained by filtering white noise through the filter
H (s) used in the bank angle study. If o is the rms tracking signal level, then the
crossover model predicts ae/aT = ,2. The above analyses and simulation have resulted
in rms ¢e values mainly between 2° and 3° for the rms command tracking signal of 10°,
Thus, rms d:e/rms qbc ranges mainly between .2 and .3 so that the optimization proce-
dure used here agrees nicely with the Heifferon and Hannen data on crossover pilot

models when this model is applicable.

I}, Heading Task Prediction

An analysis of the heading task was completed for the configurations chosen for
simulation. The system models for command tracking and gust tracking are shown
in Figure 4. Although a parallel bank angle and heading closure model has been used,
series closures can equally well be computed by the multiloop analysis program, Some
data is available for these series closures (Reference 16), but not a sufficient amount

to show a clear superiority over the parallel closure model adopted here for simplicity.

Since the response is slower for heading than bank angle tasks, the breakpoint of
the tracking command signal was lowered. The filter used to generate the command

signal is represented by

K

(26)
(s + .2)2

H (s) =

and the difference between the commanded heading and the actual heading was presented

on the bank steering bar of the ADI.

Since two axes and two pilot models are involved in the heading task, the time
delay + was increased to T = .45 seconds (Reference 17} for the turbulence task. This
was used in both ¢ and ¢ pilot models, The multiloop program was modified to auto-

matically perform a perturbation of the gains K¢ and K'J’ . The lowest rms zpe was then
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regarded as the prediction for the quantities rms we, rms ¢ and rms 8. These were
all recorded during the simulation and the results are shown in Figure 48 through 66
where the line shows the predicted values. The command tracking time delay was

also T = .45 seconds,

The accuracy of the multiloop pilot model predictions is good for the majority of
configurations and the agreement of the rms values of all lateral control axes between
the predictions and the simulation demonstrates the appropriateness of the multiloop
pilot model, but the closeness of this agreement seems to depend on the yaw rate due
to aileron inputs since pilot W.W.K. reported AB 3.1, AB 3.3 and BC 2,2 to have

excessive aileron yaw.

Graphs showing predicted versus measured qualities for the turbulence heading
task are shown in Figures 67, 68, and 69. These indicate that the multiloop prediction
method agrees well with the simulation results, but, that the rms d:e performance
levels in turbulence do not differ widely among the configurations, Thus, it is neces-
sary to examine other parameters such as rms¢ and rms 8 . Since rms yaw rate
appears to be a factor, it should be included in future studies of heading tasks in
turbulence. This quality can be computed using a slight modification of the multiloop
analysis program and has been found to be important by other investigators, see

Reference 13,
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IV. FURTHER CONSIDERATIONS OF SYSTEM ANALYSIS

There are several additional topics relating to pilot-vehicle system modeling that
will be briefly discussed in this section. These considerations are in part conjectural
but are supported by a limited amount of experimental evidence.

A, Superposition in the Pilot

The analysis and simulation discussed in Section III have dealt with the command
tracking and turbulence tracking as separately considered tasks. Since many applica-
tions of these methods are concerned with tradeoff design studies of task performance
in a turbulent environment, it is necessary to compute the pilot-vehicle system per-
formance for command tracking tasks in a turbulence. The system description is
linear so that predictions for this combined task can be obtained by using the principle

of linear superposition,

Let ar and qg be the error time response of a pilot-vehicle system for command
tracking and turbulence tracking respectively and let or and O be the associated rms
performance measures, Thus op = TMS g, and ag * rms q . Then the superim-
posed tasks have the time response Gy t qg and the performance aTg for the combined
task is given by

a = lim —1 t) + t dt 27
= UTZ + o 2 + 1lim "‘TZ q,r t) q _(t dt 28

Thus if the command signal and the gust are statistically independent, the combined
performance is given by

c = a + @ (29)

In this way the predicted performance of the system for the combined command
tracking task in turbulence can be obtained from the separate command and turbulence
tracking predictions,
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In order to determine if the human pilot follows a linear superposition principle,
a number of simulation flights were made in which the pilot was asked to track the bank
angle command signal in turbulence. The rms levels of the command signal and gust
filters were recorded as well on the rms performance. The expected performances

¢e for command tracking and q&e for gust tracking can then be obtained from the
T g
bank angle prediction graphs. These were averaged in the above rms manner and a

comparison of these numbers with the actual measured performance shown in Figure 70
where the line drawn is the line of exact agreement. For comparison, Figure 71 shows
the same comparison for predicted values obtained by arithmetic averaging

(30)

a —ia+a
Tg"z('r g)

The amount of data is not sufficient to perform a linear regression analysis and
substantiate the superposition principle for the human pilot. However, the data strongly
suggests that this hypothesis is valid and in this way gives a method for predicting the
system performance of command tracking in turbulence,

B. Anderson Formulas for Command Tracking in Turbulence

The relationship between bank angle rms error and pilot ratings, Figure 43, indi-
cates that an Anderson formula may be appropriate for predicting pilot ratings for tasks
in turbulence, Assuming linear superposition in the pilot, the following formula is the
likely candidate for a single axis task

3 )
o, + O
_ \/ T g (31)
PR = K, - + K, T, + K,

and corresponding formulas may be generated for multiple axis tasks. Anderson has
examined the pilot rating data obtained from the bank angle simulation and has found
agreement between reported pilot ratings and the above formula, but the data is too
scant to regard this as more than a consistency check.

C. Reduced Time Delay as a Model for Acceleration Cues

The failure of fixed base simulation to give performance levels similar to
moving base data for bank angle gust tracking, Figure 46, demonstrates the importance
of inertial acceleration cues to the pilot., Furthermore, the agreement between
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measured gust tracking rms ¢e and predicted rms ¢e shows that the reduced time
delay 7 = .3 sec serves as a model for these acceleration cues, The following dis-
cussion develops a theory of acceleration pilot models and demonstrates the near equiv-

alence of acceleration and reduced time delay pilot models,

Let Y¢ be the bank angle pilol model as used above for predicting bank angle gust

tracking performance

_ -.35 32
Y, Ky (85 + 1) e (32)

This is the reduced time delay model, the rbeing reduced from r = .44 sec, the
value which models command tracking since eommand tracking does not depend strongly

on acceleration cues, On the other hand, the acceleration pilot model is postulated as

= = = - 44 3
Y, = K, (Tp s+ 1) (55 + e, (33)

where I_(¢ is the gain and T is the acceleration pilot lead.

L
In order to assess the effort of the reduced time delay, it is convenient to write

o vdds _ -.3s o 148 (34)
so that
81“'448 - (: T gg;) (i _+1:;;33:3) (35)
then the acceleration model takes the form
Y, = Ky (Tps + 1) (.55 + 1) (: . ggg)(: n };3) (36)

The success of the reduced time delay model suggests that the pilot adopts a

TL such that (TfLs + 1) effectively cancels the Padé denominator of the reduced part
of the time delay (s + 13.3). A comparison of bank angle gust tracking predictions

using the reduced = model and the acceleration model optimized with respect to K s is
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shown in Figure 72, The close agreement of these two models shows that the reduced
+ model is consistent with the acceleration model and furnishes a measure of the
amount of acceleration cues used by the pilot.

Configuration Acceleration Model Reduced T Model

AB 2.6 1.25 1.05
AB 2.7 1.27 1,09
AB 3.1 768 73
AB 3.3 .719 .68
BB 2.3 4,01 3.1

BC 2,2 5.47 5,7

BC 2.3 5.86 6,44
BC 2.4 6.06 6,64

FIGURE 72 COMPARISON OF ACCELERATION AND REDUCED
TIME DELAY PILOT MODELS
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V APPLICATION TO AIRPLANE SPECIFICATION AND DESIGN
A, Specification Criteria

This research into flying qualities prediction has developed methods for
analytically evaluating certain characteristics of pilot flight including system error
prediction for command tracking and attitude hold tasks in turbulence. Since these
two basic types of piloted control are independently determined by the airframe dynam-
ics, a closed loop pilot-vehicle specification criterion would be required for each,

There are two ways in which performance predictions can conceivably be used
to formulate criteria suitable for possible inclusion in the Military Specification on
Flying Qualities of Piloted Aircraft. The first, developing an Anderson rating predic-
tion formula, appears to be promising on the basis of the rms ¢e vs pilot rating data
of Figure 43. This is similar to the data used by Anderson to develop the VTOL for-
mula of the '""Paper Pilot" prediction method and suggests a minimum error and line
of regression having a slope somewhat higher than the one used by Anderson. The
number of pilot ratings obtained during the simulations were not sufficient to validate
a rating formula; this approach will require an extensive simulation of many operational

airplanes in varied flight conditions and control modes.

On the other hand, numerical criteria can be directly obtained from the perfor-
mance prediction data, One promising way of doing this is to assume a standard
maximum of Level I pilot workload and refer all calculations to the implied pilot lead.
The value used in this investigation is TL = ,5 seconds and is a likely choice. Fur=
thermore, the lead variation graphs indicate that for time delays matching the simula-
tor data, this lead is sufficient for Level I Class IV airplanes. Bank angle criteria
would then take on a simple form requiring only that the system errors in command
tracking and in gust tracking be lower than certain prescribed levels, Furthermore,
requirements on the sensitivity of the system to pilot gain can be prescribed. This
aspect of handling qualities in turbulence appears to be important to the pilot and can
be assessed by the prediction methods.

Both the analytical and simulator data indicate that specification criteria for
heading command and turbulence tasks should be based on more than tracking error.
Yaw rate and the amount of aileron induced yaw appear to be important and can be
easily incorporated into the method. However, analysis is much more difficult with
heading than with bank angle and much more analysis and simulation is required before

elther of these two programs for developing specification criteria can be carried out.
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The agreement between the predictions and the simulator data indicate that the
multiloop pilot model is accurate for airplanes with low aileron induced yaw so that

modifications of the model should be straightforward.

B. Applications to Airplane Design

Even though there is not enough data available to supply numerical specification
criteria of the kind discussed above, the performance prediction methods developed
during this research program are useful for many design applications. The agree-
ment between the analytic predictions and the simulations not only show that system
tracking errors can be predicted at the earliest stages of preliminary design, but
that comparisons between designs, or design and operational airplane will be accurate.
Furthermore, the identification of the separate parameters of command tracking and
attitude hold tracking in turbulence allows tradeoff studies to be made very early in
the design effort., These tradeoff and comparison studies include investigations of
changes in the aerodynamic and control derivatives, advanced control systems, and

any type of control or stability augmentation systems.

C. Design Study Example

The techniques developed during this research were applied in the final design
effort of the Northrop A-X aircraft. Favorable response of the aircraft to turbulence
was considered essential in order to carry out the desired missions. Since the abil-
ity to maintain precise bank angle control is paramount in lateral handling qualities,
a study was initiated to evaluate the effect of various design permutations on perfor-
mance of the aircraft in maintaining zero bank angle in lateral turbulence. Variation

of Cl , C , and a yaw damper were considered.
8 ng

Analysis was carried out through modification of the computer program described
in Appendix IV. A bank angle pilot model of the form K(’I‘L 8 + l)e"3S was assumed
adequate for the task. Do-loops were then added to the program so that a range of
pilot gains would be evaluated for each of several values of pilot lead. The best bank
angle performance at each value of lead was then plotted versus the lead. The pre-
dicted performance for the configuration under consideration was then estimated to be

at the point on the curve where the slope, A rms d’e /AT, , was -2,5, following the

L
Anderson minimum rating prediction method. For an account of the significance of

this, see References 6 and 10.
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Partial results of the study are summarized in the table below,

Calculations for rms & gg = 10 ft/sec rms Bank Angle Error
Proposed A-X Configuration 0.25°
Effect of Yaw Damper Off 0.35°

Effect of Variatloné in Clﬂ

50% Increase 0.35°
100% Increase 0.50°
Effect of Variations in C
n
A
50% Increase 0.25°
100% Increase 0.25°

A simulation of the A-X was carried out on the Northrop Large Amplitude Flight
Simulator and the measured values of rms bank angle error was in close agreement
with the figures in the above table.

The experience of this design problem shows that the total system pilot-vehicle
prediction techniques were a rapid and accurate way of investigating the variations of
the aerodynamics. In addition, the tradeoff studies concerning the yaw damper in
still and in turbulent air led to substantial improvement in the proposed A-X )

configuration.
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VI CONCLUSIONS

A method for predicting the performance of the total pilot-vehicle system has
been developed for the lateral dynamics of conventional airplanes, This method, which
is based on pilot model theory and multiloop analysis, predicts tracking errors for
command tracking tasks and also for attitude hold tracking tasks in turbulence. The
predictions are in terms of root mean square averages of the system time history and
are obtained by means of a fully automated multiloop analysis performance prediction
program available from the United States Air Force. Thus, system performance can
be evaluated analytically in terms of familiar time domain statistics without the con-
ceptual or computational difficulties of the popular but limited frequency domain
methods.

The validity and accuracy of this method has been ascertained by means of mov-
ing base simulation on the Northrop Large Amplitude Flight Simulator operating in
five degree of freedom motion. A wide range of airplanes were simulated including
the F-5 and eight Air Force variable stability T-33 configurations flown by Cornell,
These airplanes exhibited very striking differences in performance and the data
obtained agrees well with the predicted performance. Full details of the method and
the simulation results have been presented in this report and the following items indi-
cate the extent of the applicability and success of the techniques developed during this
effort.

A. Bank Angle Study

There were two principal pilot tasks to be evaluated. The first, command
tracking of a random signal resulted in good agreement between the predictions and
the simulator data for all configurations. The second, holding wings level in the
presence of atmospheric turbulence, not only led to even better agreement between
the theory and the experiment, but also to the identification of system sensitivity to
pilot attention that can be analytically evaluated. Thus, the method demonstrates the
ability to identify and assess many crucial features of the total pilot~vehicle system
during bank angle tracking modes,

B. Heading Study

Analysis of heading depends on the ability to arrive at multiloop pilot models
which will predict the root mean square values of bank angle, sideslip angle, and
heading angle error, The method proved to be accurate in this sense for all but three
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of the configurations. The three exceptions demonstrated large aileron induced yaw
and large yaw rates during the simulation, which indicates the importance of yaw
rate in heading task evaluation.

C. Specification Criteria

The accuracy of the method for predicting pilot-vehicle system performance
and the simulator data relating this performance with pilot ratings indicates that a
pilot rating formula of the kind developed by R.O. Anderson for VTOL airplanes
may also be suitable for conventional aircraft. Specification alternatives have also
been suggested which include parameters not occurring in an Anderson type formula.
Such criteria in terms of the root mean square values of the dynamic variables and
the slopes of the prediction graphs may be particularly useful for more complex multi-
loop control evaluation. By means of these prediction methods the basic stability
characteristics of the airplane can be used to obtain a knowledge of how it will respond
when piloted. By specifying this piloted performance, much information about the
flying qualities of an airplane can be obtained in addition to the open~loop parameters.
Thus the closed~loop pilot-vehicle analysis methods developed here obtain further
information from the basic airframe characteristica, especially in turbulence where

specific criteria can now be developed.

D. Application to Airplane Design

The usefulness of these techniques in design has already been demonstrated to
Northrop in the configuration of the Northrop A-X airplane. Even though specification
criteria are not yet available, the method was used to study the effects of varied aero-
dynamic derivatives and yaw dampers. Several configurations were compared against
one another and against the known flying qualities characteristics of the F-5. This
application was essential to the proposed design of the Northrop A-X and showed both
the power and versatility of the prediction method.

E. Final Remarks

The usefulness of the above approach to flying qualities, especially in turbulence,
has been amply demonstrated. The methed has been developed to the point where it
is a powerful tool for analysis and design, and the ultimate goal of achieving closed
loop pilot-vehicle specification criteria now depends on further high quality simulation
or flight testing. The success of the ""Paper Pilot" of Anderson and Dillow as well
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as the above results indicates that further research along these lines is more than
warranted. [t is hoped that this report will not only serve as an introduction to this
new and active area of research but will also serve to stimulate further work in this

direction.
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APPENDIX I

MULTILOOP ANALYSIS

In the conventional analysis of linear feedback control systems one of the first
objectives is to derive the closed loop transfer functions of interest, for once these are
obtained the determination of system behavior is a fairly routine matter. However,
the derivation of these closed loop transfer functions can present special problems.,

If the control system can be represented by a block diagram which explicitly shows
every loop and loop closure, the transfer functions can be obtained without difficulty.
Unfortunately, such representations cannot always be made. For example, there may
be loop closures through a common block in the diagram whose behavior, although
linear, is governed by a complex system of linear differential equations. This means
that loops closed through such an element do not operate separately but are coupled

in their behavior in a complex way by the differential equations. Nevertheless, such
coupled loops can be shown to constitute a linear control system. Consequently, a
system of this kind possesses transfer functions which are identical in their meaning

and analysis with the transfer functions of conventional servo analysis.

Although the notation and terminology are obviously adapted for multiloop control
of the airframe, the method will apply directly to any dynamic system that meets the

following requirements.

1. The system can have at most three degrees of freedom, hence is governed

by no more than three independent dynamic variables 9y g 9g-

2. The differential equations of the controlled system relating the variables
qy: g 94 must be linear. These equations are called the vehicle dynamics
of the system. They are always presented in the s-plane of the Laplace
transform.

3. There should be no more than two inputs to the vehicle (forcing functions)
é 1 s 2 called deflections which govern the vehicle dynamics.
So far, no restrictions on the control system have been imposed. There is only
one restriction,
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4, The individual components of the control system, including the pilot, must

have linear transfer functions, or be approximated by linear transfer func-

tions, and should be combined in a linear manner within the system.

5. The system may be controlled by, or may have outputs q 4 95 ¢ 0 o>

called auxiliary dynamic variables, in addition to ;> 9y» 93 but these

Qs Qg ¢+ must be linear combinations of qqs 5> dg-

The lateral dynamics of the airframe can be represented in the following way.

Let the independent dynamic variables be taken as r, ¢, 8, which must be 4q: dg> 9y

in some convenient order. Later it will become clear how this order is selected.

Since the vehicle dynamics are assumed linear, the equations will be of the form

319y F 308 * B85 = Fyy9 1289

2191 t B0y * 85505 =

+ a

33191 T 8329 3393 = F31%1 32°2

9y T 2499 * 2450y * 3,450,

Qg = 8519; * 35005 * 3550,
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The total pilot vehicle system can be represented in matrix form as in Figure 73,
where the indicated matrices are defined by

4 = det [a] (39)

i ]
27 Bp 33 O 0
854 a22 ayq 0 0
I:a] = g1 835 A4 O ) {40)
~ay, T, T34 1 0
“d5) 355 53 0 1 |
*ql ] rqlc-
Iy Y9
[q] - 93 [lc] = 93¢ (41)
q, Ay,
95 U5¢
e = L 4
Ein Ep (F, F, |
Ea1 Epp Fy, Foy
[E:‘ } E3;1  Epp [F] = F,, Fgo| (2
0 0 0
! - I o |
8 n
1 - e ] - ) @
G G2 CGg Gy Gys
[G:l = (44)
Ga1 Gz Ga3 Gy Gy
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The system is then represented by the matrix equation

[(a] + [F] [Gﬂ [aj = [F) [G] (q,) + [E] [n] (45)
or

ol = il [Gﬂ'ljm 1 log) + 6] 1} )
Thus the roots of

Bgy = det [[a] + [Fl [G]] =0 417)

are the eigenvalues of the total system. This can be expanded in terms of cofactors

and written in the following way

> D PR

A =4+ G..N + - (48)

sys ia ja i qid e 1i2k 61 62
j itk

The two and four index '"N" symbols are notations developed in Reference 3 and

are defined as follows:

In order to evaluate these terms it is necessary to use the quantities aij’ Fij

The key to these evaluations is the determinant which defines 4.

1

2, 2y a3 O 0
31 Pz B3 O 0
4 =det | ag, a,, ag, 0 0 (49)
Ty TRy T3y b 0
851 ¥y A5y O 1J

It should be emphasized that the aij of the first three rows are completely deter-
mined by the stability derivatives of the vehicle while the aij of the last two rows are
determined by the linear relation which defines q 4 and 9
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q.49
The quantities NCI s NJI aj can now be expressed as determinants which have
1%} 12
five rows and five columns. These determinants are obtained from Ia] in the following

manner.

Nq s is the determinant obtained fromlal by replacing the ith column by the jth
i%)

column of F corresponding to ‘j'

F..
1
F2 j
(replaces q column) F3j
0
0
% 9
Ny d] is the determinant obtained from[alby the two replacements
12
Fi1
Fo1
th
F31 replaces i~ column
0
0
Flo
Foz
.th
F32 replaces j  column
0

9 9 93 9
Note that N =0 and N is not allowed.
dk ‘k éj ‘k

110



Thus, for example,

1 212
391 By
qu1 = 431 432
T84y Ty
“351 352
1 32
= | %21 P22
331 32
a1 Fn
0, 31 Fa
Nalaz = 1% Fyn
“a4 0
-2y 0
31 Fn
_ %1 Fa
331 Fgy
"y 0

These definitions can be used to write the closed loop total system transfer

11

21

T m

31

<

11

21

31

13
23
33
43

“3g3

13

23

33

43

12

22

T T

32

=]

12

22

I

32

=]

(50)

(61)

functions. This gives solutions to equation 47 for all input to output choices. Solutions

are given here for three systems of increasing complexity: Form I, Form II, and
Form III as indicated in Figures 74, 75, and 76.

given in Equations 52, 53, and 54,
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Let

Bgys

Then

a

11 A~ G, N

11 qlél

G, N
15958,

+ G, N
25 G 62

4449
+ G..G.. N
11722 8,8,

G, N2
22" 6.4,

t Gy

a:4q.
572
+ G, .G, N

15722 6162

N

G + G
i 114 9,6

+

+ G

22

G

N

+
22"y 0, G

444
G N14

11724 6162

e

G N4
14725 ¢ 0,

+ G

q:q
54

+ G, _G,,N
1524¢51db2

9,9,
6162

N + G, N

+ G

Cliq4
24 4.4

N + G, N
12 q261 14 (1461

N
247q, 8,

q44
G N15

11725 6162

A0
295

+ GG N
127254, 6,

G Nq2q4
1272468,

+ G

q.4
N15

25 6162

+ G
1%2

e
25\ 4,4,

EQUATION 53.

G (N + G
;15 qidl

+ G

1

i

q. 4
N 1 2

22 6162

+ G, N

q.4.
Nll
11 5.4

199 12

116

q.9
24 4.4

+GN21+GN

=1,2, 3 4,5

)

1°4
12

459 a,4

o)

d,6

149 14" 5.4

i = 1,2 3 4,5

FORM II TRANSFER FUNCTIONS



L B a4, 4,9,
T e (N va, NG N )
2. ‘m 1912 Caa, " Y2470 0, " 25 6162
a9, a4, a4,
1% 47 o
N
* Gzz(Nqia2 * G11N6162 ' G14Ns s, " C15Me 6 )z
i = 1,2 84,5

EQUATION 53, FORM II TRANSFER FUNCTIONS (Concluded)

5 2
Let = =
Ays AIII 4422 il "q.4
i=1 j-=1 )
5 2 q; 9
DY G, G, kN°162
i=1 k=1 1
R W
= = (sum of terms containing G, . with q. replacing q,)
q 4 G 11 i 1
1c 111 11
+ G21 fsum of terms containing G21 with a4 replacing ql)%
where the terms summed are selected from AIII' i =1,2 3,4,5
i - -—1— G, . {sum of terms containing G, . with replacin )
a, A 1715 E Y5 q; replacing dg
c

+ G25 (sum of terms containing G25 with q; replacing q5)£

EQUATION 54, FORM III TRANSFER FUNCTIONS
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APPENDIX I GUIDE TO THE MULTILOOP ANALYSIS PROGRAM
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APPENDIX II GUIDE TO THE MULTILOOP ANALYSIS PROGRAM

INTRODUCTION

The rating of an aircraft using an analytical formula which is a function of
closed-loop pilot-vehicle performance and pilot workload requires a method of calcu-
lating the required formula variables. The multiloop analysis technique was selected
to perform this task because it produces transfer functions composed of parts which
are intuitively related to physical system parameters. However, the technique re-
quires the laborious calculation of many polynomials as explained in Appendix I. The
primary purpose of the multiloop analysis digital program is to relieve the investigator

of the chore of performing the multiloop analysis calculations.

In order to be used as a versatile research tool, the program has remained very
general in nature. The flow chart of Figure 77 gives a general description of the logic
involved in the program sefup. Note that inputs may be either dimensional or dimen-~
sionless aircraft parameters, The multiloop polynomials required are calculated
and the transfer functions are then formulated. The program may additionally be used
to calculate the rms performance of a command tracking task or a turbulence distur-
bance., In all cases, the program has been kept as modular as possible so that parts

may be interchanged or removed to meet specific requirements.

Program Elements

The Program is designed to accept dimensionless derivatives in the stability
axis system or dimensional derivatives in the stability axis system but using the con-
version to the prime notation convention (Reference 18). If dimensionless parameters
are entered, the program will convert them to the dimensional, prime system notation
convention. For completeness, the operations used in this conversion are given in
Table I.

The equations of motion describing the vehicle are expressed in the stability

axis system because of simplicity. The equations used are listed below in Table II.
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TABLE 1. TRANSFORMATION TO DIMENSIONAL DERIVATIVES

U 2
v - 2%s N - LUoSBE |
v 2m Vg r 4Izz n,
pU 8
Lv—pzliJSbcl Y:;r:UlYa: 2::10
XX B o 'r Yor
UZ s b
- L - p21 G
Lﬁ “UoLv 6r XX ér
U pUzsb
Nv T2 Cn r ZZ Dy
ZZ B
pU 8
Y =UlY = -2
Ng = UGN, 2 o %a 2m 7y,
pUps b pUZ S b
L = 11 C1 Léa ——-0—21 Cl
P XX p ZZ da
5 pUZSh
N - pUGSb C N"a = Cn5
p 41 n ZZ a
ZZ p
L pUQSb2 c
r 41 1
xX r

TRANSFORMATION TO PRIME NOTATION CONVENTION

Li + (I_/I_ )N,

L - Xz XX Ui

Ly —a? )

XZ ' XX ZZ

N!' = Ni i (Ixz/Izz) Li
L 2

1o (Ixz /Ixx zz)
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TABLE II. EQUATIONS OF MOTION

1

1 * *
(-8/Uycos )¢ + (1-g/U < sin 6 ) r+(s-Y,) B = Yga ba+ Ysr dr+ Yv bgg

s(s-L'p) 9 + (-L',y v+ (-Lig)# = L', da+ Llgy ér+ Lig b,
(_San)¢ " (s-N',) r+ (-N:g)ﬂ = N, 82+ Ny g+ Ny '8 g
(ésec ﬂo)r = ¥

Note that the pitch angle, 90, has not been assumed to be zero. Hence, the
equation may be used to describe vehicle dynamics during a dive, If 90 is large,
the resulting effective rotation of the gravity vector significantly modifies the dynamic
modes., Also note that the coefficients Y r and Yp have been deleted from the equations.
The effect of these two parameters is usually not significant. However, this assump-
tion should be checked in each case and particularly in those cases where the aircraft
under investigation is unconventional, The reader should also note that in addition to
the normal lateral forcing function inputs of aileron, éa, and rudder, ér, a g has
been included. This input represents the disturbance caused by the change
in B resulting from lateral, v, turbulence., Hence, the input §- gust, égﬂ’ was included.
The coefficients (Y, L, Nj) which distribute this input over the equations of motion
are simply the static force and moment coefficient of the normal sideslip angle, 8.

This relationship will adequately describe the effects of the v gust inputs.

The block diagram shown in Figure 1 depicts the pilot-vehicle system which can
be investigated using the program. Provisions have been made for the pilot to control
heading, bank angle, and sideslip with an additional control loop for a yaw-rate damper.
The required transfer functions are given in Table III in the proper multiloop analysis
notation. The N- symbol polynomials (i.e., N%a, . . ) are computed by evaluating
the proper determinants. The expressions for these N- symbols are given in Table IV,
Comments within the digital program give the areas where each N- symbol is calculated.
Program notation follows the multiloop analysis notation very closely; i.e., Ny, s,
becomes N/SI/DA in the program.
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TABLE III. REQUIRED TRANSFER FUNCTIONS

A= A+Y, N, + Y, N, +Y,N, + YN
¢ @ 17 %a ﬁﬁar rT,,

r @
+ Y¢YrN6%6r + Y¢Y3Ndafr + YWYBNﬁ&r

N + YN P?® Ly NnNB Y, YNABT
8 ﬂagﬁ ¢ dgﬂda Y agg 62 r8ggéT
dgﬂ A"
I'--»dr
B—4r
¢ —da
Ysja

N + Y,NN° VY+ Y Né B + YN ®r
P ¢5g3 v 48y éa B 0Bg 4t rsggdr

dgﬁ A"

r—=4r
B-sr
¢—da
Y—sa

N YN ¥® vy ¥ B8
¥ wagﬁ+ ¢ eggsa ﬁngﬂar

r—+31
B—ér
¢—8a
'P—»aa
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TABLE III, REQUIRED TRANSFER FUNCTIONS (Concluded)

v Yd'(N'f’oa * Yg NddaJl fr)
bo OY¥gNg, +Y N+ Y N+ Y ¥ NPT

T <% P
or B By @ r “gair Y¢ BNaaar

| r=4T

BéT

¢4

ysda

( e ' ¢ r @ ﬁ
- Y¢(1\¢.§a * Yr Ndadr * Yﬁ N aadr)

A+ YyNy, . + Y N+ YN + Y, Y, N¥ B

br 8 ﬂdr Y "B éaér

oo

r—=ér
B=br
g->8a
p=ba

{ g ¢ B Y
8 _ ‘ﬂ(NB T * Yes Nar &a * Yw N ér 'da)
Be A+

¢ r
Y¢N¢ sa +Y¢ Nwda + YrNrar + YqurNaaar
r=§r
B.>4r
b -»5a
=44
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dr

TABLE IV, N-SYMBOL POLYNOMIALS

3
- L - t
+ (-Np Y"r Lp) s
2
' 1 T t - 1
+(Nﬁ +Nr YV+ Lp N][‘ +Lva Ner) ]
+ (—(g/UO) cos 90 Lg' - Nﬁ' Lp' - Nr' Yv Lpf + Np' Lg' + Ly’ YV Np' - NB' (g/Uo) sin 90)8

+ (-(8/U ) cos g, Ly' Ng' + (g/U ) cos ¢, Nr' Lg' + (8/U ) sin 6, (Lp’ Ng' - Np' L'g)

r B _ t * - * 1 2
N“aar— (NéaYar YdaNar) s

* ¥ ' * * '
+ (L'p Ysa Ngp - L'p Nsa Yar * Np‘ Yyr Liga
- vt '
Np Yda Ldr)s

f

i T t
+ ((g/UO) cos g N, Lér - (g/UO) cos 6 Lda Ndr)

re¢
Nysa = Lla Nigp = Nigg Lir)s
Yy Lt N' +Y. N' L' +LUY+* N -L' N' Y
+( YvL aaNdr vV o da  ér B8 da  or B da r
“N' Y* L! + Nt It Y*
3 g sa = ér B éa 61’)
- (Ndr)s
" N -N', Y -N'_ L' IN' L' )s
+ - -
(Ydr B ir v dr T p p br}s
* 1 1 1 N1 Nf Y* L' N' L1 Y
- - - -
+(‘)[rts:r-LpN]S’+Lp aer p ér B p ér v)s

4 ((g/UO) cos g, L‘ér N‘ﬁ - (g/UO) cos 6, N'dr L'ﬁ)
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TABLE IV, N-SYMBOL POLYNOMIALS (Continued)

3
s Ng = (L', )s
da éa
2
* T — 1 - ] 1] ] 1
+(Y6aL LdaYv LdaNr+N6aLr)s
* t ! - %* 1 1 ] t 1] 1 - ] ] 1
+(Y6aLrNﬁ YdaNrLﬂ+LdaNB+NerL6a NdaL,G NdaL'er)S
+ (g/UO) (sin 60) (N'éa L& - ina N;})
3
- _ N’
SN% ﬁ[( N&a)s
a
2
[ Wk 1 | I Pt
£ Y Ny SNV LNy - NLE) s
' 1 (R N * t L \ T ' *
+ (LvaNJa L NﬁYda NvaLGa N LﬁYéa)S
t N ' ] -
+ /U cos é LBNJ g/U0 cos 6 Lda Nﬁ}]/ cos §
. 3
Ng, = (Y;)s
r
+ (-Ny -¥: L' -N Y )32
ér ér p
J 1 1 _ t ' 1 ' 1 1 1 1
+ ((g/Uo)coseoLdr+LpN6r Lder+YerpN Yerer
; '
+ (g/U,) sing Ndr)s
' _ ' - : 1 1
+ (g/U)c059 L (g/U)cosa L (g/Uo) sin g _ Lp Ndr
L 1
+ (g/U)smg Léer)
sN®B _ (y* L' -Y* L!)s?
dadr ér 6a da 6r
- Yk 1 T LT 1 t 1 * ' ' * Tt NY
TV g Ny~ Y5, La N = L Ny Ly NG = Y T Np Yy L Npa)s
L} L . 4
(Léa N - (g/UD) sin Go - L da g/U )sma }
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TABLE IV. N-SYMBOL POLYNOMIALS (Continued)

= (-YV)SS
ba g
(L' Y +N, +Y N')s°
p Vv B vor
- | t ] —_ i '
+(g/Uocos GOL LpNg g/UosmaoNﬂ
+N'LL +N' L' Y -L' Y N')s
p B "prv p v r
- 1 1 ] 1
+ g/Uo cos eoLrNﬁ + (g/U0 cos g Lﬁ N
. i t | I T i 1 '
4(g/U0 sin ¢ Nﬁ L 0 g/L0 sin 90 Lﬂ Np)
B ¢
sN 5g ] = (Y*, L', - L Y)S2
g 2 da 7B da v
t T o N! ! 1 * L '
+(LtiaNﬁ NéaLB+LrYdaNB LrNdaYv
— 1 * t 1 1
Nt Y Ly + N L' Y)s
- 3 1 ' 3 ' t
+ (g/UO) sin € Lda Nig + (g/Uo) sin eoNéaLﬁ
Br
N - * ! — t 2
dgﬁéaf (Y daNﬂ NéaYv)S
- =T * ! T ! ) * 1 - ! 1
L Y NG e N LY ND YR L =N L Y )s
T 1 | B— t t
+ ((g/Lo)cos 8, L, Nﬁ (g/UO)cos 8 N sa LB)
2
N = (=L'g)s
¢f5g (-Lig)
B

+(Lig N' = Nlg L' )s
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TABLE IV. N-SYMBOL POLYNOMIALS (Continued)

sNé B

- 2
"Sﬁ"r = My Yy - Lig Y%,) 8

t 1 - ) t |
+ (L N - Njg L', + L' Y N,

- 1 1 * - ] 1 1 1 *
L' Ny Yo =N YL e NTULY Y s

+ {-g/Uo) sin 00 Lb N'dr + (g/UO) sin 6o N'B L.dr)

¢ r = ' ' ! t
ngﬁér = (— LBNJr+NﬂLdr)s

N = N g5

=+

' t o N ' 2
Ly Ny =N Ly s

6gﬁéa B ( 3& Lb - L:Sa Nb)s
NS B - (Y N' - N Y* )sz

v ér B “ér

- ' t t ' * + ' ' - t t *
+ ( Lp Yv N6r+LpNﬂY6r Np Yv Ldr Np LﬁYbr)s

+ ((g/Uo} cos § LN - (g/Uo) cos 6 N, L'r)

8 ar B s
d’ p gsec 80 r ﬂ
Naaar - 8 Naaar
N oV ) 8sec 00 N 6T
agpaa 8 égﬂéa
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TABLE

IV. N-SYMBOL POLYNOMIALS (Concluded)

+

B v _
6gB éa

sec é
N
S r
dgﬂ
sec 90 r 8
s égBdT
sec 80 N r ¢
8 6gﬁ,da
1 ) 1) 1)
( L Nda+Nﬁ Laa)
, 2
(Y‘,'i _Nar Yv)s

! ! +N'Y' - N'L!
(L Jr N6 Lva P 5 p dr

(g/UO) cos 6 ( . Nb N:ir L;S.)

sec @
NBT
5 dgﬂ éa
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Pilot transfer functions may be entered into the program as the ratio of two
polynomials. For example, the heading pilot, Y, is expressed as:

(Pilot Compensation Numerator)
(Pilot Compensation Denominator)

, (Time Delay Approximation Numerator)
(Time Delay Approximation Denominator)

Yy = (Gain)

The complete list of pilot transfer functions is given in Table V in the notation that will

be used in referring to them.

TABLE V, PILOT MODEL NOTATION

P D
¥l ¥l
Yy = Kyt o« =55
v Pys  Dyo
p D
_ . o1 Da
¥ = K’“’cbz Dys
P D
Yp = Kgpm * oo
g2 gz
p
_ r1
Yr - Kr Pr2

The labeling of variables within the digital program has been contrived to be in
phonetic agreement with the notation of Table IV. The numerator coefficients of the
pilot compensation part of Y are labeled PSI1(n). The remaining polynomials are
labeled similarly.

Because the pilot transfer functions are ratios of polynomials, the fractions
must be cleared in the expressions for the transfer functions. This is accomplished
in a straight-forward manner by multiplying the numerator and denominator of each
transfer function by a factor F defined by:

F =8 Py, P¢2 Pﬂz Dy, D¢, D, P
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The results of this operation are given in Table VI. Again, labeling of variables
in the program correspond closely to those of Table VI; i.e., the coefficients of 4 ¢
become DSI (n). Note that this method of clearing fractions implies that if a pilot
model is not to be considered, all polynomials should be set to 1,0 and the gain to 0,0,

The calculation of system response to a command tracking signal is described
below for the bank angie command task. A block diagram of the system is given in

Figure 78, Note that the ¢/¢ transfer function contains all possible loop closures, not
€

just the bank angle loop, but that the command to all loops except bank angle is zero,
The transfer function required for performance evaluation is ¢ W.N Manipulation of
the system in Figure 78 gives the result:

¢€ - ¢(!/“V.N. (55)
W.N. 1+ 3/¢£

Similar expressions may be derived for heading and sideslip by replacing ¢ in the above
relationship with the parameter of interest.
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FIGURE 78, BANK ANGLE COMMAND BLOCK DIAGRAM

W. N. 85 88g ¢
White W. N, 638
Noise

FIGURE 79, BANK ANGLE TURBULENCE BLOCK DIAGRAM
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TABLE VI, TRANSFER FUNCTIONS

FNb1
B ég
= F 113
ﬁg A
FNY
v ) égﬂ
ﬂ F A"
FN"
¢ ¢6g3
a = F "
ﬂg A

FA'_ 8, Kyby Ky, Kgdo KA KK+ K KAV K Ky aré

where

Al =8Py, P o Psg Pgg Dys Dy Dgy (‘:‘)

a¢ = Pra Pyg Po1 Paa Dyg Doy Da (SN“""’)
AY = P 2 Pu1 Poo Pagy Dyp Dag Dgy (SN%a)
AR - SPyo Pro Pog Pay Dyo Dyo Dgy (Nﬂér)
Ar =8P Py Pyy Py Dyy Dy, Dy, (Nrdl)

A®B -
P2 Pya Po1 Fay Dyo gy Dﬁl (SNa%fr)

AV -
# =P 5 Pyy Pyy Pay Dy Doy Dy (SNadéﬁ)
= r ¢
Aré =SP ) By, By Pgy Dy Dyp Dgy (N4
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TABLE VI, TRANSFER FUNCTIONS (Continued)

FNU =sPP,PPDDD

*KgPy P, Py Pg D, Dy Dy (sNag ?>
+KyP B, Py, Py D, D, Dg (sN B ¥
To Y1 %2 Pa ¥ ¥p Py g %

+K sP_ P, Py Pg Dy D, D NB T
T r, !112 25’2 wz ¢2 ,82(6g dr

B
¢ r
+ sK_ P P Pﬁ Dﬂ“ D¢ Dﬂz(ng 6)
r
3
FN? =P P P, P, D D, D s N
bog, T o Try "oy T8y Ny 0 32( wdgﬁ)

+K4P P, P, P, D, D, Do /sN ¥ ¢
Ky r, '.1'2 ¢1 32 lf)z ¢1 32( dgﬁ 6a)
+KgP_ P, P¢ P D, D, D, fsN ¥ B
1'2 2 B ﬂb ¢ B ég 61‘

8

Command Transfer Functions:

K, (49 + Kgav)

. - 4 + K¢A¢+ Kﬁdﬁ-Jr K¢Kﬁd¢ﬁ+ Krdr+ Kr K¢'Ar¢
o (197 Kgaoh v Ky dyy)
b, AI+Kde+K Aﬁ+ K‘J’Kﬁdwﬂ-l- Krdr
B Kg(4p T Kg 45Ky dyg)
B, Al+K¢A¢+Kw%+K At KrKﬁbArqs
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Remember that the command signal goes only to the loop of interest and the command

to the remaining loops is zero,

The response to gust disturbances is formulated as shown in the block diagram
of Figure 76. The command to all control loops during the gust disturbance is zero.

Therefore, the output of the system is the error. In the example given ¢ =&,

Hence, the required transfer function is:

W.N. W.N. Bg (56)

Transfer functions for heading and sideslip may be obtained by substituting for ¢ as
before,

The rms system performance is calculated by evaluating the integral form:

2

a (s)

jo°
In = 1 f
2m, .

| B b

This evaluation is performed digitally through the use of an Air Force subroutine
explained in FDCC TM 65-17. Verification for transfer functions of order 10 have

indicated accuracy to five significant figures.,
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Output Format

A sample of the program output format is given in Figure 80, The labeling of

the output is largely self-explanatory once the operation of the program is understood.

Input Format

The input format is given in Figure 81,

Cautions in Program Use

1.

The axis of the yaw rate gyro of a yaw rate damper may not coincide with
the stability axjs system. Hence, inappropriate use of the yaw rate damper

loop in design can lead to erroneous results.

If a pilot model is not to be used, all its numerator and denominator poly-
nomials should be set to 1.0 and its gain to 0.0.

In interpreting rms results, remember that the three command tracking
results represent the command signal applied at three different points,
while the gust results represent reaction to the single lateral disturbance.

The rms calculations may become inaccurate for system orders >10. The
program uses a scaling factor in an attempt to keep numbers involved below
1038. However, if an overflow message results or erratic rms values are

generated, the scaling should be checked.
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C

gust

LIST OF SYMBOLS FOR APPENDIX IIT

- Side acceleration at the pilot's station, ft/sec2

- Normal acceleration at the pilot's station, ft/se02

Gust filter constants, 1/sec or 1/.9.ec2

- Tracking filter time constant, 1/sec

- Airblane wing span, ft

- 1 2
= D/'ﬁ' PVOS,

Airplane drag coefficient

~ Drag coefficient at zero angle of attack

= BCD/aa ,

= aCD/aaZ,
_ o 2
= L/_2 PV, 8D,

= 8C; /o (rb/ZVO),

= act/aﬂ!

S
= L/2 pOVoS,

Nondimensional drag coefficient derivative
with respect to angle of attack, 1/rad

Nondimensional drag coefficient derivative
with respect to angle of attack squared,

1/rad2
Airplane roiling moment coefficient
Nondimensional rolling moment coefficient

derivative with respect to yawing rate,
1/rad

Nondimensional rolling moment coefficient
derivative with respect to sideslip, 1/rad

Airplane lift coefficient

- Lift coefficient at zero angle of attack

= OCL/aa,
= aCL fede ,

N R
= N/ £ V. Sb,

= 0C /o(pb/2V ),

Nondimensional lift coefficient derivative
with respect to angle of attack, 1/rad

Nondimensional lift coefficient derivative
with respect to elevator control, 1/rad

Airplane yawing moment coefficient
Nondimensional yawing moment coefficient

derivative with respect to rolling rate,
1/rad
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acn/aéas, Yawing moment coefficient derivative
with respect to aileron control 1/in

Drag, lb
Acceleration due to gravity, ft/ secz
Altitude, ft

Moment of inertia about x-axis, ft—lb—sec2
Moment of inertia about y-axis, ft—lb—sec2
Moment of inertia about z-axis, ft—lb—secz
Product of inertia, ft—lb—sec2

Il h (Iiz/Ix Iz)l B

Yaw augmenter gain, in/ft/sec

Gust filter gain, rad/volt-sec

Kg Sb 0 Cp
0 8- 1/ 2
T . 1/sce

x da

Kq sp2 /26
4] r

E_V T , l/SeC
0 X &G

2 \

Kag Sb T 6Cnp

2V 11T 7s ) > 1/sec
0O X Z

o
K
q0 Sb Ixz ndas . 2
- T , 1/in-sec

g
X Z

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

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

2
Ky Sb °Cy
o P
, 1/sec

2 VO Iz da
a
Kqg Sh Cn
2 gas 1/in-sec
I 8a ?

Z

148



H]

it

oC
Kq Sbl !
2 Az B , 1/sec2

11 da
X 'z
Kq szI aCf
o] X7 r l/Sec
2v I 1 éa ’
0 X 'z

Tracking filter gain, 1'a.d/rurolt-sec2

Simulator-cockpit pitch drive signal gain

Simulator-beam vertical drive signal washout gain

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

Simulator-cockpit roll drive signal washout gain

Simulator-cockpit yaw 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 simula-
tor heam 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
(1/1x) (eL/op), 1/sec

(1/Ix) (¢L/¢T), 1/sec
(A/1) (6L/28 ), 1/sec”
(1/1) (2 L/cbas), 1/sec =in

(1/Ix) { oL/orp), 1/sec2 -in

- K;i=8,
L, + (IXZ/IX) N, 1=8 8.

’ ] » T
i 6rp p

w/g, lb-secz/ft

Pitching moment, ft-lb
(1/1,) (§M/sq), 1/sec
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(1/Iz) (6M/aa), 1/sec2
(1/Iz) (oM/2&), 1/sec
(/1)) M/os,), 1/sec?

Yawing moment, ft-1b

Noise generator signal, Gaussian, 50 Hz bandwidth, infinite
random sequence length

(l/Iz) (8N/ap), 1/sec
(1/Iz) (@N/s1), 1/8ec
(1/1,) (6N/ap), 1/sec?
(1/12) (aN/aaas), 1/sec2-in_

2
(l/Iz) (aN/adrp), 1/sec”-n
Side acceleration at airplane center of gravity, g units
Normal acceleration at airplane center of gravity, g units
N, + (Ixz/lx)Li -Kji=8, 4. Syt P T
Roll rate, rad/sec

1/2 pVoz, dynamic pressure, 1bs /¢t

Yaw rate, rad/sec
Laplace operator, 1/sec
Thrust, b

Simulator-beam vertical drive signal rate washout constant,
sec

Simulator-beam vertical drive signal position washout
constant, sec2

Simulator-beam lateral drive signal rate washout constant, sec

Simulator-beam lateral drive signal position washout
constant, sec?
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Vo - Initial true velocity, ft/sec

av - Perturbation true velocity, ft/sec

w - Airplane weight, 1b

X, ¥, 2 - 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)

Y - side force, lb

Yﬂ = (1/mvo) (8Y/28), 1/sec

Yo = (1/m v, (6Y /o ‘rp)' 1/sec~in

rp :

a - "Angle of attack, rad

8 - Angle of sideslip, rad

é as - Alileron stick deflection, in

6e - Elevator deflection, rad

4 - - Rudder pedal deflection, in

- Pitch angle, rad
BD - Washed-out simulator-beam vertical drive signal with com-

pensation

OBW - Washed-out simulator-beam vertical drive signal without
compensation

9M - Simulator-cockpit pitch drive signal without compensation

p - Atmospheric density, lbs;—secz/ft4

Ty Ty - Simulator-beam lateral drive signal compensation time con-
stants, sec

7'3, 7'4 - Simulator-beam vertical drive signal compensation time
constants, sec

aug - Yaw augmenter time constant, sec
T, - Simulator-cockpit pitch drive signal compensation time con-
M stant, sec
T - Simulator-cockpit roll drive signal compensation time con-

QtM stant, sec

Simulator-cockpit roll drive signal washout time constant,
W sec

" Simulator-cockpit yaw drive signal compensation time con-
M stant, sec

v Simulator-cockpit yaw drive signal washout time constant,
] sec

-
]

-
|
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Roll angle, rad

Washed-out simulator-cockpit roll drive signal without com-
pensation

Yaw angle, rad

Washed-out simulator-beam lateral drive signal with com-
pensation

Washed-out simulator-beam lateral drive signal without com-
pensation

Washed-out simulator-cockpit yaw drive signal without com-
pensation
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APPENDIX III: SIMULATION

INTRODUCTION

The following discussion presents the experiments performed on the Northrop
Large Amplitude 3-Axis Flight Simulator., The experiments were designed to gather
information pertaining to lateral handling qualities during precision tracking tasks.
The simulator dynamics and the tasks were carefully controlled to provide the best

possible data, Descriptions of the simulator, the tasks, and the pilots follow:

SIMUL ATION

An external view of the Northrop 3-Axis Large Amplitude Flight Simulator is
shown in Figure 82, The motion system of the moving base simulator employs a gim~
balled 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 fidelity 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 simulator sets limits on displacement,

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

sponse of the simulator,

4, Coulomh and breakaway friction exist in the output of the servodrive, The
motion performance capability of the simulator is summarized in Table VII.
Figure 83 shows a typical response of the simulator translation motion sys=-
tem to sinusoidal 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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LARGE-AMPLITUDE 3-AXIS FLIGHT SIMULATOR

8\\/ g 1\’1 0,
{;o QT NN y
100 — A -0 e
s aplCRM 9 & > H—
T v_+ g N it T2
Ko ’ )o e’
VAN 1965,
O T N1 e Y
e S N} o1
A Y4 | P
00 < @‘> 4’»
ARy, U
té‘ |- VELOCITY LIMIT = 13.2 FT/SEC. , )]
o & . “y
BEX
* 10p— ~ = RELATIVE AMPLITUDE
5 BB Z RESPONSE VERSUS
J.g A - i FREQUENCY WITH
9% v, Al]_MOTION COMMAND
gx ‘b«.( [1 AMPLITUDE HELD
< " CONSTANT AT 4 FT/SEC
NS /// N v Q‘).,) 110
[o] 3 ] N ‘7
Er ;é-oue ToLow /] \0? l/ \
& %o /, FREQUENCY <
pw FILTERING ON — S
> HF INPUT COMMAND a5
o -
[ L UPPER @]
4 [ FREQUENCY \ Zp &3
LIMIT -64CPS Ny S0,
(RELATIVE AMPLITUDE
/ Vi /] RESPONSE DOWN 308) T
ol N
0

0.1

1.0

FREQUENCY (C.PS)

FIGURE 82 RESPONSE OF VERTICAL TRANSLATED MOTION
SYSTEM AT PILOT'S STATION TO STEADY
SINUSOIDAL MOTION
FIGURE 83
TABLE VII. PERFORMANCE SUMMARY LARGE-AM PLITUDE
3-AXIS FLIGHT SIMULATOR
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
§ \‘/ERTchL +10 FEET +16.2 FT/SEC - +48¢g - +58¢
g LATERAL +4 FEET +21.6 FT/SEC - +1.8¢g - 229
[ PITCH +30° 1.1 RAD/SEC +24.4 RAD/SEC2 +14.4 RAD/SEC2
Q o 2 2 SAME AS TWO-PLACE
S YAW +30' 1.5 RAD/SEC +20.3 RAD/SEC 115.0 RAD/SEC
8 o ) 2 coCKPIT
O ROLL 145 +2.7 RAD/SEC +35.3 RAD/SEC +29.1 RAD/SEC
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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 84. 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 be obtained without fear of reach-
ing simulator limits. The frequency response obtained by "tuning" the simulation is
given in Figure 85, Details of the drive equation and vehicle dynamics are given in
Tables II through XIV. 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.

Four distinct tasks were evaluated during the simulation. The tasks are de-
scribed below,

1. Follow a commanded random bhank angle.

A signal generated by filtering white noise with ———-—S-—§~ was used to
(s +0.5)
indicate the command bank angle. The difference between this signal and

the actual bank angle was applied to the vertical needle of the ADI. The
pilot's instructions were to keep the needle centered by varying bank angle
with the ailerons while not allowing altitude to vary 'tco much.” The rudder

was not to be used.
2. Maintain zero bank angle in the presence of turbulence.

A Dryden form lateral, or v, directional velocity gust of varying intensities
was introduced through the equations of motion. The actual bank angle,
which in this case was the error, was presented on the vertical needle of
the ADI. The pilot's instructions were to keep the needle centered by con-
irolling bank angle with the ailerons while not allowing altitudes to vary

"too much.” The rudder was not to be used.
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A
Transform lf’B Hi-Pass 'f’Bw Compensation "bBD
Az to Beam Filter & Limits
N
Beam Yaw
_ A | .
Transform B Hi-pass OBW Compensation GBD
A to Beam Filter & Limits
Zp
Beam Pitch
1 leveling
p Hi-Pass ¢M Compensation ¢C
] Filter & Limits
Cab Roll
L Leveling
fBw
eM Compensation 9(}
P Gain & Limits
—_— ]
Cab Pitch
1 Leveling
-
YBw
Hi-Pass wM Compensation d’C
[ ] i
¥ Filter & Limits
——
Cab Yaw
FIGURE 84 SIMULATOR DRIVE PHILOSOPHY



wor 159°

- _é gg EE 5-a—0
o A 0 PHASE

AR SHIFT
(db) TAN'N A (DEG}
10k 4 -50°
1 i N | 1 M i PR S T T '_1000
0.1 1.0 10.0
FREQUENCY — Hz
CAB PITCH
10 150°
0 H% -0 07 0 PHASE
AR A A A o] SHIFT
(db} A A (DEG)
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A L Lo s aaat " 1 PRV T S| _1000
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CAB YAW

A& PHASE
8 AMPLITUDE

FIGURE 85, SIMULATOR FREQUENCY RESPONSE
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10 1507
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0 e o %  pHASE
AR A SHIFT
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A0k A 4-50°
a
i L S W | L 1 M T U ¥ _1000
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BEAM YAW
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0 =] 0
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A (DEG)
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FIGURE 85, {(concluded)
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3. Follow a commanded random heading.

A signal generated by filtering white noise with ---k—é was used to
(s + 0.2)
indicate the commanded heading. The difference between this heading and

the actual aircraft heading was presented on the vertical needle of the ADI.
The pilot's instructions were to keep the needle centered by using the aile-
rons while not allowing altitude to drift "too much". The rudder was not to

be used.
4, Maintain a heading of 0 degrees in the presence of turbulence.

A Dryden form v gust of varying intensities was introduced through the
equations of motion. The actual heading signal was applied to the vertical
needle of the ADI. The pilot's instructions were to keep the needle centered
by using the ailerons while not allowing altitude to drift "too much'. The

rudder was not to be used.

Three pilots were used during the simulation. Their respective qualifica-

tions are listed below.

Pilot: W.W.K., Prime pilot for the tests,

This pilot 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 bombing
evaluations. He has flown the Northrop T-38A and F-5B, and the experimental S-1.
Prior to joining Northrop, he served in the U.8. 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,.8, Naval Test Pilot School. He holds conventional airplane
and helicopter commercial flying licenses and has approximately 4000 hours of

flying time,

Pilot: R.L.M. has flown the Large Amplitude 3-X Flight Simulator for A-X air-to-

ground delivery simulation, comparison of this ground based simulator to in-flight

simulator, and several other Northrop projects. His experience includes approxi-
mately 550 hours in WW II trainers and bombers and 100 recent hours in civilian

light aireraft.
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Pilot: T.E.M. has flown the Large Amplitude 3-X Flight Simulator for a study involv-

ing comparison of the ground based simulator and an in-flight simulator. He currently
has accumulated approximately 250 hours of flight time in various single engined,

light, civilian aircraft.
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TABLE VIII, LATERAL-DIRECTIONAL AIRFRAME EQUATIONS

; Ys sin¢
A = mV * gV fep-r
o o
Biner =f 8 dt

Baero = Biner + Bgust

Y
S =
mv_ ~ YaPerO T Yepplp
» _ ' 1 ! ! ;
p Lﬂﬁaero + Lpp * er " Ldasdas ! L"I‘p drp
* K @B o tK, Tt Koep + K ad
Py Py P3 P4
. = 1 ! ! 3 * !
* = Nghaero * Npp NPT T Noas®as Ndrpdrp
+ K, ep + K_ad + K_uB * Kpoar
r " as I, aero r,
ay T VBiero T L,L —gsing + V(g1 1)
p
Ay 1.1
N - 0 -
Veg g
St K
aug = _ __augs
r T s +1
aug
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TABLE IX. LONGITUDINAL AIRFRAME EQUATIONS

Xs Tsx
V=m*tm -8 *gacosy
AV = f{/dt
= AV

V=V,
X ( 2
— =g SliC + C a + C o
m (o] Do D, D,2 )

2q S
+ 34‘[ CD + CD a +CD 02
0 0 o al
Tsx
—— = Constant
m
Zs g cos
RV S Ta
(4] o

q=Maa+Mdde+M.a +qu
e [+ 4

azp =Va - 4 q - gcosé -V (q-a)

N - . mp A
g

ch 4

fx = Vg - acos¢ - Bsing
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TABLE X. EULER ANGLE EQUATIONS

{r.' = rcos¢ + qsing
é = p+ey

6 = qcos¢ - rsing

TABLE XI, SIMULATOR BEAM EQUATIONS

-‘?M = a.choses -az gsin ¢

p
g = Y/sB
_ Ky¥n
YvBw T 2 s 1
5 77 T
¥y ¥y

_ (1’18 + 1) (i"’ 1) lpBW
¥BD = K
Py

ZM = az cos¢ + a_Ypsm¢ +q

P
b5 = Zp/ip
. ) Ké‘ GB
BW 8 1
8+ T_ + T
0, T4
. _ (-r3s +1) (1'48 +1) OBW
BD Kp
9
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TABLE XII. SIMULATOR COCKPIT EQUATIONS

. Ky = 6tany) + wasin(eM + OBW)
M 1

s +
T¢w

6 - ("o s+ 1) 9y
C K¢M

K @
6. + 6 = 8

M BW ~ cos¢ ~ Ypw S (8 + 8

M * ®pw)sin vy

B (T@MS + 1) OM

M
5!; =
M o+ T1
Yy
(Foms + 1) vy
Ve = K
M
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TABLE XIII. GUST SIMULATION

gust
Puse ~ (%) (Sgun
gust ggust32+B s + C

TABLE XIV. TRACKING SIGNAL

KI:c

¢, or y :(N)
tc te g (s N Atc)z

TABLE XV. ROOT MEAN SQUARE COMPUTATIONS

1 100

Xms = 100 [X(t)]zdt (Analog Computer)
0

N | b

ers = (Xms) (Hand Calculation)

Bank angle task, x(t): Voﬁgust’ ¢tc’ ¢‘

Heading task, X (t): Voﬂgust’ Vgt Y2 B &
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TABLE XVI. SIMULATOR COCKPIT INSTRUMENTS

Attitude Director Indicator (ADI)
Pitch Indicator: ]
Roll Indicator: @

Bank Steering Bar
(Tracking Com-

mand Display): ¢ =0~ ¢tc
or: Ve = ¢ - %
Turn Needle Ny
(mechanized cg
as a ball): (0.18 + 1)2
Horizontal Situation
Indicator (HSI): Y
Airspeed Indicator: ‘{) + 4V
Altimeter: fiat+n,
Vertical Velocity
Indicator:
G-meter: Nz
cg
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TABLE XVII. T-33 DATA

ALL CONFIGURATIONS

385 slugs L, - ~0.188/sec>-in
2 rp
32.2 ft/sec . 2
N, = 0.460/sec”~in
590 fps rp
6 ft YJ = =0,00503/sec-in
2 P
-87.25/sec 9
8 = 234.8 ft
3.57/sec b = 37541t
~0.04685/sec T = 6.72 ft
_ 2
0.0036/in-sec? 4~ = 200 lbs/ft
- a2
_1.634/sec I = 17,100 slug-ft
_ 2
0.1259/1n-se02 Iy = 21,000 slug-ft
- 2
-1.175/sec? L = 36,400 slug-ft
_ 2
0.0482/sec Lyz = 490 slug-ft
0.0217 Kwwg =9
0.172/rad Arugt = 0.34%/sec
B = 1.185/sec
0.057/rad? gust
C ¢ = 0.348/sec>
Adjusted to trim gus
initlal V to zero Kot = Adjusted to give desired
0.264 gust rms
Ktc = Adjusted to give desired
6.47/rad tracking command
signal rms

Heading Task: A= 0.2/8ec
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TABLE XIX. F-5 DATA

m = 385 slugs

= 32,2 ft/8802
A" = 718 fps
{ = 111t

= 528.2 lbs/ft>

Yg = 0.5002/sec

Y = (,00861/sec-in

drp

L'ﬂ = 2'9.06/sec2

L'p = 1,856/sec

L'r = '0,4045/gec

L'd = 2, 023/sec2 -in
as

L‘G = --O.O»Eizs/sec2 -in
rp

N'ﬁ = 8.969/sec2

N'p = 0,00705/sec

NS 0.7298/sec? -in
TP

N, = 0.0352/sec? -in
as

N'r = -0,5459/sec

Taug = 0.5 sec

Kaug = 4 in/rad/sec

Ag'ust = 0,413

Bgust = 1,531

Cgust = {.516

s = 170 ft2

All other data the same as
the T-33 configurations

169



TABLE XX.

SIMULATOR DATA

23.34 ft
0.1545 sec2

0,667 sec

387 volts/rad

0.500 sec

0,200 aa;ec:2

¢, 200

0.016 sec?

1,016 sec

121.7
0.100 sec

2
0.03185 sec

0.500

0.400
1,00 sec

0.473 sec
60.5 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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TABLE XXI. BANK ANGLE PILOT RATING DATA

Configuration rms dgi rms ¢ Cooper Rating PR
AB 2.6 13.03 1.59 2.0
AB 2.6 23. 55 3.33 4.0
AB 2.6 34. 27 4. 16 5.0
AB 2.6 9.46 1.59 2.5
AB 2.6 16. 50 1.73 5.0
AB 2.7 12,46 1.43 3.0
AB 2.7 21,05 2.37 6.5
AB 2.7 33.41 2,66 8,0
AB 3.1 11,58 .97 3.0
AB 3.1 27.09 1.88 5.0
AB 3.3 12, 26 1.01 2.0
AB 3.3 23.33 1.69 4.0
BB 2.3 5.79 2.28 4.0
BB 2.3 11.24 3.92 6.5
BB 2.3 15.54 5.04 8.5
BB 2.3 7.37 2.42 4.5
BB 2.3 4. 69 1.60 3.5
BB 2.3 14,08 3.75 6.5
BC 2.2 10.31 5.83 .0
BC 2.2 6.89 3.39 7.5
BC 2.3 10.50 4,09 9.5
BC 2.3 10.51 4.09 9.0
BC 2.3 5.72 3.29 5.0
BC 2.4 12,39 5.21 9.0
BC 2.4 5.12 2.92 6.0
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