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ABSTRACT

The application of servo analysis methods to the study of handling quali-
ties problems provides a unifying framework for requirements which hitherto
were apparently diverse and unrelated, The technique is also effective in
delineating possible difficulties, and solutions thereto, for the as yet
experimentally unexplored regions associated with modern and future vehicles
and environments. The research reported is a study of longitudinal handling
qualities in this servo context,which makes subsuential progress toward evolv-
ing an analytic method for specifying handling qualitlies requirements, Criteria
and procedures are established for estimating both pilot dynamic behavior and
opinion., Vehicle-pilot system studies utilizing this pilot model predict the
influence of variations in the magnitude and/or the relative location of the
poles and zeros in the vehicle transfer function., Where experimental observa-
tions on such influences exist, they appear to be reasonably consistent with
the analytical predictions. Where they do not, the predictions identify new
parameters of possible significance and serve as an interim basis for demign
and a guide to future testing.
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CHAPTIIE L

INTRODUCTION

The work reported here was undertaken in furthorance of an Adr Force pro-=
gram founded upon the premisc that vehicle dynamlc handiing quallties depend
to a larpge extent on the action of the pilot ag a control clement in the
pilot=vehiele clased loop system. To this end, previous studies have concen=
trated on the development of un adequate mathematieal deseription of the
pilot's activities in such circumstunces (References 1-4), The present inves-
tigation is part of a continuing effc 't to apply such mathematical models and
to correlate the resulting closed loop system implications with present "con-
ventional” handling qualitics flight research data., The ultimate purpose is
to derive a systcms=oriented theory which will allow the prediction of vehicle
handling qualities from a knowledge of the pllotfs performance in the loop.
Such a theory has lonp been desired because it would

1. Focus attentlon upon and explain the correlations which
exlst between subjective pilot opinion and performance
factors of the airframe-pilot system,

2, Form a foundation for the insights required to determine
airframe characteristics (and/or assess confipuration
changes) which offer possible improvement in foying
qualities,

3., Provide a bagils for deriving handling qualities eriteria
for configurations which have novel dynamiec characteristics,

L. Provide a unifying structure for the large amount of dynamic
data which have previously been treated as unconnected,

To a large extent, the present report provides such a structure for control
aspects of the airframe longitudinal axis; Reference 5 performs a similar func-
tion for the lateral axis,

Thr development of dynamic handling quality requirements from servo analysis
of pilot=airframe combinations presupposes the practical existence of a reason=
ably linear closed loop system which invclves airframe, control system, and
human components, Such a complete system, for longitudinal airframe control
where the pilot uses elevator alone, is shown in Flgure 1, 'This dlagram depicts
conventional stability augmenters, stick force producers, feedforwards, etec,,
as separate transfer blocks, Closing these inner loops allows the entire block
of components within the bracket to be considered as an "equivalent airframe"
which relates the motion quantities controlled by the pilot to his output,
Figure 1 also shows airframe motions fed back to the "display" (which can range
in complexity from a single instrument to the presented visual field) and air-
frame forces and moments fed back dlrectly to the pllot.

Restriction of the present study to situations compatible with available
human dynamic data immediately requires the neglect of all but visual inputs
te the pilot. This compromisc is not serilous in tasks requiring only moderate
deviations from strajght and level flipht., Reference i, for example, shows

WADD TR 60-=13 1




that the pilot describing function does not differ in form for rixeda-base
(which, by definition, involve only visual inputs) or airborne tasks with
similar controlled element dynamics, The numerical values for the describing
function in the airborne condition do, however, exhibit an increased pilot
reaction time and a lowered gain relative to the fixed base tests, Reference 6,
using opinion as a measure, demonstrates that only slight differences exist
between rotating and fixed-base sinulators. These and other cxperimental
findings lead to the conclusion that fixed-base data can be extrapolated, with
reasonable valldity, to many flight situations,

Where large accelerations are involved, the results developed must be used
with somewhat more caution, In this regard, comparisons of performance meuas-
ures between fixed=base and centrifuge simulators (Reference 7) indicate that,
up to a steady state level of about 2-1/2g, the differences were significant
statistically but small practically., Acceleration tended to improve perform-
ance if it was an important cue in the simulated task (e.g., coordination),
and to degrade perforrance where the acceleration cues were distracting (e.g.,
in tracking). In any event, restriction of the present study to visual inputs
alone focuses attention upon the pilot and airframe systema shown in Figure 2,
Tt will be noted here that acceleration inputs can still be important although
they must be, in the present context, detected visually, The "display" can
still be considered to cover a wide variety of possible types, although its
form is restricted to be of a general compensatory nature (i.e., the signals

seen by the pllot are functions of an error, or difference between system input
and output). !

The body of the report starts in Chapter II with a general review of the
status of the pilot as a dynamic element in a man-machine system, This status
report presents the mathematical model of the pilot 1n a general, literal form
anu gives a set of general "rules" for the adjustment of the model's parameters.
The information summarized can be used to estimate pilot dynamic behavior in
a given control situation, This is followed, in Chapter III, by a detailed
discussion of experimental results on pilot describing function characteristics
obtained during the course of the fixed=base simulations of Reference 3. At
the outset these data are divided into two categories, one where overall closed
loop system dynamic performance is nearly constant (not a strong function of
the controlled element) and the other where the controlled element is so diffi-
cult that the closed loop is dominated by the system input., In the situations
where overall system dynamic performance is held nearly constant, interpreta-
tion of the data allows the subjective pilot opinion ratings to be correlated
with the dynamic performance factors (describing function parameters) used to
characterize the pilot's actions, As a consequence of these correlations
approximate predictions of opinion can be made on the basis of estimated pilot

dynamic behavior, Further, the general adjustment "rules" of Chapter II become
more specific,

With the framework esteblished in Chapters II and III it is possible, given
a set of "controlled element" dynamics (display plus equivalent veli‘cle), to
1. Make an estimate of the adopted pilot describing functi.u.

2. From the adopted describing function, and/or its closed
loop system consequences, estimate the pilot opinion rela-
tive to a particular "pood" control situation,

WADD TR 60=473 P
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This model of dynamics and opinion is applied in Chapter IV to the control of
the longitudinal short period, As a point of departure, the form of pilot
describing function, with associated opinion, is estimated for a verlety of
short period damping ratios and undamped natural frequencies, Opinion bound-
aries are then established on the basis of these estimates, These predicted
boundaries are then compared and correlated with experimental opinions, obtalned
in fixed-base simulators and variable stability aircraft, with most gratifying
results, In the final sections of Chapter IV consideration is centered on

those short period characteristics which have not received the detailed experi-
mental attention given to damping ratio and undamped natural frequency. The
treatment in these sections is based on the use of the general describing func-
tion pilot model and generic airframe transfer functionsj and these are combined
in a series of gystem surveys., The generic system analyses performed predict

a variety of potential problem areas for future craft, Attention is also given

to the problem of marginal controllability, and initial predictions are made
and presented,

Chapter V utilizes a treatment similar to that of Chapter IV to cover the
control of longitudinal long period motions, While human describing function
data directly applicable to this situation are not avallable, the use of the
general pilot model in generic system surveys allows gross predictions which
are compatible with the applicable limited handling qualities experiments,

Chapter V1 summarizes the conclusions of the analyses detailed in the

previous chapters, and defines some aspects of both "good" and "intolerable"
airframes when viewed in terms of the servo analysis approach,
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CHAPTERl TI

SUMMARY OF PI1.OT DYNAMIC CAPABILITIES IN CLOSED 1LOOP COMPENSATORY TASKS

Human capabilitles as a dynamic element in & control system are most
succinctly expressed in servo engineering terms, 1i.e., as catalogs of transfer
characteristics which constitute the repertory of pllot dynamic response, Many
measureme:lts of human response to visual inputs have been made over the past two
decades, These¢ were primarily conducted in ground simulators (References 1=3,
8-16), although one set (Reference L) was obtained in flight. For each set of
data the measurements obtalned define two quantities which, taken together,
describe the total human dynamic behavior, These aret

1. A quasi~linear random-input describing function which
characterizes that portion of the pilot's output linearly
correlated with the forecing function,

2. A "remnant" whiech Includes all of the pilot'!s output which
i1s not linearly ccrrelated with the system forcing function,

The principal measurement situations considered in the studies referenced
above corresponded to a single feedback loop arranged in the "compensatory"
system of Flgure 2, More limited measurements were taken in two-dimensional
tasks (still compensatory) and one set (Reference 15) in a single-dimensional
"pursuit" situation (illustrated in Figure 3). A swmmary of pertinent facts
relating to these experiments is glven in Table I.

S
| S #

SYSTEM INPUT HUMAN VEHICLE SYSTE
- —>| DISPLAY —>1 o011 bYNAMICS ou'rpul¥'
L '
=r
Meure 3

Pursuit System
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The block diagram of Figure 2 is shown in modified form in Figure L with the
pilot represented by hie describing function plus remnant, the dynamics of the
display, control system, and vehicle lumped into a "controlled element," and the
system 4input mod* fied (if necessary) into an equivalent forcing function,

e e =
FORCNG  PILOT'S | REMNMNT! piLor's SYSTEM
FUNCTION STIMULUS| § | QUTPUT ey UTPUT
i1) ot) | LINEAR | | ELEMENT r(t)
™| CHARACTERISTIC i DYNAMICS
: Yp | YC
L ___HUMAN PILOT _}

Figure L
Equivalent Block Diagram of Compensatory System

Human characteristics measured in such situations depend upon the other system
elements, i.e., the controlled element dynamics and the forcing function., 1In
actual measurement situations this dependence, although basic, is obscured by
the limited frequency range (bandwidtn) and the run=to=run variability, within
and between subjeots, of the measuroments, For averaged data, however, it is
possible to show (Reference 2) that a fairly simple analytic deseribing function
form is adequate to describe human behavior for a given controlled element and
forcing function, When these describing functions for all experiments are
generalized, a servo model of human operation and adaptation (in compensatory
tasks with random appearing forcing functions) is obtained, This model is a
dynamic desoription of pilot capabilities in such situations and consists of
two elementsi

1. A generalized describing function form,

2. A seriles of "adjustment rules" which specify how to "set"
the parameters in the peneralized describing function so
that 1t becomes an approximate model of pillot behavior for
the particular situation consldered,
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The general form approximating the human being's describing function for
one- and two-dimenslonal compensatory control tasks is glven by

B-ta (TLB + 1)
p = TT%H)ﬁNsn) (1)

where 7 4is the reaction time delay

Not adjustable by pilot
Ty ocorresponds to neuromuscular lags

T +
T;: . 1 is the pilot's equalization characteristic

Kp 1s the pilot gain

The restriction of pllot equalizer form to one ineluding only a single lead im
not strictly precise, since for some isolated instances there is evidence that
a second lead term may be gersrated (References 2, 3, 1L). When using human
pilot analytical models for rough estimates of pilot capability, however, the
form of Eq. (1) is preferred for both simplicity and conservatism,

The adjustment rules are not so simply stated as the describing function
general form since they depend intimately upon interactions with the other
elements of the man-machine syatem, 1.e., the foreing function and controlled
element, In general, the adjustments can be divided artificially into two
categories — adaptation and optimalization, Broadly speaking, adaptation is
the selection by the pilot of a specific form (lag-lead, lead-lag, pure lead,
pure lag, or unity) for the equalization characteristics, and optimalization is
the adjustment of both the gain and the selected equalization parameters to
satisfy same internally generated criteria, The adaptation process im fairly
well understood, being essentia. ly the selection of a form which is compatible
with good low frequency, closed loop system response and general system stabil-
ity, The internal criteria used for the optimalizing provess are not known, but
some insight into their practical conseqQuences can be obtained by an examination
of past humean operator data, Figure 5 presents all avallable data on system
phase margins for pilot-plus=controlled-element combinations (the difference
between open loop system phase and =180 degrees, at the frequency where open loop
gain is unity) for those experiments where measured data points exist in the gain
crossover region, These results indicate that the describing function parameters,
after initial adaptation of pilot equalization form, ordinarily are adjusted so
that the system phase margin is between 60 and 110 degrees.*

*The phese margins noted here are higher than those given in Reference 2 where
0 to 30 degrees was suggested on the basis of extrapolations to crossover, The

availability of more data (Reference 3) spanning the crossover region accounts
for the change,
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The optimalizing characteristic ic best illustrated by referring to one of
Elkind's experiments using a compensatory system with a unity-gain controlled
element (no dynamics)(Reference 2 or 19). The experiment used foreing function
spectra which were rectangular in shape and covered a frequency band from zero
to the cutoff frequency, ws,. The cutoff frequency was an experimental variable,
and seven values in the range from 1.0 to 15,0 radians/second were availuble,
Human describing function data for experiments performed with each of the avail-
able forcing function spectra were curve-fitted with the simple expression

» Ke-'c. '
S (@)

The gains and time constants derived from these fits provide the data for Fig-
ure 6 which shows that the describing function adjustments were given approxi-
mately by

T 8.2 (for wy, <6 rad/sec)

~h
D0

(3)

Kp

Thust 1. The pilot gain was inversely proportional to the square of the foro-
ing function cuteff frequency (or bandwidth),

2, The system orossover frequency (wg ® Kp/TI) was independent of foro-
ing function frequency, provided wg > wgq.

3., For high cutoff frequencies, the closed loop dynamic characteristics
were dominated by the fact that wy < wgqe and deteriorated accordingly,

The results reviewed above are compatible with other cases although the
value of the constant crossover frequency is not the same as cited above since
this value depends upon the controlled element dynamics, The optimalizing
behavior illustrated hers, in the adlustment of Kp and T1 as functions of wgy,
has been shown (Reference 2) to have consequences roughly similar to those

obtained using the conventional servo synthesis criteria of minimizing the rme
error,

From the disoussion above, and other information which is contalned in Ref-
erence 2, the known adjustment rules for the human operator describing function
of Eq, (1) can be sumarired as follows:

1, The human adapts the form of his equalizing characteristics
to ashieve stable gentrol.

2, The human adapts the form of his equalizing characteristice

to achieve a xwood dow frequency, ologed Joop gygtem resoonee
to the foroing otion, A low frequency lﬁﬁwﬂ gener=
ated when both of the following conditions applys

&, The lag would improve the system low fiequency
characteristiocs,
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b, The controllod element characteristics ure such
Lhat the intreduction of the low frequency lag
will not result in higher frequency destabiliz-
ing effects which are incapable of being over=
come by a single first order lead (Tp).

3, After pood low frequency characteristics are assured, within
the above conditions, lead is gencrated when the controlled
clement characteristics multiplied by the €778 term of ¥p are
such that a lead term would be gssential to retain high fre-

guency system stability.

L., After initial adaptation of equalizing characteristic form,
the deseribing function parameters are adjusted so that

a, System phase margin lies between 60 and 110
degrees,

b, Closed loop, low frequency performance in
operating on the forecing function is optimum
Iin some sense analogous to that of minimizing
the rms error,

There is a great similarity between the rules given above and those useful
in conventional servo design, particularly as regards selection of equalization,
phase margin, and the minimization of rms error, It can be stated, therafore,
that the adjustments of the variable parameters in the human describing function
are similar to those a servo engineer would select for the same control situa-
tion, The controller "black box" available to the servo analyst must, of course,
be limited in possible function to that of the general human describing function
given in Eq, (1), with allowable adjustments in Tp, Ty, and Kp.

Eq. (1), as adjusted by the above rules, applies quite well to all situations
where the system crossover frequency, estimated by application of the model, is
preater than the cutoff frequency of the system forcing f netion., When this is
not the case the system exhibits degraded closed loop dynamic performance, the
1nllot becomes much more nonlinear than usual, andi he may attempt to overcome the
condition, wy € weo, by generating higher order leads,*

Tr describing function and the adjustment "rules" appear Lo be independent
of the type of manual manipulative device, at least over the range covered in
Table I**, and to apply to airborne situations in straight and level flight, as
shown in Reference L. However, for the particular flight situation studied the
values of t were greater by about 0,15 seconds and the longitudinal pilot gains
were loss by about half than those obscrved on the analogous fixed simulator,

*There are very few experimental data for which we < weo for low pass inputs,
They consiet only of the two Elkind conditions (for wge ™ 10.0 and 15,0 rad/
sec) and four of Hall's confipurations,

**Mhe remnant, term, however, is not independent cf the manipulative device,
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The model of human operdbions in closea loop lasks summarives apov rovid
the essential tool required for a pencral manual contbrol theory, Its proper
application to a pgiven econtrol situation, defined by the controlled element
dynamics and the foreing function power spectra, resulis in a prediction of
pilot and system closed loop behavior, Accordingly, the model 1s dirccetly use=
ful in defining vehicle dynamics which are difficult or impossible to control
(e.g., closed loop unstable), It also provides the basis for asscssirp the
effects of changes in the control situation on pilot behavior, Examples of its
uce in such applications are piven in Reference 5 and the present report,

In that it describes certain kinds of human behavior in mechanistic terms,
this pllot dynamic model is the logical culmination of extensive efforts in the
field of man=-machine systems., But, the human is a unique system component in
more ways than can be characterized by the simple servo model = his equivalent
"vblack box'" contains also a computer of unusual prowess and a loudspesker of
often exceptional power, In other words, the human pilot is a vocal adaptive
controller, Indeed, in much of handling qualities research the vocal, or opinion,
aspect of vhe human has been the only "measure" of complete system operation,
Since such a "measure'" appears, on the whole, to be surprisingly objective, it
is essential, in a complete theory of handling qualities, to connect pllot opin=-
ion with pilot and system behavior, If this can be accomplished, then the
analyst will be able not only to predict how a pilot behaves in various control
situations, but also to estimate the associated opinion variations, Initial
efforts in attaining this goal constitute the subject of the next chapter.
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CUAPTER ITT

PILOT OPLNION AS INFLULNCED BY CLOSED LOOP SYSTIEM AND PLIOT DYNAMICS

A. FACTORS INVOLVED IN PLLOT OPINION

In apite of the occasglonal unrelilablility of opinion polls, pilot opinion has
long been, and promises to remain, a critical element in assessing vehiecle munual
control confipurations, In fact skilled pilots can deliver hiphly selective,
representative, and reliable velative measures of system behavior, These judg=
ments, as gathered und uscd in handling quallty research, do not exhibit the ex-
treme variability common to opinion polls because:

1. A tightly constrained situation is imposed upon the pllst
by vehiele dynamicg, foreinp function, and assipgned tasks.

2. The subjects are gencrally members of a highly restricted
and skilled population,

3., The ratings given are ordinarily relative assessments
which differentiate between several dynamie configurations
possessing similar general characteristics.,

For these reasons pilot opinion, as a subjective expression of the overall suit-
ability of a pilot-airframe system, has always been considered to rest strongly
upon objective factors, From the standpoint of man=machine system dynamics
these objective factors can he divided into three catepories:

1, Vehicle dynamic chuaracteristics in response to open loop
commands,

2, Closed loop pilot=airframe system dynamic characteris=-
tics, l.e¢., what the closed loop system is doing.

3, Pilot dynamic characteristics as an operating entity in
the cloged loop situation, i,e,, what the pilot is doing.

While the first category cannot be neglected, the latter two are of primary
interestl in a systems analysis view of handling qualities.

Ideally it would be preferable to separate the effects of closed loop and
pilot dynamic characteristics on opinion by performing tests where vhe closed
loop dynamics were held constant while pilot characteristics varied and vice
versa, Unfortunately the adaptability of the pilot and the complexity of the
dynamic situations makes such a test program extremely difficult to implement
except for very simple cases, However, it is possible, as developed below, to
achieve at least part of the desired independerce by carefully selecting and
grouping existing data,

The most pertinent measures of closed loop dynamic characteristics are the
poles and zeros of the closed loop transfer function, While the closed loop
system may have many poles, 1t i1s ordinarily possible to approximate the essen-
tial pilot-vehicle system dynamics, for conditions where the system is essentially
acting as a low pass filter on a low pass input, by
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1, A ginple (irst oreer mode, or
Je Aosingle scecond ovder mode, o1

3, One first order plus one gecond order mod:,

dhen the fivst case applice, the open loop crossover frequency, w,, is an excel-
Lent approximation to the dominant closed loop root, For the second case, phuse
margin plus crogsover frequency scrve to define the dominant closed loop mode,
Sinee the pilot tends to adjust in such « way that phase margin is conztant, the
¢loged loop dynamics for pilot=airframe systems which fall into cases ! and 2
above are quite well measured by the crossover frequency alone, [For the third
cuge, crossover frequency is usually a falr measure of the first order mode, but
widitional information, such as undamped nutural frequency and damping ratio, is
required to define the closed loop second order mode,

I'rom the above discussion 1t 1is apparent that the open loop crossover fre=
queney 1s an excellent measure of closed loop dynamic characteristics ‘n pencral,
althouph 1t may require supplementation to cover the third possibility completcly.
Accordingly, 1f data were avallable for a serles of systems in which crossover
frequency and the other closed loop dynamic measures were substantially constant,
then closed loop dynamic performance could alsc be considered constant, The
systems which possessed these characteristics would then form a set where closed
loop dynamics could be eliminated as a factor which penerates pilot opinion dif=-
ferences, The principal objective opinion factors remalning would, consequently,
have to be due to differences in pilot dynamic characteristics, If pilot
desgeribing function data wore available, opinlon could be correlated with these
describing function parameters, This process, assuming correlation existed,
would thereby allow an estimate of that portion of the pllot's opinion whieh is
buaged upon his dynamic characteristics, lata which can be used to perform pre-
cisely this sort of correlation are presented and analyzed in succeeding sections,

Unfortunately, the influence of closed loop dynamic performance upon opinion
is not quite as clear=cut as 1s that of the pillot's dynamic characteristics,
Part, of the elosed loop characteristic of intercst 1s, as was previously mentioned,
sultably defined by the crossover frequency, . According to the pilot adjust=
ment, "rules" of Chapter IT, this parameter will ordinarily be such that the over-
all system possesses "good" low frequency response to the forecing function,
111y requii »8 wg > wgey and the pilot would be expected to adjust accordingly;
1t such an adjustment werce impossible, his cpinion of the system would be
veeraded,  Available data, subsequently presented, support this conjecture,

In those cases where a minirum description of the closed loop system requires
both a first and sccond order mode, the crossover frequency 1s not sufficient
Leoefine completely the total system dynamic performance., The simplest supple=
monbary measure is the damping ratio of the closed loop second order mode, Ag
Awceussod thoroupghly in the last section of thls chapter, this parameter can be

shimated from some of the available data although the procedures involved are
fadrly tedious, The adjustment rules imply that the pilot should attempt te
oluee the damping ratlo within a small range which is consistent with a nearly
rinimum gystem rme error, When this adjustment is not achieved, opinien is
) 1y depraded,

with thils rather lony introduction as a puide, the actual data and correlations
car now be presented,  Before the correlations are attempted a short deseriptlon
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ot Ue vxperimonte of Reference 3 is piven in bhe next section sinee bLhodr cata
form the major basis tor the development o the theory,

B, OFNERAL DESCRIPTION OF THE HALL KXPERIMENTS

The Hall experiments were performed in a mockup simulating the cockpit con=
trols of a Navion airplane, Two pilot test subjects performed two=dimensional
(lateral and longitudinal) tracking tasks with random appearing foreing functions
which had Gaussian amplitude distributions. The lateral dynamics were those of
a Navion airecraft in a cruilse confipuration while the longituuinal controlled
clement :haracteristics were varied over a wide ranpe of transfer function forms,
Three two-minute runs per subject were performed for each transfer function, The
forcing functione uscd in both control axes had a spectral form obtained by
passing essentially white noisc throupgh a third order binomial filter with a
break frequency of one radian/second, The pilot's compensatory display indicated
the horizon and a roll=resclved target on an inslde-out basis,

For each of the controlled element confipurations, extensive data were taken
on pilot and pilot=airframe system behavior, These included pilot describing
functions and linear correlations, power spectra of output, error, and remnant,
probability distributions of outjut, computations of rean absolute tracking error,
and pilot opinion,

The pilot opinion scale was evolved by the two subjects, Their definitions
were (qQuoted from Refercnce 3)3

"Good (@) Adrcraft response very suitable for the given
tracking task,

Acceptable (A) Possessed of satisfactory flyings qualities,
but less easy t¢ control than a "good" config-
urationy aircraft response elther faster or
slower than that which the pilot visualizes as
most desirable.

Poor (P) Possessing characteristics which requirc con=
siderable concentration to accomplish the piven
tracking taskj configurations are elther quite
touchy, unreasponseive, or poorly damped,

Unacceptable (U) Quite unsuitable,

The subjects differed only between P anu U, Pilot II tended
to classify alrcraft which were unsuitable for the given
tracking task, but could vonceivably be flown, as P, reserving
U for configurations which he considered as unsafe to fly
under any circumstances, while Pilot I tended to classify all
configurations with which tracking was very difficult as U."

With the exception of the noted differcnces in P and U ratings, it should be
emphasized that the rating system was bascd solely on tracking tasks,

The four-adjective scale as actually uscd in assessing all of Hall's confip-

urations resulted in 10 differont ratings becausc of the use of plus ("some=
what more than") and minus ("scmewhat loss than") qualificatione, For nlotting
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purposes, therefore, a numerical scale which rouphly follows that sugpested in
iteference 21 has been assirned as follows!

Numerical Adjective
Rating Rating

G+
G
G-
A+
A
A=
P+
P
P-
10 U

O O~ O\\WLETwW N

Development of the other Hall data parameters is not considered necessary here,
A complete discussion is contained in Reference 3, and the detaills of the data
used in the developments to follow are presented in context with the arguments
which they support,

C., DEPENDENCE OF OPINION UPON PILOT-ADOPTED DINAMIC CHARACTERISTICS

Turning now to the correlation effort, consider the general pllot model

previously discussed, Three fundamental opinion factors are present., These
aret

1. Value of gain, Kp.

2. Value of lag inverse time constant, 1/T; alternatively,
the frequency position of the lag.

3. Value of lead inverse time constant, 1/T, and the possi-
bility that a second lead term may be generated; alterna-
tively, the order and frequency position of the lead,

The data used to determine the effect of each of these factors upon opinion have
been selected from the total available data by considering conditions where,
insofar as possible, he remaining factors and the closed loop dynamlcs are
essentially constant,

1. Effect of Pilot Gain on Opinion

The Hall configurations illustrating the effects of gain variations are
of the transfer function form

YC - -s- (h)

Pertinent data for this set of configurations are presented in Table II, These
have already been fairly thoroughly explored, in the present context, in Refer=
ence 5 and only the highlights of this exploration will be presented here,
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TABILE 11

SUMMARY TABLE OF HALL K¢/s CONFLGURATIONS

Average Stick Mean Absolute
Configuration Opinion Rating Fo?ﬁib Fp Trackingugz§or,
Uk”ﬁ%h) Piiot P%é;t Averiee Pi%ot P%ﬁ?t Avsragy Pi%ot P%éft e
35 9 |65 7.75 | bk | .36} Lo | .85 .81 | .83
25 7 6 6.5 65 | W59 62 65 | .86 .76
15 2 5 3.5 STV 97 .8l 76|79 .78
10 3 2 2,5 11,511,951 1,70 | .77 | .62 .70
5 i 2 3 2,28 | 3,04 | 2,66 | .75 | .67 LT
1 10 5 7.5 | 7.9 | 6.5 7.2 | .84 [.73] .79

In Reference 5§ it is shown that the equalization form adopted by the
pilot for these configurations is a simple gain, This follows the "rules"
postulated in the foregoing Section A. The data show that pilot gain, K,, is
adjusted so that the total open loop gain and, consequently, the crossover fre-
quency remain approximately constant with changes in controlled element gain,
Ko, The actual relationship is KpKe = wg = 1.2, This implies that the closed
loop system dynamics are eesentiaYly constant, Further evidence is supplied by
the measured tracking errors which are about the same for all values of Ko (or
Kp). On the basis of these and other observations it is apparent that the
pglot'e objective opinion can only be influenced by the value of K, he adopte
since this is the only remaining variable, Accordingly, pilot ratgng is plotted
versus pilot gain to yield a measure of the influence of this particular param=
eter on opinion., This plot is repeated here as Figure 7.

This figure shows an "optimum" pilot gain for highest opinion and indi-
cates that either increasing or decreasing this gain resulte in a lowered opin=
ion, When the pilot gain 18 too high or too low, corresponding to a controlled
element pain which 1is too low or too high, the pilot considers the response
"too sluggish" or "too senasitive." His opinion, in either situation, is
degraded considerably from the optimum gailn case, Nevertheless, there is a

fairly broad ﬁain band associated with acceptable and good opinions (region G=A
in Figure 7).

*It should be noted that the level of pilot gains considered optimum is not a
universal constant, but instead depends on the manipulative device and possibly
the axis being controlled, The present instance cites data for longitudinal
control with a wheel, Much of the enpgineering pesychology literature on optimum
"econtrol ratios" is directly pertinent to this same subject,

WADD TR 60=43 21
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FIGURE 7
PILOT GAIN VERSUS OPINION RATING
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The effeets of (ilob=anopbea lear equolization on cpinion have beor
determined by analysing and correlating the Hall short poriod results,  The
controlled viement for this set of teste had the form

L <
YC - )%);6..; + TL ((‘)
8\ i
) [(“’7) + 2((7,?]-)3 + 1]

The pain and lead time constant were held constant throughout the experiments,
while the undamped natural frequency and damping ratio were varied, Hall path-
ered pilot responge and performance=measure data for a total of 20 differcnt o
and oy configurations, For seven of these, however, the data are incomplcte 1n
that pilot describing function and spectral data exist for only one or the
other of the two subjects tested, Only the 13 confipurations which woere com=
pletely documented ure considered here since two=pllot averapes are desirable
to dncrease the sipnificance of the conclusions derived,

Table 11T summarizes the opinlion ratings and performance-measure daba
for each pilot separately and as averages. A consistent difference 4in perform=
ance, as measurcd by the mean absolute tracking error, appears to exist between
the two pllots, This difference can bo summarlied concilscly by ncting that the
average |<| for all confipurations is ,9Y5 for Pilot I and ,760 for Pilot II.

TABLE III
SUMMARY TABLE OF HALL SHORT PERIOD CONFIGURATIONS

Average Stick Mean Absolute
Configuration Opinicn Rating Force, F Tracking Error, IT|
(Lb) (Deg

v Pilot|Pilot ' Pilot|Pilot ] J|Pilot (Pilot}, -

wn : 1 | T Average I 11 Average I 11 Average
.63 .35 10 | 10 10 7.7 |8.2Lf 7,97 11.L8[1,52] 1.50
.63 75 10 | 9.5 | 9.75 |6.,33]6.88] 6,61 | 1.1L]1.L6] 1.30
1,57 .2 10 10 10 6.5 | L,&1 5.66 [ 1,301,041 1,17
1,57 .35 1 8 7.5 5.2L4]1 6,68 5,96 <931 .93 93
1,57 .75 3 2 2,5 [5.67]5.82] 5.75 .78 .65 .72
1,57 1.0 6 3 lie5 b.65 ] 3.93] L.29 0 LT 8L
2,51 .2 10 10 10 2.7 1.7 2,21 1,21 8ot 1.0
2,51 .5 2 6 I 2,201 2,76 2,L8 97 .76 .87
2,51 1.0 3 1 2 2, 82 _3_8? 2,82 851 .6l 7Y
3.7 o & 5.3 8 6,19 | 2.1512,33] 2,24 Al .82 .83
3.77 15 3 2 2,0 tahhf2,0u0] 2,42 721 651 .69
6.28 15 L 2 3 2,021,961 1,99 | 68[ .76 12
6,28 .35 i ! i 1.93] 2,03] 1.98 B0 o7l 17
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quency distreibution for all confipgurabions, shown In Firure 8, Pilot diffor-
ences such as these are not atypieal (lteference ) althouph Lhey ao poirt w
the degirability of using only two-pilot averapes to obtain the most sipnifli-
cant and meaningtul results,

Another aticabton ot o basic aiftvrence bebweorn Loe pdlobs Is tio rror -

The averaged describing functions and lincar corrclations (p) arc pre-
sented in Mymres 9-11, arranped in proups according to both epinion and
deseribing function form. The simmificance ol these proupings will be exvlained
in a later scctlon, Adding these dubta points to controlled element Boue plots
for the corresponding confijurations plves system open loop (YpYe) Bodes in the
frequency band between 0,% and L,0 radians/second, Table TV summarizes open
loop system data obtained trom such plots {(which are not presented).

TABLE IV

TWO=PLIOT=-AVIRAGED FREQUENCY RESPONSE DATA

" w

Confipguration Piio"iﬁ:{l{iﬂ;ip 9 ll;;ecé;fes:cobyw Phase Margin flain Margin

o 7 (db) [(1b/Rad)| (Rad/Sec) (Leg) (db)

.63 o 35 ~21 76 99 50 12

63 | W1 =16 135 67 65 1.5
1.7 | .2 =20 86 B3 %E— 3
1,57 .35 -17 120 2.1 6% 5
1.57 | .75 | =10.5 25k 1.9 12 1
1,57 | 1.0 =7 380 1.3 26 7
2,51 | .2 -16 135 17 o8 0
201 5 =16 135 1.05 100 b
2.51 11.0 =10 269 1.k Al 1
3,77 2 -1l 170 1.2 80 1
3.7 | 1 -12 215 1.7 80 10
6.28 | .75 -8 339 1.2 100 1
6.28 | .35 -1l 170 1.25 83 1

"Note thal pilot paln, K, may be piven in unils of Ib/vai or dn/icp,
The converslon factor 48 the aireraftls stick rearinge constant,
15 1b/4n for the 1.ll experiments,
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s obo L tnborpretabion ol Lhese cuba, ay cxaninabion roveals,
Al the oubtsel, thal they may be ddvider dinbo bwo mutaally erelusive seus,  Theso
sobs are cofined by blie relative values ol Lhe crossover frequency, mg, and bhe
foreing funstion cutoll frequency, wgq, and the two scls correspond Lo condi-
tions where elthor w, <mgg o g > wege

When we is less than wegeo, poor cloged loop performance and poor opinion
rating are to be expected, These expectations nre corroborated by the error and
opinion data of Table Til, As will be discusscd later, oplnion factors other
than closed loop performance may also be significant in the ratings for this
set, but these will not alter the fact that the ag L wgy condition 1s invari-
ably connected with poor oplnion and poor elosed loop performance,

For the second cata set, the pain crossover fraquency, wg, is always
preater than wg,. The actual crossover frequencies for these conflgurations
are confined to the band between 1,08 and 2,1 radians/sccond, The mean value
of we 18 1.L% radiars/sccond with a standard deviation of 0,3l radians/second.
These data, therefore, form a sct in which wg 1s roughly consgtant and larger
than the foreing function cutoff frequency. Accordingly, both eclosed loop
dynamics and system performance measurcs are expectod to be roughly constant,
The mean absolute errors (from Table III) for this set, plotted versus opinion
in Figure 12, are In approximate accord with thls antleipation., Thus, for the
data in this pgroup, closed loop dynamics should not be more than a minor factor
in the differences in pillot opinion of the various configurations. These differ-
ences should depend largely on objective factors assoclated with pilot dynamic
characteristics,

Since an approximate correlation of pilot gain with opinion has already
been discussed, Kp is the first pilot dynamic characteristic which should be
congidered, The data of Table IV, however, indicate that Kp values for the set
we B> we are all confined to the pood-acceptable region of %igure 7. The differ=
ences in pain between configurations in this set should then have only a small,
easlly corrected influence on pilot opinion differences,*¥*

With both elosed loop dynamics and performance, and pilot gain, elimi-
nated as major opinion factors for this set, the large opinion differences must
be predominantly dependent upon the pillot's equalizing characteristics, From
the data of Mgures 9 =11, these characteristics appear to involve the genera-=
tion of high frequency lead, Thus, at long last, the data have beon grouped
and catcgorized to a point where the effects of pilot lead on opinion can be
treated as a separate factor,

Various attempts have been made to correlate the lead equalization
factor with opinion, most with only indifferent success, The most suitable
measure found involves the parameter (T, dA/du), where 1/Ty, corresponds to the
apparent load break frequency and dA/du is the slope of the high frequency
amplitude ratio, d|Y¥-|/d log w, in db/iecade, It was necessary to use am; iitude
uata only since the phase data are very badly scattered and contam!nated with
pilot rcaction-time delay effect, Despite the scatter of the bhasic uta and the

*Reecall that gp ™ 1.0 rad/sec in these experiments,

¥n Mypure 13, points corrected via Table IV and Figure 7 are shown flagged.,
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Hrficulty of accurately determmindny Lhe break froquency, o plot off Lhils func-
tion, (17, dA/du), versus opinion rabing exbdbits a reasonable treno (Mpure 13),
It can be seen that the best opindon occurs when bhe pilot equalization
approaches a pure gain foim, and bhat opindon deprades as the lead break fre-
quency decreases (T], increases) and/or the amplitude slope increases, This
slope may be considered a measure of the separation between the lead and the
unintentional (e.g., neuromuscular) lay break-frequencics, It also tukes into
account the occasional presence of hipgher order leads,

It should be noted that the cases corrcsponding to wgy < wg, are included
in Mgure 13 (pilot rating = 10) and, in peneral, follow the “rend cstablished
by all the other (wg ® constant) cases, It is difficult, therefore, to say
whether the unacceptable opinion attachel to the w, Kwgy cases is due to the
poor closed loop system performance, ag originally postulated, or to the high
degree of pllot lead adopted, Elther reason appears sufficlent by itself to
account for the observed opinion rating. In additlion the situation appears
somewhat further confused when nonlinear pilot behavior is considered, as out-
lined below,

The Hall data show that, as pllot lead Increases, the pilot tends to
operate in an increasingly nonlinear manner, Some indicatlon of the degree of
nonlinearity is indicated by the remnant spectrum and the correlation coeffici-
ent. With only onc system input and no internally generated nolse, large remnant
power and low correlation coefficient would imply a high degree of pilot non-
linearity. Another indication is the pilot output distribution, which, for a
linear system with a CGausslan input, should also be Gaussian, Several histo=
grams, each represcenting the pilot output distribution for one of the several
runs taken for a given configuration, are shown in Figure 14, Two histograms
are presented for each confipuraticn to demonstrate the variability of the
pillots., In Flgure 1L(a) the distributions are similar to that for a square wave,
indicating highly nonlinear behavior, These distributions are consistent with
the assertion that the pilot tends to operate as a relay controller in this low
opinion case, Figure 14(b), a better=opinion configuration, represents a tran-
sition phase between highly nonlinear and linear operation, Figure 14(c) shows
a quasi-Gaussian distribution indicating a relatively high degree of linearity
although the configuration has an unacceptable opinion rating, Rgure 14(d),
for the highest rated configuration, also shows quasi-Gausslan distributions.
Here the pilot was operating as a nearly pure gain controller, although the
distributions are not purely Gaussian,

In peneral it appears that nonlinear operation is assoclated with low
opinion, although the converse is not true, The fact that low opinion is also
assoclated with strenuous lead generating efforts on the pilot'!e part raises
some doubt as to the really basic opinion factor, In a practical sense, how~
ever, such doubts do not seriously detract from the efficacy of the analysis
approach used here, Consider, for example, that a given system has been analyzed
on & linear basis and shown to require the adoption of appreciable (possibly
second order) pilo* leadj then, according to Figure 13, the pilot will be extremely
dissatisfied with the configuration. The basic source of this dissatisfaction
could be the appreciable lead required, or it could possibly be because

1. The pilot, besides adopting lead, also becomes nonlinear

and therefore works much harder than indicated by the
linear analysis. This "works harder" comment reflects
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the fact that the available data indicate an incroace 4n
average stick forces as the pilot becomes more nonlinear,

2. In gpite of his c¢iforts, w, is less than Wegs BO poor
closed loojp performance colors the pilot's opinion,

Repardless of which effect or combination of effects predominates in
influencing pllot opinion, the linear anelysis will nevertheless serve as a
basie tor estimating the pilotts level of diesatisfaction, It should be care-
fully noted that this statement relles for 1ts validity on the observation,
baged upon all available data, that nonlinear operation or attempts to force
e > Weo always involve extreme equalizing efforts on the part of the pilet.

3. Effect of Pilot Lag on Opinion

The effect of pilot lag on opinion can be illustrated by considering
the Hall data for Yo = Ky and Y. = Ko/s. For these controlled elements, two-
pilot-averaged describing functions, with K, = 5, are shown in Figure 15, The
open lcop IpIc deseribing function plots, particularly the more reliable ampli-
tude ratic pointe, are nearly identical for the two configurations, However,
the lag characteristic for the Y, = K, configuration is pilot 4induced, whereas
that for Yo = Ko/s 18 due to the controlled element, Thue, the pilot charac-
teristic changes from the form Ip = Kpe *8/(Tys + 1) to Yp = Kye™78, The aver-
aged opinion for the former is rated at 6,0 while the latter is rated at 3,0,
The major portion, if not all, of this opinion difference must be considered to
be the result of the pilot-adopted lag since all other opinion factors are
about the same for the two cases,

Other existing data, although insufficient for complete verification,
indicate that pilot-induced lag effects may be claseified in a manner identical
to the lead effects, That is, opinion is degraded as the lag break frequency
is reduced and/or the accompanying change in slope is inoreased,

D, ADDITIONAL CLOSED LOOP INFLUENCES UPON PILOT OPINION AND ADAPTATION

Having established the general dependence of opinion on pilot dynamic param=
eters for essentially constant closed loop dynamics and performance, it is now
pertinent to examine the oclosed loop implications of the data, The firet
approximatc measure of closed loop dynamics, the oroesover frequency, has already
bYeen extensively discussed in the previous sections of this chapter. The net
conclusion of this discussion was that configurations involving wg < wg, Were
always associated with poor opinion, but whether the condition wgy & w5, was, of
itself, the basic cause for poor opinion could not be definitely eatabgiahed.
Also, conditions involving wy > wgo Were shown to have roughly constant closed
loop dynamics, and observed opinion variations were then attributed to other
factors, Conseguently tie status of w, relative to pilot opinion appears to be
such that wg > wgo 18 a necessary, but not sufficient, condition for the exist-
ence of good opinlon and wg K wgy 18 a sufficient, but na necessary, condition
for poor opinion,

Another closed loop dynamics factor suggested previously is the damping
ratlo of the second order mode for closed loops whose minimal dynamic desorip-
tion demands a third order system. Consideration of this factor ies the princi-
pal topic of this section, and such consideration will take the form of an
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xaminabion basically directed, as noted in the Introduction to this chapter, at
determining the closed loop characturlstics considerecd desirable by the pillot,

As a first step in the study, consider that the pilot's equalizing charac-
terdstics are nily that is [seo kg, (1)],

8
e "

I, = K Te s (6)

In the low frequency regions of interest the neuromuscular lag time constant,
TN, can be eliminated by changing v to an "effective" value (Reference 2) which
is typically, and conslstent with the Hall describing function data, about 0,2,
Thus,

it

. ’-On 2s l- "0 1 + 1
Yo = Kpe Kp S(TTEL»«TSI (7

and the complete open loop transfer function may be written [eee Eq. (5)]

Y, = 5K (0,18 - 1)(0,68 + 1) (8)
2
8(0.18 + 1) [(E'Bn) + z(én-)s + 1]

The root locus plot for the open loop transfer function of Eq, (8), with
unity feedback as in the block diagram of Flgure 2, 1s shown in Figure 16 for
wn ® 3.77, % = 0.75, Because of the negative sign of the effective open loop
gain, the locus 1is defined by the zero-degree rather than the customary 180=
degree criterlon, Increasing pilot gain, Kp, drives the closed loop poles along
the locus in the direction of the arrowheadsj at zero gain the poles are those
of the open loop (symbol X) and at infinite gain they correspond to the open
loop zcros (symbol (). The closed loop poles for the pilot gain actually
measured in this particular case (see Table IV) are indicated by the symbol W,

Similar root loci, again with no pilot equalivation, have been constructed
for all of the Hall airframe configurations in Table III. The important features
of those locl are shown in Figures 17 and 18, In these figures only the incom-=
plete locus emanating from one short perlod pole 1s drawn, the remaining portions
of the locus, and che additional poles, zeros, high gain behavior, etc,, being

#* -8 e~cs/2 (- Iég)
Note that e = ‘——72J - . For v = 0,20, this lead-lag upproxima=-
("5 (1 +%)

tion ;o e % 4nvolves phase errors of less than 3 degreea for frequencles up to
}, rad/sece,
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quite similar or identical to those shown in Figure 16, The values of K
(1b/rad) corresponding to zero damping (neutral stability) of the closed loop,
gshort period mode are indicated near the imaginary axds, These can be compared
with the values of Kp actually adopted (on the average) by the pilot, as given
in Table IV, Such a comparison, given in Table V, for configuration groupings
corresponding to those of Figures 9=11 shows that a gain ratio based on the
simple Yp form assumed cannot account for the large differences in observed
opinion, In fact, certain of the configurations classified as "unacceptable"
appear to have gain ratios comparable to those in the "acceptable" category.

TABLE V
APPARENT GAIN MARGINS FOR UNEQUALIZED PILOT MODEL, Yp = Kpe O: 2

Configuration| p o0 .. Pilot Gain, Kp Gain Ratio
m | X Pore | OPIOR |y () ";ggg;‘ﬁf’ ()
1.57 | .75 9(a) Good 254 540 6.5
2,51 | 1.0 9(a) Good 269 780 9.2
3.77 | 75 9(a) Good 215 540 i 8.0
1,57 | 1.0 9(b) Acceptable 380 900 7.5
2,51 | .5 9(b) Acceptable 135 340 8.0
6.28 | .75 9(b) Acceptable 339 430 2,0 |
3.77 | .2 10 Poor 170 130 -2,3
6,28 | .35 10 Poor 170 205 1.6
1.57 2 1 Unacceptable 86 110 2,2
1.57 | .35 1 Cnacceptable| 120 215 5.1
2.5 2 1 Unacceptable 135 110 -1.8
0.63 | .35 11 Unacceptable 76 90 1.5
0.63 | .75 " Unacceptable 135 230 L.6

2123 Feom Eﬁie?h and 18,

Consider now the apparent equalizations adopted by the pilot as revealed by
the describing function data of Figures 9-11, The "good" configurations [Flg-
ure 9 (a)] require little, if any, equalization, For these cases the gain ratios
of Table V will approximate gain margins, and the stability margins indicated on
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this basis arc ftadray laree, Alvo, bLhe el ] < amp iy ration,  dnd rr
by inteprpolation on the loci of Flywee 197, are rolavively hipgh,  The Maccopt-
able" configurations of Myure 9(h) definitcly require some pilet cqualivation
to avoid a marginally stable conuition (puin marpin <6 ab) and/or improve
closed loop damping, The remaining "poor" and "unacceptuble™ confipurations of
Flgures 10 and 11 are all marginally stable without lead equalirzation and
apparently require progressively increasing cquallzing efforts by the pllot,

The foregoing observations are summarized in Flgure 19, an s=plane representa-
tion which 4indicates the cqualization form adopted by the pllot in various
regions occupied by the complex short perliod roots. The short periou root points
in this fipure are coded to correspond to the pilot describing function ecqual=-
ization characteristics of Fipurcs =11, an! the shaded boundaries definc rough
areas of ap,roximately similar equalization form as indicated, Flgurce 20 pro-
sents two typical examples of how member scts on this plet £it the actuanl aata,
Flgure 20(a) is a no-equalization pilot fitted to configuration 2,51=1,0, the
highest rated airframe, and Figure 20(b) is a lead-lag f£it to configuration
.63=,55, the lowest rated of the Hall short puriod airframes, These curve fits,
of course, are only intended to lend some credonce to the rough curve fits used
to construct the reglons shown in Fipure 19, The detalled reasons for such
adaptation, however, remain to be clarified,

It may be seen from Flgure 19 that the boundary between the lag=-lcad and the
lead-lag reglons is actually a region where no equalization is adopted, Since
such a form represents minimal activity on his part, it can be argued that along
this boundary the pllot rust be reasonably happy with the closed loop system
characteristics; were he not, he would certainly have adopted some equalization
in an attempt to improve them, Furthermore, the two data pointe that fall on
this boundary (2.51=1.0 and 3,77-.75) both represent good=opinion configurations
(see Table ITI) which can be associated directly with pilot gain values, These
factors reinforce the notion that the pilot is satisfled with the closed loop
characteristics, Examining, now, these characteristics for the actual pilot gains
observed, Figure 21 shows the low frequency, closed loop pcle-zero locations in
the upper s=-plane (see Figure 16 for the complete set for configuration 3,77=.75).
It can be seen that the closed loop denominator time constant in both cases is
very nearly the same as the numerator time constant, Under these circumstances
these terms tend to cancel each other, and the dominant closed loop mode is the
second order with undamped natural frequency and damping ratlo ranging from
about 2 to 4 and about 0,35 to 0,50, respectively. It is of interest to note
that the best posaible second order system from the standpoint of minimizing the
rms error to a '"white noise" input is one with a damping ratic ranging from
about 0,4 to 0.7 (the rmes error variation is very small throughout this region),
It appears that the pilot, in actively attempting to minimize the error presented
to him, is adopting approximately the theoretically "correct'" equalization in
this particular case, On the basis of this one example, it might be hypothesized
that the pilot tries to force the closed loop into a particular region which
happens to be consistent with the servo criterion for minimizing the rms error,

To examine this hypothesis further, the effect of the pilot-adopted transfer
form on the closed loop smystem was determmined for all the test configurations,
In each case the loop was closed with the apparent pllot gain listed in Table IV,
and an analytical approximation to the equalization conslstent with the describ-
ing function data, The assumed pilot equalizatlons used camot Le considered
data fits in the sense of those of Reference 2, but are adequate reprecsentations
of the adopted form. Rather than present all of these analyses, many of which
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show similar trends, five representative confirumitions have been selectea for
the discussion which follows,

Two root locl for cach of the five cases are piven in Flpure 22, one for
the approximate equalization actually adopted by the pillot and the other for no
equalization, The latter is presented to serve as a possible comparison with
the former, Again, as in such preceding plots, only the upper s-planc ie pre=
sented and in most cases the hipgh frequency behavior is not shown, reference to
Figure 16 for the remaining portions of th: loci being inferred. In all cases
the closed loop poles for the actual pgains employed are denoted by the closed
square (M) symbol, Also shown (Figure 23) are asymptotic amplitude Bodes for
the closed loops, Pertinent comments for each configuration are presented below,

Configuration 6,28-,75, Figure 22(a) = In both cases shown the closed loop
zero (symbol ®, since open loop and ¢losed loop zeros are identical) is approx-
imately canceled by the first order closed loop pole, The closed loop system is
thus predominantly second order, the effect of the lag insertion being to reduce
frequency and increase damping (the heavily damped high frequency mode at w = 9
is outside the frequency range of interest).

Configuration 1,57-1,0, Figure 22(b) = Again the first orders nearly
cancel 4n both cases and the second order damplng 1s improved wilth equallzation,
wlth, however, an accompanying increase in frequency.

Configuration 3,77-,2, Figure 22§c2 - The first order cancellations noted
in the preceding cases are not apparent here and the closed loop is higher than
second order, However, the lag-lead equalization does improve the damping and
reduce the frequency of the second order short period mode, The pass band char-
acteristics are also improved (see Figure 23) in that the first break point is
increased in frequency. A double lag would result in a better system, but there
is little evidence that a human pilot would adopt thie form except in most
unusgual circumstances,

Configuration ,63- F e 22(d) = Here again the fiirst order terms are
largely self=-canceling and both systems are basically second order, The effect
of lead=lag equalization is to increase both frequency and damping,

Configuration 1,57- Mpgure 22(e) = In this case the double lead equal-
ization has a strongly beneficial effect on the closed loop short period damping,
but it results in consiaerable low frequency "droop" (sec Flgure 23).

For all the representative cases shown, the effect of the indlcated pilot
equalization is to increase the closed loop short period damping (over the non-
equalized case), For configurations 6,28-,75 and 1.57=1,0, rated "acceptable"
or "good, " the resulting damping coefficients are close to being "optimum" from
the standpoint of minimum rms error. Adding the closed loop poles of these
cases, including one point for the nonequalized pilot of Figure 22(b) which is
assumed to represent an "undesirable" situation since the pllot actually adopted

equalization, to those of Fgure 21 dufines the '"desirable" and "optimum" region
shown in Fpure 2i,
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CHAPTER TV

JONGITUDINAL SHORT PERIOD HANDLING QUALLTIES

A, INTRODUCTION

The prcceding chapters present in considerable detall certain aspects of
observed pilot behavior in closea loop control situations. In addition certain
correlations between pilot opinion and closed loop and/cr pilot dynamic charac-
teristics are shown, These correla.ions, and the pilot behavior model, can now
be applied to theoretical investigatiuns of longitudinal handling qualities.
Such investigations, whille they shed some addltional light on areas already
covered by handling quality tests, ares especlally illuminating for situaticns
which have not yet been covered experimentally, In the former instances the
"findings" of the theory are not nearly as complete with regard to the delinea-
tion of the fine=-grain pilot=-opinion regions as are the specific tests, This
1s not surprising in view of the paucity of data which allow useful correlation
of pilot opinion with the objective opinion factors detalled in Chapter IIIj
nevertheless the gross implications and trends exhibited by the test data are
predicted by the theory. In the latter instances, the theory serves to readily

identify areas of possible difficulty which have not yet been subjected to
experimental treatment.

The inltlal theoretical examination, detailed in the section immediately
following, 4s directed at the conventional, damped second order, short perlod
mode, More specifically it 1s directed at the short period configurations in-
vestigated by Hall., In this sense the Hall data are reused to serve as a com-
parison with theoretical conclusions which stem in part (as concerns criteria,
otc,) from the same data. The fact that the Hall opinion data differ somewhat
from similar data obtained in flight is investigated in the next section and is
shown to be consistent with theoretlcal considerations,

On the basis of this demonstrated usefulness of the servo approach, it is
then pertinent and permissible to apply it to haundling qualities problems which
may be quite "radical" and for which little, if any, dynamlc response or
handling qualities data exist. These problems include gross variations of the
numerator time constant and the apericdic divergence resulting from negative
maneuver margin, Preliminary consideration of thr = more unusual aspects of
short period handling qualities is the subject of the later sections.

B. THEORETICAL ASPECTS OF CONVENTIONAL SHORT PERIOD OPINION BOUNDARIES

The available pilot model and associatud opinion factors, together with
conventional servoanalysis techniques, can be used to predict certain boundaries
similar to those (found experimentally) in Figure 30, In particular, those
short period characteristics which do not involve equalization efforts on the
part of the pilot can be easily delincated. The general approach involves
closiny the loop with a nonequalized pilot describing function and then check=
ing the closed loop performance to see if it meets the criteria established in
Chapters TT and III, The short period characteristics for which these criteria
can just be met form a boundary beyond which the pilot will adopt equalization.
If the controlled element gain has been chosen so that the resulting pilot gain
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is in the "pood" repion (sec, ec,¢,, Figure ), then the pilot will classity

all confipgurations within the boundary as "pood." For jpoints outside bLhe bound=-
ary the form and mapnitude of pilol cqualization required to meet the eriteria
ive a relative opinion gradation (i.e¢,, the pilot will prefer a small -wiount
of lag to a large double lead, ctec,),

The short period dynamics sclected for this example are those uged by Hall
so that the resulting system=derived boundaries can then be checked by Hall's
experimental points, Therefore the aireraft short period lead time-constant,
Tgoy 1s fixed at a valuo of 0,60 scconds (representative of normal 1ift curve
slopes similar to that of the Navion airplane used by Hall), and the short
perlod frequency and damping are varied over a range covering most aircraft with
posltive statlc margins., The pilot model is a pure pain plus an "effec-ive"
reaction time delay (which includes neuromiscular lag), and the open loop trans=
fer function 1s then

Kche-Ts(O 68 + 1)

Ych - 2 C
ity -]
or, alternatively, (9)
. KpKo(0.68 + 1)(-% s+ 1)
Ych -

at'%s'«1[:(msp —Hs+1:|

The gain croesover criterion 1s a constant phase margin, ¢pm, and the effect of
varying 1ts magnitude 1s considered,

The general procedure of these system surveys is to vary the short period
frequency and damping and see how the closed loop roots are affected, Generic
families of Bode plots and root loci are used, following the methods detailed
in Reference 5, For the cases investigated here, the Y(jw) and ¥(-o) Bode
diagrams give sufficient information so no root locus plots are necessary, The
specific steps followed arc outlined below and include references to a detailed
example for wgp = 3,33 radians/second, ﬁsp = 0,7, = = 0.2 seconds, and ¢p = 60°,
These stops are as follows:

1. Construct the asymptotic Bode plot for the transfor
function(s) under consideration., (See FMgure 25 for the
example, )

2, locate the 60=degree phase margin open loop crossover
frequency (Point @on the diagrwn), This locateg the
zero=db gain crossover on the Y(Jw) plot (Point (2)).

Note that the actual departure of Y(jw) from the asymptote
must be used,

3. Construct the Y(=o) plot in the region near the crossover
gain, The iInterscctions of the zero=db gain line with
this "gigma" bode locate the closcd loop real rootss 1/TCL1
(Potnt (D) and 1/T¢1, (Point @),
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. Locate the osclillatory clos op roots, wep, (Point ).

In this cuse the propertiy that the open and closed looyp high
frequency asymptotes are identical 1s uscd to locate the oprp
asymptotic break point., Since boih closed loop real roots
arc known, and since the closed loop low frequency and high
frequency asymptotes are known, it is possible to construct
the complete closcd loop asymptotic plot by working from both
ends to locate the unknown break poilnt frequency somewhere in
the middle,

5, Calculate Zgy. For this case, the property that the sum of
the denominator real parts of the closed loop roots is cqual
to the sum of the real parts of the open loop denominator
roots (always true when the denominator is two or more orders
higher than the numorator) 1s uscd to caloulats g,

- AN R
2gr0gp * 3 o TCL2

o, * Zagy,

This completes the gystem analysis for this particular frequency and damping
ratio, Simllar analyses must be performed for other frequencles and other damp-
ing ratios (note that the same plot may be used to vary the damping since the
asymptotes are not a function of the damping ratio)., The object of these
analyses 1s to obtain sufficient information about the closed loop performance
as a function of airframe short period characteristics to be able to determine
where low frequency response and oscillatory damping begin to deteriocrate,

As regards the adequacy of the low frequency response, therc are three
possible dynamic parameters which must be checked, The first is the crossover
frequency, wg, which, as noted in Chapter II, must be greater than the forcing
function cutoff frequency, wgo. The second is the value of the closed loop
time con-tant, Tcry, which must be sufficiently small so that objectionable low
frequency "droop" effects are not encountered, The third is the value of wgj,
which, for thosc cases where 1t is lower than 1/TCL1, becomes the "droop=
producing" parameter, Thus, low frequency response is considered marginal when

we = 1.0 radians/second
Tgf; = 0,8 radians/second
wg, * 0.8 radians/second

The criterion for marginal damping of the closed loop second order is
4oL ™ 0,35 in accordance with the findings of Chapter III, These criceria lead
to the various boundarics shown in Fipure 26, Since airframe roots falling out-
side of any of theose boundaries willl require pllot equalization, they can be
consolidated, as in Flpgure 27, into a single boundary, The data points shown
in this fipurc are the Hall simulator results and indicate both pllot opinion
of the configuration and his adopted equalization. These points tend to verify
the predicted nonequalized boundary, This boundary, as drawn, might be con-
eidered a sharp dividing line between pood amd not so pood airframes, but two
possible influences tend to blur this line, The firsi is the fact that the
line does depend tc some extent on the criteria and reaction times used to
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construct it. The sccond is bhe ract that small amounts of cpualization will
not be of particular consequence as concerns the pilotts opinion of the "gooud-
ness" of a particular confijuration, Bobl these Influences are discusses below,

The effect of increasing the phase marpgin criterion from 60 to BO deprees,
for a ©x = 0,2 seconds, is shown in Fipure 28, While the hipgh [requency porticns
of the composite boundaries are not much different (within 1.=20 percent), there
is a major shift in the low frequency boundary which amounts to about a 100=-percent
change. With reference to this major effect it should be noted that the data of
Flgure b show a stratification of phase margin with frequency. Thus, phase
margins lower than the mean value of B0 degrees are largely associated with fre-
quencies less than about 2,0 radians/second and vice versa, This fplics that
the low frequency shift of the ¢p ™ 80 dJegrees boundary in Fipure 28 is unreal-
istically drastic, because, at least in this repion, the pilot secems disposed
to accept phase margins of about 60 degrees, Since, further, the effects of
phase margin on the high frequency pc:tions of the boundary are relatively small,

the boundaries corresponding to ¢p = 60 degrees seen to be a reasonable compro=
mise,

The effect of a spread in 1 from 0,2 to 0,4, valucs covering the experi-
mental extremos, is shown in Figure 29 for a phasc margin of 60 degrees,
Although the effective value of 1t doduced from the Hall simulator oxperiments
is close to 0,2, flight test values (Reference L) are closer to 0.4, Thus the
general (for Tg, = 0.6) noncqualized boundary is blurrcd to this extent and
the ocuter and inner edges of the blurred reglon represent expected differences
between simulator and flipght test resultis,

In practice the nonequalized boundarles should be considered as
guldelines to the shape of the "best alrframe" regilon rather than as spocific
dividing lines between regions of "good" wnd "acceptable' conflgurations,
Although the actual boundary is thus a broad brush one, the area enclosed will
definitely be the reglon of optimum flylng qualities, Moving out of this
region involves varying forms and degrues of pilot equalization with correspond-
ing degrudations in opinlon, Servo theory, in conjunction with the pilot model
and adjustment rules can bo used to predict the approximate required changes
in equalization,

It appears, thercforo, that closed loop analysis, assuming the simple pilot
model and criteria proposcd in Chapters II and ITI, can serve to ldentify the
main aspects of attitude=control handling qualities, This statement certainly
holds for airframcs with conventional short period dynamics and nominal numer=
ator time constants as "flown'" in a fixed-base simulator., Whether or not it
also applies to flight-test=determined handling qualities is the question con=
gidered in the next section,
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C, COMPARLSON OF SHORT PERIOD PILOT OPINION DATA FROM FLIGHT AND CIMULATOR

Before proceeding to evaluate the differences and similarities between flight
and simulator results, it is important to note that for both kinds of tests con-
sidered here a gain parameter was held constant at a "desired" value as selected
by the test pilots., Thus gain, as an opinion factor, was eliminated, lecaving
only the variable short period dynamics to cause changes in the pilots! ratings,
Althourh the pain selected in the fixed-base simulator was in terms of attltude
control while that in flight was in terms of stick force per g, it is shown in
the Appendix that these parameters differ only by a constant multiplier inde-
pendent of flight condition, Thus both flight and simulator tests can be
congldered to be attitude control problems involving varied short period dynamics
and constant values of Tg, and Kesp, with Kesp selected for "best" opinion results.

As regards opinion gradations observed in the various investigations, these
were in all cascs presented in the form of "iso-opinion" plots which are repro-
duced in Fipure 30. The Hall data, Figure 30(a), represent an average of the
two 1lso-opinion plots, one for each pilot, presented in Reference 3, For this
study, the controlled element was, as previously mentioned, an analog computer
simulation of a varilable stability Navion aircraft with two-degree=-of=-freedom
lonpgitudinal characteristics and a fixed set of nominal three-degree-of-freedom
lateral characteristics, 'The valldity of the simlation in both axes has been
verified by an in-flight study conducted with the actual aircraft (Reference L).
Figurc 30(b), from Reference 18, is for a B=26 light bomber with stability vari-
ations resulting from angle of attack rate and displacement feedback to the
elevator (equivalent to modifications of Mg and Ma). Opinion was based on trim
characteristics, airframe response to step inputs, turn entry, horizon tracking,
ground target punnery runs, and constant-g pullouts. Figure 30(d), from Refer-
ence 19, is for an F-SLUA fighter aircraft with short period variations accomplished
by Mg and M% variations, as above, Evaluation maneuvers were similar to those
for the B=26 study. Figure 30(c), from Reference 20, is for the same F-SLA air-
craft with some modifications to permit investigation of higher frequencies,

The iso~opinion plots in Figure 30, although basically similar in shape, do
not have point-to=-point correspondence even though the airframe gain is optimum,
There are several reasons, from the theoretical standpoint, why such variations
should exist, First differences in pilots, pilot indoctrination, opinion
scales, and assipgned tasks can lead to varlability in ratings, even of identical
configurations (Reference 21), Also, differences in the transfer functions for
aircraft with the game short period dynamics will lead directly to differences
in pllot adaptation and opinion. The most obvious of these 1s the numerator
time constant, Tg,, but other less obvious differences may exist in the control
system dynamics (Sce Figure 1) including nonlinearities due to friction, etc.
Finally, there will be, as noted in the preceding section, a diffurence in the
pilotts cffective reactlon-time delay when comparing similator with flight test
results, Differences in motion stimuli (References 4 and 6) will alsc cause
Hifferenccs of opinion between aircraft and simulator, although these differ-
cpecn will depend on the type of evaluation task, the acceleration loads
inve Jvea, cte, As ropards tho present comparisons, this effect is considered
innipnl icant,

A pood example of differences occurring with casentially identical consigur-
ations is the comparison between Migures 30(c) and 30(d), Here, although the
airplance was csscntially ldentical, as were the intended tasks, opinion scales,
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teos 1L was Slown tfor cach investipation ab o aifferent, thight conaition.
While this chanpes Lhe value of Tgo for tLhe Lwo Lest conaitions (from abvout

0.6 to about 0.5), the small chanpe involvea is Lheorctically idnsignificant as
shown in the next section, Thus, both confipurations were essentially identi-
cal ant the differences in the iso-opinion plots must be due to those {(or other)
sources of variabllity noted above,

Fven more drastic changes appear in the plots of Figure 30(b), Apain the
posglble differcnce due to Tgg which was about 1,0 in this case, is not con-
sidered significant, However, 1t docs appear reasonable to suspect the pogsible
influence of control system dynamics because there are obvious differences in
such systems between bomber and fiphter aircraft, Unfortunately these suspected
differences are not svaluated in either of the roferenced investipations nor in
the available literaturc on the two aircraft involved., Thus, whilec some impor-
tant portion of the differencesbetween Figure 30(b) and either of Fipurce 30(c)
or 30(d) may be ascribed to the aforementioned source of variability, a sigif-
jcant difference in the transfer function due to control system dynamics must
also be considered an important possibility.

As concerns the ultimate comparison desired here — that between the simu-
lator data of Figure 30(a) and the flight data of Figures 30(b), 30(c), and
30(d) = 1t is pertinent, first of all, to rule out variations in Tgp. The com=
plete spread of Tep for all four examples, from about 0,5 to about 1,0, is, as
noted above, consldered practically insignificant, Aside from inherent vari-
abilities and some unknown variations in controlled element transfer function
due to the control system, the basic difference between simulator and flight
results will be due, then, to differences in the pilot reaction time, ~x, As
noted in the preceding section, this difference (higher « for flights exerclses
a direot effect on the size of the varilous opinion regions, Thus, from a
theoretical standpoint similar iso-opinion regions are expected to have a smaller
frequency range when measwred in flight than when they are measured in a fixed=
base simulator, This very basic difference, which in fact seems to be the only
gipnificant difference shown, is amply demonslrated by the plots of Fipure 30,

Having thus shown the general applicability of the theoretical approach, it
1s now pertinent to investigate its implications as regards short period handling
quality areas so far not explored,

), EFFECTS OF NUMERATOR TIME CONSTANT

The short period numerator (or lead) time constant, Tgp, is primarily
determined by the airframe stability derivative Z,, as is shown in the Appendix.,
The approximate relationship given by the expression

. ., PSU RN <7 i{ U
% H -ZW - —2m£ (Clﬂ + Cl)) - —22 —w- CLQ (10)

> (

shows that larpe chanpges in TOp can be expected as altitude gnd speed incrcase,
and as wing loudings and 11ft curve slopes chanpe with veliicle design advances,
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Chsnges in Tg, will wlso affecht the aiprlrame pain, as inoedeate. oy b
& . ) I
approximate short perdod Lransfer function (see Appendix),

Ke(ngs + 1 )

Baler, : ‘
¢’sp s[_(—s-2 . 24sp . 1]
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¢}

The gain, Kg, 1s not, however, that which is of chief concern to the pilot as
an opinion-generating factor, He is, as indicated previously, primarily in-
fluenced by the value of gain, K, which he must adopt. As will be shown in the
system survey plots of Figures 3?, 33, and 3L, the value of Ky is directly
associated with the controlled element gain at wg,, rather than the value of Kg.
Therefore the value of the controlled element galn which sets the pilot gain and
influences his opinion is

Yo

Kogp ™ XeTep, = =3 (11)
Wg

p

On the bagis of this argument it appears that varlations in Tg, will only
influence pilot opinion by the manner in which they alter the system dynamics,
Such influences can best be demonstrated by a sories of system surveys, similar
to those in Reference 5, in which the magnitude of the inverse lead time con-
stant (relative to the short period frequency) is varied, The most direct
approach to such a demonstration is to take a "good" airframe and vary the lead
time constant between maximum and minimum feasible values while maintaining con=-
stant "good" short perlod freyuency and damping., Proper loop closure and appli-
cation of the opinion rules of the prevlous sections can then be used to determine
the probable effects of the various lead values, Besldes serving this direct
purpose, such surveys have additional significance in that equivalent alrframes
with constant "good" short period frequency and damping values, but variable lead,
are becoming more common., This stems from the fact that short period damping
and frequency characteristics are ordinarily maintained constant by stability
augmenters which involve the generation of control moments, while augmentation
of Tgp rcquires the generation of 1lift forces,

The airframe characteristics chosen as the basis for the surveys correspond
to the best rated configuration (2,51 = 1,0) of the Hall study, The use of this
configuration i1s advantapeous since the required (and observed) pilot equaliza-
tlon is nearly zero. A generic plot of this system, using a pure gain with a
0,2=second time delay for the pilot model and a 60=degree phase margin as the
loop closure criterion, 1s shown in Fipure 31, The required pilot gain, Ky, 1s
0,266 inches per degree of stick motion (=11.5 db) which corresponds quite
closely to the experimentally observed value of 0,316 (=10 db). Neglecting the
high frequency pole=zero pair corresponding to the reaction-time delay, the closed
loop transfer function is
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As indilcated in Chapter 111, this is close to an optimum closed loop system,

Effects of lcad time=constant varilation on this system may be scen in Fig-
ure 32 which shows the modification of the s-planc root lecus shape as T02 is
varied, Tt will be noted that, as Tgp decreascs, both the closed loop lag
time constant and the short period undamped natural frequency decrease, and the
converse 1s true as Tgp is increascd, These are directions of opposing desir-
ability for this case, as will be shown by detailed examination of both the
maximum and minimum values of Tg,.

A gencric system survey plot for the minimum lead time constant case of
Figuro 32, for a 60-degree phasc margin loop=closure criterion, is shown in
Figure 33, The low frequency approximation to the closed loop transfer func-

tion is
( +1)
Yor, = fg (13)

(3%3 + 1)[37f%3)2 + 2(31%%5)3 + i]

Thus, the closed loop damping is near optimum as it was for the nominal case and
offers no basis for a revised opinion, However, the low frequency characteris-
tics are dominated not by the first order time constant which is quite small
(0,286 scconds), but by the socond order frequoncy which is too low for good
response, As a matter of fact, the dominant low frequency characteristic is
new the crossover frequency which, as may be seen from Figure 33, is considerably
less than the cutoff frequency, wg, = 1.0 radians/second, Therefore, on the
basis of the adjustment rules and %he foregoing observations, pilot adaptation
will involve more than the postulated simple gain, To obtain the desired closed
loop dynamics the pilot will utilize a lead-lag equalization, and his opinion
(relative to the nominal Tg, case) will be degraded accordingly, For example,
t0 make the closed loop con%iguration exactly the same as in the nominal case,
the adapted lead=lag would be

8
TLS"‘1 N 1.a7+1
T1s + 1 8
A m+1

(14)

The above degree of lead equalization results, per Figure 13, in a small opinion
degradation,

While the foregoiny example indicates that a reduction in T02 to a ncar-
minimim value is detrimental to pilot opinion, this trend can be reversed as
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thee following simple cwmonstration will chow,  Consiceor the 1nll contijuration:

which resulted in pilot agaptation of lag or lag=-lead cqualizing characteris-
tics (refer to Fipure 19). Reducing the controlled clement leac (in effect,
increasing the controllea clement lap) will scrve to reduce the requirea pilot

generated lag.,  The small lead time constant is, for this case, bencficial and
would resulv in a higher pilot opinion., On the other hand, for thosc nominal
configurations requiring the adaptation of lead or lead-lay equalization, larpe
reductions in Tg, will, by the converse arpument, demand increcased pilot lead,
again resulting in a degraded filot opinion., It appcars then that small lead
time constants can have varying effects, depending on the-airframe short period
characteristics Involved,

While the minimum Tg, considerecd above is hypothetically achievable at very
low altitudes, with high 1ift curve slopes, etc,, it 1s an extreme not likely
to be often cnecountered in routine operations, On the other hand, with modern
high altitude aircraft it is very likely that the magnitude of the lead time
constant will be considerably larger than the nominal Hall value,

Generic plots of a system with a near-maximum value of Tgp are shown in
Figure 34, Using the 60-degree phase margin closure criterion and a nonequal-
ized pilot as before, Figure 34 shows the low frequency approximation to the
closed loop transfer function to be

(=55 + 1)
Yo = 167

(=85 + D[i5)" + 23s + 1]

(15)

The closed loop lag time constant for this case is large (9,18 scconds) and the
resultant droop effect will seriously iInfluence performance as well as opinion}
furthermore, the clcsed loop sccond order damping is marginal, Probable pilot
corrective equalization will be a lag or a lag~lead, A generic plot of the

system with the latter equalization form is shown in Figure 34(b)., The equal-
ization values are arbitrary and were chosen to demonstrate a general effect; |
they result in a closed loop transfer function given by

(= + )& + 1)

Yo, = (16)

(T$g + 1)(7%7 + 1)[}5%7)2 + 2(5?%)8 + i]

It is seen, by comparing Eqs, (15) and (16) and the asymptotic |Ygp|'8of Fig-
ures 3L(a) and 34(b), that performance has been considerably improved by the
assumed equalization, In particular, the droop has been greatly reuuced, and
the damping of the second crder mode has been increased to a more desirable
value, In fact, the closed loop characteristics are now very =similar to those
for the nonequalized pilot and the nominal Tgo of Figure 31, This similarity
has been achieved, however, only by fairly strenuous lap-lead efforts on the
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part of the pilot, so his op inion will be correspondirely depradea from that for
the nominal Teyp case, As opposed to Lhe small lead time constunt which can have
varying effects, the larpe lead time constant will always require lap or lap=
lead ecqualivation as demonsbrated above,

These surveys have shown that the effvcts of alrframe lead time constunt can
be important in closed loop attitude control sltuations, In particular, larpe
values will penerally lead to degradation of pllot opinion, whereas small values
can be ceither benedicial or detrimentnl, In any event it is advisable to assess
such effects for particular airframes by analyses similar to those demonstrated
above,

Ag a final note it should be observed that the dynamic relatlonship between
pitching velocity and normal acceleration, approximately equal to Teps + 1[see
Eq. (A=8) in the Appandiﬁ], will change very preatly with Tgp., For small lead
time constants, pitching velocity and normal acceleration will be esscntially
interchangeable pilot cues as they are in '"conventional" airframes, However,
for increasing time constants there will be an increasing discrepancy between
these normally cqulvalent quantities, The effect of such a departure from
nominal behavior on pilot opinion is difficult to assess although opinion will
almost certainly be depraded because of the pilot behavioral changes required,

E, CONTROL OF THE SHORT TIME-CONSTANT DIVFRGENCE

As noted in the Appendix, the airframe short periocd transfer r'netion can
assume the form

-KC<T623 + 1)

where the varlous lnverse time constants are given by

—

ToTsy Y
11 .
- & -7 = Mg - Mg 18
Tao  Tay w™ Mg - Mg b
L g .
T92 Z"

The first of FEgqs, (18) associates the appearance of the first order (aperiodic)

diverpence with the condition of nepative maneuver margin, 7This in turn usually
arises from positive (unstable) values of Mg, since Zqu ig ordinarily positive.
Additionally, kgs. (18) show, within “he 1imits of their validity, that

1 Q 1 1
m— B e o = My = MY 19
T52 TS1 ' TO o] d la ( )
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Since Lhe sum of Mg and Mg is usuully negative in practical cases (1t can be
positive for very unconventional contipurations), the above expression indicates
that 1/Tsp will almost always be greater thun the sum of 1/Tg, and 1/Tgq.  The
relative values of 1/Ts1 and 1/T02 cannot in yeneral be inferred, but slncc
interest here is centered on exploring tho maximum value of 1/Ts, which can be
controlled by a pilot, it will be assumed that 1/Tsq > 1 /T02.

Mpgure 35 shows a typical Y(jw) Bode plot for the pilot=airframe open loop
in which the pillot transfer function is taken as

T, = Kpe "5(Tys + 1)

This is the simplest form of adaptation the pilot can make and still hope to
control the system, The value of 1/Ty, is set somewhere between 1/Tg, and 1/'I‘82
which, as will be apparent later, 1s its most effective location, Also, the
relative values of the remaining time constants correspond to Eq. (19), assum-
ing the sum of Mq and Mg to be about equal to %, The complete Bode plot (solid)
as well as the asymptotic approximations (broken) to the amplitude and phase

are shown. The asymptotic approximation to the phase is obtained by adding the
exact contribution due to reaction-time delay (v = 0.2) to the asymptotic con-
tributions of the first order terms (dashed) as indicated,

For the nonminimum phase system under consideration here, the generalizead
Nyquist criterion for stability requires that the loop be closed with gain
greater than one (zero db) at the low frequency =180-degree phase point and less
than one at the high frejuency =-180-degree phase point, The region of stable
closure is indicated in Figure 35, A necessary condition for stability, there-
fore, is that the maximum sum of the phase contributions of the various first
order terms and the time delay be greater than 90 degrees, That is,

tan™ To + tan™! Teu + tan” Ty - tan™ Teg = > 90° (20)

where the w is chosen to give the maximum phase peak, Even though this require-

ment be met, practical closures may be impossible unless the stable gain region
is sufficiently wide,

These two requirements = phase contribution greater than 90 degrees and a
minimum "erossover" gain margin = account for the "best" location of 1/Ty, as
shown, between 1/Tgq and 1/T4,. Selecting 1/T; smaller than 1/Ts,, while tend=-
ing to broaden the }requency gegion where the phase angle is graaler than =180
degrees, actually severely restricts the region of stable closure because of
its adverse e..ect on the amplitude ratio, This is illustrated in Figure 36(a)
which utilizes asymptotic constructions only and may be compared, on this basis,
with Figure 35. On the other hand, selecting 1/TL larger than 1/Tg, reduces the
phase angle to the extent that stable loop closure can become impossible or, at
best, very marginal, Figure 36(bt), which shows a neutrally stable situation for
a single value of the open loop gain, 4illustrates this effect, Therefore, since
the adaptation "rules" imply a brhavior akin to that of a good servo system, the
pilot will adjust his lead term to lie between 1/Tg, and 1/Tg,. Unfortunately,
direct evidence of such lead adaptation (from measuLed human gynamic responsc
data) has not been obtained to verify this prediction,
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In accordance with the probable adjustment noted alove, the pillot lead torm
will approximately cancel the lag due to TSZ' Then the phase margin criterion,
Fq, (20), can be written

¢ = tan”! Tgn + tan™! Tgqw = w0

(21)

o]
q"m&x > 90

and the "phase crossover" frequencies cdn be determined by setting ¢ = 90o = 1,57

radians, Doing this, denoting "phase crossover frequency" by w,, and expressing
it in terms of 1/Ty, :

T .
-1 07 Wo wo Do

tan E(W) + tan™! (WT—ST) - ,ﬁ: (m;) = 1,57 (22)

Solving for Tgy/t in terms of w,/(1/Tgy) for various fixed values of T,1/T92
gives the results shown in Figure 37, Both "phase crossover" frequencies are
implicit in the double valued curves drawn, as is the value of Tg, /v for zero
degrees phase margin (minimum T51/1). Also shown 1s a line connecting the high
frequency crossovers which result in a stable crossover reglon 6 db wide, The
point on this line corresponding to Tg /Tg2 = 1,0 is simply obtained by picking
a value of Tg1/1 for which the high value of wg is twice the low value, This
follows because for the particular case, Ts,/Tg, = 1,0, the open loop amplitude
Bode plot is a straight line of =6 db/octav slgpe, so a 211 ratlo of crossover
frequencies provides 6 db of stable crossover region, For values of Tq /Te
approaching zero, however, the amplitude Bode includes a wide region be%weeﬁ the
lead and lag break frequencies, 1/T92 and 1/Tg1, of zero slope. Because the low
amplitude crossover occurs in this region, the desired 6=db margin requires that
the high amplitude crossover occur at a frequency such that the attenuation due

to the lag 1 1/2) Liev, Af(Tgu)Z + 1 = 2 or T,%% =pf3 = 1.732. Both these

points serve to orilent the line shown which, in turn, determines the minimm
values of Tay/t at which the 6=db gain margin can be obtained, Before these

values can be accepted as being truly critical, however, it is advisable to
check the avalilable phase margins,

The available phase margin is a maximum at a crossover frequency approxi-

mately midway between the high and low phase crossover frequencies of Flgure 37.
More preciscly from Eqs., (21) and (22),

(o]
‘p. - @ 70

(23)
Ten 1)

e tan=! —2 [ Sl el N WREPREE I (R J WP
Lan Ts1 (m)+ tan (WT_M.) T4 3 Ts1 (W 90
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who reowy, 16 Lhe frequency corresponaing bo the muximun value of @, piven by the
roelationshi)

—de 1 ! i (2))

B () = + -
d 76&-) 1. (T82 “(om Y R s S
1, 81 ‘ T’ET i 7TB1 1 71\51

Numerical solutions tc these two simultaneous equations are easily obtained by
assuming values of mm/O/Ts1) foo a given value of Teg/Ts , calculating the
value of 1/T31 from Eq, (2L), and then substituting all Lhree parameters into
Eq, (23). The resulting maximum phase margins are shown in Figure 38, From
this figure it may be seen that the phase margins associated with the 6=db gain
margins of Figure 37 vary between 11 and L degrees for the range of T51/T92
covered, The latter value is probably too small, so a 10-degree phase margin

is used as another indicator of the controllability limits in the summarizing
plot of Figure 39,

On the basis of this plot, the maximum value of 1/T31 which a pilot might
be expected to control as 1/T92 approaches zero corresponds to a value of
T51/¢ = 1,7, For the minimum value of 1 observed in closed loop single-dimensional
tracking tasks (t = 0,15) this corresponds to 1/Tg; = 3,9, Increasing values of
1/T92 and t will degrade this maximum capability wkich, incidentally, corresponds

to a timo=to=double~amplitude of about 0,18 seconds, It 18 of interest therefore
to consider a more typical example,

Relatiny Tg, to airplane geomotric and aerodynamic parametors and oxpressing
Zy in basic terms,

Lo s B
To, L P3/s Cla (25)
For a typical case,
h = 35,000
M = 2.0 1
. » T " 0,925
I, = * e
w/8 = 100

T = 0.20 (more typical value)

Beo .se Lhe unknown, Tg,, appears in both coordinates, Figure 39 cannot be used
d .+ .l to yleld a solbtion for cases involving finite values of the parameter
1,1,,,» To overcome this difficulty the lower and upper limite of Figure 39 can
be abproximated by the inequalities,
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TS1 rs.1 T\ 1
[ = - — L ) ———ym— ) )
1,75 + 1,65 T, < <18+ 2,10 = (26)

which are quite accurate for 0.25 <Ts1/Tg, <1.0. Collecting the Tsy terms
and inverting,

1. 2,10 i _ 1 _ _1,65
For the case at hand, this ylelds

1.65 <TLS1<1.99 (28)

These values more nearly represent practical expectations am regards the control
of longitudinal short time-constant divergences, They correspond to times=to-
double amplitude between 0,35 and 0,42 seconds,

As a final observation, it must be noted that although such divergent situa=
tiona can be controlled, they require a very high level of skill, adaptation,
and concentration on the part of the pilot, Such extreme performance and atten=
tion cannot be maintained for lon% and, in spite of the fact that the pilot lead

d

requirements may be quite modest (depending on 1/Tg,), he may rate the system as
unacceptable for these reasons,
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CHAPTEIL V

LONG PERIOI HANDLING QUALITY CONSIDERATIONS

A, CONVENTIONAL OSCILLATORY PHUGOID MODE

Some experiments have been conducted to determine the effects of the con-
ventional airframe phugoid mode on handling qualities (e.g., References 18
and 22), but these are difficult to assess because of the pilot's basic ability
to cope with all such low frequency oscillatory motions. Accordingly, pilot
opinion (see Figure LU taken from Reference 22) in suoh studies appears to be
based not on closed loup considerations but on the degree of pilot monitoring

required to maintain a desired trim, This coneclusion is supported by the system
survéys presented below.

The general form of the phugoid mode transfer function is (see the Appendix)

Kc(Te1 g +1 )

Yc L 3 (29)
%8
(@) *+ T+

where 1/Te1 is always considerably smaller than wp. A generic system survey
plot of a well damped highly rated airframe and a pure gain pilot (note that
reaction time delays are negligible for the frequencies of interest) is given
in Figure L1(a). The probable gain region is not shown because it is not criti-
cal for the phugolid and will be set by short period considerations. The olosed
loop system is always stable and more heavily damped than the open loop (tasic
airframe) which is, itself, quitc well damped, This situation then requires
only very cccasional monitoring by the pilot for satisfactory control, thus
enabling him to devote the major portion of his time to other tasks, Figure

L1 (b) presents a similar survey for a situation in which the basic airframe is
only very lightly damped. Loop closure with a pure gain pilot results in
increased damping with increasing gain as before (see root locus)j now, bowever,
because the open loop is very poorly damped, the uncontrolled airframe response
to gust disturbances will be fairly conspicuous, requiri.g a relatively high
pilot sampling rate for satisfactory control.

Flgure L2 shows a system incorporating a negatively damped airframe, In
this case the stability criterion requires that the total open loop amplitude
ratio (gain) be greater than one (zero db) at 180 degrees of phase, Therefore
to stabilize the closed loop requires a minimum value of (pure) pilot gain,
which is, however, quite low compared to the probable gains used for short period
control, Thus the system is again easily stabilized by the pilot, although he
must now devote a very large portion of his time to such efforts,

These surveys clearly show that any degree of oscillatory phugoid instability
can be easily controlled by a pilet., His objection to instability seems to be
centered in the monitoring (sampling) effort required because this detracts from
other more critical flight tasks,
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B, "TUCK" MODYE
An airframe having a long timo=constant diverpence ("tuck") has the phugoid
transfer form
Y‘ £ " 1 (30)
¢ TTp,s F1)(-1), 8 + 1)

where, in peneral, 1/To1 u 1/Tp1 - 1/’1’};2 and 1/'1'p1 - 1/Tp2 so that 1/Te1 is very
small with respect to either 1/Tp1 or 1/Tp2 (see the Appendix), A generic plot

of a system having this form and these relative values of the time constants is
shown in Figure 43, As in the preceding case, the stability criterion requires
A pain greater than unity at 180 degrees of phase so a minimum value of (pure)
11lot gain is required to stabilize the system (Kch 2 1). Because this minimum
gain is much higher than that for the negatively damped phugold case, it may be=
come critical with repard to possible interference with the galns uesired for
yood short perled performance, The dlvergent "tuck" characteristic can therefore
adversely influence short perlod performance by Imposing gain restrictionsj the
nature of these restrictions will be explored in the following section, In the
meantime it 1s pertinent to observe that, as in the phugold cases, the pilot can
e¢asily control the "tuck" mode provided he plves 1t a large percentage of his
attention, Presumably his opinion will deteriorate as the divergent time con-
stant decrecases and requires increasing attention on his part,

C. TINTERACTION OF LOW FREQUENCY AND SHORT PERIOD MODES

The possible interferecnce of the low frequency mode with the gains desired
for good short period closures, although most apparent for the "tuck" case,
exists in gconeral for all cases, Consider the asymptotic amplitude Bodes of
Mgure LL for the complete 8/6¢ transfer function, (For simplicity a nonequal=~
ized pilot is assumed,) Short period stability always requires that the gain be
less than one (zero db) at w # wey, which imposes a maximum allowable limit, As
noted in the preceding section, unstable phugolds or "tucks" impose a minimum
1limit on the gain contistent with stabilizing such divergent low frequency modes.
Additionally, considering the cardinal adjustment "rule" that requires good low
frequency porformance, the minlmum total open loop galn at frequencies approach-
ing zero must be at least one to Insure adequate crossover, regardless of the
period and damping of the low frequency mode, The resulting reglons of probable
gain are shown in Figure Lk,

The maximum width of these regions, considering a minimum galrn of unity and
a maximum gain corresponding to crossover at wgy, (see also Figure L5, Chapter VI),
is given by (4n linear rather than decibel measure)

1 To; "o, )
For Te—2<msl’ 3 m or T91T92mp

For ] > TO1 or T91
— W) e ”“ —— -
Te? sp 3 Tp1 lr')zCO!!y_) 'A)sp A)p
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and a finite pain rvepion requires that the absolute value of these ratios be lovs
than one, Note that the secona ratio is equal to the first multipiied by 1/"[‘0...‘.51
and that, when the second ratio applies, the value of this multiplicative fuac Lo
18 by definition preater than unity, The basic criterion is therefore that for

1/T@2 <:u%p which becomes, in terms of the approximate relationships piven in the
Appendix,

7 Muzw
T ZM — 25 < ATe
(1 - -,;f)(zaxu - Wl + 2 wu)

It ie simple to show that this required inequality may not be realized in
quite common flight situations, In particular, if C

LE = CM, ® 0, implying that
there are no power-on or Mach number effects influencing li¥t or pitching moments,
Eq. (31) becomes, in terms of the aerodynamic derivatives,

1
A <1 (32)
pSely,C |%La 9OCp 2
(1 +—ES_CMQ ) _CE (CDO -;E- CL)+ 1

Noting that for reasonable atatic margins, the second term in the first bracket

is small with respect to one, it is clear that the criterion will not be met for
conditions where, approximately,

Ly

2

> Cp
2 "L o
aCL

(33)

This situation has previously been noted in Reference 17 as corresponding to a
"performance reversal," i,e., dD/dU negative,
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CHAPTER V1

CONCLUSIONS

The analyscs and correlations shown in this report combine previously
unzonneccted rescarch results into a unitied longitudinal han-dling qualities
theory for vehicles operating within the atmosphere, The total effort can be
conveniently summarized under three major headingst (1) Dlescription of the
pilot as an opinion-generating (vocal) adaptive controller; (2) Establish-
ment of a handling quality thecory based upon vehicle-pilot system studiesy and
(3) Delineation of significant longitudinal handling quality parameters,
Conclusions of this report relating te these topics are sumarized in outline
or tabular form below,

A, CONNECTION OF PILOT OPINION WITH PILOT MODEL

Recognizing that the term "pilot model" relates to the mathematical descrip-
tion of the pilot's dynamic behavior in closed loop control of a vehiole, it
is clear that those factors which affect his opinion are alsq strictly speaking,
part of the pilot model, That ie, the influences noted here can be considered
tc supplement the general rules regarding pilot adaptation and adjustment, As
such they are a part of the pilot model., They are, however, separated hers for
convenience and emphasis,

1. Effect of Closed Loop Dynamice on Opinion

a, For systems where a first or second order mode is an adequate
approximate description of the closed loop dynamice, a neoes-
sary, but not sufficient, requirement for good opinion is

We > Wgg

b, For systems where first and second order modes are required
to adequately approximate the dominant closed loop dynamics,
an additional necessary, but not sufficient, requirement for
good opinion is

¢, Conditlions where we cannot be made greater than w,, are asso=-
ciated with extreme efforts on the part of the pilot to over—
come this deficiency, and with exceptionally nonlinear pilot
response,

2, Effect of Pilot-Adopted Form on Opinion

a, Best opinion, for a given open loop gain, always occurs when
no pilot equalization is required (i.e,, when Yp & KPe"s/TNa + 1),
A well defined, although fairly broad, "best opinion" region
exists for these nonequalized cases, This optimum region is
a function of the manipulative device (restraining forces),
muscle group used by the pilot, ete,
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b, Contigurations where pilot lead is required sutfer a dif-
ferential opinion change (from the ncnequalized pilot case)
proportional to Ty, dA/du.

c. Configurations where pilot lag is required result in a
differential opinion degradation from the nonequalized
pilot case,

B, ESTABLISHMENT OF A RANDLING QUALITIES THEORI

A ccmplete, slbeit rudimentary, theory for closed loop handling qualities
has been formulated, and critically examined in the light of available exper-
imental data, While all checks so far made indicate that the theory has a
wide area of applicability, the actual limits of validity and/or modifications
required for special circumstances have not yet been defined, Predictions

based upon the theory have been made for conditions not yet examined in flight
or simulator,

Typical steps involved in the analytical prediction of handling qualities
for a new conf{iguration involvet

1., Determination of the effective controlled
element dynamics,

2. Estimation of the pilot-adopted describ-
ing function form.

3, Adjustment of parameters in the pilot
describing function form consistent with
all loop closure rules,

4, Estimation of the closed loop system dynamics,
including the compatibility of wg > wg,.

5. Estimation of differential opinion degrada-
tion from nonequalized pllot situations,

C. SIGNIFICANT LONGITUDINAL HANDLING QUALITIES PARAMETERS

Application of the theory to a variety of configurations has resulted in a
fairly complete understanding of the vehicle parameters which are important in
manual longitudinal control of Mconventional" (i.,e., not rotary wing, VIOL,
etc,) aircraft, All of these parameters are connected directly with the vehicle
transfer functions. In the longitudinal axis three equivalent=airframe transfer
functions are required to characterize the controlled element for various closed
loop tasks., These are 8/6, for attitude control, ag/8e for situations where
normal acceleration is controlled (e.g., fire control tracking and constant load
factor pullups) and u/8e for control of long period trim or airspeed, QGeneric
asymptotic Bode diagrams, which illustrate many of the parameters, for these
three transfer functions are shown in Figures L5-47,

A summary of longitudinal handling quality parameters derived from conmid-
erations of the three equivalant-airframe transfer functions is given in Table
VI. Most of these parameters have been discussed in this report, althougth a
few items not discussed have beoen added to make the table complete,
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TABLE VT

SUMMARY OF STGNTIICANT LONGITUUINAL DYNAMIC HANDLING QUALITY PARAFETERS

Approximate Value in Terme

Parametor Approx, Value in Terms
ardme e of Transfer Func, Qu: of Stability levivatives
Short period . (Mg + Mg + 2Z,)
damping ~8p ?—l%=?=:==-
f ‘. lq ] MQ

@ Short period —
natural, wgy) MqZw =
frequency

Charaoteris- '
tic quantitieat@ Phu
goid
gerivable from natural op g M Ty = 7y
omogeneous frequenoy Uo | My
equations of 3 3 v
motion @ T—--T—-:--Xu-ri(xa-g);
Iy P2
1 MyZ
- - Q - £ - oW
Thy W e (T W )
Longitudinal )
divergenoce O I .
: Tor + Tag (Mg + Mg + Zy)}
Te e & Moz -
ToTy, & Yo - e
Short period 1 =Ty * % My ® =2,
Quan, derivable lead Te_z 6
from oomplete
eqs, of motion
in attitude
lcontrol tasks :

@ Gainta.t (aae ’ ;ﬁs %6. -—— s/Uoz
short period 8 o op -]
break point oFg - o an (Zy Ms Mar)
Statiec gain 1
relative to .

gain at short “%'1'91 To,
L period
N P4
Quan derivablzioz fores 4 ?‘,‘:‘E [_5_e(!):] '% EOFBE l gﬂ;" w
* 2 a 3 '5

from short’ oFg/on °L"2 le=0 e 76 (Zy = gz My)
period eqs, of@

otion in load wh 2
faotor eontrol Zg effeot (m—-
tasks o

an.derlv, om 2

v Stick foroe )Fg U

ong period eqs, @ per knot 1,69 %3'- 24t 1M A

f motion in OFg /oy e B4 (1 - 238)

eed ta 8 ZaMg
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Goneral, Iiftect(s)
Mvasured

Koemares

Gap and gy, (eith ul"s/m and 1,/'1‘02 fixed) are primary opin-
lon quantitics in short period control, g, vilues limited
by open loop response and conbrollability factors, Zgp 1s
sole determinant cf general time character of short period
response, Influence of these two quantitics on opinion,
controllability, response, ete,, has been thorouphly cover-
ed bty flight, simulator, und analysis, Boundaries are well
known and factors in opinion are well understood. P’referred
values for "pood" airframes are v, = 142 and wap - x,

These values ar 'pood" only when 1/Tg, is near wep.

For normal vehicles (wf > 0, mp/m,p < 1/20) the factor is
of little importance in handling qualities, When wp/wgp>
1/20, can create troublesome conirnl diffioulties, = Has
been thoroughly investigated in flight and by analysis,

When Cm, 4is principal cause of divergence,

my the mode is 1/Tp,,
called "tuck," When Cm,

is principal cause of divergence,
the mode is 1/Tg,, called "pitoh=up," Maximum value is
ceritical controliability parameter in longitudinal control,
Preliminary analyses have been made, Flight and simulator
studies are currently in process at NASA and CAIL,

Lag between normal
acceleration and piteh-
ing veloeity in short
Iperiod motions,

Effective airframe
sensitivity for atti-
tude control,

Deg. of static attitude
control available (d,e,
Igai.n for orossovers be=

ween 1/Tg» and “’gg)°
lEffeotive alrframe
sensitivity

Degree of dynamic load
factor control avalle
Hable.

"Speed trim" sensi-
tivity

Has always been in a nearly optimum location to aild short
period attitude control, In future aircraft, as Zy becomes
velocity and load factor responses will differ drastically,
(b) Pilot behavior will be modified to avoid a "droop" char=
divergence (Item L ), Essentially no coverage in either
flight or simulator, Needs considerable effort, moludmg
Key factor in pitch attitude sontrol by pilot. On normal
airframe is usually satisfactory if oFg/on is suitable, May
not been studied directly in either flight or gpimulator, ‘
&8 not been recognized as a critioal parameter in the past,
Low speed situations (mp relatively large) will be most
flight or simlator, Better understanding is very desirable,
Tundamental short period Control parameter, Has been
stick fighters "good" values oluster about 8 1lb/g,
Values have been large in Uhe past with no attendant prob-
oraft, with smaller %, and Ms/Zs ratios, may become exceed=
ingly important, Hae not becn pctudied, Needs considerable
Has been coneidered a key factor, both steady atate (trim)
and dynamio (tuck) for years, Detailed effects have not,

emaller, two effects will become dominantt (a) Pitching
acteristic, Also influences control of short time-constant
investigation of the effects of positive Z, (negative C

be critical at low CL's and on tailless configurations, Has
sensitive in this regard, Has not been studied in either
thoroughly studied in flight and simulator, For oenter-
lems exoept a minor one in open loop response, On future
effort for special future configurations,

however, been thoroughly studied,
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The basic parameters are given both in terms of thelr approximate values
as transter function guanbities ang as stubility derdvative combinaticns (sce
the Appendix), The remarks column summariges various points derived from
analysis and/or flight test, and also indicates those items where future work
is recommended,

Some of these parameters, for example Items 1, 2, 3, 8, and 10, may be
considered classical, Others, such as Ttems Y and 6, had values on past air-
craft which were satisfactory if the classical items were satisfactory (although
this sume state of affairs may not be true in the future), Still others, such
as Items L and 9, have been recognized as quantities which require attention,
although little experimental work has been accomplished which show their
detailed effects, Finally, parameters such as Items 7 and 9 (in the “h/wsp
form) have not previously been considered,
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APPENDIX
AYRFRAME TRANSFER FUNCTIONS

As shown in Reference 17, the longitudinal dynamic characteristics of an air-
frame can be represented adequately by two separate sets of simplified equations
of motion, The first of these, involving predominantly attitude and normal accel=-
cration changes, is the classical two-degree=-of=freedom short period set of equa-
tions, The longer period phenomena, which include both the clasgsical phugoid
oscillation and the more novel tuck divergence, require the consideration of a
simplified three-degree-of-freedom set of equations, Consequently, the alrframe
motione of importance in long period phenomena include changes in forward speed
in addition to attitude and normal acceleration. Most piloting tasks of interest
for longitudinal control involve stabilization of wvehicle attitude and velocity,
In special circumstances, such ag constant load factor pullups and fire control
tracking (with certain types of fire control systems), the closed loop system can
also involve direct control of normal acceleration, Each of these motion quanti-
ties ls elther inherently or especially presented to the pllot in display form so
that visual modality can be of paramount interest in their control,

The controlled element transfer function characteristics of general Ilnterest
to the longitudinal control problem are summarized (from Reference 17) as to form
and relative pole=zero values as follows,

A, SHORT PERIOD = Basic Assumptiont Forward speed remains constant, i,c,, u = 0
1. Attiltude Transfer Munction

o . _ho (Tg,s + 1)
8p '
or (A~1)
Ag _ (Tgps + 1)

1
Tenf~ 8(=Tg,8 + 1)(Tans + 1
62( TT31 52) (~Ts, )(Tsp )
In terms of stabllity derivatives:

Ag = Mg + MyZg = Mg 3 assumes|MyZs| <& |Ms|

& =7, ; aeaumesIE% Mw|<‘: Izw|
wgp - - T%T T%; - MqZy = Ma (A=2)
2() g - T%T + T%; 8- (Mg + My + %)
82%sp o2 9t = Yo
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2. Vertical Acceleration Transfer Function

= 5 5 7 for forward control’
e “’sp(—s—-c-——ns s+1)

or (A-3)
A (Th 8 + 1)(=Ty.s + 1)
e > *Q% 5 2 for aft control®
ThoThqwgp [ &= + —2£ 5 + 1
37sp 2 W
w§p sp

In terms of stability derivatives:

Ap = -Zg
w% - - T%; T%; =My + ;% Mg = ;% Mg 3 assumes %% Mw|<s:|zw|
2(7m), ® T%; - T%S (g + M) (A=L)
Ky =- Ahm% = Ap s Mgza '_Mazs
wdp ThzThngp Qv = Yo

Additionally, for aft control:

1 (Mg + M) Zg
e DL TR

(Mg + M3)
+—9'—2-—M-a—+ -"zz%Ms

(A=5)

4
S p—
AV

*Both denominators can also assume the second form shown for 8/6,.
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Relative Pole=Zero Values

1 . }
TEE < 2(.m)sp, from Eqs, (A-2)

< wgp for § < 0.5

. ZoM
fg; B - %MS, from Eqs, (A-2) and (A-L); assumes |MgZ,| <& |Mq |

v C =Y where tail length, x¢, and distance
Yo 15 X80 to aerodynamic center, Xgq, are both
measured from the o,g. positive for-
ward} for static stability xgc < 0.
Accordingly,

®h > wgp or alternatively TJ}E > TJTE > wgp

Pitching Velocity: Vertical Acceleration Transfer Function

; Ag(s + Tlg—z)

—— ]

8y

~Ap(#° + 2%pons + wﬁ)

S

or
(2 + =) (s - ,;5)

From the general relative pole-gero values noted above, it is clear
that for frequencies of the order of short period the denomingtor

(A=6)

dynamics will be negligible, i,e,, |a2 + Zzhwhsl'_dw <K of or
Isl"d“’sp« 1/Tho, 1/1‘}13. Then, sp
1
Ag == (Tgnr8 + 1
‘e ~Ayol
or (A=7)
An T_'f_1
hp h3
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1, substituting the derivative cxpressions,

0 . “MZu(Tgos + 1) Toos + 1 (4-8)
Ay Z¢ UQZWM5 Uy

5, Stick Force Per g in Steady Maneuvers

The steady state stick force per g, considering only the short period
mode, 1s

, 2
OFg _ oFg | 6e(s) . ST & Wsp (A-9)
on € 36¢ | a,(8) 36 g
g=0 Ms\& V5
Relating this to the attitude gain at short period, Kesp - M5ﬁwsp, discussed in
Chapter IV, Section D,
OFg _ OFg ¢ 1
on g xeup( Z5Ma)
Mg

or, in terms of the basic aerodynamic parameters,

F,
2, 27 L (A=10)

Ko Mg
P\t - o Cle

For conventional airplanes with "constant" stick force per g, bF,/BGe is propor=
tional to the dynamic pressure, C; is of course inversely proportional to dynamic
pressure, and the remaining aerodynamic parameters are constant, Thus, dFg/on =
conatant/Ke and a constant stick force per g alsc implies then a constant

effective aggitude control gain, Kesp. In turn, a constant Kgan will (exclusive
of other dynamic effects) call for a fixed pilot gain, Kp. Thub, a "good" stick

force per g, a "good" Kesp’ and a "good" Kp are all different ways of saying the
same thing.

WADD TR 60=43 106




5. LONG PER1OL — Basic Assumplion: |(s - Mq)a|<&|Mqa + Myu|

1. Attitude Transfer Function (for frequencies << 1/T02)

S .
5

In terms

=
<@
1]
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Aé (T913 +1)
Te mg 52- + 2—42 s +1
W &n
or (A=11)
A (Tgqs + 1)
1
Tgqf=~ s\ (=Tp, 8 + 1)(Tp,8 + 1)
1( Tp1 sz) by b2
of stability derivativesi
Mg 2y
Yo
ZMy = Mszu)
-X, +
o R ZgMy = M2y
Y4 M Z
“Xy - ?x:-—:-(Mu = Z—: Zu) § assumes ﬁ% Mwl <|Zw|
(A=12)
MyZ
11 . £ (Zu MuZw) . ﬁzo' (2 - &,, ) (More general
Tpy Tps Up My 1 _—u approximation
Yo
1 1 - - %1- -
E“- = T—p-?- Xy + Mo (X = g)
'
A MToiTop (K2, - %,2) + 2%,
Towe To, g(Mw2u = MuZy)
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Veloeity Transtor Munction

o . A\') (Tu1s 4 1)
be Tu1“’;% g2 + 2p s + 1
e ®p
It
or
-Al:l (Tu1S + 1)
P1°Pbo

In terms of stability derivativest

Al i - MS(quh- g)

oy - 2)

Tay  Mp(kg - &)

. 8y g
T - g ) assumes ﬁng «Iz.,I
' AT, T
u T w? Tu1 sz'u = MIZW
u1 1Y
3. Relative Pole~Zero Values
1
1 0f same order of magnitude as 2(%w); or s=— = =
Te_f can be larger or smaller F Toy  Tpp
"171— Alway:lioughly the same as (m)sp; can be larger
uq or smaller
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