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FOREWORD

This report summarizes an effort to identify the principal pilot-airplane-
control system mechanics that lead to the development of the pilot induced
oscillation phenomenon. The development of the PI0O theory was performed on-
site at the Air Force Flight Dynamics Laboratory under sponsorship of the
Visiting Scientist program, Contract F33615-73-C-4155, Task 69. The testing
of the theory against the base of PlO case history data and portions of the
final documentation were performed under Contract F33615-77-C~3011, as part
of Air Force Project 8219, Task 821904. The AFFDL project engineer for both
efforts was Mr. Frank L. George (AFFDL/FGC). All work was performed by the
author, Ralph H. Smith, of Systems Research Laboratories, Inc., Dayton, Ohio,
during the period November 1975 through April 1977. The draft of this report
was submitted in May 1977,

The author gratefully acknowledges the support given to this work by
members of the AFFDL/FGC enginecering staff. Mr. Frank George provided invalu-
able assistance at almost every phase of this project by providing basic
source material, serving as a sounding board, and helping to clarify the
pitfalls involved in making a successful transition from theory to airplane
design. Capt. Jerry Callahan and Mr. David Mayhew were always ready with
counterarguments which served to keep this work focused on the real problems;
it could not have been done without their comments, criticisms and continuing
support. Mrs. Ruth Kellar provided considerable assistance in the accumula-
tion of the reports which comprise the bibliography and references ot this
document. Finally, the contributions of Mr. Thomas Twisdale ot the Air Force
Flight Test Center (DOEST) must be mentioned. Tom has, over the past several
months, been testing the proposed theory against current flight test problems;
his interest, enthusiasm and encouragement have provided substantial motiva-
tion for the author to broaden the scope of the initial documentation etfort
and to include a commentary on the difficulties of simulation or flight

testing of the P10 phenomenon.
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SECTION I
THE PIO PROBLEM

&is BACKGROUND

The pilot-induced oscillation (PIO) phenomenon has long been one of the
most fascinating and baffling puzzles in manual control technology. The PIO
problem is complex, surrounded by controversy, and has been poorly understood.
It is a subject that is very important to understand because of the potential
impact a PIO problem can have on an aircraft's development. Historically, PIO
problems have tended to first appear in the final stages of flight test and
evaluation and are, therefore, very expensive to correct. There has been no
way to predict PIO encounter; it has not been clear whether simulation is a

viable way to diagnose PIO tendencies.

It is not known when PIO was first encountered in manned flight. The
documentation of PIO appears to have begun in earnest following World War II
at a time when combat aircraft performance was being extended by every possible
means and when fully-powered hydraulic control systems were being tested and

introduced into service.

A partial list of United States aircraft that have experienced PIO-
related difficulties is given in Table 1. 1In some cases, the PIO resulted
from experimental modifications made to the designated aircraft and, therefore,
is not necessarily a characteristic of that aircraft as it is normally used.
Many other undocumented PIO encounters have occurred. It is probably safe to
say that PIO should be expected to occur with each new aircraft until the

problem becomes sufficiently understood to preclude it by design.

A bibliography of both longitudinal and lateral-directional PIO is
included in this report. The reports listed are representative of the base of
data and information available on the subject. No attempt was made to list
every report that addresses the PIO problem. The reports are listed in alpha-
betical order according to the surname of the first-listed author. A report

listed in this bibliography will be referred to in the remainder of this




TABLE 1. SUMMARY OF AIRCRAFT KNOWN TO HAVE
ENCOUNTERED P10 (USA Only)

1. XP-42 15.  F-106A
2. P-63A-1 16. F-4C

3. SB2c-1 17. B-58

4, F4U-4B 18. T-37A
5. 43D 19. T-38

6. Cc-97 20. A4D-1/2
7.  F4H 21, KC-135A
8. A2F 22, F-5A

9. F-86D 23, X-15
10. F-100C 24, M2-F2
11.  F-101B 25. YF-12
12,  F-102A 26. YF-16
13. XF-104 27, YF-17%
14.  F-104B 28. A-7

*As simulated with the NT-33A only.

section by the prefix B(for example, Bl2). A separate Reference section will
list principal documents supporting the analyses of this report; some of these

will also be found in the Bibliography.

The PIO problem is one in which an oscillation of the aircraft occurs
(e.p., porpoising, dutch-roll, etc.) that is difficult or impossible for the
pilot to stop. A central characteristic of the phenomenon is that the air-
plane is stable both stick-fixed or stick-free; hence the name pilot-induced

oscillation.

Opinion varies widely on the causes of P10. The dynamics of the control
system have been implicated by numerous investigations as a principal cause
for P10 (e.g., B4, B5, B8, B15, B20, B21, B32, B34, B35, B46, B57, BeS5H, and
B71). Feel or control system nonlinearities have been noted as important to
P10 by most investigators; among these, Bl5, B54, B66, and B71 are of particu-
lar interest. Bobweights have been identified by several investigators as
possible PIO initiators (e.g., B4, B15, B20, B21, B38, BS54, and B57). Sur-

prisingly few citations have been made of basic airframe dvnamics as causes
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for P10; B46 is one of the few references to suggest that airframe properties
are at fault. In B15, the role of the afrframe {s considered as an important
part of the overall dynamic system; in B22 a P10 criterion is proposed that
emphasizes the role of airframe dynamics. A few studies have suggested the
importance of pilot task requirements to PIO (B5, B15, BS54, B66, and B71).
"Abrupt" contrel inputs have often been connected with the onset of P10
(e.g., B15, B27, BS54, B66, and B71). The PIO rating scale -- shown in
Figure 36 and first introduced at McDonnell Aircraft during the F-4 develop-

ment ~- emphasizes the significance to P10 of abrupt control (B21).

The piloting cue that is most central to PIO is a point on which sharp
disagreement is tound in the literature. Normal load factor response has
been cited directly or by implication by numerous investigators; among these,
B4, BS, B8, and B54 are representative. The importance of load factor as the
primary piloting cue is discounted in Bl2 where it is suggested that pitch
attitude is the primary cue. The closed loop criterion for PIO proposed in

B22 is based largely on pitch attitude tracking.

One notable area of universal agreement (at least in the literature) is
the importance of visualizing the pilot as a torce producing dynamic element.
It is suggested in Bl5, however, that the pilot should also be considered as
a deflection producing servomechanism in analyzing for possible P10-prone

aircratt-controller combinations.

A lateral-=directional P10, known to exist in actual flight, has been
duplicated in a fixed-base simulation in at least one instance (B47) and
possibly others as well (B73?). However, to this author's knowledge, a
longitudinal P10 has never been created in a fixed-base simulation, although
at least one serious, undocumented attempt to do so was made. What was
called a longitudinal PIO in a fixed-base simulation was obtained by Hirsch
and McCormick (B39) in a fascinating study; this was a contrived experiment,
however, in which rapid and non=physical, on-line varfations of 1/'1‘03 were
made in order to catalyze a sustained system oscillation--apparently because
a P10 could not be initiated otherwise! The non-existence of longitudinal mode

mode PIO in tixed-base simulations is regarded by this author as a fact of




some i{mportance. It is also noteworthy that Fortenbaugh (B30) failed to

create PLO in a normal-acceleration-deprived simulation which did include the

pitch rotational acceleration 9.

The overall state of the art of P10 understanding may be best inferred
by the reader atter he has studied the public debate by Ashkenas and A'Harrah
(Bl12, B7, and Bl3). This valuable record suggests that there are many ways
in which the nature of P10 may be visualized and that each of these can

contribute to our ultimate understanding of the phenomenon.
B. THE HANDLING QUALITIES-~P10 DICHOTOMY

It is not at all clear whether PIO necessarily results from basically
poor handling qualities. The evidence is that it does not. That is, PI0 has
occurrved with airvcratt that have passed flight test certitication and may
theretore be presumed to have generally acceptable handling qualities (the T-

380 is an example--Ref. 1).

On the other hand, it an aircratt is very difficult to control (Cooper-
Harper ratings worse than about 8) must we conclude that it is PlO-prone?
Can we determine trom tlight test whether such an aircratt has a PIO problem
or whether it merely has poor handling qualities in the control of attitude?

Does it matter?

There are two complicating tactors involved in attempting to answer such
questions. First, the relation between the pilot's task and anv tendency to
excite latent PO in a flight or simulator experiment is unknown since we
know neither it latent PlO exists nor, it it does, how it may be excited.
Second, we have no rule tor discriminating between a control problem due to
poor attitude control dynamics and one due to PlO tendencies when these are
encountered in tlight test or simulation. Thus, we cannot be sure that we
are testing the proper control situations or that we can identity a potential
PLO contiguration when one is encountered. This is a nontrivial matter since

it may attect the charvacter ot system change requirements and the impact that

the atreratt might have it delivered to the training or service communities.
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The tendency in past work has been to identify any pilot-aircraft |

oscillation as a P10 without a great deal of discriminatfon. Of course, the
wings-bending, rivet-popping, tully-developed PlO is easily identitied when
it occurs (by detfinition). This is not the usual PLO encounter, however. We
need a method tor the unambiguous separation ot attitude control problems
trom those that we choose to call PlLO. Clearly, a workable definition for

P10 is required.

C. REPORT OUTLINE

In the remainder of this report, only the longitudinal mode, short- 4
period PLO will be considered. A tormal detinition for PIO will be proposed
in Section 11 which will, it is hoped, permit resolution to be made between
the PlO=-prone aircraft and the one that merely has deticient handling qualities

in the control of attitude. A model for pilot dynamics will be presented in

Section L1l that is usetul tor the analysis of P10. Connections between this

model and the more familiar ones found in the literature of pilot dyvnamics

will be diseescrmmtadibdaidadl ton L ion will be devoted to the so-called

——

svachronous tracking mode ot pilot behavior that has been linked with P10 in
past works. Section IV will present a physical and mathematical theory for
PLO that is consistent with available data. Two classitications ot P10 will
be introduced in an attempt to account for the mechanisms by which a PlO can
be catalyzed in actual tlight. A compendium of rules tor the assessment of
P10 will be summarized in Section V as an aid to applications of the P10
theorv. A number of numerical examples will be given in Section VI to indi-
cate that known P10 problems are "predictable" with the proposed theory;

equally important, one example will be given to confirm that an aircraft not

known to have experienced P10 difficulties is indeed excluded as a P10 candi-
date by present theory. Section VII will discuss some general problem arveas '
of importance to the experimental identification of PIO from the viewpoint of
the proposed theory. Finally, Section VIII will summarize what has been

concluded elsewhere in this report.

A derivation of the pilot-centered normal acceleration transfer function
is presented in the Appendix. Approximate tactors for the acceleration

transfer function are also derived there. 4




SECTION 11
A DEFINITILION

The lack of a suitable detinition ftor PlO has been a major obstacle to
understanding the phenomenon. 1t appears, however, that a nontrivial PLO
detinition can only be tormulated atter the physical problem is understood
with a certain degree of sophistication, We are theretore faced with the
task ot developing an understanding ot a problem we cannot vet detine.
Neoedless to sav, this author went down many blind alleys betore arriving at
the theorcetical description of P10 that forms the main body of this report,
Based on the results ot Section 1V, then, a consistent PLO definition can be

devised as tollows:

A. PLO DEFINITION

P10 is an unwanted, inadvertent and atypical closed loop coupling
between a pilot and two or more independent response variables of an
aireraft.

It is presumed that a fully-developed P10 will either tax the pilot's
ability to control it=-and thereby leave little or no margin for accomplish-
ment of the primary piloting task--or it will b2 entirely beyond his control
capabilities. In the latter case, the only successtul recovery technique is
tor the pilot to remove himselt trom the control loop, either by clamping or

releasing the control.

B. COMMENTS

lhis detinition eliminates from the PO classitication all those single

variable teedback control systems tor which lightly damped closed loop oscilla-

tions are intrinsic (even with a high-gain autopilot!) but which are not

otherwise susceptible to P10.  The definition of P10 as "unwanted" excludes the

"srick pumping” phenomenon (Refs. 2 and 3) from the PLO category.

The "independent' response variables referrved to in the P10 definition are

intended to correspond with the wusual aircratft degrees of treedom, their
dervivatives, or lincar combinations ot these. A derivative of one ot these

variables is not, by detinition, independent of the variable itself.




By this definition one might suspect that a certain element of chance is
fnvolved in P10 encounter; this author suspects that this is, indeed, the
case. Thus, we must test for PIO with great care to be certain that the

conditions necessary to sustain {t are satistied.

It {s not by chance that this definition dictates that PlO requires a
level of piloting task that is more complex than mere control of attitude.
It is contended that PIO can only occur for those circumstances in which the
pilot is very concerned about precision control of aircraft path or path-

related acceleration components.

Past occurrences of P10 have been with aircraft that were otherwise
stable; with future aircraft emploving relaxed static margin, P10 could occur
tollowing control system failures for which the aircraft would be unstable.
Such a control problem is still admitted to the P10 category by the defini-
tion here; however, for such aircraft stability could not be restored following

P10 encounter by clamping or releasing the controls.




SECTION III
A PILOT MODEL

A. BACKGROUND

It was assumed in References 4 and 5 that the essential piloting cue in
PIO is pitch attitude; it was further assumed that a sufficient model for

pilot dynamics in the fully-developed PIO is a pure gain; i.e., Yp(jm) = Kp 1

such that the stick force Fs(t) is just ere(t). No pilot dynamic equali-
zation (lead or lag) or time delay was considered necessary for analysis of

the causes of a PIO once it was known to exist; it was suggested that normal

acceleration might also serve as a piloting cue, although it would not likely
be so important as pitch attitude. A final assumption was that the pilot's
primary response is stick force FS. The resulting pilot-vehicle system block
diagram is shown in Figure 1; the locus of closed loop roots of the system is
indicated in the generic sketch for the case of no significant nonlinearities
or control dynamics, and with the short-period approximation employed for

airframe dynamics.

e e i
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Fy Se Fg Fg 0 Jel(e)? + 2 <vqhvﬁn + dsvl
‘e
¥ (jw) = control/feel dynamics
‘o\ ‘e
(\F = static gain of ¥ C(Jw)

870 3 fu

kT
. \ . From Reference 4 and 5

High Frequency Asvmptote: o = (:LSP”“V % 7 s

Figure 1. Simplified Pilot-Vehicle System Model
for Fully-Developed PIO




The non-equalized, no time delay model for pilot dynamics--the so-called

"syachronous pilot''--has since been criticized by other researchers as being

too unsophisticated. One must be careful not to confuse "unsophisticated"
with "elegant.'" The synchronous pilot model is, in this author's opinion,
the elegant product of very sophisticated reasoning. 1t was developed by the
same people (and organization) responsible for the development of the engi-
neering theory for pilot dynamics (Ref. 6); the pure gain form of the model
was believed to be in reasonable agreement with the very limited time response
data available for actual PI0O experiences. The model contains two features

that are probably essential to the understanding of PIO:

e The overwhelming importance to the development of PIO of pitch
attitude loop dynamics is explicit in the model.
2 The frequency at which P10 is likely to occur is largely determined

s by the pitch attitude loop closure.
Each of these points will be discussed later in this report.

Ashkenas (Ref. 5) used the linear, pilot-vehicle representation of
Figure 1 to make his point that P10 cannot occur in the absence of control
system dynamics--linear or nonlinear; that is, the svstem of Figure 1 can
never become unstable for real aircraft (with the possible exception of
closely-coupled canards). However, his basic assumption was that PIO results
solely from pitch attitude tracking; he further implied that for PIO to occur
it is necessary that either a locus crossing of the imaginary axis must occur
in Figure 1 as a result of higher order system dynamics or a limit cycle in
the control of pitch attitude must occur as a result of control system non-
linearities. In either case, Ashkenas' theory underscored the importance to
P10 mechanics of l/TO’ ~- a parameter usually ignored in experimental work of
that period and knownhco be of major significance to the pitch tracking task
handling qualities. This viewpoint was the genesis of the PIO criterion,
based entirely on pitch control, proposed in B22 as a specification for

aircraft design.




A'Harrah (Ref. 7) disagreed sharply with Ashkenas on the significance to
P10 of l/TO , the pitch attitude cue, and control system dynamics or non-
linearities. He contended, based on experimental results obtained using a

"p-seat" (visual plus normal acceleration cues) in which w o /3 and F /¢
S S

sSp
were varied at constant 1/Tg , that the dominant cue is normal azcelorntinn—~
not pitch attitude. The cns&ing argument was never entirely resolved.
However, Cornell Aeronautical Laboratory flight tests (Ref. 17) have since
established that P10 does not necessarily result from short-period dynamics
which torce %A to lie in the unstable-half plane (see Figure 1). 1In addi-
tion, as Ashkenas noted, the violation of A'Harrah's PIO boundaries is not

sufticient for PIO to be created. We might suspect, therefore, that neither

viewpoint is entirely correct.

Recent flight tests (Ref. 8) encountered a serious PIO in landing flare
with an all-linear simulation of the YF-17. This is hard evidence that
control system nonlinearities may not be necessary to the development of P10.
Control system phase lags were, however, identified in Reference 8 as the PIO

catalyst.
There are two obvious difficulties with the synchronous pilot model:

It provides no insight into the mechanisms by which a fully
developed PIO can be initiated.
2 The assumption that the pilot's time delay in single loop tracking

can approach zero may be indefensible on philosophical grounds.

The first deficliency limits our ability to predict P10, to understand it, or
to develop design rules for avoiding it. The second bears comment. In
tracking of periodic inputs, it has been observed that the pilot's time delay
appears to approach zero with practice (Ref. 9); this has been attributed to
the pilot's adaptation of a more sophisticated form of control called pre-
cognitive (knowledge of input) tracking. This conclusion, however, implies
that the pilot knows what his time delay is; otherwise, he has no way of
eliminating it. This is assumed here to be a philosophical impossibility.
Are you, for example, reading this passage now or did you read it vesterday

and only belfeve vou are reading it now?
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The assumption of synchronous control behavior is based on the assumption
that the human pilot, in single loop tracking, may be represented as a single
input/single output device as shown in Figure 1. He can, of course (Ref. 6).
Problems arise, however, when we attempt to interpret physical data against
the theoretical framework provided by such a model. Reference 10 challenges
the validity of the servo model for pilot dynamics (Ref. 6) as a description
for the physiological processes involved in human pilot dynamics. It is
suggested in Reference 10 that when the pilot is modeled as a multi-sensor
device a unity of understanding will emerge to link physical response data
with a rational, theoretical description for pilot dynamics. It is suggested
that the resulting model will be completely consistent with the servo model

of Reference 6 in all phenomenological respects.

A consequence of the theory of Reference 10 is that the input to the
human pilot is most appropriately represented as an information vector (in a
manner completely consistent with modern state space analyses of system
dynamics). Thus, when pitch attitude is displayed to the pilot (in the
absence of motion cues), pitch attitude and pitch rate should be used as
inputs to the pilot model if a mathematical simulation of attitude control is
to be performed (Figure 2). The transfer devices labeled Gq(jw) and Ge(jw)
are intended to represent the dynamics involved in the visual detection and
control of q(t) and 0(t), respectively. These elements, especially Gq(jw),
may be nonlinear; however, as a first approximation they may both be replaced
with constant gains (Ref. 10). When the q-loop is closed (analytically), the
resulting model for Fslee is equal to Yp(jw) as given by the servo theory

(Ref. 6).

G fe ) 0 e q
% s
.-—?—-—1(._41,) Gy () \._..4-?“ (Jw) | -
+ .

Pilot Dynamic Flements:

("IH') - 7
‘Cp(jw) = ?

Gy(Jw) = neuromuscular system dynamics

Figure 2. Multiple Loop Pilot-Vehicle System Model for
Pitch Attitude Control (no Motion Cues)
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The model of Figure 2, when compared with the conventional servo model i

of Reterence 6, may seem needlessly complex. 1t {8 not, In fact, for reasons
discussed in Reterence 10. The purpose of the model was not to contribute to
the advancement ot the computational aspects of man/machine systems analyses,
but to enable the torecasting or explanation of the qualitative relationships
tound in tasks important to vehicle handling qualities. As an example,
consider how the model of Figure 2 might be used to devise an explanation for
the physical observation that the time delay between Fs(t) and Ov(l) approaches
zevo in sine wave tracking experiments,  Consider the following tacts:

L. With a periodic input to a stable servo system, the average system |

crror will be zero when the controller is a pure gain.

24 q () leads ¢ (1) by 90 deprees; the corresponding time advance is
e (8
H/»‘u‘R seconds (WR = trequency ot the periodic input).

s control of only q(t) ensures control of (L) except ftor possible

low trequency dritt in error,

We mipght speculate, theretore, that for reasons that are as vet unclear, the
human pilot really only controls ervor rate (in a sine wave tracking experi-
ment) in the continuous, closed loop sense.  He can null dritt in errov with
control amplitude modulation.  Further, it his time delay in rvate tracking is
‘!/'.‘..\R scconds then it will appear that he controls syvstem errvor with zero
time delay -~ the synchronous pilot == it one insists that the svstem be
structured as shown in Figure 1. This is an entirely plausible, phyvsical and
theoretical explanation tor synchronous, precognitive tracking with visual

inputs to the human controller.

he toregoing remarks are presented to sugpest that there is an alter
native approach to visualization and modeling of human pitot dynamtces, and !
that this may be usetul tor decoding P10, The model of Figure 0 is, by
detinition, quantitatively identical to the servo model of Reference 6t
visual tracking ot piteh attitude. A major advantage of the model tor the
gtudy of PO i the manner in which it may be extended to account tor the
cliects of motion cues (linear and anpular accelevations).,  The rules tor

this are:




e Each additional cue forms a path parallel with those for q and 0
(Figure 2). The associated dynamics are those of the motion sensor
mechanism with an input-adaptive gain.

2. The response for each motion cue path is connected with the signal
pathway to the neuromuscular system through a "switch.'" This
switch is postulated to exist within a "central processor.'" Its
nature is such that it may appear to permit coordinated control of
all feedback cues or, under stresstful conditions, permit only

motion cue control.

This situation is depicted in Figure 3 for the case where the motion cue is
assumed to be normal acceleration a, at the pilot's location (observe the

sign convention). The task is ussumgd to be regulation of pitch attitude in
the presence of atmospheric turbulence; therefore, no command input need be
"

shown on the figure. Figure 3 suggests that it the "switch" were set such
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Figure 3. The Multiple Loop Pilot Model for Pitch Attitude
Control with Normal Acceleration Cue
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that only acceleration is controlled in a fully-developed P10, then F would
S
appear to be synchronous with ¢ when a phase lag exists in (‘."(_jm) of magni-

tude

o dzp
LoU? + X 5 (jwpro)

The equivalent time delay is

élz
180° + ¥ =& (Gupo) | * (57.3 wpyp)

-

o

)
i

A typical value for this delay would be about 0.1 to 0.15 seconds, based on
available PlO case history data. This point is noted as a matter of interest
and to establish a timewise consistency between the model of Figure 3 and

that of Ashkenas (Figure 1).
B. A COMMENT ON STICK PUMPING AND MOTION CUES

In the remainder of this report it will be assumed that pilot-felt

normal acceleration a is the only motion cue that must be considered in the

Zp
analysis of PIO. The Lssumptiun that in a fully-developed P10 the pilot
primarily seeks to control "zp appears to be consistent with available
evidence, although hard data are scarce. The T-38A P10 time history con-
tained in Reference 4 and repeated here in Figure 11 is the best such example
available. Time history data for the YF-12 PIO are given in Reference 11;
the presence of control system nonlinearities makes the interpretation of

these data very difiicult, however.

14
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There is, to this author's knowledge, not a single example in the
aircraft handling qualities literature to support the inclusion of rotational
acceleration d as a primary piloting cue in a closed loop VFR tracking task.
0 was postulated in Reference 2 to be of signal importance to aircraft
handling qualities and as the cue most closely linked with the control stick
pumping phenomenon. However, stick pumping was exhaustively analyzed in
Reference 3 (unfortunately never released for publication) where it was
determined that no case for 0 as the pumping cue could be made that was

consistent with flight test records and pilot comments for carrier approach

and landing.

However, it was observed that to a good approximation the amplitudes of
azp(t) oscillations for the F-4B in actual carrier approach were nearly
constant and equal to a value only slightly greater than the perception
threshold for spine-wise linear acceleration. The corresponding & amplitude

was about ten times the known perception threshold.

The explanation offered (Ref. 3) for the pumping phenomenon in carrier
approach was that the pilot's creation and monitoring of a small, oscillatory
a, provided him with an adaptive cue for the rapid and sensitive detection
of aircraft settle due to downwash aft of the carrier ramp. Without this
cue, the delay time in the detection of monotonic “zp due to downwash would
be prohibitively large. The detection of settle with this pilot-created,
adaptive cue appears to result in a throttle feedforward command to counter

the tendency to depart from the desired flight path. Subjective support for

this conclusion is offered in the pilot commentary of Reference 12.

The importance of stick pumping to the PIO phenomenon is that it appears
to help unify our understanding of how skilled pilots may selectivelv choose
those aircraft responses that are most directly related to their concept of

the flight control task.

It will be assumed without further comment that the pilot's response is

stick torce F . The merits of the assumptions regarding .'l,,P and F_ may be
8 * s




Section VI.

judged by the resulting success of the PIO theory, contained in the next
chapter, as a framework for understanding the PI0O case histories discussed in

C. A PILOT MODEL FOR PIO ANALYSIS

The structural form for the pilot-aircraft system dynamics is assumed to
be the same as that shown in Figure 3b. In the remainder of this report the
neuromuscular dynamics will be neglected; i.e.,

Cy(jw) =1

A further assumption, consistent with the theory of Reference 10, is that the
pilot's acceleration channel dynamics are

~T.jw
p = K & 2] a-
(d(jw) l\a( 12%) e

i.e., an input-dependent gain with a time delay.
shown in Figure 4.

The resulting P10 model
The visual tracking portion of the pilot's dynamics

is
YR
fe A !
Yp(ju) Switch = ()
- -3 e L
SE— -~
'
Kp(TLiw ¢ 1) o 40 !
Yp(fw) = Tyiu + 3 Ol (Stmplitied tvom Ret. o)
""“-’r‘ = 0 when the PSD of “~’|’“‘ {5 broadband
k_,\.l,.l‘\ = Kq, when the PSD ot "-'p‘“ {8 narvowband
Figure 4. A Pilot=Ajrcratt Model tor PIO Analysis !
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Yp(iw) is chosen to be consistent with the conventional servo model repre-

sentation; it is assumed that the parameters of Yp(jub can be selected to be

consistent with the "adjustment rules'" contained in Reference 6.

was inspired by a model
e
for visual detection of signal coherence introduced in Reference 9 as a model

The functional dependency between K" and azp
for precognitive tracking of a periodic input. It arises from the assumption
that the process by which a human identifies a stimulus is similar to the
operation of a linear, optimal filter. Based on optimal filtering theoryv, a

model for the acceleration portion of the pilot model is

sin 144/2

Fe
Ga(Ju) = 2(jw) = Kao( Tab/2
. .

-1
) (coswgt,)e al®
Pe
whureguk and A are the center frequency and "width" of the azp(t) power

spectrum as indicated in the sketch:

When azp(t) has a broadband spectrum, A is large, A is small and the corres-
ponding pilot gain Fs/azpe » 0. When azp(t) has a narrowband spectrum, A

is small, A is large and Fs/uzpe is maximum. In a time-wise sensc¢, a narrow-
band signal is one that is nearly periodic--much like a sinusoid having a
randomly varying amplitude and phase. A closed-loop, pilot-aircraft system
that is "resonant,'" or that has a lightly-damped, dominant mode, might have

pitch attitude and normal acceleration responses with narrowband spectra.

17
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The time delay l1 is unknown; it may be a function of the center fre- !

<

quency ¢, or it may be a constant. As an interim model, it is suggested that

R
Ty = 0.25 seconds; this is the value used in all of the PIO examples in

o

Section VI.
D. MODEL PROPERTIES

It is postulated that in pre-PIO flight, the pilot-vehicle system's loop
dynamics are dominated by the pitch attitude loop closure (9,q FS): that
is, we postulate that prior to PlO-initiation either (1) the power spectral
| density of “zp(t) is broadband; therefore, Ka(azp) + 0 and there is no \
substantial acceleration tracking, or (2) the mode "switch'" is usually set to

activate the pitch attitude loop to the near-exclusion of acceleration

tracking.

!

P

; As was stated above, the visual portion of the pilot model, Yp(jw),

E is assumed to be completely consistent with the servo model for pilot dynamics
i‘ as documented in Reference 6; this portion of the model may be refined for

applications at the user's discretion if he wishes to account for the effects
of motion (uZp and §) on the model's parameters. Rules for doing this have
not been thoroughly researched; data are sparse and somewhat contradictory.
Generally, it seems to be true that the pilot gain for pitch tracking in
flight is slightly less than that measured in fixed-base simulation; the
system crossover frequency is correspondingly reduced. The matter is not
considered to be of particular importance to present purposes and will not be

discussed further.

The properties of the mode "switch" (Figures 3 and 4)--if it exists--are
unknown. It should be noted that this switch-~hypothesized to simulate
higher processes within the central nervous system--may be redundant if the
validity of the input-adaptive acceleration gain is accepted. It will be
retained in this report because both possibilities should be admitted until
better information becomes available and because it makes no tangible dif-

ference to our final result. The function of the switch is to provide a
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rational connection between system and pilot dynamics resulting mainly from
pitch attitude tracking and those due mainly to normal acceleration tracking.
It is assumed that, because of pilot tension (i.e., attentiveness, anxiety,
etc.), and flight control task constraints, the pilot switches from pitch to
acceleration control in a logical manner; it is further assumed that this
switching can be modeled as indicated in Figure 4 with an appropriate

switching logic.

An interesting and plausible model for mode switching is suggested by
Reference 9; the authors suggest that an input stimulus to a pilot-vehicle
system may be considered to be "subjectively predictable" when v, the index

of subjective predictability, = 0.3,

A

—-
w R

Vo=

It we assume that the coherence properties of a stimulus ave svathesized

within the higher centers (i.e., not by the stimulus sensor), then it is

reasonable to assume that the same model tor subjective predictability should

apply to both motion and visual cues. Speculating turther, one mav expect

that in a state of incipient PIO the pilot will begin to emphasize ":P
control because it is "predictable” and under normal circumstances would
therefore be controllable. Thus, v = 0.3 might serve as the required switching
logic. Note, however, that v is determined trom the properties of the normal
acceleration spectrum for pitch attitude tracking, only. 1t tollows that
pilot-aircraft system configurations that are prone to closed loop "veso-

nance' in pitch attitude tracking tasks are automatically PIO candidates. S

A final point about the switching hvpothesis should be considered. When ‘
an actual PLO is initiated in a real airplane, the pilot hasn't the luxury of
contemplating svstem responses, assessing whether he is in a PIO mode, and
selecting an appropriate control action. Probably, many pilots will think

there (s something the matter with the atrplane (e.p., SAS tailure) and will




continue doing whatever it was that catalyzed the oscillations--and this is
entirely reasonable. Thus, if the airplane is felt to sink uncontrollably
following P10 initiation in flare, the pilot will pull back-stick to arrest
the normal acceleration. 1In terms of the switching hypothesis, this sugpests
that when danger due to flight path departure is judged to be immediate, the
attitude control mode will probably become secondary; it is conceivable that
in a fully developed PLO such as experienced on several occasions with the T-
38A (Ref. 1), the pilot "switches into" control of normal acceleration and
cannot easily satisty his internal logic tor switching back to pitch attitude
control. This limiting-case description tor tully developed P10 may not be
strictly correct; it will, however, almost certainly provide a system ot
necessary conditions which must be satistied it a tully-developed PIO is to

be possible.




SECTION 1V
A PLO THEORY

AL PO CATEGORLES

If the Pandora's box of possible P10 causes and eftects tound in the
literature is to be svstematically addressed, cataloged, and understood, it
is necessary that we consider the mechanisms by which PlO is created. Fou

this purpose, two broad classes of PLO arve detined as tollows:

o Ivpe 1-=P10 induced by dvnamic response of the closed loop pilot
control ot pitch attitude.

Q Type 11--Pl0 induced by non-tracking control or disturbance.

It was implied in Section LIl that the model for pilot-aircratt dvnamics
shown in Figure 4 was intended to address Tvpe 1 PO, 1t appears (and is
assumed) that the model mav also be applied to the analysis ot Tyvpe 11 PLO
provided that the "switch'" is permitted to initiate J,p control starting

from a no-tracking condition.

The control or disturbance inputs required to initiate a Type 11 PO
would be describable as "abrupt" and of magnitude sutticient to excite aoy

resonant stick=tree dvnamic modes ot the airvcratt svstew.
B. I'YPE 1 P1O
Phase 1: Pitch Attitude System Dynamics

It is postulated that Type 1| PLO begins with highly resonant closed
loop dvnamics resulting from pitch attitude tracking, onlv. 1t the pilot-
vehicle svstem can be shown to be nonresonant, then tyvpe 1 PLO is unlikely.
The relevant system block diagram is that ot Figuve 4 with the switch set to
teedback control.  The pilot model tor @ contrvol

preclude "zp
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is parameterized according to the "adjustment rules" of Reference 6 (modi- !
tied, it desired, to account for motion cue effects on closed loop properties). ;
Ihe describing function parameters KP. ot Pl‘ and Tl and the closed loop
parameters ) (crossover frequency), phase margin and gain margin are all

1

dependent upon the aircratt dvnamics 8/F (jw): the process by which these
8

are selected is iterative and the selection process is not necessarily

unique. For present purposes ot developing and demonstrating a theory for

P10, we need not be too fussy about this process: for an analvsis of possible

P10 problems with a new aircratt tor which no flight tests have been made,
the parameterization of Yp(iw\ is extremely important and must be done with

great care.

Following parameter selection for Y (ju) the closed loop dvnamics must
P :

be computed:

Se 3
YpUw) § (o) 5 ()

— (o) = —m————

1+ Y de 2 )
+ \p(j\o) 'F—s (jw) 5 (jw)

e

where it is understood that 8 (t) represents an equivalent command input to
c 5

the svstem of Figure 4 due to (vertical) w-gusts:

=4
it 0 ) SR wg(jm)
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The gust response transfer function is (emploving the short-period approxi-

mat ions)
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The turbulence power spectral density ¢wgwg(m) can be chosen as the Dryden

or Von Karman or any other model that may best represent the specific flight
condition to which this theory is to be applied. The corresponding o

C
power spectral density is

3 )

®9.6, (W) = 'gg (Jw)

®wgwg(w) g

Following closure of the pitch loop, the (uncontrolled) acceleration response

power spectral density (due only to closed loop control of pitch attitude)

may be obtained as follows: .
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A typical pitch attitude loop closure will vield [8/0.(jw)|[=1 (0 db) for :

W < wg ( the crossover frequency); there may be a closed loop amplitude rise
at w. associated with small closed loop damping ratio. At frequencies greater

than w. the closed loop response will be heavily attentuated except (possibly)

at frequencies corresponding to lightly damped modes due to the feel system,




actuator dynamics, structural dynamics, etc. A typical case is illustrated
in the following sketch. (The zero db lines are intended to be representa-

tive for the case where 3zp/9c is in units of g/degree.)

The progression from pitch attitude loop dynamics to the normal

acceleration power spectral density is illustrated.

These sketches fllustrate a number of points that ave of value to
understanding the connection between piteh attitude dynamics and the

potential ftor Type | PIO:




o Any feature of pitch attitude loop dynamics which promotes loop

resonance (amplitude ratio peaks on the closed loop Bode) is a

potential cause of PIO. This would include poor pitch dynamics

and excessive pilot gain, for example.

o Values of l/’I‘62 that approach W, will promote peaks in the azp

power spectrum. Small 1/Tg relative to w, has a slight attenuating
2

effect.
o Small ¢ will promote an resonance--particularly when w =w .,
sp P ) sp c
o Higher frequency modes due to feel or control system dynamics, for

example, are heavily attenuated by the turbulence power spectral
roll-off; i.e., they are not easily excited by turbulence.

o The turbulence spectrum break frequency @ is not too important to

b
the development of azp resonance; small 0y decreases the amplitudes
of azp(t) but has minor effect on subjective predictability of azp

according to the proposed index.

o As a rule of thumb it appears that large 1/Te2 and small closed
loop dominant mode damping ratio promote the development of azp(t)
with narrowband signal qualities and will therefore promote Type I
PIO.

The center frequency amplitude, A, and width parameter, A, may be

estimated from the power spectrum of azp by any convenient means. It is

suggested that Oz be estimated by direct integration:

Zp




Then A = 05? /2A and v = A/wg. [Note that the turbulence power spectral
density is nbt important to the estimate of v provided that the "shapé' of
%axnz(m) without regard for amplitude near wp is not very turbulence
sensitive. |

1f (w) has no discernible center frequency for all realistic

T
a,a,
parameterizations of Yp(jm) then Type I PIO is unlikely. If the azp spectrum
has more than one candidate "center frequency,'" and if two or more of these
resonances satisfy the predictability criterion v = 0.3, then all the

corresponding center frequencies must be used to evaluate the phase criterion

to be discussed later in this section.

As a practical matter it may be impossible by analysis to certify that
the pitch attitude system cannot be made to yield a suitably narrowband nﬁp
response. In those cases, what is required is that bounds on wyp be estab-

lished (especialiy its maximum value).

A shortcut to the above analysis methodology is possible; it is
recommended for those flight control tasks where uncertainties exist about
the importance of turbulence to the basic piloting problem. For example,
in flare the importance of good pitch attitude loop dynamics is almost an
inarguable point. But flare is initiated by control feedforward from the
pilot; there may be no substantial turbulence. We may assume, however, that

pitch regulation will be necessary to compensate for errors generated by

control resulting from pitch command errors. The corresponding pitch command i
error spectrum is unknown; a conservative estimate would be to model it as '
} broadband noise, set @Ucoc(w) -1 in the above equation, and estimate Vv as L
] before. The resulting &azaz(w) for the problem previously sketched would ) |

be as shown:

L ————————— e : N— il
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Accelerat ton Power Spectral Density
tor Broadband laput

This sketch suggests that the estimation of A, wR and A may not be unique.

An even simpler criterion for subjective predictability could be based
on the dominant mode damping ratio CCI for closed loop pitch attitude con-
trol. Until better data can be developed it is suggested that azp(t) is

subjectively predictable when

The corresponding resonant frequency should be set equal to the dominant
mode’s undamped natural frequency. The validity of this criterion should be
assessed on a case-by-case basis. Clearly, there may be combinations of Wos
l/To‘. Csp’ and Wg where it will be inadequate. &
If control or feel system nonlinearities exist that have signiticant
ettfect on closed loop pitch dynamics, then the estimation procedure for vV and
JR must be wodified. No attempt will be made here to explain how this mav be
done. Describing function techniques (Reference 13) may be emploved or the

pilot=vehicle system may be simulated on an analog or digital computer and

an "experimental" estimate made. 1f nonlinearities have a significant




effect on pitch tracking dynamics then (almost by definition) the handling
qualities will suffer; this situation might require correction as a prelude

to future exploration of PIO behavior.

If severe nonlinearities exist in the pitch attitude control loop that
cannot be ignored in estimation of system dynamics, then it is conceivable
that pitch attitude limit cycles will occur. If this does, indeed, happen

the limit cycle frequency should be set equal to w zp(t) should be assumed

y @
to be subjectively predictable, and the analysis fgr possible P10 should

proceed to phase 2 (azp > FS dynamics). The presence of a limit cycle in
control of 0 does not imply that PIO will exist, by the PIO definition; it
would only mean that the first necessary condition for PIO had been satis-

fied. The distinction is important.

By now it is probably clear that the analysis of pitch dynamics is
somewhat artistic. A suitable pilot model Yp(jw) must be parameterized to
represent both the normal and possible bizarre forms of pilot dynamics in
the pre-PI0 phase of attitude control; this is not exactly a problem amen-
able to state-~of-the-art solutions. A turbulence model must be selected to
realistically simulate the frequency nature of expected gust disturbances;

the break frequency w, is the most important turbulence parameter for this

analysis. Fortunatels, it appears that so long as ®wgwg(w) is "represen-
tative" that it is not too critical to an evaluation of PIO potential.
Finally, the power spectral density predicted for azp must be examined to
diagnose whether it is suitably narrowband--and therefore subjectively
predictable; the rules for doing this are primitive, at best. Thus, the
problem of modeling the pitch attitude system is very much one where engi-

neering judgment is indispensable to success. Fortunately for some of us,

judgment is not quite so vital in phase 2 of Type 1 PIO assessment.
Phase 2: Normal Acceleration System Dynamics

It the closed loop control of pitch attitude is found to produce a

subjectively predictable normal acceleration response, then it is postulated

that the pilot will, at some time, attempt to track ”zp' This process has




been modeled (Figure 4) with a switching function such that either 0 or “zp {

is controlled, but not both. It was previously mentioned that the hypothesized
azp—dependent pilot gain K‘ might be used as a switch to "turn on'" the

feedback control of uzp.

It is further postulated that when the pilot begins to track “zp his
"rule" for system closure is that the crossover fIRﬂEPDEX,Qf,ﬁhS.ﬂzp loop
gg§£_ggg§£_g%——the resonant frequency of the azp(t) response due to pitch
attitude control, alone. It is assumed that he selects Ka to establish this

condition. The appropriate pilot model for uzp control is simply

Fyg ~Tgqjw
Al S w) = K a
“Zpe (Jw) a €

It is suggested that, until better information becomes available, an appro-

priate delay is

Ta = (0,25 seconds

This value appears to be consistent with the T-38A P10 tracking data (Refs. 1
and 4); more important, however, is the observation that it seems to correlate
the results of the numerical studies (Section VI) with actual PIO experiences.
It is conceivable that T, is functionally dependent upon Wg * A possibility

is that

T s
a
ZwR

This dependency arises from consideration of the pilot's motion sensor as an

optimal, linear filter. This model for 4 will not be used further in this

report,

A necessary condition for the existence of Type I PIO may be simply

stated as follows:




R ———

where o is the minimum frequency for which

L) = T

It is understood that L(jw) represents the linear portion of the u?p > Fq
loop and that N is a sinusoidal describing function representation of the

nonlinear part. That is, the “7p > F osystem is assumed to have been
8

arranged in the tollowing form:

L(jw)

z
Y
%

The Equivalent “zp > Fg System

[When nonlinearities are imbedded in inner loops within the feel or auto-
matic control systems, this formulation can be difficult to accomplish.] If

no important nonlinearities exist, then

and

F Oa
L@ = 2= o) 1 ) 52 ()
Pe e

In general, the describing function N will be a function of oscillation
trequency and amplitude; i.e., N = N(w, “Zp)‘ In the examples contained in

this report, however, N will be amplitude dependent only; i.e., N = N(azp).
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Observe that the criterion wp = Wy is merely necessary for PIO and is !
not a guarantee that PIO will occur. Further discussion of this point will

be deferred until Phase 3 of the Type I PIO assessment is introduced.

With a linear system the criterion = is equivalent to specifying
o S

that the phase margin must be zero or negative if Type 1 P10 is to occur.

The interaction between the 0 - Fg and azp > Fs loops is illustrated in
Figure 5 for a lightly damped linear system (representative feel system and

actuator dynamics are shown; a first order Padé approximation is assumed for

the time delay). Figure 5 is intended to be a generic sketch, only, and is
not drawn to scale. The figure suggests that when the "switch" of pilot
control from ¢ to azp occurs, the azp o FS system will be stable when the
resonant frequency of ¢ - FS is less than the frequency for which the azp =
' locus first crosses the imaginary axis. When, however, the resonant fre-

quency of 0 - Fs is greater than the value at which the azp =+ FS locus

_ crossing occurs then azp - FS will be unstable if the pilot switches from

: control of © to control of azp at that condition. This is the linearized

description for PIO initiation.

Solid curves:

locus of closed loop
roots tor @ Fy

Dashed curves:
actuator
locus of closed loop

roots for agz, * L

Azp numerator
\ zeros ~=0

X
feel system “high gain"
domimant mode /‘—u-“

resultant mode: ap  * Fg (unstable PIO)

o~ »

"low gain" dynamics

(no P1O)
short-period

s (i, imcen, Y

i T,

*

Figure 5. Closed Loop Dynamics; 0 » Fg and azp v F
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The contributions of the feel system, control system, pilot, and air-
trame dynamics to PlO, for a linear system, are conveniently displaved on a

plot of total, open loop system phase angle ¢ versus frequency:

¢(jw) = (pilot phase lag) + (teel system phase) +

(control system phase) + (airtframe phase)

50 Han
$(Jw) = =57.31,0 + 3 (Qu) + X E"L (Jw)~ degrees
s e

A typical plot of ¢ (jw) might appear as shown below in Figure 6.

Figure 6. System Phase Components for azp Fg

If the azp resonant trequency resulting trom © > Fg closure is mRI' then
the amp * Fq system phase margin dmy = 180° + ¢(JNR‘) is positive, the azp
system is stable, and no P10 results, For wy = WR,» the sketch illustrates
a negative phase margin with a resultant closed loop instability: this, by the '
PIO detinition, is a PlO. It it can be shown that wg > wp is impossible,
then Tyvpe 1 P10 cannot occur for the associated flight condition. This
phase margin criterion is oversimplified if one wishes to be rigorous.
Nyquist's criterion can be checked to determine stability of the Azp loop, i
given the crossover trequency (and, theretfore, the loop gain). In general,

this appears to be an unnecessary complication: it wp is greater than the

minimum trequency tor which ¢, = 0 thenag, * Fg is unstable it closure is

l\

made at trequency wg.




When feel and control system nonlinearities are known to exist, their

effects on azp > FS system dynamics must be considered. Their effect is to
introduce amplitude-dependent and frequency-dependent gains and phases into
the control loops for both © and azp. It was already noted that the effect
of nonlinearities on 9 - FS dynamics should not generally be too significant
for small motion amplitude unless the basic handling qualities are poor. For
azp > Fs dynamics, however, we cannot prescribe a priori what the character
of the system dynamics might be; allowance must be made for the possibility

that surface or rate limits can be encountered due to large amplitude excur-

sions, for example.

Generally, reasonable sinusoidal describing function models can be
obtained for each important nonlinearity and the system dynamics can then be
formulated in the series model shown previously, combining all the linear ele-
ments into L(jw) and representing the sinusoidal describing functions by N.
Then limit cycles of the aZp e FS loop are easily found from plotting ampli-
tude versus phase angle for both L(jw) and the negative inverse of N on the
same diagram. Points of intersection between these two curves correspond to
frequencies and amplitudes of motion at which L(jw) = -1/N. The smallest of
these intersection frequencies is defined to be w - A typical case is
illustrated in Figure 7 for the case where the feel system contains an

amplitude-dependent nonlinearity and no others.

In Figure 7, the oscillation frequency w is the parameter of the gain-
phase plot of L(jw); oscillation amplitude azp or pilot control amplitude
parametizes the =1/N plot. Three points of intersection between these two
curves are indicated. Points 1 and 3 are stable limit cycles; point 2 is an

unstable limit cycle.

Limit cycles found from a describing function analysis such as that

indicated above do not necessarily represent PIO conditions. For a PIO to

actually occur it is necessary (but not sufficient) that the resonance fre-

quency w, of the pitch closed loop be equal to or greater than that of the

R
lowest frequency limit cycle (mL). Actually, a better prescription for
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nonlinear svstems might be wy = € < e where ¢+ is a "small" number; that
a limit cvele can be initiated if the system is initially oscillating at a
trequency "mear" the limit cyvele tfrequencvy. 1t may not be possible to
specify what a suitable "nearness" criterion would be and, as a practical

issue, it is not important here (to do so might require the development of a

¢riterion based on Lvapunov's second method, for example). This nuance will

be ignored.

If “i > O then a P10 mav exist with initial frequency Wee The oscilla-
tions may orbit into a stable limit cvcle or continue to increase in either
amplitude or frequency (or both). [t will often happen that, for the linear
approximation to the nonlinear system dvnamics, the frequency for § = -180°
will be >mL. In those cases, instability of the linear svstem will imply

that P10 exists with the nonlinear system; the use of the describing function

analvsis is redundant in such cases for the determination of PIO unless one

wishes to estimate the PIO stability, frequency, and amplitude.
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Phase 3: Acceleration Amplitude

The final necessary condition for Type I PIO is postulated to be that
the amplitude of azp oscillations due to pitch attitude control must be
greater than some "critical" value (azp)CR'
is assumed to correspond to a pre-set pilot tolerance level such that when

" ] "
The "critical” value (azp)CR

the amplitude of azp(t) oscillations is less than (azp)CR the pilot is

insensitive or indifferent to it.

The conventional viewpoint of the human pilot is that he is highly
adaptive. It follows that (azp)CR may be task-dependent. For example,
oscillations of azp that are tolerable without pilot control in air-to-air
combat may be totally unacceptable in aerial refueling or in flare. A

logical corollary to this reasoning is that (azp) will vary among pilots

CR
and among pilot communities; a student pilot, for example, might be hypo-

thesized to emphasize aZp control more than might a service or test pilot.
Thus, it might be concluded on this basis that the student is more suscep-
tible to PIO than an experienced pilot. This may be so, of course; but it
need not be so for the stated reason. If this viewpoint of the adaptive
pilot is accepted, then a contradiction must be admitted; viz., an explana-
tion must be offered for why less experienced pilots do not catalyze more
PIO's as a result of azp = FS tracking in view of the fact that the ag * FS
loop dynamics are almost universally poor and prone to instability. Rather
than compound this potential philosophical felony, the writer suggests that

perhaps we should reconsider the adaptive capabilities of the pilot.

It is proposed that, if azp(t) is of magnitude sufficient to be con-
sciously felt by the pilot, and if it is subjectively predictable by him,

then he may attempt to control it. If a realistic in-flight threshkold of

azp sensation is assumed to be 0.01 g (Ref. 14), then it follows that (azp)CR t

= 0.01 g for any flight control task.




Using the data summarized in Reference 10, it is possible to conclude
that as a first approximation the pilot opinion rating of a pitch attitude

tracking task is given by the formula

' POR = 3.8 /0q ~ Cooper-Harper scale

The overall validity of this formula and the theory on which it is based need
not concern us here. If the formula is accepted, then it follows that

0q = 0,833 degree/second is the maximum acceptable value for rms pitch rate
(i.e., tor POR = 3.5). It fellows that “zp will be both detectable by the

| pilot and of concern to him when, to a first approximation.
8

E‘ '
= |
. (J~~’R)l > 0.012 ;

t ‘
!

| i) . : - " . * .
where ,uzP/J‘ is in units of g/degree/second. This criterion can only be

a ‘
f P (ng), 0q > 0.01

verified with flight test experience. It will be shown in Section VI that i
the validity of the criterion is confirmed by the numerical examples (which

represent the major existing PIO data base!). |

The most important single parameter to the response ratio azp/o is

shown in the Appendix to be l/TO . To a good approximation

|
\]Zp g | 1(\.‘ \x 'I(\\ .
: — () = | — |
8] - s + 1 - i
TU‘\
.

Thus, the present P10 theory has implicated 1/T, as a central parameter in

two of the three criteria necessary for obtaining a Type 1 P10 (the tirst and

the third). (See Appendix for information concerning the approximations above.)




C. TYPE II PIO

The tasks addressed here are those in which closed loop control of pitch

is not an a priori requirement for PIO onset. This might include high-g

maneuvers of an open loop control sort, trim malfunction, system transients
resulting from SAS/CAS start-up or shutdown, etc. The common thread, how-
ever, is that the control (or disturbance) must be "suddenly applied” and of

amplitude sufficient to excite the stick-free dynamic modes of the aircraft.

The analysis requirements for the investigation of Type I1 PIO are much

simpler than those of the last section. Basically the procedure is the same 4

except that there is no messy attitude loop closure to be performed.

It is assumed that the potential for Type IT PIO may be determined as

follows:

1. Compute the power spectral density of azp using a normalized,
broadband noise representation for Fg(jw)--to simulate the required

"abrupt" character; that is

2. Determine the resonance frequency and the subjective predictability

index v from ¢azaz(m) exactly as was done for Type 1 PIO.

e If v = 0.3 then Type II PIO cannot be ruled out as a possibility;
then it is necessary to determine wy for L(jw) = -1/N(w) as was

done for the acceleration control loop for Type 1 PIO.

4. If v = 0.3, wg = wy, and Iazp/é(ij)l > 0.012 g/degree/second,
then Type II PIO should be considered probable for the given flight

condition at some time during the aircraft's lifetime.
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An alternative procedure which is simpler and which may be just as 1

satisfactory is to determine whether any stick-free dynamic mode exists which

u7‘1?(«n) and which has a damping ratio ¢, - 0.2.

As a rule of thumb, the modal frequency must be less than about 10 rad/sec

significantly contributes to I

for such a mode to produce significant effect on @ayay(m) due to high fre-
quency attenuation of a,. [If such a mode exists, then the azp response

should be considered to be subjectively predictable, w, should be set equal

R
to the modal frequency, and the additional criteria for Type 11 PIO examined;

VizZ., 1S Yr j-m] and does

then Type 11 PLO is probable.

a, /o(jm )| exceed 0.012 g/degree/second? If so,
/,p R

The simplified predictability criterion of ER = 0.2 was selected based
on the T-38A and A4D-2 P10 experiences. Table 2 contains data extracted from
page 54 of Reference 15. The airframe and feel system dynamics are shown for
the flight conditions where each airplane experienced serious PI0; these data

are given for the original and the modified control systems. It is clear

TABLE 2. SYSTEM DYNAMIC DATA; T-38A AND A4D-2

e — S e o

Airplane STI TM 239-3 Douglas LB-25452
T-38A, aft c.g. A4D-2, c.g. slight aft
~ Control System Orig Mod Orig Mod

Airframe Dynamics:

I e 7.0 7.0 7.94 7.94
Stic Xe
Lsp 0.40 0.40 0.40 0.40
wgp 9.8 7.5 8.8 4.8
Stick F '
t i | 0.10 0.28 0.16 0.3

Feel System Dynamics:
(in flight)

18.4 19,2
0.22 0.14




from these data that the stick-free, short-period mode probably dominates the
character of azp(t) responses to abrupt control or turbulence inputs. The
further assumptions are made that both the T-38A and the A4D-2 were suscep-
tible to Type [I PIO (and this appears to be a self-consistent assumption)
and that the problems were cured (or at least alleviated) by the control

system modifications performed. An inspection of these data suggests that

o Cr = 0.16 will permit Type IT PIO (A4D-2, original sitck-free
damping ratio).
o tp = 0.28 is sufficient to eliminate (or reduce) Type II PIO

tendencies (T-38A, modified stick~free damping ratio). i

It follows that CR between 0.16 and 0.28 will represent a susceptibility

boundary.

Substantiation for this criterion is available from Reference 16.
Bobweights were identified as a possible contributing cause for PIO for those
cases where they degrade the stick-free short-period dynamics. The overall
importance of stick force per steady-state g, minimum dynamic stick force per
g, and short-period damping ratio was cited. The suggested correlation is
shown in Figure 2 of Reference 16, p. 161 and in Figure 8 below; the PIO
rating scale used is that given in Figure 36. These data were obtained from
a flight test program documented in Reference 17. It is, to this writer,
clear from this data plot that stick force per g is a tenuous basis for a
PIO criterion. The data show only three PIO or near-PIO cases; one of these
lies in the "safe" region of Fg/g. One no-PIO case lies on the 1.4 1b/g
boundary. There are four cases with PIOR = 3-3.5 lying in the region of
(Fs/g)min > 3.0 1b/g. 1f one assumes that a correlation exists between PIOR i
and damping ratio regardless of Fq/g then it is clear from these data that a H
damping ratio of about 0.2 should represent a PIO boundary. This is indicated !
in the figure. This damping ratio should be interpreted, in general, as that
of the resonant mode; i.e., as ZR- When the variations of PIOR with Iy shown
above are interpreted against present theory, the data are completely consistent.

These data potentially represent both Type I and Type IT PIO conditions due to
the nature of the flight test procedures used; the flight tests did appear

to emphasize open-loop maneuvering to a considerable extent, however. Since

39

s T il g v



j - e .

. . 3 . Otr-as
Os-a8
‘An-e
PLAIR S 8 - Ca Piaer
PLAAGS SPBAS - VIV P

(Fo /n ) o 3.0 \0)

R

i, ' YYPE X PlO
3]
i

1

UNLIKELY

Maneuvering force gradient, Fg/n (1b/g)

AU SRR i i
TYRE @I PIO

ROBSIBLE

O o | 2 ]

Short-Period Damping Ratio, Lsp
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LRe 0.2 has been postulated to be a necessary, but not sutficient, condition

tor Type LI PIO, ft is reasonable to expect that the three non-I'lo0 cases tested

S

with o < 0.2 did not satisfy the additional Type Il P10 criteria ("'"-p > F

sp

Yhase or |a, /b(‘u )| > 0,012). Similarly, the one data point with
! Zp R :

p > 0.2 and PIOR > 2.5 may possibly result from tendencies toward develop-
S /
ment ot a Type 1 PLO.

It should be noted that the YF-12 and the YF-17 (as simulated by
CALSPAN) both experienced serious PIO.  The short=period damping ratio ftor
the YF=17 is estimated to be almost 0.9, while that ot the YF-12 is about
0.4 == both in the PLO contigurations. The interpretation of these data
against criteria based only on l-“‘./‘\z is impossible.  Both cases, however, arve
readily understood when compared against the PO criteria suppested as a
result of the Type | and Type 11 distinctions tor PlO.  These case histories

will be discussed in some detail in Section Vi,

al
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SECTLON V
SUMMARY OF RULES FOR P10 ASSESSMENT

This chapter is presented as a summary and compendium of rules for the
assessment of aircraft and flight control systems with respect to their
potential for P10 encounter. It is a condensation of the theory of the last
chapter. It is assumed that the flight conditions and aircraft-control
system configurations to be investigated are known and that all the dynamic

models required for application of the theory have been measured or estimated.
A. TYPE 1 PLO (INITIATED BY PITCH ATTLTUDE CONTROL) 1

Le Select an appropriate model for piloted control of pitch attitude

(e.8., Reference 6).
2. Close the pitch attitude loop.

3. Compute the power spectral density quq?(uﬁ of normal acceleration
at the pilot's location due to control of pitch attitude (i.e., with no
closed loop control of acceleration). Use a representative model for vertical

turbulence.

4. From Qaznz(w) estimate s (the resonant frequency)--if one exists.
It none exists for any realistic choice of pilot dynamics (allowing for gain
changes or drop-out of equalization, for example, due to pilot tension,
etc.) then type 1 P10 is unlikely. [f NR exists, then estimate the sub-
jective predictability index v. 1If v > 0.3 go to step 4a; otherwise con-

tinue with step 5.

; E S ¥R >
R 1f iR ( then

conclude that Type 1 P10 is unlikely; the evaluation can be continued at

4a. Estimate the resonant mode damping ratio &

step 5 if conservatism is required or if one has little confidence in the

pilot model parameterization, It ﬁR < 0.2 go to step 5.




s It there are no feel or control system nonlinearities present that
may have significant effect on pilot-vehicle system dynamics in high-g,

oscillatory states of motion, continue with step 5Sa; otherwise go to step 5Sb.

5a. (Linear system dynamics) Plot the total open loop system phase
angle Bode ¢{jw) for the “zP > l-‘S loop dynamics. ¢(jw) will be the sum of
phase angles due to the pilot, the feel system dynamics, the control system
(or CAS) dynamics, and the airframe dynamics (including any SAS feedback
loops). The pilot phase should be assumed to result entirely from a 0.25
second delay (i.e., =57.3x0.25 ). 1f the phase margin 180° + J‘(ij)> 0
then Type I PIO is unlikely and the analysis tor Type © PIO is complete.
It 180° + ¢(jwg) < 0 then Type I PIO is possible and the analysis should
proceed with step 6. [If 180° + ¢(ij) is greater than, but approximately
equal to zero, then this may suggest that the airplane will exhibit P10
tendencies, although a fully-developed PIO may he unlikely. In that case,
it becomes a matter of judgment as to what course to follow in a design or

development program.

5b. (Nonlinear system dynamics) On a gain-phase plot of L(jw) and
-1/N--the linear and negative inverse of the nonlinear portions of the

“Zp > Fq system, respectively--determine the snallest frequency @ at which

these two curves intersect. If We > W, a Type 1 PIO is possible and the
N\ 4

analysis must continue with step 6. If wp < W then Tvpe 1 PIO is unlikely
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