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Preface

Unfavorable aircraft-pilot coupling (APC) events include a broad set of
undesirable—and sometimes hazardous—phenomena that are associated with
less-than-ideal interactions between pilots and aircraft. As civil and military
aircraft technologies advance, pilot-aircraft interactions are becoming more
complex. Recently, there have been accidents and incidents attributed to adverse
APC in military aircraft. In addition, APC has been implicated in some civilian
incidents. In response to this situation, and at the request of the National
Aeronautics and Space Administration, the National Research Council established
the Committee on the Effects of Aircraft-Pilot Coupling on Flight Safety. This
committee evaluated the current state of knowledge about adverse APC and
processes that may be used to eliminate it from military and commercial aircraft.

The committee analyzed the information it collected and developed a set of
findings and recommendations for consideration by the U.S. Air Force, Navy, and
Army; National Aeronautics and Space Administration; and Federal Aviation
Administration. In particular, the committee concluded that in the short term the
risk posed by adverse APC could be reduced by increased awareness of APC
possibilities and more disciplined application of existing tools and capabilities
throughout the development, test, and certification process. However, new
approaches are also needed to address the APC risk faced by many advanced
aircraft designs. In order to develop new approaches, long-term efforts are needed
in the area of APC assessment criteria, analysis tools, and simulation capabilities.
(See Chapter 7 for a complete list of the committee's findings and
recommendations.)
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The study committee met four times between September 1995 and June
1996. (See Appendix A for a list of committee members and their professional
background.) To ensure that the committee's work included a broad range of
perspectives, the second and third meetings included workshop presentations
involving 38 outside individuals with experience in aircraft research, design,
development, manufacture, test, and operations. The committee's outreach also
extended internationally to France, Germany, Russia, Sweden, and the United
Kingdom.

The committee wishes to thank all of its meeting participants, who are listed
in Appendix B, for their contributions to the work of the committee. The
committee also expresses special thanks for the assistance provided by each of its
liaisons (see page iii ).

DUANE T. McRUER

COMMITTEE CHAIR
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Executive Summary

Unfavorable aircraft-pilot coupling (APC) events are rare, unexpected, and
unintended excursions in aircraft attitude and flight path caused by anomalous
interactions between the aircraft and the pilot. The temporal pattern of these
pilot-vehicle system (PVS) excursions can be oscillatory or divergent (non-
oscillatory). The pilot's interactions with the aircraft can form either a closed-loop
or open-loop system, depending on whether or not the pilot's responses are tightly
coupled to the aircraft response. When the dynamics of the aircraft (including the
flight control system [FCS]) and the dynamics of the pilot combine to produce an
unstable PVS, the result is called an APC event.

Although it is often difficult to pinpoint the cause of specific APC events, a
majority of severe APC events result from deficiencies in the design of the
aircraft (especially with regard to the FCS) that result in adverse coupling of the
pilot with the aircraft. In certain circumstances, this adverse coupling produces
unintended oscillations or divergences when the pilot attempts to precisely
maneuver the aircraft. If the PVS instability takes the form of an oscillation, the
APC event is called a ''pilot-involved oscillation" (PIO). PIOs differ from aircraft
oscillations caused by deliberate, pilot-imposed periodic control motions, such as
"stick-pumping," that are open-loop in character. An open-loop, forced oscillation
does not constitute a PIO. If the unstable motions of the closed-loop PVS are
divergent rather than oscillatory in nature, they are referred to as either APC
events or as non-oscillatory APC events.

APC events can result if the pilot is operating with a behavioral mode that is
inappropriate for the task at hand, and such events are properly ascribed to pilot
error. However, the committee believes that most severe APC events attributed to
pilot error are the result of adverse APC that misleads the pilot
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into taking actions that contribute to the severity of the event. It is often possible,
after the fact, to carefully analyze an event and identify a sequence of actions that
the pilot could have taken to overcome the aircraft design deficiencies. However,
it is typically not feasible for the pilot to identify and execute the required actions
in real time.

PIO phenomena comprise a complete spectrum. At one end of the spectrum
is a momentary, easily corrected, low-amplitude bobble, a type of oscillation
often encountered by pilots getting used to new configurations—basically a
learning experience. This type of oscillation can happen on any aircraft and has
been experienced by most pilots at one time or another. At the other end of the
spectrum is a fully-developed, large amplitude PIO, a chilling and terrifying
event that jeopardizes the safety of the aircraft, crew, and passengers.
Fortunately, severe PIOs are rare.

Other severe APC events have been noted in which the excursions in
aircraft motion diverge over time rather than oscillate. The few events of this
nature that have been positively identified have had serious consequences. Large
amplitude, dangerous PIOs and non-oscillatory APC events are the particular
concerns of this report.

Recently, there have been several highly visible APC-related accidents
involving military aircraft, as well as a number of incidents involving civil
aircraft. At the same time, there has been widespread introduction of new fly-by-
wire (FBW) FCSs into commercial transports. Almost all new FBW-equipped
aircraft have exhibited APC events at some time during development, and these
untoward coincidences have captured the attention of policymakers, test pilots,
technical managers, and engineers. Although FBW systems are not inherently
more or less susceptible to severe APC events, the flurry of incidents in aircraft
development programs suggests that some side effects have not been fully
explored or anticipated. Thus, as a matter of prudence the National Aeronautics
and Space Administration asked the Aeronautics and Space Engineering Board of
the National Research Council to conduct a study to assess APC-related aspects
of recent incidents and accidents, aircraft development processes, the introduction
of FBW and fly-by-light technology into FCSs, and national and international
efforts devoted to APC research. This report is the result of that study, and it
recommends steps that could be taken to improve aviation safety by reducing the
kinds of APC problems seen recently and countering new types of APC problems
that may arise.

The following high-level conclusions of the study committee are worth
highlighting. (Subsequent sections include the committee's key findings and
recommendations, and all findings and recommendations are listed in Chapter 7.)

•   There are many varieties of oscillatory and non-oscillatory APC events.
Although none of these is welcome, only a rare subset is dangerous.
Among the dangerous ones are events that exhibit "cliff-like"
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characteristics, which means that a PVS may fly superbly up to the
sudden onset of a dramatic and potentially catastrophic APC event.
What these severe APCs are, when they are likely to occur, and how to
find (and fix) them are key issues.

•   Most of the severe PIOs for which flight recordings exist have exhibited
oscillations characterized by rate limited responses in control surface
actuators or effectors. (Control surface actuators and effectors are rate or
position limited when commanded movement exceeds limits imposed by
design intent or physical structure on the rate of movement or extreme
position of the control surface.) In most cases the pilots indicated that
the onset of the PIO was sudden, unexpected, and cliff-like.

•   Piloted simulations have proved to be useful for investigating APC
tendencies. However, neither piloted simulations nor available design
and testing criteria can guarantee that a new aircraft will not be involved
in an APC event.

•   Severe APC events are invariably new "discoveries" that often occur in
transient and highly unusual circumstances. To avoid their discovery by
operational pilots under unfavorable circumstances, test pilots must be
allowed some freedom to search for APC tendencies in simulations and
flight tests.

•   Data on recent APC events indicate that they are not uncommon in
development testing where data recording and pilot reports are sufficient
for causes to be determined and solutions developed. There are only a
few reports of severe APC events in operational aircraft, but because
there are no mandatory reporting requirements and recordings are often
inadequate, the danger cannot be assessed adequately.

•   The committee was disturbed by the lack of awareness of severe APC
events among pilots, engineers, regulatory authorities, and accident
investigators.

THE AIRCRAFT-PILOT COUPLING EXPERIENCE

APC events usually occur when the pilot is engaged in a highly demanding,
closed-loop control task. For example, many of the reported APC events have
taken place during air-to-air refueling operations or approaches and landings,
especially if the pilot is concerned about low fuel, adverse weather, emergencies,
or other circumstances. Under these conditions, the pilot's involvement in
closed-loop control is intense, and rapid response and precise performance of the
PVS are necessary. Even so, these operations usually occur routinely without APC
problems. APC events do not occur unless there is a transient triggering event
that interrupts the already highly-demanding
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PVS operations or requires an even higher level of precision. Typical triggers
include shifts in the dynamics of the effective aircraft (the combination of the
aircraft and FCS) caused by increases in the amplitude of pilot commands, FCS
changes, minor mechanical malfunctions, or severe atmospheric disturbances.
Other triggers can stem from mismatches between the pilot's expectations and
reality.

PIOs have been part of aviation history since the beginning of manned
flight, and severe PIOs persist in spite of major efforts to eliminate them. When
one kind of PIO occurs, usually unexpectedly, it stirs corrective actions. The
experience is generally useful, in that the conditions thought to underlie that type
of PIO tend to be avoided in designing new aircraft. As other PIOs occur under
different circumstances, the cycle is repeated. With time, understanding improves
and some causes are circumvented, but the occurrence of closed-loop oscillations
remains a constant; only the details change with the aircraft and FCS technology.

From the pilot's perspective, there are three varieties of PIO experiences,
ranging from benign learning experiences to severe and potentially dangerous
oscillations. The benign "bobbles" are easily countered by the pilot's exit from the
closed-loop PVS. By contrast, in many severe PIOs the pilot becomes locked into
behavior that sustains the oscillation, even though the pilot often feels totally
disconnected from the system. If the deficiencies in effective aircraft dynamics
are essentially linear in nature, such as excessive time lag in response to a pilot
input, a Category I PIO may result. If the effective aircraft dynamics change as a
function of pilot-command amplitude or of FCS mode shifts, thereby creating a
nonlinear sudden-onset change (a "cliff") in the effective aircraft dynamics, the
resulting PIO is assigned either to Category II (when the dominant nonlinearities
are associated with rate or position limiting of the control surfaces) or Category
III (when the nonlinear changes are more complex). The Category II and III PIOs
are particularly insidious because the effective aircraft dynamics and the
associated flying qualities can be good right up to the instant the PIO begins.
Identifying the potential for these PIOs, which almost always occur under
unusual conditions when the PVS is operating near the margins, is a major
challenge to test pilots and engineers. An extensive search process with a
''discovery" mentality is needed to ensure that Category II or III tendencies are
not overlooked.

Non-oscillatory APC events are not as well defined or understood as PIOs.
Even if the pilot is extremely active and initiates many control reversals, the
aircraft does not necessarily respond in an oscillatory fashion. Instead, a buildup
of lags in the response of the aircraft's control effectors to the pilot's commands
may ultimately lead to a divergence from the intended aircraft movement. As in
the case of severe PIOs, pilots in these cases often report a sense of feeling
detached from the aircraft behavior in terms of both awareness of what is
happening and in terms of the temporal connections between pilot command and
aircraft response.
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Finding. Adverse APC events are rare, unintended, and unexpected
oscillations or divergences of the pilot-aircraft system. APC events are
fundamentally interactive and occur during highly demanding tasks when
environmental, pilot, or aircraft dynamic changes create or trigger mismatches
between actual and expected aircraft responses.

IMPACT OF NEW TECHNOLOGY

As phenomena in aviation history, APC problems have often been associated
with the introduction of new technologies, functionalities, or complexities. There
is a time lapse before flight experience with a new technology reveals the subtle
changes in effective aircraft dynamics that may increase the susceptibility of a
new aircraft to APC events. This partly explains why APC problems are more
prevalent in military aircraft, which have traditionally introduced advanced
technologies, and less common in civil aircraft, which have tended to adopt new
technologies only after they have been proven in military aircraft. The prevalence
of APC problems in military rather than commercial aircraft may also be
associated with the nature of military operations, which frequently include
maneuvers that require higher pilot gains than are commonly used on commercial
aircraft.

FBW technology, which for this report includes fly-by-light technology, is a
recent example of a new technology that has migrated from military to civil
aircraft. The application of FBW technology has created FCSs that confer
important overall system advantages in terms of performance, weight reduction,
stability and control, operational flexibility, and maintenance requirements. FBW
also offers opportunities for novel approaches to solving all kinds of problems
with aircraft stability and control (including correcting APC tendencies). Yet, the
flexibility inherent in FBW technology has the potential for creating unwanted
new side effects and unanticipated problems.

In an aircraft equipped with a FBW FCS, information is transmitted from the
cockpit to the control surfaces entirely by electrical means. The cockpit control
device may not indicate to the pilot when the control surfaces are rate or position
limited. The result may be a mismatch between the pilot's expectations and the
aircraft's actual response, which can directly contribute to an APC event. In
addition, FBW technology allows aircraft designers to design an FCS that
features an elaborate set of system modes intended to enhance aircraft
performance for a variety of missions under all expected flight conditions. When
properly implemented, shifts between these system modes are smooth and
unobtrusive and do not interfere with the pilot's operation of the aircraft.
However, the complexity inherent in an advanced multiredundant FBW FCS
makes it difficult for the designers, much less the pilots, to anticipate all of the
possible interactions between the FCS and the pilot. The
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FCS may operate in ways that the pilot does not expect and does not recognize,
thereby increasing the potential of encountering an APC event. As the potential
for untoward events expands with the introduction of new technologies, increased
vigilance is necessary to ensure that new systems do not inadvertently increase
the susceptibility of new aircraft to APC events.

Finding. APC problems are often associated with the introduction of new
designs, technologies, functions, or complexities. New technologies, such as
FBW and fly-by-light flight control systems, are constantly being incorporated
into aircraft. As a result, opportunities for APC are likely to persist or even
increase, and greater vigilance is necessary to ensure that new technologies do
not inadvertently increase the susceptibility of new aircraft to APC events.

AIRCRAFT-PILOT COUPLING EVENTS AS A CURRENT
PROBLEM IN AVIATION

A major task of the committee was to assess the current status of APC
events as a safety problem in aviation. In the context of aircraft development and
testing, the record clearly shows that although adverse APC events are rare, they
can pose a major safety concern. The same record also provides an extraordinary
set of recent examples that should alert project and engineering managers, design
engineers, test pilots, and aircraft operators to the need to address concerns about
APC events as a central flying qualities and safety issue. These concerns can be
addressed through detailed test plans, elaborate flight-test data recorders, and
highly trained pilots like the ones who participate in the developmental stages of
new aviation technology. Addressing these concerns will ensure that APC events
that occur during development become matters of record.

When an aircraft enters operational service, the elaborate flight data
recorders are routinely removed. The flight data recorders that are installed on
many commercial aircraft employ a limited number of channels and sample rates;
many military aircraft have no flight data recorders at all. For these and other
reasons, confirmed APC-related incidents or accidents on operational FBW
aircraft are quite rare.

The occurrence of PIOs or other APC events at some point in the
development of almost all FBW aircraft, contrasted with the almost total absence
of APC events reported in operational stages, is viewed by the committee as a
"curious disconnect." The hope is that all major APC tendencies have been
discovered and corrected in the course of development, but because of the limited
recording and reporting procedures in operations, this cannot be confirmed.
Consequently, the committee was not able to assess fully the exposure of
operational fleets to APC events.
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Finding. APC problems have occurred more often in military and
experimental aircraft, which have traditionally introduced advanced
technologies, than in civil aircraft.

Finding. Recently, civil and military transport FBW aircraft have
experienced APC problems during development and testing, and some APC
events have occurred in recent commercial aircraft service, although they may
not always have been recognized as such.

INCREASING AWARENESS

The committee has observed that APC events are perceived by the majority
of the aviation community as exotic happenings that are occasionally documented
by spectacular video footage shown on the evening news but are not of major
concern. This complacent attitude is reinforced by a lack of awareness,
understanding, and relevant experience. This shortcoming should be addressed
through improved education and training of personnel involved in aircraft design,
simulation, testing, certification, operations, and accident investigation.

A dramatic way to enhance awareness is to expose flight test pilots and
engineers to actual APC events in flight and thereby indelibly imprint on them the
insidious character and the danger of such phenomena. Although this could be
done at relatively little expense using existing variable stability aircraft, this kind
of training for test pilots and engineers is not common in industry, the Federal
Aviation Administration, or the Department of Defense. (It may also be possible
to use ground-based simulators for APC awareness training, especially for
Category I APC events, but they are not likely to make the same sort of dramatic
impression on pilots as in-flight experiences.) The committee believes test pilots
need specialized training to improve their ability to detect adverse APC
characteristics. Test pilots tend to adapt very quickly to new aircraft, and they
may unconsciously compensate for deficiencies in a FCS that, in some
circumstances, could contribute to an APC event. Therefore, their training should
also include aggressive searches for tendencies that could lead to APC events.

Because most line pilots have not been trained to recognize and report
adverse APC characteristics, they often attribute PIOs to deficiencies in their
flying skills. The committee suspects that this tends to limit reporting of adverse
APC events to safety reporting systems.

Appropriate training is equally important for accident investigators and
others involved in evaluating flight operations. Investigators should be
knowledgeable about APC hazards and how to identify them. The improving
capabilities of flight data recording systems will aid investigators in
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determining whether APC phenomena contributed to specific incidents and
accidents.

Recommendation. Insufficient attention to APC phenomena generally
seems to be associated with a lack of understanding and relevant experience; this
shortcoming should be addressed through improved education about APC
phenomena for pilots and other personnel involved in aircraft design, simulation,
testing, certification, operation, and accident investigation.

ELIMINATING AIRCRAFT-PILOT COUPLING EVENTS

To increase the likelihood of finding major APC tendencies during the
development process, the committee recommends that a disciplined and
structured approach be taken in the design, development, testing, and certification
of aircraft. This approach is intended to improve existing techniques for
mitigating the risk of adverse APC and to expedite the adoption of new
techniques as they become available.

Management

The elimination of APC events requires both an effective technical approach
and a highly supportive management structure. In the past, a possible
susceptibility to APC was sometimes detected during simulations and analysis
early in the development of new aircraft but was dismissed by managers or
designers as premature or irrelevant because the susceptibility was associated
with tasks that were viewed as uncharacteristic of actual flight operations. In
other cases, APC susceptibility has been inadvertently introduced into new
aircraft with design changes that were not fully assessed for their impact on APC
characteristics. Program managers and designers should implement a highly
structured systems-engineering approach that involves all relevant disciplines in
the APC-elimination process from early in the program through entry into
service.

Design Criteria

Good "flying qualities" are fundamental to the elimination of adverse APC.
The starting point for military aircraft is compliance with the requirements in
MIL-STD-1797A and Draft MIL-STD-1797A Update.70,71 Compliance lessens
APC tendencies in classical fixed-wing aircraft with modest stability
augmentation systems and conventional fully-powered surface actuating systems.
Rotorcraft that meet the requirements of ADS-33D68 are
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also likely to be more resistant to APC events. However, these specifications, like
the criteria upon which they are based, do not adequately address the
susceptibility of aircraft to Category II and III PIOs and to non-oscillatory APCs.
These requirements should be supplemented early in the design process by
appropriate criteria and metrics selected and tailored, as necessary, to guide
development teams in assessing the flying qualities and susceptibility of new
aircraft to adverse APC. The APC criteria should emphasize highly demanding,
closed-loop operations of the PVS, as well as precision maneuvering
characteristics. The criteria should be viewed as a means of alerting the analysis
and design teams to features that can increase the risk of APC. Current design
criteria cannot guarantee that a given design will be free of adverse APC
characteristics in flight. Appropriate combinations of available APC criteria are
generally useful for assessing the susceptibility of aircraft designs to most types
of linear, oscillatory APC events (i.e., Category I PIOs). Available criteria do not
effectively address more complex types of APC events—Category II and III PIOs
and non-oscillatory APC events. Research on APC design assessment criteria
should focus on these less understood types of APC events; a coordinated
approach that combines experiments with the development of new analysis
approaches is essential.

Simulation and Flight Tests

Ground and in-flight simulators and pilots who are sensitive to APC
tendencies can contribute to the development of a FCS with satisfactory APC
characteristics. The potential of simulators to reproduce APC events that have
been encountered in flight has been repeatedly demonstrated. However, the
continuing occurrence of unexpected APC events in flight also illustrates the
limited effectiveness of current simulation technologies and procedures for
predicting APC events. Existing simulation and analysis tools should be refined
to be more specific, selective, and accurate predictors. A high priority should be
placed on research to develop predictive simulation protocols and tasks and to
validate simulation test results with flight tests.

Fixed-base simulators may not always reveal the existence of adverse APC
tendencies because of (1) the lack of acceleration cues; (2) less-than-satisfactory
visual systems; (3) inadequate simulation of major FCS details, especially
inceptors and FCS characteristics that come into play when PVS operations are at
or near transitions or other conditions that define margins; and (4) the difficulty
of instilling stress and a sense of urgency in the pilot. Moving-base simulators
may be more effective than fixed-base simulators in some parts of the flight
envelope, although they too can have the deficiencies listed above, as well as the
oddities of motion washout and other artifacts. The committee believes that a
high-quality visual display is more effective than a
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moving base because most simulations involve instrument-rated pilots who are
trained to rely upon visual rather than acceleration cues.

In-flight simulation solves many of the problems inherent in ground
simulation if the effective aircraft dynamics, including inceptors, are well
simulated. In-flight simulation can be especially valuable for increasing the APC
awareness of test and operational pilots and flight test engineers and for
demonstrating and conducting research on cliff-like APC phenomena (Category
II and III PIOs and non-oscillatory APCs). Highly focused flight-test evaluations
of prototypes or pre-certification aircraft can be particularly helpful for
identifying flight situations that might be susceptible to APC, as well as for
providing the final measures of performance.

Throughout the simulation and flight test process, pilots must be assigned
appropriate tasks (see Chapter 4) in order to evaluate APC characteristics
effectively. Because APC events are commonly associated with highly
demanding, precisely controlled aircraft movements, simulation and flight tests
used for assessing APC tendencies should include such tasks as aggressive
acquisition maneuvers, aggressive tracking maneuvers, mode transitions,
formation flying and aerial refueling, approach and landing, and special tracking
tasks.

It is important that a variety of repeatable tasks be included to ensure that
APC assessments are comprehensive and verifiable. In addition, many pilots
should be involved in simulation and flight tests to ensure that the aircraft will
accommodate a wide range of piloting skills; two or three test pilots are not
enough to conduct a thorough evaluation and examination if APC characteristics
are marginally acceptable. An aggressive search for APC tendencies is especially
important in flight regimes where cliff-like phenomena are most likely to appear.

Recommendation. A disciplined and structured approach should be taken in
the design, development, testing, and certification stages to maximize the
effectiveness of existing techniques for mitigating the risk of adverse APC
tendencies and for expediting the incorporation of new techniques as they become
available. This is especially important in areas where effective procedures and
standards do not currently exist (e.g., FAA certification standards).

INTERIM PRESCRIPTION FOR AVOIDING SEVERE
AIRCRAFT-PILOT COUPLING EVENTS

This report stresses the need for enhanced awareness of APC phenomena
and an orderly and structured design and development process to address this
problem. Although no definitive criteria are applicable to all types of APC
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events, the technical guidelines that appear below can confer immunity to most
severe APC events. The committee recognizes that readers concerned with
specifics may find the following discussion of processes and criteria too general,
even as other readers who are unfamiliar with APC phenomenology may find the
details of some technical descriptions difficult to understand.

Reduce Category I Pilot-Induced Oscillation Tendencies

Implications for Design of the Effective Aircraft Dynamics

Reduce time lags in the high-frequency effective aircraft dynamics. To
reduce tendencies for attitude-dominant PIOs, increase the frequency range over
which a pilot hypothetically operating in a pure-gain (proportional control) mode
can exert closed-loop control on aircraft attitude. Counter possible interactions
between the pilot and higher-frequency modes of the effective aircraft dynamics.

Suitable Metrics and Criteria

Ensure that inceptor characteristics, flexible modes of the aircraft structure,
and other elements of a PVS that incorporates a pure-gain pilot do not create high
frequency closed-loop resonances. Three criteria (i.e., the Gain/Phase Template
Plus �&180/Average Phase Rate criterion, the Dropback criterion, and the Aircraft-
Bandwidth/Phase Delay criterion) can provide useful warnings and design
guidance.

Minimize Category II and III Pilot-Induced Oscillation
Tendencies

Implications for Design of the Effective Aircraft Dynamics

Provide seamless transitions when the FCS switches between control modes
or control laws. Minimize transitions that create large increases in the phase lag
or gain that the FCS applies to the pilot's commands, especially simultaneous
increases in both.

Suitable Metrics and Criteria

Develop metrics and criteria for predicting Category II and III PIO
tendencies. (Currently, such criteria do not exist.) Reduce the effects of phase
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lag introduced by rate limiting by providing liberal rate limits and minimizing the
need for large pilot commands during critical closed-loop tasks. Command-gain
changes and pre- to post-transition dynamic shifts of no more than about 3 dB (50
percent) are tentative lower limits for tasks that require the pilot to exert tight
closed-loop control.

Examine the Possibility of Non-Oscillatory Aircraft-Pilot
Coupling Events

In searching for unexpected non-oscillatory APC events, consider special
maneuvers, pilot commands, and FCS inputs that may effectively increase the
time lag between the pilot's command and its reflection at the control surface.

Conduct Assessments and Evaluations Using Simulators

Implications for Design

Provide simulator characteristics that are valid reflections of effective
aircraft dynamics, especially for high PVS frequencies and conditions where FCS
operations are nonlinear. Extensively examine situations that analysis has
indicated are marginal with respect to the occurrence of Category I APC events.
Conduct a specialized and detailed search for potentially critical Category II and
III (cliff-like) situations using an impartial team of experienced FCS engineers.
Include circumstances that may require large pilot inputs, high pilot gain, or FCS
shifts between modes and/or control laws.

Implications for Test Execution

Use test input sequences that put maximal stress on the PVS. Include periods
of active, freelance pilot operations to search for potential limiting conditions (see
Table 4-2). Also include a broad spectrum of test pilots and operational pilots.
Examine maneuvers and command sequences that may effectively increase the
time lag between the pilot's command and the control surface effector's reflection
of this command.

Conduct Flight Evaluations

Use flight evaluations, which are closely related to simulation tests, to build
on the results of simulation. In particular, use test input sequences that stress the
PVS to extremes and include a spectrum of pilots. Conduct tests of
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situations where PVS performance was previously determined or suspected to be
marginal, as well as conditions that have no parallel in simulation (e.g., situations
that involve very high frequency modes or acceleration-sensitive phenomena).
Devote an investigatory phase, with appropriate safety measures, to an active and
aggressive search by pilots for potential, cliff-like PIO conditions, such as
conditions involving rate or position limits. Include carefree freelance operations
that provide test pilots with "open time" to experiment freely.

ALTERNATIVE APPROACHES

The approaches used to address APC risk in the U.S. and international civil
and military aviation communities are not consistent. Some organizations rely
heavily on the analysis of new designs in accordance with formal APC criteria.
Others rely primarily on empirical methods and rules of thumb based on
experience with prior aircraft. The committee did not find any approach that
consistently produces aircraft free of adverse APC characteristics. APC events
thus remain a threat, and the potential for tragedy will persist until the goal of
reducing APC risk is aggressively pursued.

Manufacturers of civil and military aircraft often consider the approaches
they use to reduce the risk of adverse APC as a component of their proprietary
design and manufacturing process. In addition, the APC characteristics of current
aircraft are often treated as proprietary or classified performance data. These
attitudes tend to inhibit the exchange of APC-related information and interfere
with cooperative efforts to reduce the risk. Nevertheless, the committee believes
that, in the interest of aviation safety, the free exchange of APC-related
information on design and manufacturing processes and on aircraft performance
characteristics should be encouraged throughout the military and civil aviation
communities, nationally and internationally. This report, which contains a great
deal of data, information, and procedures that would normally be considered
proprietary, is a step in this direction.
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1

Aircraft-Pilot Coupling Problems:
Definitions, Descriptions, and History

INTRODUCTION

''Aircraft-pilot coupling (APC) events" are inadvertent, unwanted aircraft
attitude and flight path motions that originate in anomalous interactions between
the aircraft and the pilot. The concept of the pilot and aircraft as constituents of a
"pilot-vehicle system" (PVS) is central to understanding APC events.
Historically, the most common APC events have been sustained, oscillatory
motions of the PVS. These motions include changes in the aircraft attitude and
flight path caused by the flight control system (FCS) and generally associated
with pilot inputs. Oscillatory APC events have historically been referred to as
"pilot-induced oscillations" (PIOs).

The committee has adopted APC phraseology for two reasons. The first is to
remove the presumption of blame implicit in the term "pilot-induced"; although it
is often difficult to pinpoint the cause of specific APC events, a majority of
severe APC events result from deficiencies in the design of the aircraft (especially
with regard to the FCS) that result in adverse coupling of the pilot with the
aircraft. The second reason for referring to APC events instead of PIOs is to
expand the focus of the term to include other extreme, unwanted PVS motions
that, although not necessarily oscillatory, still derive from inadvertent pilot-
vehicle interactions. An excellent, well documented example of a non-oscillatory
APC event is the second JAS 39 accident, which is listed in Table 1-2 and
described in Chapter 2 (at the end of the Non-Oscillatory Aircraft-Pilot Coupling
section).

Both oscillatory and non-oscillatory APC events represent a fundamental
discord between the pilot's intentions and the aircraft's response. Properties of
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the aircraft are contributing factors to the adverse motions. APC events are
collaborations between the pilot and the aircraft in that they occur only when the
pilot attempts to control what the aircraft does. Indeed, the effective aircraft, left
to the control of the FCS, will ordinarily remain dynamically stable in flight. For
this reason, pilot error is often listed as the cause of accidents and incidents that
include an APC event. However, the committee believes that most severe APC
events attributed to pilot error are the result of adverse APC that misleads the
pilot into taking actions that contribute to the severity of the event. In these
situations, it is often possible, after the fact, to analyze the event carefully and
identify a sequence of actions that the pilot could have taken to overcome the
aircraft design deficiencies and avoid the event. However, it is typically not
feasible for the pilot to identify and execute the required actions in real time.

Because the pilot's actions depend, in part, on the motions of the aircraft in
response to pilot commands, the aircraft and pilot dynamics form a closed-loop
feedback control system.* The pilot is said to be "operating closed-loop" or to be
"in the loop." Adverse APC characteristics can therefore be identified as
instabilities in a closed-loop feedback control system. Oscillatory APC events
have been the easiest to identify and comprehend and have therefore received the
most attention in this study (as they have in the past). These PVS oscillations will
be referred to hereafter as "pilot-involved oscillations'' (PIOs) without thereby
ascribing blame.

Non-oscillatory APC events, such as divergences,*  are less well defined
because the aircraft motions can be far more diverse and the cause-effect
relationships more difficult to comprehend. Nonetheless, new possibilities for
APC have arisen with the use of multifunction, special purpose control surfaces
and subsystems intended to enhance performance and stability and control, and
with the advent of fly-by-wire (FBW)*  FCS technology that makes many new
system concepts and improvements feasible. Foremost, but not alone, among
these new possibilities is the spatial (mechanical) disconnect—with consequent
temporal separations (typically tenths of a second)—between the pilot's command
actions and the aircraft control effectors' reflection of the pilot's intent. With FBW
controls, the pilot does not receive a direct indication through the cockpit control
device when a control-surface actuator is rate limited,*  whereas with some older
direct hydraulic controls, mechanical resistance to further command movement
indicates that the actuator is rate limited. Similarly, FBW controls do not give
direct indications of rate limitations included in the software.

When stability augmentation systems (SASs)* and other FCS-associated
subsystems share control effectors with direct pilot inputs, the pilot's authority
over the control surfaces can also be substantially reduced. The pilot, unaware

* Terms marked by an asterisk are defined in the glossary.
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that the systems are operating at their limits, may call for a greater response from
the control surface than is allowed by the system's rate or position limits*  for that
effector. The resulting "disharmony" between the pilot's intentions and the
aircraft's response can significantly affect the pilot's comprehension of the overall
status of the PVS. All of these effects may be present and quantifiable in
oscillatory PVS behavior, but for non-oscillatory interactions they are more of a
potential problem because they may not be positively identified or exemplified.
Consequently, this report focuses more on system oscillations than on potential,
non-oscillatory interactions.

Initial Concrete Example

PIOs have been around since the time of the Wright brothers, giving them an
unambiguous seniority among flying qualities*  problems.42 In terms of severity
and consequences, pilot-vehicle oscillatory phenomena comprise a complete
spectrum. The oscillations may be of the temporary, easily corrected, low-
amplitude variety often encountered by pilots when getting the feel of a new
configuration—basically a learning experience. These oscillations can happen on
any aircraft and have been experienced by most pilots at one time or another. On
the other hand, a fully developed, large-amplitude oscillation with near or actual
catastrophic consequences is a terrifying event that jeopardizes the safety of the
aircraft, passengers, and crew. Severe PIOs are either difficult or impossible for
the pilot to arrest.

The in-flight recording of Figure 1-1 illustrates a severe PIO and should
motivate interest in this phenomenon. This event occurred with an early version
of the T-38 trainer, and it remains a historical landmark for several reasons: the
aircraft was equipped with instruments to collect detailed flight data; the incident
was about as severe as one can get without an actual breakup of the aircraft; and
the event has been extensively studied. As a result, this event has provided
valuable insight into severe PIOs.

The time traces shown in Figure 1-1 indicate that the event was preceded by a
low-amplitude, high-frequency oscillation involving only the pitch axis of the
aircraft and the SAS; note that the force the pilot applied to the stick was zero
during this pre-PIO phase. In other words, the initial oscillation was an instability
of the SAS-aircraft combination with no pilot involvement. To eliminate the
oscillation, the pilot disengaged the pitch SAS and entered the control loop in an
attempt to counter the resulting upset.*  Triggered by these events, at the pilot's
intervention, a 1.2 Hz (7.4 rad/sec) oscillation developed very rapidly. In just a
cycle or so, the oscillation had achieved an amplitude of ±5 g, increasing
gradually to ±8 g, perilously near aircraft design limits. Recovery occurred when
the pilot removed himself from the control loop. This
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example is given here to capture the reader's attention and to show that such
events, although extremely unusual, can be very serious.

Although severe APC events are rare, they continue to occur, and, what is of
more concern, they seem to be increasing in variety and complexity as aircraft
systems advance. Large amplitude, potentially catastrophic, severe APCs can
appear in many guises and can involve many factors. To understand these factors
and their interactions, the PVS must be dissected in detail. Understanding the
possibilities as well as the past examples involves a process of identifying,
describing, and examining the constituents of severe APC problems and how they
interact. This process begins with a description of the PVS, followed by a brief
historical perspective.

PILOT-VEHICLE CLOSED-LOOP SYSTEM

The general physical structure of a PVS subject to one command input from
the pilot is summarized in Figure 1-2. From the pilot's perspective, this is a
"single-axis" situation in that the pilot's command is expressed by a single
manipulation of a control inceptor. "Inceptor" is a catchall term for the pilot's
control devices, such as the control stick or wheel for lateral control, the stick or
column for longitudinal control, handles for controlling throttles and flaps, and
pedals for controlling rudders. An inceptor may affect several vehicle control
effectors (e.g., control surfaces)—for example, coordinated motions of aileron
and rudder originated by a lateral stick deflection. This single-axis structure may
encompass various inputs to the pilot. (The dynamics of the human pilot as an
element within the closed-loop PVS can take several forms depending on the
details of the specific system. A short description of these forms appears in
Chapter 5 [see the section, Different Modes of Pilot Behavior]. A more extensive
explanation is provided by McRuer.42) Examples of input to the pilot are: simple
visual cues, such as pitch attitude; motion cues, such as normal acceleration at the
pilot's location; composite signals, such as flight director error displays; or
combinations of these inputs.

As shown in Figure 1-2, the inanimate elements of the system comprise the
aircraft, FCS, and "displays." In principle, "displays" include all sources of
sensory information the pilot uses to understand aircraft motion, especially those
that derive from visual, motion-related, and aural modalities. The displays
therefore include outside visual cues as well as cockpit instruments,
proprioceptive*  (e.g., perceived limb force and movement) inputs from
inceptors, etc. In Figure 1-2, accelerations and angular velocities are shown as
direct feedbacks to the pilot and as inputs to the display complex. Even aural
signals from warning devices can contribute to the grand overall "display" that
provides cues to the pilot. Because severe PIOs are almost always relatively
high-frequency oscillations (0.2 to 3 Hz), only the "displayed'' inputs that
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provide cues for the higher-frequency PVS loops are of practical consequence.
This simplifies the analysis considerably and emphasizes as key cues the aircraft
attitudes and accelerations and the pilot-perceived control forces and
displacements (proprioceptive variables) at the inceptor level.

To represent the cues relevant to PIO, Figure 1-2 defines two slightly
different entities that interact with the pilot. The first is the "effective aircraft
dynamics," which consists of the aircraft as modified by the FCS. The second is
the total dynamic entity with which the pilot interacts, the "controlled element,"
which includes certain elements of the display complex that contribute to the cue
dynamics and are associated with the effective aircraft dynamics. In most APC
events, the display complex quantities of interest include pitch or roll attitudes,
which are visually perceived from the pilot's external field of view. In these
cases, no distinction between the effective aircraft dynamics and the controlled
element is necessary.

Figure 1-1 Flight recording of T-38 PIO. Adapted from: Ashkenas et al.3
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NECESSARY CONDITIONS FOR OSCILLATORY AIRCRAFT-
PILOT COUPLING EVENTS

The pilot, controlled element, task, and goal elements shown in Figure 1-2
are the principal constituents that can interact to cause a PIO when the PVS is a
tightly-coupled closed-loop. Figure 1-3 shows the sufficient conditions for a
continuous oscillation of the pilot-controlled-element system. These conditions
can be satisfied only when the closed-loop PVS is operated with high pilot gain.*

Most flying tasks are accomplished with highly skilled discrete commands
that are tailored for specific maneuvers and applied as open-loop inputs. Very few
tracking-like operations demand full attention, continuous, closed-loop, pilot-
controlled actions. Figure 1-3 lists some of the flight control tasks in which a high
pilot gain is required to achieve necessary levels of closed-loop system dynamic
performance and precision of control. Although they are a small subset of flight
control tasks, most of them are well defined, ordinary, light operations.

By contrast, severe PIOs are extraordinary passages across stability
boundaries. Although PIOs may, on occasion, appear to result from overly
aggressive actions, they are more often associated with anomalous changes either
in the pilot's behavior, the effective aircraft dynamics, or the display complex.
These anomalies (the last item in Figure 1-3, Demanding or Unexpected
Transitions) include conditions that induce or require one of the following
responses:

•   sudden major overall changes in the PVS configuration, such as wave
off, target maneuvering, shift in goals, manual takeover, etc.

•   modifications of the effective vehicle configuration (e.g., sudden
changes in effective aircraft dynamics, such as FCS mode switching,
autopilot disconnects when the aircraft is out of trim, or reconfigurations
of control or power during go-arounds and aborts; low-altitude cargo
extractions; afterburner light-offs; engine unstart; asymmetric stores
release; SAS failures; maneuvering into Mach buffet;*  or any changes in
effective aircraft dynamics that are sensitive to pilot gain or driven by a
shift in pilot action from small to large amplitude inputs)

•   changes in the pilot's dynamics and/or the pilot-defined system
architecture (e.g., shifts of dominant cues or pilot behavioral mode)

The unexpected and unusual nature of most severe oscillatory APC events
implies an unusual precursor or "trigger" event. The fundamental characteristic of
a trigger event is a mismatch between the pilot's control strategy and the effective
aircraft dynamics that are being controlled. Triggers can arise either from
external or internal sources. They may be major upsets,
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which can be caused by wind gusts, turbulence, or other unexpected events
(e.g., runway incursions) in the external environment. Triggers may also derive
from transitional changes in the pilot or the effective aircraft. That is, transitions
in the system or system elements may trigger APC events as well as change the
effective aircraft or controlled element dynamics.

Figure 1-3 Conditions associated with oscillatory APCs. Source: Adapted from
McRuer.42

The essential elements that interact unfavorably to create a severe APC
event (see Figure 1-4) are listed below:

•   a pilot using one of several possible dynamic behavioral modes (see
Chapter 5) to satisfy highly demanding tasks and goals

•   less than optimum controlled-element dynamic characteristics
•   triggering event(s)
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HISTORICAL ANTECEDENTS

Aircraft with Conventional Flight Control Systems

The committee assessed the historical record of aircraft accidénts and
incidents from publicly available records and detailed discussions with a
representative set of aircraft manufacturers, airlines, and accident investigation
authorities in the United States and Europe. This assessment revealed a
remarkably diverse set of severe PIOs and other APC events. Tables 1-1a through
1-1d show a cross section of PIOs for aircraft that are considered classical and
traditional from the standpoint of FCSs. Although these include some very
current aircraft, with few exceptions the FCSs comprise conventional mechanical
primary controls that connect the pilot to hydraulically-actuated control surface
effectors. These primary control systems are usually supplemented with relatively
simple, restricted authority SASs that were added to improve the effective
aircraft dynamics.

Figure 1-4 Interacting constituents of oscillatory APCs.
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TABLE 1-1a Single Axis PIOs Associated with Extended Rigid Body Effective
Aircraft Dynamics
Aircraft Date Description
XS-1 Oct. 24, 1947 PIO during gliding flight approach and landing
XF-89A Early 1949 PIO during dive recovery
Mirage 1950s Several severe pitch PIOs on early aircraft with FCSs

not equipped with a pitch-damping system
KC-135A late 1950s Mild lateral-directional PIO associated with lateral-

directional coupling effects
X-15 June 8, 1859 PIO during gliding flight approach and landing
X-15 1961 Lateral PIOs during research study of lateral-

directional coupling
Parasev 1962 Lateral rocking PIO of paraglider research vehicle

during ground tow
B-58 Sept. 14, 1962 Lateral-directional, control-associated PIO resulting in

a crash
M2-F2 May 10, 1967 Lifting body, lateral-directional PIO
MRCA 1975; 1976 Short take off PIO; Heavy landing PIO
MD-11 April 6, 1993 PIO following inadvertent deployment of slats

a Category I, II, and III PIOs are defined in Chapter 2.
Source: Adapted from McRuer.42

TABLE 1-1b Single-Axis PIOs Associated with Extended Rigid Body Plus
Mechanical Elaborations
Aircraft Date Description
A4D-2 Jan. 19, 1957 High-speed Category III PIO during routine flight testing

involving the bobweight effect*  and the primary control
system

F8U-1 1957 PIOs occurred when fuselage bending caused anomalous
inputs to FCS pitch axis control (referred to as a
"walking beam" problem), which exaggerated the pilot's
commands, especially at high speed and low altitude

T-38 Jan. 26, 1960 High-speed Category III PIO, involving the bobweight
effect and the primary control system (see Figure 1-1)

F-4 May 18, 1961 Destructive PIO during an attempt to set a low-altitude
speed record

Source: Adapted from McRuer.42
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TABLE 1-1c Single-Axis, Higher-Frequency PIOs
Aircraft Date Description
YF-12 Several incidents in late 1960s

and early 1970s
PIO involving high-frequency
flexible modes of the airframe
structure

CH-53E 1978–1985 PIOs involving flexible modes
during precision hover with heavy
sling loads, which resulted in heavy
landings and dropped loads

F-111 unknown Several PIO incidents caused by
coupling of the pilot with heavy
underwing stores, which resulted in
sustained lateral oscillations

Voyager 1986 PIOs caused by coupling of the pilot
with symmetric bending of the wing

Source: Adapted from McRuer.42

TABLE 1-1d Combined Three-Dimensional, Multi-Axis PIOs
Aircraft Date Description
X-5 Mar. 31, 1952 Three-axis PIO leading to crash
AD-1 Several incidents in early 1980s Three-axis PIOs associated with

inherent couplings of oblique wing
aircraft

F-14 Jan. or Feb. 1991 PIO with high angle of attack (a) with
some sideslip angle (b)

Source: McRuer.42

PIOs in Tables 1-1a through 1-1d are divided by two distinguishing features
into four groups, each exemplified by well-known incidents (some of them
catastrophic). The two primary features are: (1) the number of aircraft control
axes involved in the PIOs; and (2) the frequency of oscillation of the closed-loop
PIOs. The number of aircraft control axes is defined as the number of vehicle
command variables the pilot was using to control the aircraft at the time of the
PIO. For example, control of pitch motions using the elevator would correspond
to one control axis, whereas pitch control effected by the elevator, ailerons, and
rudder would correspond to three axes. The frequency range over which control
is exerted can vary from about 0.2 to 3 Hz. At the higher frequencies the flexible
modes of the aircraft play an important role in the PIO. In the lower frequency
regime, say 0.2 to 1 Hz, the effective aircraft dynamics are basically the
dynamics of the aircraft as a rigid body modified by the low-frequency effects of
higher-frequency FCS components, including actuation elements; these are
referred to as "extended rigid body dynamics."

Many APC events in Tables 1-1a through 1-1d are not well documented.
Several occurred on research aircraft that presented state-of-the-art stability
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and control challenges; these PIOs have helped to define the limits of piloted
control and have underscored the need for sophisticated FCSs to redress
imbalances in certain configurations. For those aircraft that were already
operational or that became operational, the specific problems leading to PIOs
were identified, and the aircraft were modified to reduce PIO tendencies. This
was accomplished largely on an ad hoc basis and usually required extensive
flight testing. Solutions and fixes have been guided by flying qualities research
aimed at developing requirements for military aircraft, by major developments in
pilot-vehicle analysis that improved understanding, and by after-the-fact
simulation.

Aircraft with Fly-by-Wire Flight Control Systems

Table 1-2 shows some PIO and non-oscillatory APC events associated with
FBW aircraft. The entries in this table differ in several ways from those in Table
1-1. First, not all of the incidents are as well known as those in Table 1-1.
Second, all the aircraft in Table 1-2 are modern. Third, and finally, incidents in
the development phase of new commercial transports are included. The common
attribute of the aircraft in Table 1-2 is that they are all equipped with modern FBW
FCSs. As a matter of historical fact, almost every aircraft with a partial or total
FBW FCS (including the Shuttle orbiter, F-16, F-18, YF-22, B-2, C-17, A-320,
Boeing 777, and JAS-39) has, at one time or another in the development process,
experienced one or more APC events. The new FBW era may be a historical
watershed in that, although many FBW aircraft have been enormously successful
in the production phase by virtue of the advantages conferred by FBW
technology, all of them have passed through a period of APC difficulties.

It is now generally accepted that FBW technology, which in this report
includes fly-by-light*  technology, offers many opportunities for new solutions to
aircraft stability and control problems of all kinds. The introduction of FBW
systems technology has also created systems with enormous advantages in terms
of performance, weight reductions, stability and control, operational flexibility,
and maintenance requirements. At the same time, almost as a corollary, the
flexibility inherent in FBW technology introduces more opportunities for new
side effects and unanticipated problems. The counterpoint, however, is that FBW
technology also offers a great many possibilities for correcting problems. This
benefit has been amply demonstrated by experience in correcting the problems
documented in Table 1-2. The flurry of APCs encountered in modern aircraft
development programs suggests that, although FBW systems are not inherently
more or less susceptible to severe APC events, the technology is new, and some
side effects have not been fully explored.
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TABLE 1-2 Noteworthy APC Events Involving FBW Aircraft
Aircraft Date Description
YF-16 1974 Unplanned first flight during a high-speed taxi test
Tornado Jan. 26, 1976 Landing accident during flight test of prototype #5
Shuttle Oct. 26, 1977 Flight ALT-5 (Approach and Landing Task 5):

Category II PIO during landing approach glide; both
attitude and path modes involved

DFBW F-8 April 18, 1978 Category III PIO during touch-and-go landing and
takeoff exercise

F-18 1970s PIO during air-to-air refueling tests of early version
of flight control system

A-320 1980s Several undocumented PIOs that reportedly occurred
during development

JAS-39 1990 Category II or III PIO during approach
1993 APC event during low altitude flight demonstration

YF-22 April 25, 1992 Category III PIO after aborted landing prior to
touchdown

C-17 1988-1994 A variety of oscillatory phenomena were
encountered during several phases of the
development process: fixed-base simulation,
motion-based simulation, "iron-bird" simulation, and
flight testing

V-22 1994 Pilot involvement with the following:

•   1.4 Hz lateral oscillation on the landing gear
•   3.4 Hz antisymmetric mode destabilized by pilot

aileron control
•   4.2 Hz symmetric mode destabilized by pilot

collective control

B-2 1994 APC events during approach and landing and aerial
refueling

B-777 1995 Several PIOs during development flight test:

•   pitch oscillations at touchdown triggered by
deployment of spoilers

•   pilot's use of a pulsing technique to control pitch
excited a 3-Hz flexible bending mode

•   oscillations after takeoff triggered by a mistrimmed
stabilizer

Source: Adapted from Dornheim,12 McRuer,42 NTSB.51

STUDY OVERVIEW

The National Aeronautics and Space Administration (NASA) asked the
National Research Council (NRC) to conduct a study to determine the current
status of APC problems as a potential safety issue. This study, under the
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auspices of the Aeronautics and Space Engineering Board, focuses attention on
key steps that could be taken to minimize the kind of problems seen recently and
that could counter new types of APC events.

Statement of Task and Committee Membership

To fulfill this assignment the Aeronautics and Space Engineering Board
assembled the Committee on the Effects of Aircraft-Pilot Coupling on Flight
Safety. Committee members have expertise in the technical, operational, and
safety disciplines associated with PVSs (see Appendix A for biographical
sketches). The NRC charged the committee to evaluate the current state of
knowledge about APC events and to recommend processes that may help
eliminate adverse APC tendencies from military and commercial aircraft. The
statement of task asked the committee to do the following:

•   Review and assess recent incidents and accidents in which adverse APC
is known or suspected.

•   Review current and projected FBW and fly-by-light applications with
emphasis on potential APC issues.

•   Evaluate current processes for ensuring that APC characteristics of
current and future aircraft do not constitute undue safety risks and, if
appropriate, recommend improvements in these processes.

•   Assess the current scope, depth, and balance of national and
international efforts devoted to the resolution of problems involving
APC and define key areas and issues of concern.

The committee received significant help from technical liaisons from
NASA, the U.S. Navy, the U.S. Army, and the Federal Aviation Administration
(FAA), as well as many national and international experts who expanded and
augmented the committee's expertise (see Appendix B).

Study Approach

As described above, adverse APC is a systems problem that occurs when
human behavior and effective aircraft dynamics interact in peculiar ways. Human
pilot dynamic behavior and aircraft/FCS dynamics are highly complex technical
disciplines that are ordinarily treated by a three-pronged approach—analysis,
computer simulation, and experiment. Like other problems of overall systems
engineering, this one requires systems-level thinking and intimate knowledge of
the system details.
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The committee was also challenged with finding understandable and
straightforward language (in fields replete with jargon) to communicate with a
community that has diverse interests, needs, and time horizons. The anticipated
audience for this report includes technical, government, and administrative
decision makers and their technical and administrative support staffs; key
technical managers in the aircraft manufacturing and operational industries;
stability and control engineers; aircraft FCS designers; research specialists in
flight control, flying qualities, and human factors; and technically knowledgeable
lay readers. On the face of it, persuasive communications with such a diverse
audience is extremely difficult.

The problem of technical jargon is partly handled with a glossary. Finding an
appropriate level of technical discourse was more difficult. For instance, verbal
explanations of complex phenomena can only go so far without resorting to
mathematically expressed analyses; credible comparisons of approaches are best
expressed in graphical depictions and tabulations of data, and so on. But such
techniques in a report intended to persuade technical and administrative managers
and even technically knowledgeable lay readers may obscure rather than
illuminate the intended message. Accordingly, the committee has attempted to
produce a report that can satisfy the needs of most readers, as they were perceived
by the committee. The approach adopted to achieve this end was to prepare a
multifaceted, multilevel report that incorporates material of varying complexity.

The committee engaged in an international information-gathering effort that
included interactions with aviation industry experts from France, Germany,
Russia, Sweden, and the United Kingdom (in addition to the United States).
Based on these discussions, the committee determined that the findings and
recommendations contained herein are generally applicable nationally and
internationally.

Report Organization

The executive summary is self-contained and provides a general explanation
of APC problems and a summary of the committee's findings and
recommendations.

Chapters 1 through 4 focus on new systems; APC phenomena, status, and
trends; and recommended processes. Chapter 1 sets the stage with an explanation
of how APC is rooted in the PVS, definitions, and historical antecedents. Chapter 2
describes the wide spectrum of APC phenomena and the underlying constituents,
PIO categories, and case studies of APC-related incidents and accidents.
Chapter 3 summarizes trends of adverse APC from a review of accidents and
incidents, points out difficulties in the identification and analysis of operational
situations, and describes the associated need to
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better identify APC possibilities in operational situations. Chapter 4 lists lessons
learned and recommends management and design policies, procedures, and
processes to avoid adverse APC events.

Chapters 5 and 6 focus on tools. Chapter 5 examines experimental and
analytical techniques that can be used to discover and understand APC events and
to study alternative systems. Chapter 6 compares available analytical procedures
for assessing APC potential and describes the committee's conclusions related to
criteria. Chapter 7 lists the committee's major findings and recommendations.

The appendices provide amplifying information in support of the main body
of the report. Appendix A contains biographical sketches of committee members.
Appendix B lists participants in committee meetings. Appendix C provides a
detailed technical description of essentially linear oscillatory APC events and
some nonlinear characteristics that lead to flying qualities ''cliffs."*  Appendix D
describes ongoing research to mitigate APC tendencies and improve the
capabilities of piloted simulations for evaluating APC problems.
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2

Varieties of Aircraft-Pilot Coupling
Experience

INTRODUCTION

From the pilot's perspective, aircraft-pilot interactions fall somewhere
between two extremes—the pilot may be fully interactive, or the pilot may be
effectively detached. In the fully interactive extreme, the pilot is said to be "in the
loop," and the PVS operates as a closed-loop feedback control system. In this
situation, the pilot's commands are more or less continuous and depend, at least
partly, upon pilot-perceived "errors" or differences between desired and actual
aircraft responses. Near the opposite extreme is the "open-loop" control system,
in which the pilot operates as a forcing function, generating commands to the
effective aircraft that are not directly related to the pilot's perception of aircraft
motion. In either case, the PVS operations involve "aircraft-pilot interactions"
that constitute an all-inclusive set.

The interactions may result in motions that are desirable and "benign" or
"undesirable." For this study, the interactions of interest are primarily closed-loop
in character. They can result in favorable PVS responses that converge to provide
the desired PVS performance, or they can result in undesired responses, either
oscillatory or divergent. The focus here is on unfavorable, closed-loop PVS
responses, both oscillatory and divergent. Unfavorable responses need to be
understood in the context of the all-inclusive set of all PVS operations. The
hierarchical structure shown in Figure 2-1 provides a taxonomy that is useful for
classifying, discussing, and analyzing APC phenomena.

VARIETIES OF AIRCRAFT-PILOT COUPLING EXPERIENCE 30

Aviation Safety and Pilot Control: Understanding and Preventing Unfavorable Pilot-Vehicle Interactions

Copyright National Academy of Sciences. All rights reserved.



At the highest level, aircraft-pilot interactions are divided into benign and
undesirable. Routine piloting, which is the most prevalent form of aircraft-pilot
interaction and which can involve both open-loop and closed-loop operations of
the PVS, is shown on the far left of Figure 2-1 as the most benign (and desirable)
class. Routine piloting includes all well-accomplished piloting tasks as well as
two kinds of PVS oscillations. The first, which arises from incomplete pilot
adaptation to the effective aircraft dynamics, is very common and, fortunately,
usually benign. These oscillations usually occur when the pilot is adapting to the
aircraft dynamics and performing high-gain, precision-control tasks. For
example, 15 oscillation incidents occurred during testing of the SAAB J-35 in
1960; 7 of these occurred when a pilot was flying the J-35 for the first time.

From time to time in this learning process, the pilot's gain is momentarily
high enough to create a closed-loop oscillation. The usual initial "cure" is simply
for the pilot to get out of the loop by releasing the inceptor and relying on the
stability of the effective aircraft dynamics to handle the recovery. Because this is
basically a learning experience, the ultimate cure is practice.

The other kind of closed-loop PVS oscillations that can be considered
normal is a low-amplitude, damped oscillation, which is often referred to as a
"bobble." Bobbles are associated with short-duration, excessive pilot gain. They
are, at worst, short-term, mild PIOs that do not cause difficulties in controlling
the aircraft.

The next class of favorable and benign interactions includes oscillations
deliberately introduced by the pilot to generate a periodic forcing function. The
outstanding example of this is "stick pumping," when the pilot applies an
oscillatory input to the aircraft either to "feel out" its effective dynamics or to
counter large control-system nonlinearities (as a kind of "dithering control"). The
pilot's input constitutes an open-loop forcing function, and the pilot's action and
the resultant aircraft oscillation frequency are not directly conditioned by the
aircraft's response.

The undesirable APC events that are the subject of this study appear in the
right half of Figure 2-1. Within this group, PIOs are distinguished from non-
oscillatory APC events like divergences. The oscillations are akin to the benign
"learning experience" variety, but they are not associated with pilot
maladaptation. In fact, the pilot may be very experienced with the aircraft and
with the task in general. Sometimes, however, the task specifics suddenly become
unusually severe, requiring a highly aggressive pilot response to exert precise
control and regulation of the aircraft. In this situation, getting out of the closed
loop is not always feasible, so the demands for recovery focus on the PVS rather
than just on the effective aircraft. Forced by circumstances to retain some level of
control while attempting to recover, the pilot's gain may be too high but cannot be
relaxed. The result can be a severe or even catastrophic PIO even with the very
best, most well adapted pilot. The pilot-vehicle closed-loop system is simply not
up to the demands imposed on it.
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Depending on the effective aircraft dynamics, three categories of
unfavorable PIOs can be distinguished. (Each of these categories is described in
more detail in the following section.) For Category I PIOs, the dynamics are
essentially linear; Category II and III PIOs involve nonlinearities in the effective
aircraft dynamics. In Category II PIOs, the nonlinearities result from rate or
position limits (the rest of the effective aircraft dynamics are essentially linear).
The nonlinear features in Category III PIOs are more complex. The nonlinear
properties in both Category II and III PIOs can cause sudden changes in the
effective aircraft dynamics that result in the abrupt (sometimes referred to as
"cliff-like") onset of PIOs.

The class in Figure 2-1 furthest to the right comprises non-oscillatory APC
events. These Category III events can stem from several causes and tend to be
highly idiosyncratic. Only a very few incidents have been identified to date, but
the advent of FBW technology has introduced some new dimensions by
permitting control mechanizations that can be troublesome, especially in highly
limiting conditions.

The next section, Categories of Aircraft-Pilot Coupling Oscillations, begins
with a description of the three categories of oscillatory APCs. This description is
followed by discussions of nonlinear, "cliff-like" PIOs and of non-oscillatory
APC events. The next major section, Triggers, presents a fuller description of the
underlying conditions and the kinds of triggers thought to be involved in initiating
adverse APC events of all classes. Finally, several varieties of PIOs are illustrated
by case studies. Four detailed examples are presented, along with a separate
discussion of APC issues related to rotorcraft. The case studies are typical
incidents and accidents encountered in the development phases of recent FBW
systems. They are particularly instructive in that each exhibits a PIO in a concrete
and specific context. Taken together, they provide a broad picture of a variety of
potential triggers, patterns of behavior, PIO frequencies, and so on.

CATEGORIES OF OSCILLATORY AIRCRAFT-PILOT
COUPLING EVENTS

Because of the diversity in control axes, frequency ranges, and other
important characteristics of PIOs, several kinds of classification schemes could be
used. In the discussion of historical antecedents in Chapter 1, some notable PIOs
were grouped by primary control axis and PIO frequency. Analytical studies such
as McRuer42 rely on pilot behavioral models and closed-loop analysis
procedures. These studies are used to elicit understanding and explain the
phenomena and their associations as well as to develop and assess system
modifications to reduce the potential for PIOs. The pilot models and analysis
procedures are not specific to any one group in Tables 1-1a through 1-1d. This
suggests that a desirable classification scheme should accommodate existing
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pilot behavior models, be consistent with procedures for analyzing appropriate
feedback control systems, and have direct connections with the varieties of PIO
as these are reflected in experimental databases for pilot and PVS dynamics, PIO
experiments, etc. To fulfill these objectives, the categories described below have
been adopted. The three categories organize PIOs into classes according to
whether they are essentially linear, characterized by one or two common
nonlinearities, or characterized by more complex and extensive nonlinear
features.

Category I: Linear Pilot-Vehicle System Oscillations

In Category I PIO phenomena, the effective aircraft characteristics are
essentially linear, and the pilot behavior is "quasi-linear" and "time-stationary."
Quasi-linearity means that many nonlinear elements have specific input-response
pairs that appear to be similar to the input-response pairs for linear systems. This
similarity leads to the notion that the pilot's output response to certain inputs can
be divided into two parts: (1) the response of a linear element (known as a
"describing function") that is driven by the particular input; and (2) an additional
quantity (called the "remnant") that is added to this response. In the PIO
situation, the input is sinusoidal (or nearly so), and the pilot's output is a periodic
function that constitutes the sum of (1) a sinusoid at the same frequency and (2) a
remnant composed of higher harmonics. These harmonics will ordinarily be
significantly attenuated as they proceed around the PVS loop, so they do not
usually materially affect the input to the pilot. The causally significant part of the
pilot's dynamics in the PIO is then the pilot's sinusoidal input describing
function, which for a particular input amplitude acts like a linear transfer
characteristic. The time-stationary aspect of the Category I PIO means simply
that the effective aircraft dynamics and the pilot's dynamics do not change during
the PIO.

In Category I PIOs, no significant frequency-variant nonlinearities28 operate
in the controlled element dynamics. Simple amplitude-dependent series gain
changes either in the pilot gain or the controlled-element gain can be considered
special cases, so such things as nonlinear stick sensitivity or shifts in pilot
attention may be admissible as features consistent with a Category I event. PIOs
in this category may be deliberately induced by the pilot increasing his gain, in
which case the situation is easily repeatable, readily eliminated by relaxing
control (lowering pilot gain), and generally not threatening. In other
circumstances (for example, when there are tight flight-path constraints and
major triggering events or disturbances), the pilot may not have the option of
reducing gain. Those cases may produce severe Category I PIOs.

For a given pilot cue structure, analyses of Category I PIOs can reveal
pilot-vehicle, closed-loop system dynamics, bandwidths,*  resonance properties,
etc., for nominal and PIO-based pilot gain levels, estimated pilot
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ratings and commentaries, and the sensitivity of closed-loop system properties to
changes in the effective aircraft characteristics. The easiest feature to estimate for
Category I events is the frequency range, which depends primarily on the pilot's
behavior pattern (compensatory or synchronous) and the degree to which the
higher-frequency dynamics of the pilot's neuromuscular system* may be
involved. (Behavior patterns are well known in human-machine systems
studies.42,45) A cross section of frequencies that have been observed appears in
Table 2-1. In some PIOs, the pilot's behavior may initially be compensatory but
may change to synchronous as the oscillation develops.

The two key effective-aircraft factors associated with susceptibility to an
essentially linear PIO are those that unduly restrict the pilot's ability to close the
PVS loop for a broad range of gains or to achieve adequate closed-loop system
performance. Much of the existing data on PIOs and poor flying qualities could
be used to exemplify these factors and define them more quantitatively. Some
aircraft configurations and associated analytical studies are particularly well
suited to detailing these factors5,42 Such analyses can provide a more quantitative
understanding of the effects of various effective-aircraft dynamics. Appendix C
compares PVS dynamic properties for two configurations with almost identical
effective aircraft dynamics except for high-frequency phase lags.*  Excessive
phase (or time) lag is one of the two most important aircraft-associated factors in
Category I PIOs because it limits both the possible range of pilot gain
adjustments and the attainable crossover frequency. These limitations directly
affect the closed-loop PVS bandwidth and performance. The criteria for Category I
PIOs, which are examined in detail in Chapter 6, give a quantitative answer to the
question of just how much lag is "excessive."

TABLE 2-1 Cross Section of Frequencies
PVS Characteristic Typical PIO Frequencies
Compensatory (pilot closes PVS loop to
minimize error)
Extended rigid body effective aircraft and
low-frequency pilot-neuromuscular
system

2 to 5 rad/sec (0.3 to 0.8 Hz)

Extended rigid body effective aircraft and
high-frequency pilot-neuromuscular
system

10 to 20 rad/sec (1.5 to 3 Hz);
(sometimes referred to as "ratchet")

Synchronous (pure gain pilot dynamics)
Extended rigid body effective aircraft and
low-frequency pilot-neuromuscular
system

4 to 10 rad/sec (0.6 to 1.5 Hz)

Flexible mode effective aircraft and high-
frequency pilot-neuromuscular system

6 to 20 rad/sec (1.0 to 3.0 Hz)

Source:McRuer.42
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The other major factor in Category I PIOs is inappropriate effective aircraft
gain. This can be either too high (aircraft is too sensitive to control) or too low
(aircraft is too sluggish). Too-high aircraft gain is a more important factor in
Category I PIOs.

Finally, it is important to reiterate that essentially linear (Category I) PIOs
are not always severe. Linear PIOs are likely to occur whenever the pilot's
dynamic adaptation is faulty. These PIOs can be commonplace learning
experiences that disappear as the pilot becomes familiar with the aircraft's
characteristics. However, linear PIOs that occur because of excessive time lag,
inadequate available gain range, or both, do not disappear and can often be
severe. They are likely to be encountered whenever the PVS is confronted with
extreme demands, either for high-precision control or for control of large upsets
or other unexpected events. Excessive time lag and inadequate available gain
range are design flaws that should be eliminated as a matter of flight safety.

Category II: Quasi-Linear Pilot-Vehicle System Oscillations
with Rate or Position Limiting

Category II PIOs are severe oscillations with amplitudes well into the range
where rate and/or position limits become dominant. Rate limiting goes beyond
the Category I scenario by adding an amplitude-dependent phase shift and by
setting the amplitude of the limit cycle.*  Category II events appear to be the most
common jump-resonant, limit-cycle, oscillatory APC events. (An example of
jump-resonance appears below in the section on Rate Limits.)

The characteristics of typical Category II PIOs are described in the
discussion of rate limiting in the next section and in more detail in Appendix C.
These events are classified as a separate category primarily because rate limiting
is present in a large proportion of severe PIOs. Rate limiting can be analyzed
readily, and it is, perhaps, the most easily identifiable cause of a flying qualities
cliff. Category II is a transitional category between Category I PIOs and the most
general, nonlinear Category III PIOs.

Category III: Nonlinear Pilot-Vehicle System Oscillations with
Transitions

Category III PIOs depend fundamentally on nonlinear transitions in either
the controlled element or the pilot's behavioral dynamics. Shifts in the controlled
element can be associated with the magnitude of the pilot's commands (akin to
the rate limiting onset property in Category II). Category III PIOs may also result
from a change of mode, from other internal changes
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in the FCS, or from changes in the aerodynamic or propulsion configuration of
the aircraft.

Category III PIOs can be much more complicated than Category I or II PIOs
because they necessarily involve transitions in the dynamics of either the pilot or
the effective aircraft. Thus, a minimum of two sets of effective PVS
characteristics are involved in Category III PIOs—pre-transition characteristics
and post-transition characteristics. If these differ greatly, as they did in the T-38
and YF-12 incidents, very severe PIOs can occur.

NONLINEAR, CLIFF-LIKE, PILOT-INVOLVED
OSCILLATIONS

For years, the test pilot community has recited a litany of anecdotal
observations such as the following:

•   Severe PIOs are sudden and unexpected.
•   Sometimes, just moments before the explosive onset of a severe PIO, the

aircraft is docile and easily controlled.
•   Flying qualities cliffs are "out there" awaiting the right circumstances to

appear and create havoc.
•  

The validity of these observations is demonstrated by the historical events
described in Chapter 1 and the case studies at the end of this chapter. The "cliff"
metaphor is used to convey a sense of unexpected, dramatic, and excessively
large motions of the aircraft. When cliff-like changes result from an incremental
increase in the amplitude of the pilot's output, the PVS is not behaving like a
linear system. Instead, this indicates the presence of significant nonlinearities
either in the dynamics of the effective aircraft or in the pilot's behavior. The
resulting PIOs are severe and exhibit rate-limited responses or other limit-based
response patterns. Many, if not all, Category II and III PIOs exhibit cliff-like
behavior.

An interesting and instructive example of cliff-like APC events was
encountered during flight tests of an F-14 backup flight control module with
significantly restricted rate limits.

Of particular interest to fleet operators was the feasibility of inflight refueling
and shipboard landing. Given the decrease in available stabilator rate from 35 to
10 degrees per second, the test team recognized the potential for APC due to rate
limiting. An incremental build-up was designed,…progressively sampling the
flying qualities at decreasing ranges from the tanker aircraft, and culminating in
basket engagement. Throughout the approach to approximately 5 feet from the
basket, the team was delighted to observe solid Level I handling qualities. They
then confidently
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proceeded to engagement. Immediately upon probe contact, a longitudinal APC
event initiated. Though the pilot immediately selected idle power and extended
the speedbrakes, the ensuing departure was so violent that his aircraft was above
the top of the vertical tail of the tanker and in 90-degree angle-of-bank prior to
the probe separating from the basket. The photo/safety chase [aircraft] 500 feet
abeam had to aggressively maneuver to preclude being struck by the test
aircraft, and the refueling store was badly wrenched from its position on the
tanker's wing pylon. The test team's naive reliance on incrementalism had badly
failed them.55

The results of a later flight test during which a similar APC event occurred
gave more detailed information about the sudden shift in PVS behavior, including
why the buildup did not reveal the severe handling qualities cliff.

Obvious from this second departure was a significant stab for the center of the
basket after the probe had passed the lip of the basket. …the instrumentation
revealed a three-fold increase in the magnitude of the pilot's longitudinal inputs
in the seconds immediately prior to basket contact. In retrospect, this was
attributed to a tanking technique in which the pilot flew formation off of the
tanker fuselage up to within 2–3 feet of the basket. At that point, the pilot's point
of reference shifted to the basket itself as he maneuvered the aircraft to seat the
probe directly in the basket coupling. …In shifting the reference to the basket
the control [precision demanded] abruptly tightened to inches [from feet], with a
consequent abrupt increase in gain over that which had been required to maintain
even very tight formation.55

These incidents reveal several features of cliff-like phenomena—sudden
changes in the "architecture" of the closed-loop PVS as "constructed" or set up by
the pilot and dramatic changes in the effective aircraft dynamics in response to
changes in the pilot's commands. The consequence is the sudden onset of highly
dangerous, closed-loop system behavior. The flight test doctrine of
"incrementalism," in which potentially dangerous conditions are approached
carefully and gradually can be a "cruel deceiver in obscuring PIO perils" in
situations where the sudden onset of a highly nonlinear gain or phase lag can
trigger an APC event.55 It is essential that reliable test procedures be developed
for discovering and exploring the nature of sudden shifts in the PVS that may
contribute to severe APCs.
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Common Cliff Producers

The cliff metaphor evokes a picture of sudden, large changes in aircraft
motions associated with relatively slight changes in pilot activity. Such changes
can only occur if there are significant nonlinearities in the PVS dynamics.

In conventional manual control systems, the most common nonlinearities are
rate and position limits in surface actuators and various design features (such as
preloads, thresholds, and detents) of cockpit manipulators (inceptors) that are
designed to offset unavoidable frictional and other unfavorable effects. APC
problems that can arise from these characteristics are well known among the
cognoscenti, and major attention is invariably paid to them in design and flight
testing.

The actuator rate and position limits are central matters in design; conditions
under which rate limiting is likely to be encountered, as well as pilot techniques
for coping with it, are well understood. On some older aircraft, rate limiting in
surface actuation occurs when mechanical stops in hydraulic control valves (e.g.,
servo valve bottoming) limit continued movement of cockpit manipulators so the
pilot may have a direct cue that rate limiting is present. Such features are not
present on more modern, mechanically signaled aircraft, where valve over-travel
is provided, and the cockpit crew is not aware when actuators are operating at the
rate limit. In FBW designs, the crew has no physical connection at all to the
actuators, so surface actuator rate limits are not directly apparent to the pilot.
However, it is possible to design FBW systems that synthesize direct-control feel
to the pilot, including inceptor motions that reflect automatic system commands
or even the current position of the control surfaces.

In contrast to classical aircraft, FBW FCSs offer a broad range of
possibilities for nonlinearities that can be easily implemented. The greater variety
of system mode possibilities requires a fairly large number of nonlinear elements
just to cope with shifts in FCS mode and aircraft configuration with changes in
various interfaces, etc. The easy-to-mechanize aspects of digital control also
provide a fertile field for the introduction of special situation-sensitive features
intended to offset events that designers perceive as unfavorable. Thus, limiters are
deliberately inserted after command signal integrators; and elaborate nonlinear
features are used to reduce the undesirable time lags caused by integrators (e.g.,
integrator windup). Limiters are also used to set relative degrees of command
authority for various functions to keep the rate limiting intrinsic in actuators from
destabilizing the SAS (stability augmentation system).

In other words, there may be good reasons to introduce nonlinear features
into the FCS using FBW technology. Unfortunately, designers do not always
have a comprehensive understanding and appreciation of the accompanying side
effects, not the least of which can be an enhanced susceptibility to adverse APCs.
To illustrate how these nonlinear features can affect PIO potential, two
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examples of nonlinear features capable of producing cliff-like behavior in FBW
systems are described below.

The two most common and significant nonlinear characteristics within the
effective aircraft (see Figure 1-2) that affect closed-loop operations are
command-path gain shaping and rate limiting. These are introduced by the FCS
rather than the aerodynamics of the aircraft. Figure 2-2 shows a simplified view
of these nonlinearities in a FCS-aircraft combination. In this system, rate limiters
are present in several different locations.

In the primary manual control systems of yesteryear, the major source of rate
limiting was fully powered, surface actuating subsystems. These are still present
although they are sometimes ''protected" from becoming active by pre-actuator
rate limiters. Because these nonlinear features are present by design, they are
adjustable, in principle. Any unintended harm they may do, such as contributing
to a severe APC event, should be viewed as a design flaw.

Rate Limiting

Extensive control-surface rate limiting has been observed in most recorded
severe oscillatory APC events, but the initiation of these events has often been
attributed to other causes, usually excessive time lags. It is assumed that these
time lags build up to a rate-limited oscillatory amplitude. This thesis is based on
analogies with linear systems. Such excessive lags have been shown to result in
poor flying qualities and to be major contributors to PVS oscillations. The
excessive time lag thesis can be further supported by flight test demonstrations
indicating there is some merit in "alternate control schemes" designed to offset
the effects of time lag caused by rate limiting.1,10,41 Detailed analyses also
support the notion that rate limiting can exacerbate the effects of time
lags.3,14,15,31,39,46

Figure 2-2 Most common FCS locations of command gain shaping, rate
limiters, and position limiters.
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Although it is clear that rate limiting phenomena are important factors in
fully-developed, severe PIOs encountered in operational situations, the actual
process by which rate limiting causes severe PIOs is neither well documented nor
well understood. The possibility that rate limiting phenomena are primary
initiating factors in the development of some severe PIOs has not received
enough attention despite compelling evidence. In the F-14 example described
above, for example, the sudden appearance of rate limiting features in the FCS
contributed to an unexpected cliff-like situation. At its most insidious, rate
limiting phenomena can cause the sudden, dramatic onset of a substantial
incremental shift in the phase lag, which is instantly manifested by a change in
pilot gain or command. This change is equivalent to suddenly increasing the time
delay in the loop.

The general effects of rate limiting in a surface actuation system are shown
in Figure 2-3. Figure 2-3a is a block diagram of a simplified surface

Figure 2-3a Surface actuator rate limiting effects for various input amplitudes in a
closed-loop surface actuator system. Source: Klyde.39

eL = value of a corresponding to  = VL
e = actuator error (i.e., the difference between the feedback signal, �/, which

indicates control surface position, and the "goal position," �/c, as indicated by the
current surface command)

VL = actuator rate limit
�&a = bandwidth of the closed-loop actuator when operating in the linear

region 1/s indicates integration
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actuation system. Figure 2-3b illustrates that, for small amplitude commands, the
actuator follows the command input with a small time lag (defined by the inverse
of the bandwidth of the actuator as a linear system). The actuator command
input, error, and output are all sinusoidal and show no effects of rate limiting. In
Figure 2-3c, the amplitude of the command input is large enough to begin
saturating the output velocity, but there is still little apparent effect on the output
position. The time lag between input and output is essentially unchanged from the
time lag of the linear system. Finally, when the command input is just a bit larger
(as shown in Figure 2-3d), the actuator is rate limited (either positively or
negatively) for most of the cycle. The output velocity is nearly a rectangular
wave, while the output position approaches a triangular wave. Most important,
the time lag between the command input and the command output is no longer
even remotely related to the linear system bandwidth. Instead, it is a function
solely of the rate limit and the input amplitude and frequency.

The increase in input amplitude necessary for the actuator to go from the
marginal condition of Figure 2-3c to the condition of Figure 2-3d is relatively
small in comparison to the input amplitude range consistent with linear
operation. Thus, the onset of a significant change in phase lag can be sudden
because it coincides with an increase in pilot command amplitude. From the
pilot's perspective, the phase and amplitude characteristics of the actuation system
change from a condition of almost no time lag (nearly pure gain) to a condition of
major phase lag. In practice, this is sometimes called the "pilot overdriving the
actuator," although there may be no indication to the pilot (other than an
inconsistency in the aircraft's response) that the actuator is being "overdriven."

In aircraft with older versions of primary manual control systems, the onset
of rate limiting may first become evident to the pilot by an increase in stick or
control-column forces when the surface actuator servo valve "bottoms" (hits its
internal stops). In these aircraft, the "position lag" between the pilot and the
control surface seldom exceeds the valve displacement from its neutral position;
as measured in degrees of control surface rotation this is typically small, on the
order of 2 degrees. Thus, the pilot's output and the surface deflections are seldom
far apart, and the time lag illustrated in Figure 2-3d is usually limited. Because of
the mechanical connection, the sinusoidal nature of the input from the pilot shown
in Figures 2-3a to 2-3d cannot be sustained except within the narrow confines of
the ''position lag."

The situation can be very different in more modern, mechanically signaled,
primary manual control systems or in FBW FCSs; in these systems, there may be
no indication whatsoever of this or other varieties of rate limiting. Therefore, the
type of time lag shown in Figure 2-3d can become fully developed without being
detected.
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Figure 2-3b Surface actuator rate limiting effects for various input amplitudes
showing linear system response times. Source: Klyde.39
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Figure 2-3c Surface actuator rate limiting effects for various input amplitudes
showing near saturation response times. Source: Klyde.39
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Figure 2-3d Surface actuator rate limiting effects for various input amplitudes
showing highly saturated response times. Source: Klyde.39
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A typical scenario begins with a pilot who is well adapted to an essentially
linear, pilot-aircraft closed-loop system operating at high gain to satisfy task
requirements for precision control (akin to the initial phases of the F-14 attempt to
line up the refueling probe with the tanker drogue). If the pilot is confronted with
task demands that call for a bit more pilot control amplitude or gain (like the
pilot's attempt to finally couple with the drogue), slight increases in either pilot
amplitude or gain (or both) may be sufficient to enter the nonlinear rate limiting
regions, with the concomitant introduction of a sudden phase lag into the closed-
loop system. In terms of the underlying physics of closed-loop systems, this is an
example of a "jump resonance" phenomenon.28

This description suggests that rate limiting phenomena can be the main
source of a flying-qualities cliff. This theory is based on the identification of rate
limiting as a feature that can lead to the nonlinear oscillatory jump resonance
phenomenon and is supported by studies done independently in Germany and in
the United States.3,15,39,46 The jump resonance phenomenon also emphasizes
nonlinear concepts consistent with the experience of test pilots.

Jump resonance phenomena are not, of course, confined to rate limiting
paradigms. An illustrative example showing rate limiting in more detail can be
found in Appendix C. This example is instructive in two respects. First, the onset
of rate limiting is indeed sudden and can have an immediate and substantial
cliff-like effect. Second, the conditions under which onset can actually occur
demand that the PVS be closed at very high gain. The PVS is assumed to be
compensatory, described by the simple crossover model, with the rate limiting
describing function fully developed. With these assumptions, the linear system
before the onset of rate limiting has to be closed with a very high gain,
corresponding to phase margins*  of less than 20 degrees. When the pilot's
amplitude (or gain) is increased to put the system past the onset of rate limiting,
the closed-loop system immediately becomes unstable and a limit cycle is
established. Similar results assuming synchronous pilot-loop closures have been
obtained in another study.17 There, a time domain simulation that demonstrated
the jump resonance was used to validate frequency domain assessments that
defined the onset conditions.

Because requisite circumstances are unusual, cliff-like phenomena are
difficult to generate unless nearly exact conditions are present. In practice, this
sensitivity to the conditions at onset parallels the unusual sequence that occurred
with the F-14 refueling example cited above. This sensitivity also helps to explain
the difficulties encountered when piloted simulations or even flight tests are used
as a discovery process. The ability to analyze and pinpoint the precise conditions
should make it possible to identify APC possibilities more accurately.
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Command Path Gain Shaping

Almost all FBW FCSs incorporate gain shaping in the pilot's command
path. Gain shaping adjusts the gain of the effective aircraft dynamics as a function
of the pilot's command signal. A typical example is shown in Figure 2-4. The gain
level is usually smallest for small pilot input signals. In Figure 2-4, gain shaping
to provide precision control appears in the region where the absolute value of
pilot input amplitude (A) is less than (a). In that region, the control gradient is
equal to K1. For larger pilot input amplitudes, the gradient increases (e.g., for | A | >
a, the gradient increases to K2) until maximum deflection of the control effector
is achieved by maximum pilot input.

A typical APC scenario involving this nonlinear feature might start with the
PVS operating with high gain to achieve precision control around neutral. In
terms of Figure 2-2, the pilot's amplitude (A) for this condition does not exceed
(a), although it can be very close. In the process of exerting very tight and precise
control, the pilot will be closing the loop with a relatively low gain margin. (Gain
margin is the ratio of the open-loop system gain for instability to the operating
point gain. In a typical PVS engaged in a high-gain tracking task, experimental
data indicate that the PVS gain margin will be a nominal factor of about 1.5 [in
decibels this is 20 log 1.5 = 3.5 dB].45 An increase in the open-loop system gain
of 50 percent, from either the pilot or the effective aircraft, would result in
neutral stability.) If a large input, a disturbance, or even-greater task demand
results in a pilot output amplitude of | A | > a, the effective open-loop gain of the
PVS increases. If the increase is sufficient to consume the gain margin, a PIO can
occur. Gains with this sensitivity to pilot input have been identified as a source of
severe PIOs in the past; an example is the case study of the YF-22 described
below.50 These gains can act independently or in concert with various rate
limiting features.

To carry the example a bit further, a typical moderate value of K2 /K1 in
Figure 2-4 is about 3, although larger values do exist. For the high-gain PVS
closure assumed here, an oscillation will occur for any pilot input of more than
approximately 1 1/3 a, just a 33 percent increase in the input amplitude beyond
the slope break-upward point.

NON-OSCILLATORY AIRCRAFT-PILOT COUPLING

In a modern FCS, the flexible attributes of FBW technology are often used
to perform functions, such as alleviating the effects of wind gusts, controlling
loads during aircraft maneuvers, automatically controlling the aircraft operating
point, and providing stability augmentation. To accomplish these functions, the
FCS often uses the same control effectors as the pilot.
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Figure 2-4 Example of command gain shaping for a nonlinear element.
Source: Kullberg and Elgcrona.40

Under limiting conditions, the FCS can sometimes remove the pilot from
direct access to the control effectors in order to execute these functions. Thus, the
auxiliary functions can become competitive rather than cooperative. FBW
controls can further interrupt the pilot's connection with the aircraft's control
surfaces by introducing features such as rate limiting. If not properly
accommodated and coordinated, these functions and features of the FCS can lead
to great uncertainties when the aircraft is operating at and near function or surface
limiting conditions.

In conventional aircraft equipped with mechanical primary controls that
operate the control surfaces through a fully powered surface actuation system
(and no SAS), the pilot and the control surface are mechanically connected. There
is little ambiguity about where the surface is relative to the cockpit control. This
state of affairs is modified when dual functions are assigned to certain control
surfaces. The most common examples are "elevons," "ailevators," and "tailerons,"
which combine longitudinal (i.e., pitch-axis) and lateral (i.e., roll-axis) control
functions into one set of control surfaces. Therefore, when one or more of the
surfaces is operating at or near its limits of position, rate, or acceleration, either
longitudinal or lateral control functions must be given priority. Functional
allocation and priority schemes, sometimes startling in mechanical complexity,
are used to this day. Of course, the reason they almost always work effectively is
that they were designed with exceptional foresight to provide adequate control
power for contingencies. In all cases, however, present successes are also based
on a past of overlooked possibilities, surprises, fortuitous "discoveries," and ad
hoc fixes and developments. Sometimes even this relatively elementary sharing
of controls
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leads to major problems, including some of the so-called "three-dimensional
PIOs" of Table 1-1.

The following APC events illustrate the kinds of problems that can occur.
The first was encountered by a Tornado during a terrain-avoidance run.

During terrain-following flight a sequence of two autopilot actions near the
ground were misinterpreted by the pilot, resulting in immediate counteractions
by the pilot after deactivating the autopilot. At this point the APC was fully
developed. The taileron became rate saturated. Compensating for a slow roll
motion, the pilot command for differential tail was not fed through to the taileron
due to internal CSAS [Command Stability Augmentation System] priorities
giving the pitch axis priority over the roll axis. The pilot was finally trapped into a
pitch/roll APC. Manual search along the CSAS switch/control panel took the
pilot out of the loop.29

Thus, because the pitch axis had priority, the roll was not correctable, even
though the pilot may have commanded proper inputs to compensate.

An excellent, well documented example of an ultimately non-oscillatory
APC is the second JAS 39 accident listed in Table 1-2.

A time history of the second accident, which occurred during the public
demonstration at the Stockholm Water Festival, is shown [in Figure 2-5]. The
second accident featured a roll PIO consequent upon the pilot aggressively
rolling to wings level to accelerate in front of the crowd watching the aircraft.
The roll input was sufficient to drive the actuation to the deflection limit and
shortly after the rate limit was reached. This caused the aircraft to roll more than
expected, so the stick was reversed, driving well into the rate limiting [region]
since the stick was demanding the limit of both deflection and rate. [Figure 2-6
shows]…the stick deflection in roll and pitch as a crossplot. With the rate
limiting in effect, the inner stabilization loops were ineffective. Analysis has
shown that the effective time delay between pitch stick and pitch acceleration
response increased from less than 100 milliseconds to around 800 milliseconds.
The subsequent response and pitch up to high angle of attack caused the pilot to
eject after 5.9 seconds, fortunately without causing any harm to the crowds on
the ground or the pilot.40

As this accident illustrates, APC problems may be complicated when
additional functions share the pilot's direct authority over the control effectors.
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Figure 2-5 JAS 39 accident time history. Source: Kullberg and Elgcrona.40

TRIGGERS

In most cases, severe PIOs are initiated by one or more stimuli acting as
triggering events. These triggers typically excite an oscillation by altering a
component of the closed-loop pilot-vehicle dynamics, resulting in an unstable or
very lightly damped system.

A trigger may influence the pilot, the vehicle, or both. There may be a
causal chain of trigger events in which one event initiates a series of secondary
triggering events (e.g., a threat of collision that results in high-gain manual
control). Triggers can originate in the external environment, the vehicle, or the
pilot, but all triggers have the potential to result in adverse APC that leads to
aircraft upsets. Three classes of triggers are discussed below: environmental
triggers, vehicle triggers, and pilot triggers.

Environmental Triggers

Environmental triggers can initiate APC events in several ways. The most
direct way is an environmental circumstance that requires destabilizing control
actions. One example would be a threat of imminent collision that requires
large-amplitude control actions, which may result in nonlinear control response.
Another example of an environmental trigger is atmospheric turbulence.
Turbulence at high altitude has been linked with several severe APC events in
transport aircraft.

Environmental factors can also alter the pilot's dynamics. For example, an
external threat may increase the pilot's stress level, with a resulting increase
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in pilot gain. The external situation may also demand precision control that
requires high-gain piloting, such as pitch control during landing.

Finally, environmental factors can sometimes alter the basic vehicle
dynamics. For example, severe icing can alter both pitch and roll dynamics.

Vehicle Triggers

Vehicle-based triggering events most commonly involve changes in the
effective aircraft dynamics that cause a mismatch between the pilot's control
strategy and the aircraft dynamics. Three categories of vehicle-based triggers are
discussed below.

Flight Control System-Aircraft Configuration Mismatches

A fairly common trigger, especially for a developmental PVS, is a
miscalibrated FCS gain or other parameter change intended to adjust the FCS

Figure 2-6 JAS 39 accident cross plot of stick deflection in roll and pitch during a
roll PIO and unintended pitch up maneuver. Source: Kullberg and Elgcrona.40
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properties as a function of the aircraft configuration. An example is the
unanticipated level of the auto-speedbrake deployment in the Boeing 777 event
(described in the Case Studies section of this chapter).

System failures

System failures can alter the effective aircraft dynamics either by changing
the aircraft's response to control inputs or by changing the feedback to the pilot.
Control system failures, such as failures in the hydraulic system, actuator
failures, or uncontrolled changes in aircraft trim, may significantly compromise
the controllability of the aircraft. Intermittent control system failures can result in
highly nonlinear or discontinuous control responses that act as potential triggering
events.

Sensor and display failures that alter the feedback dynamics to the pilot or
the control system are also potential triggers. Even a simple mechanical failure,
such as a loose pilot's seat, can alter the acceleration feedback the pilot receives
and has been observed to trigger an APC event.

FCS Mode Shifts

Modern FCS technology significantly increases the ability of designers to
tailor the effective aircraft dynamics for different tasks. However, it also has the
potential to trigger APC events by allowing the flight control laws to change (i.e.,
switch modes) on the basis of numerous criteria, some of which may not be
specified or understood by the pilot. If the pilot is unaware of the mode
transition, a mismatch between the pilot's mental model and the effective aircraft
dynamics can occur. The command path gain changes described earlier and
exemplified by the YF-22 case study described later in this chapter are examples
of this.

In FBW aircraft, the overall, effective response to pilot control input will
depend on the inner-loop control laws and feedback gains programmed into the
flight control computer. For a variety of reasons, these control laws may change
during specific phases of a flight or flight conditions. For example, the ''response
type" in some FCSs have longitudinal stick inputs that normally command
changes in the flight path angle. However, during landing operations the response
type is sometimes changed so that longitudinal stick inputs command elevator
position, thereby making the touchdown handling qualities more conventional.
Another example (noted earlier) is the control law for the Boeing 777, which
changes between "air" mode and "ground" mode. Inner-loop control law and
response type transitions are usually "task tailored" to improve handling
qualities. Sometimes, however, it is difficult to anticipate
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unusual situations where the control strategy is inconsistent with the pilot's
intentions.

The lack of some inceptor-motion or other proprioceptive feedback in some
FBW aircraft deprives the pilot of some "display" cues, and this lack of cues can,
perhaps, trigger a Category II or III APC event. Rate limiting or other nonlinear
control elements inserted after the pilot's command can introduce time lags that
effectively disconnect the pilot from the aircraft, thereby leading the pilot to
generate unreasonable inputs. The second JAS 39 accident discussed above is at
least partly attributable to this problem.

Other new APC triggering mechanisms that have resulted from the extensive
and common use of automation in modern aircraft stem from mixed-mode
control. For some aircraft, it is common to fly in mixed manual and automatic
control modes (e.g., pitch is controlled manually while speed is controlled by
autothrottles). One mixed automation mode that has caused an APC event is the
use of elevator trim for stability augmentation at high altitude. Elevator trim
motions commanded by the SAS can interact with the pilot's manual inputs for
controlling pitch, particularly in turbulent conditions.

Based on the available incident data, the potential for automation-related
PIOs increases in situations where there is a sudden manual takeover from
automated control, such as an autopilot disconnect in an out-of-trim condition.
When pilots are in a supervisory status (i.e., out of the control loop), problems
may arise if they are required to intervene suddenly. Slow response by the
aircraft can result in inadequate control or over-control. Inappropriate mental
models or incorrect situation assessment can lead to control actions that result in
undesirable aircraft motion.

The manual takeover problem is exacerbated when the automation causes or
masks significant changes in the underlying effective aircraft dynamics. In this
case, the pilot is suddenly given a perhaps marginally stable aircraft to control.
For example, degradation in lateral control during severe icing conditions is
thought to have been the cause of the ATR 72 accident in Roselawn, Illinois, on
October 31, 1994. The degradation was masked by the autopilot; when it was
disconnected, the pilots were never able to regain stable flight. The manual
takeover problem is an example of the "post-transition retention of pre-transition
behavior." In this case, the transition is from automatic to manual control and the
controlled element dynamics under manual control are not well modeled by the
pilot.

In some cases, manual takeover problems have been combined with
problems of mixed manual and automatic control modes. Examples include the
China Airlines A 300-600 accident at Nagoya Airport near Tokyo on April 26,
1994, and the Tarom A 310-300 incident at Orly Airport in Paris on September
24, 1994. In the Nagoya event, the autopilot attempted to perform a go-around
using the stabilizer trim while the crew attempted to fly the glide slope with the
elevator. The resulting nose-up trim was so extreme that the aircraft pitched up
uncontrollably when the pilot increased thrust. The accident
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sequence started with the pilot manually flying the aircraft, although the flight
director guidance system and autothrottles were engaged to maintain speed.
During the approach, the pilot inadvertently activated the autopilot takeoff/go-
around switch. Several seconds later, after the pilot noted that the switch had been
activated, the autothrottles were disengaged, but the autopilots were then
engaged, perhaps with the expectation that the autopilots would return the
aircraft to the proper glide slope for approach. Instead, the autopilots used
elevator trim to establish a large nose-up pitch consistent with a go-around. At the
same time, the pilot attempted manually to get the nose down and return to the
approach glide slope using control column commands to the elevators. By the
time the pilot disconnected the autopilot and attempted a go-around, the aircraft
was so out of trim that the aircraft reached a pitch angle of 52.6 degrees, slowed
to 78 knots, and stalled at an altitude of 1,800 feet. The pilot was unable to regain
control.61

Pilot Triggers

In many APC events, the precursor or trigger is pilot-related. Often an
environmental or vehicle trigger precedes the pilot trigger, and the APC event
results from an overreaction or lack of appropriate reaction on the part of the
pilot.

Pilot gain often increases and can become excessive as a result of task-
related or situation-related stress. The pilot's concentration on particular cues to
the exclusion of others is often desirable. However, excessive exclusive
concentration, called "tunneling," can lead to a momentary excessive gain and,
subsequently, a pilot-triggered upset. Unexpected changes lead to the most severe
situations. Pilot stress can be induced by an external threat that results in an
adrenaline surge. Stress can also be task-induced when the pilot attempts a high-
gain, high-stress task, such as aerial refueling or aircraft-carrier landing.

Pilot-triggered APC events can also be caused by inappropriate or incorrect
control strategies. Pilot-triggered PIOs are common during initial pilot training
when novice pilots attempt to control the aircraft using inappropriate control
variables. For example, novice helicopter pilots often attempt (unsuccessfully) to
hover by controlling position directly, rather than by controlling position
indirectly through attitude. One of the basic objectives of flight training is for the
pilot to identify the appropriate control variables to accomplish specific manual
control tasks. During training, the pilot develops a mental model of the controlled
element dynamics, which is used as a basis for control strategies.

Experienced pilots may use inappropriate control strategies if they do not
fully understand or appreciate the situation or they are otherwise stressed. To
carry the tunneling idea further, a pilot under stress may focus on an
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inappropriate subset of the relevant control variables or may simply close the loop
on the wrong variable.

As the complexity of modern FBW FCSs increases, the underlying effective
aircraft dynamics can be task-tailored. The response type and dynamic
characteristics are changed depending on a variety of criteria, such as phase of
flight, airspeed, altitude, and flap settings. As the large number of potential
flight-control response modes increases, so does the potential for a mismatch
between the pilot's expectations of the effective aircraft dynamics and what the
pilot actually experiences. If the automation is too complex, it may not be
possible for the pilot to have an adequate mental model of the system. In the
absence of a complete model, pilots develop ad hoc models of the effective
aircraft dynamics based on nominal flight operations. In unusual or emergency
situations, the pilot's ad hoc mental model of the aircraft FCS may lead to
inappropriate control strategies and an increased potential for APC.

CASE STUDIES OF RECENT AIRCRAFT-PILOT COUPLING
EVENTS IN FLY-BY-WIRE SYSTEMS

The following four sections describe APC events that illustrate the impact of
adverse APC on developmental and operational aircraft. All four aircraft involved
in these incidents used FBW FCSs. A fifth section discusses special
considerations for APC events involving rotorcraft.

Case 1. Lockheed Martin/Boeing YF-22

The YF-22 is a test aircraft that was developed by Lockheed Martin and
Boeing to demonstrate critical technology for the next-generation U.S. Air Force
air superiority fighter. Flight testing was conducted in 1990. After the F-22 was
selected for engineering and manufacturing development, additional flight
evaluations were conducted on the YF-22 demonstrator aircraft in 1991 and
1992. The F-22 is scheduled for first flight in 1997.

Description of Event

On April 25, 1992, a YF-22 test aircraft was returning to Edwards Air Force
Base after completing a test flight. As part of a planned photo session, the pilot
performed an uneventful low approach and initiated a go-around, selecting
military power and raising the landing gear. He then flew a closed pattern for a
second low approach and initiated a second go-around, this time selecting
afterburners. Upon raising the landing gear for the second go-around,
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the aircraft began a series of pitch oscillations at an altitude of approximately 40
feet. After four or five oscillations, the aircraft impacted the runway. The pilot
safely evacuated the aircraft after it came to a stop, but the aircraft was
destroyed.

The flight data presented in Figure 2-7 indicate the following details of this
PIO:

•   The PIO frequency was approximately 0.67 Hz (4.2 rad/sec).
•   Neither the horizontal tail nor the thrust-vectoring nozzles were position

limited during the PIO, but they did exhibit extensive rate limiting.
•   The horizontal tail reached a maximum deflection of approximately ±20

degrees, and it was rate limited at 60 degrees/sec.
•   The thrust-vectoring nozzles reached a maximum deflection of

approximately ±14 degrees, and they were rate limited at 40 degrees/
sec.

•   The aircraft experienced maximum pitch rates of approximately +17
degrees/sec and �í26 degrees/sec, and maximum pitch acceleration of
±90 degrees/sec2.

•   The response of the thrust-vectoring nozzle lagged behind the response
of the horizontal tail by about 0.1 sec.

•   There was no significant phase difference between the position of the
thrust-vectoring nozzle and the pitch acceleration.

•   The time difference between maxima (or minima) in pitch and pitch rate
was approximately 0.45 sec. This corresponds to about 101 degrees,
which is close to the expected 90 degrees (because the pitch rate is the
derivative of pitch attitude for wings-level flight).

•   The pitch rate lagged behind the horizontal tail position by
approximately 92 degrees in the PIO. (This lag is expected to be about
90 degrees because the pitch acceleration is almost in phase with the
horizontal tail, and pitch rate is simply the integration of pitch
acceleration.)

Analysis

As with many APC events, the pilot initially thought that an aircraft failure
had occurred. However, detailed analysis revealed that there had been no aircraft
malfunction. Instead, it was determined that this event was triggered by an
automatic change in pitch command gradients during the transition from gear-
down to gear-up. This conclusion is substantiated by the flight recording for this
accident. As illustrated in Figure 2-7, curve 2 shows a large increase in pitch rate
response after the gear was raised at t = 2 sec.
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Note that the large oscillations in pitch rate (curve 2), pitch attitude (curve
3), and normal acceleration (curve 4) start shortly after the gear is raised. The
triangular wave appearance of curve 5, which depicts the position of the
horizontal tail, indicates that the horizontal tail was essentially rate-limited
throughout the event. In addition, the thrust-vectoring nozzle (curve 6) was also
rate limited.

The YF-22 command gradients were largely developed in response to
specific program objectives. For example, the thrust-vectoring control laws were
optimized for high angle-of-attack flying qualities at high altitudes. In particular,
the nose-down gradient was set to provide rapid nose-down recoveries from
post-stall angles of attack.

The YF-22 control laws were not designed or analyzed for low-altitude,
low-speed conditions with thrust vectoring engaged. Therefore, flight test
procedures required that vectoring be turned off at low altitude. However, the
flight test team did not comply with this restriction. Thus, on the second go-
around, when the pilot raised the gear with thrust vectoring engaged, he
unexpectedly encountered command gradients that were significantly larger than
those intended for low-altitude, low-speed flight (see Figure 2-8). As a result of
these large gradients, flight test data indicate that relatively small pitch stick
movements by the pilot immediately prior to the PIO resulted in near-rate limiting
of the horizontal tails. (A gain shift in the effective aircraft dynamics as a major
source of the PIO is consistent with the analysis of command gain-shaping in
Appendix C and in the section above on nonlinear, cliff-like PIOs). Thus, this PIO
appears to involve the presence of (1) nonlinearities in the command path gain-
shaping; and (2) nonlinear effects caused by rate limiting of the horizontal tail and
the thrust-vectoring nozzle. The basic trigger was the unexpected change in pitch
command gradients.

After the accident, the investigation team and the aircraft designers
conducted separate evaluations of the YF-22 linear handling qualities metrics; the
investigations conducted fast Fourier transform analyses to develop the pitch-
attitude-to-pitch-stick frequency response* so that linear analysis such as the
Aircraft-Bandwidth/Phase Delay, and Smith—Geddes Attitude-Dominant Type
III criteria (see Chapter 6) could be used to determine the cause of the event. The
linear analyses indicated that the YF-22 might have been susceptible to APC
events with thrust vectoring engaged at low altitude. However, this conclusion
has been questioned because of uncertainties about technical aspects of the
analysis. For example, the coherence of the accident flight data used to generate
the frequency response of the aircraft was not satisfactory because of the
nonlinearity of the input signals and the rate limiting of the control surfaces.32
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Figure 2-7    YF-22 accident time history. Source: Harris.32
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Figure 2-8 YF-22 pitch rate command stick gradients. Source: Harris.32

Post-Event Simulations

The accident review team attempted to recreate the YF-22 event using off-
line and fixed-base pilot-in-the-loop simulators, but piloted simulations were
unable to recreate the APC event.32

Case 2. Boeing 777

The Boeing 777 is a twin-engine, wide-body commercial transport with a
typical seating capacity of 375. The 777 entered service in 1995, and as of
January 1997, 45 aircraft had been delivered.

Description of Event

On July 24, 1994, during the thirty-fifth landing of the 777 developmental
flight test program, a 777 airplane experienced an unusual PIO at the air-ground
interface. Following touchdown, deployment of the auto-speedbrake

VARIETIES OF AIRCRAFT-PILOT COUPLING EXPERIENCE 59

Aviation Safety and Pilot Control: Understanding and Preventing Unfavorable Pilot-Vehicle Interactions

Copyright National Academy of Sciences. All rights reserved.



generated a vertical plunge and pitch down (see Figure 2-9, curve 3) that was
checked by a rapid airplane-nose-up column input (Figure 2-9, curve 1). Airplane
pitch response to this column input was excessive (Figure 2-9, curve 3) and
caused the pilot to make a rapid airplane-nose-down column input. This cycle
continued twice more before being terminated by a combination of intervention
by the other pilot and nose gear contact with the runway. A similar incident (not
shown) occurred later the same day following manual speedbrake deployment.

The flight data presented in Figure 2-9 indicate that the PIO frequency is
0.40 Hz (2.5 rad/sec) and the maximum travel of the elevators is approximately
+25 degrees/�í30 degrees. During the event, the elevators were rate limited at +40
degrees/sec to �í45 degrees/sec, the aircraft experienced maximum pitch rates of
approximately +3.9 degrees/sec and �í6.1 degrees/sec; the time difference
between elevator position and pitch maxima or minima was approximately 1.4
sec, which corresponds to a phase shift of 200 degrees; and the time difference
between elevator position and pitch rate maxima or minima was approximately
0.6 sec, corresponding to a phase difference of 86 degrees.

Post-Event Flight Test and Simulation

As a result of the initial investigation into these incidents, the sequencing for
on-ground speedbrake deployment was tuned to mitigate the plunge/pitch upset
that had triggered them. Also, the management of the C*U integrator*  in the
elevator command path (see Figure 2-10) was modified to eliminate the delay
observed when large-displacement column inputs reversed direction. A flight test
investigation was then conducted to identify the source of the PIO susceptibility.
The maneuver that was found most effective in reproducing the PIO behavior
was on-runway attitude tracking. Following touchdown, the pilot was instructed
to aggressively capture and hold a target pitch attitude on the primary flight
display.

Figure 2-11 illustrates the first attempt to perform this maneuver in normal
mode. A small Category I (linear) PIO developed when the pilot was closing the
loop on pitch attitude, making the precision capture of a specified attitude
extremely difficult. The maneuver was repeated in secondary mode and found to
be much easier, with no unintended oscillations (Figure 2-12). Secondary mode
pitch control consists of conventional column/elevator gearing with pitch rate
feedback; the C*U terms in Figure 2-10 are not present. (During landing
derotation in normal mode, the control law stays "in-air" until attitude passes
below a specified threshold.) The results of these tests suggest that the C*U
integrator terms were the prime contributors to the derotation instability; the
speedbrake pitch/plunge upset was the trigger that caused the underlying
Category I APC characteristic seen in this test to become a full-blown
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Figure 2-9 Time history for 777 landing derotation, baseline control law.
Source: McWha.47
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Figure 2-11 Time history for 777 attitude tracking on runway, baseline control
law.
Source: McWha.47
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Figure 2-12 Time history for 777 attitude tracking on runway, secondary mode.
Source: McWha.47

VARIETIES OF AIRCRAFT-PILOT COUPLING EXPERIENCE 64

Aviation Safety and Pilot Control: Understanding and Preventing Unfavorable Pilot-Vehicle Interactions

Copyright National Academy of Sciences. All rights reserved.



Category II APC event. Normal acceleration cues sensed by the pilot may
have aggravated the problem.

After the flight tests and subsequent analysis, piloted simulator, sessions
were conducted in the 777 fixed-base simulator, which reproduced the
characteristic shown in Figure 2-11. It should be noted that in the fixed-base
simulator, the characteristic was manifested to the pilot in higher workload*  and
poorer task performance, not ''PIO." Further work led to a scheme to reduce the
C*U integrator gain from a nominal value of 8.0 to 3.0 at touchdown. Validation
of this scheme was conducted on the airplane, which repeated much of the earlier
PIO investigation test conditions. In this test, normal mode on-runway attitude
tracking was found to be significantly improved. Figure 2-13 illustrates the
results of one portion of this test. In this example, the pilot progressively captured
7.5, then 6.0, then 5.0 degrees, with control considered positive throughout.

Implementation of a column feed forward command notch filter motivated a
final round of tracking task tests, using the same on-runway maneuver described
above. Figure 2-14 contains a time history showing two pilot captures of 6-degree
pitch attitude. Again, control was considered positive.

Analysis

Spectral analysis was used to assess potential control law changes. Column-
to-pitch rate and column-to-pitch attitude frequency response data for the four
time histories shown in figures 2-11 through 2-14 are contained in Figure 2-15.
The spectral analysis for these conditions was limited to the on-runway portion of
the time histories, with the nose gear off the ground and the speedbrakes fully
deployed. These data show significantly less bandwidth for the original normal
mode configuration than with the secondary mode or the later normal mode
configurations. Note that the 180-degree frequency for the original PIO-prone
normal mode configuration is essentially the same as the observed PIO frequency
in Figure 2-11.

Another way of looking at the pitch control system characteristics, which
was found to be useful for on-ground operation, was to examine the net column-
to-elevator gearing and phase behavior. Figure 2-16 contains column position to
elevator position frequency response data from the same time histories. The
original normal mode configuration is seen to have excessive gain at low
frequencies, with significantly greater phase lag than the secondary mode or the
later normal mode configurations. This additional elevator activity was caused by
the C*U integrator acting at the original high-gain values.
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Figure 2-13 Time history for 777 attitude tracking on runway, revised control
law.
Source: McWha.47
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Figure 2-14 Time history for 777 attitude tracking on runway, revised control law
plus command filter.
Source: McWha.47
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Figure 2-15 Bandwidth criteria applied to landing derotation, effect of 777
control law changes on pitch attitude/column position frequency response.
Source: McWha.47
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Figure 2-16 Elevator/column gain and phase, effect of 777 control law changes
on landing derotation.
Source: McWha.47
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Conclusions

The incident described above was a classic Category II PIO, with large-
amplitude pilot inputs and both rate- and position-limited elevator activity (as
indicated by curve 2 of Figure 2-9). Because of the air-to-ground transition
aspects of these incidents (involving airplane, control laws, and pilot), a case
could also be made that this was a Category III event.

Landing and derotation is a time of high pilot urgency and gain. For this
reason it was assumed during control law development that fixed-base piloted
simulations would not be adequate for realistic evaluation in this regime. One
lesson from this event is that pilot urgency can be replaced to a significant extent
by artificially boosting pilot gain via a suitable tight-tracking task. For example,
on-runway attitude tracking showed clear trends in the time history and associated
frequency response data. Derotation is a key flight phase and deserves special
attention in preflight evaluation. The 777 simulator had the same characteristic as
the airplane but was not evaluated as effectively prior to flight test. Also, none of
the first five flight test pilots experienced any difficulty during landing, thus
illustrating the need for carefully designed flight tests by as many different pilots
as possible.

Case 3. McDonnell-Douglas C-17

The C-17 is a four-engine military transport aircraft with a quadruply
redundant FBW control system. The aircraft can deliver cargo to austere airfields
and land on unpaved runways.

Description of Event

On June 22, 1993, during mission number 176 of the C-17 flight test
program, test aircraft T1 experienced a lateral APC event. The test was an
approach to landing with hydraulic system #2 inoperative. On final approach, as
the pilot corrected for crosswinds using rudders (at about 2 seconds, curve 2,
Figure 2-17), he experienced a wing rock. The pilot initiated a lateral command to
correct for the wing rock and entered a cycle of oscillatory lateral commands (3 to
12 seconds, curve 1, Figure 2-17). When the aircraft neared 10 degrees of roll
attitude, right wing down (at about 8 seconds, curve 1, Figure 2-18) at
approximately 15 feet from the ground (curve 3, Figure 2-18) the co-pilot
initiated corrective action and attempted commands opposite to the pilot for two
cycles (curve 1, Figure 2-17). The aircraft was finally stabilized and a go-around
was initiated.

The APC frequency (pilot) was about 0.5 Hz (3.14 rad/Hz) (curve 1,
Figure 2-17). During this event, the maximum aileron command was +26
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degrees/�í39 degrees, as was the actual maximum position of the right aileron
(curves 3 and 4, Figure 2-17). The ailerons were rate limited at ±37 degrees/sec
(curves 3 and 4, Figure 2-17). Maximum roll attitudes were +10 degrees/�í6
degrees (curve 1, Figure 2-18), and maximum roll rates, were +14 degrees/sec /
�í16 degrees/sec (curve 2, Figure 2-18).

Analysis

Analysis showed that the APC event was caused by rate limiting of the
ailerons. The rate limiting was caused by overcommanding the surfaces. The
overcommand was caused by high gains on both the pilot command path and the
feedback paths.

Corrective Action

The total lateral loop gain was reduced, thereby reducing the magnitude of
aileron commands for the same stick movement. The overall phase lag of the
system was also reduced by optimizing the existing structural filters and
removing unnecessary filtering. The use of ailerons was reduced by using
spoilers for manual commands only and continuing the use of ailerons for both
commands and automated stability augmentation.

Case 4. Airbus A 320

The Airbus A 320 is a twin-engine narrow-body commercial transport with a
typical seating capacity of 150. The A 320 entered service in 1988, and
approximately 560 A 320s and A 321s are currently in service. (The A 321 is a
stretched version of the A 320.)

Description of Event

On April 27, 1995, at about 5:30 p.m. local time, an Airbus A 320 operated
by Northwest Airlines was approaching runway 18 at Washington National
Airport. Winds were from 220 degrees at 17 knots, gusting to 25 knots. At an
altitude of 140 feet, the airplane began a series of roll oscillations that persisted
for 30 seconds, reaching a maximum roll of about ±15 degrees (see Figure 2-19,
curve 1). Approximately 12 seconds after the start of the roll oscillations, at an
altitude of less than 50 feet, the crew initiated a missed approach procedure. The
aircraft subsequently made a successful landing. No injuries were reported, and
the aircraft was not damaged.
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Figure 2-17 C-17 test aircraft lateral oscillations during approach to landing with
hydraulic system #2 inoperative.
Source: Kendall.38

VARIETIES OF AIRCRAFT-PILOT COUPLING EXPERIENCE 72

Aviation Safety and Pilot Control: Understanding and Preventing Unfavorable Pilot-Vehicle Interactions

Copyright National Academy of Sciences. All rights reserved.



Figure 2-18 C-17 test aircraft lateral oscillations during approach to landing with
hydraulic system #2 inoperative, continued.
Source: Kendall.38
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As this is an operational airplane, the flight data presented in Figure 2-19
suffer from sampling limitations associated with the data recorder. However, the
approximate estimates that can be made indicate the following:

•   The PIO frequency was approximately 0.31 Hz (2.5 rad/sec).
•   The ailerons achieved maximum deflection of approximately +24

degrees/�í20 degrees, and they achieved maximum deflection rates of 35
to 40 degrees/sec.

•   The aircraft experienced maximum rolls of approximately +15 degrees
(right wing down) and �í16 degrees (left wing down). (The National
Transportation Safety Board [NTSB] reported a maximum roll of +12.3
degrees/�í15.3 degrees.)

•   The aircraft experienced maximum roll rates of +23 and �í24 degrees/
sec.

•   During the maximum rolls, the phase difference between stick position
(in roll) and aileron position was approximately 216 degrees.

•   During the maximum rolls, the phase difference between aileron position
and roll was approximately 144 degrees.

Analysis

Data from the flight data recorder (FDR) indicate that, after performing the
final turn to align with the runway, the captain made a series of 12 large, rapid,
cyclic deflections on his sidestick controller. Most of the deflections were to the
maximum values allowed by the mechanical stops on the controller (±20 degrees)
(see Figure 2-19, curve 2). Although the pilot had reported experiencing an
uncommanded roll of 30 degrees, data from the FDR indicated that aircraft
control surfaces operated normally. The NTSB subsequently concluded that this
incident was consistent with a PIO and that it was not the result of an
uncommanded roll.52

During the approach, the flaps were deflected to the 20-degree position,
(which is referred to as the CONF 3 position) as part of a noise abatement
procedure. Prior to this incident, there had been approximately 10 similar
incidents involving other A 320s. In each case, aircraft were landing in gusty
wind conditions with flaps in CONF 3, and some pilots experienced difficulty
maintaining lateral control. Airbus initially responded to these incidents by
issuing a temporary revision to its flight crew operating manual recommending
that flaps be set at full deflection (35 degrees, which is referred to as CONF
FULL) whenever possible during turbulent landing conditions, to reduce the
workload when flying manually. Airbus then developed a flight control software
modification to improve the PIO characteristics of the A 320 in CONF 3. This
modification reduced the sensitivity of the aircraft to lateral sidestick inputs.
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Figure 2-19 A 320 incident time history.
Source: NTSB.51
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Although the Airbus service bulletin did not clearly indicate that the
modification made important improvements in the handling qualities of the A 320
in CONF 3, Airbus promulgated the information widely. However, neither the
French certificating authority (Direction Generale de l'Aviation Civile) nor the
FAA made it mandatory. As a result, various A 320 operators handled the matter
differently. Some airlines, especially European airlines, disseminated the
recommendations and incorporated the modification. Others, including
Northwest Airlines, did not. Consequently the aircraft involved in this incident
had not been modified, and the pilots were unaware of the Airbus
recommendation to use CONF FULL rather than CONF 3 in turbulent
conditions. After the event, Northwest Airlines voluntarily installed the
modification on all of its A 320s, and subsequently installation of the
modification was made mandatory. Operators have reported no problems since
incorporating these changes.

Conclusions

Although this problem was corrected by procedural changes and software
modifications, the committee concludes that this PIO was probably associated
with the lateral flying qualities of the A 320 with flaps in the CONF 3 position. It
was probably triggered by a wind gust as the pilot was completing his final turn
prior to landing. This incident illustrates that information on APC problems (and
solutions) is not always effectively disseminated to the pilots who need it. In fact,
incidents such as this one that do not involve injuries or equipment damage often
escape scrutiny by government agencies. As a result, unless there are multiple
incidents or a serious accident occurs, relevant issues may not be fully resolved.

Case 5. Special Considerations for Rotorcraft

Rotorcraft (i.e., helicopters and tilt rotors such as the V-22 Osprey) have
several characteristics that make them prone to PIO:

•   limited stability
•   significant delays in control effectors because of the time required for

rotor response (typically 70 msec) and power actuation (20 to 30 msec)
•   coupling of rigid body modes with rotor and transmission modes
•   significant inherent cross-coupling of control that is highly nonlinear
•   potential coupling with external slung loads
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FBW technology has only recently been incorporated into rotorcraft (e.g.,
V-22, RAH-66 Comanche, and NH-90). Thus, there has been relatively little
opportunity to encounter FBW-related PIOs in rotorcraft. However, experience
with research helicopters, which is described below, shows that there is reason
for caution if not concern.

FBW on rotorcraft can add delays to the FCS response time because of stick
filtering and control law computation. For example, one FBW technology
demonstrator aircraft (the Advanced Digital Optical Control System, ADOCS)
exhibited PIOs in several high gain tasks, including vertical landing, dart-
quickstop, and slope landing. End-to-end delays occurred as shown in Figure 2-20.
A time history for a landing task is shown in Figure 2-21.67

A second example demonstrating the potential for rotorcraft PIOs occurred
in an in-flight simulator.7 The command model was attitude command for pitch
and roll; the yaw axis had heading hold. The pilot's inceptors consisted of a
spring-loaded force feel system with very little damping, linear stick forces, and
relatively low breakout forces.

Another test used a lateral-position tracking task. A hover board mounted on
a target vehicle was used to guide the helicopter into a hover over a given point
at a given altitude (Figure 2-22). The lateral hover tolerance was ±3 m,

Figure 2-20 Response time analysis for the advanced digital optical control
system demonstrator. Source: Hamel.30

Figure 2-21
Sample time history for a rotorcraft vertical landing task. Source: Hamel.30
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and the horizontal tolerance was ± 1.5 m. The task was to maintain the hover
position relative to the hover board while the target vehicle moved a distance of
100 m in 20 seconds using the velocity pattern shown in Figure 2-23. At the end
of the maneuver, a stabilized hover was to be regained.

Figure 2-22 Schematic drawing of a helicopter tracking a vehicle-mounted
hover board. Source: Ockier.56

Figure 2-23 Helicopter lateral-position tracking task, velocity profile for the
lateral vehicle displacement. Ockier.56

Figure 2-24 shows the lateral stick input and the bank angle response for the
lateral-position tracking task. With no time delay added to the inherent helicopter
dynamics (�2 = 90 msec), the attitude command model gave a bandwidth of 2.6
rad/sec and a phase delay of 0.1 sec. Although the response is not free of
oscillations, there is no PIO tendency and the task was rated as having a CH PR
(Cooper-Harper Pilot Rating)*  of 5.

Figure 2-25 shows the lateral stick input and bank angle for the same attitude
command model with an added time delay of 100 msec (so that �2 = 190 msec),
resulting in a bandwidth of 2.2 rad/sec and a phase delay of 0.17 sec. A very clear
PIO tendency can now be recognized, and the configuration was rated as having a
CH PR of 7. Although the time delay is a partial reason for the PIO, there may
also be a more important contributor—the biomechanical coupling between
aircraft and stick/pilot.

Figure 2-26 shows the two command systems versus the ADS-33D
requirement for hover and low speed aggressive maneuvering.68 The second
(PIO-prone) configuration is incorrectly predicted to have Level 2 handling
qualities (''adequate to accomplish the mission flight phase, but some increase
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Figure 2-24 Time history of the helicopter lateral-position tracking task with no
added time delay. Source: Ockier.56

Figure 2-25 Time history of the helicopter lateral-position tracking task with 100
msec of added time delay. Source: Ockier.56

in pilot workload … exists"71). This discrepancy underlines the fact that
other effects, such as the (biomechanical) aircraft-stick/pilot coupling may have
an impact on the introduction of this particular PIO. Such effects are not included
in any of the current criteria and would certainly be difficult to predict. It also
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illustrates the importance of appropriate force-feel systems for helicopter
handling qualities and for the onset of PIOs. For helicopters flying with an
attitude command system, additional damping, rapid follow-up trim, or even
active, non-linear controllers may be necessary.56

Figure 2-26 Small-amplitude handling qualities criterion (target acquisition and
tracking) from ADS-33D.
Source: Ockier.56

A comprehensive review of rotorcraft-pilot coupling potential and
experience, including the two cases outlined above, has recently been
published.30
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3

Aircraft-Pilot Coupling as a Current
Problem in Aviation

As one aspect of the charge to evaluate the current state of knowledge about
adverse APC, the committee was asked to "review and assess recent incidents and
accidents in which adverse APC is known or suspected." For several reasons, this
has not been a straightforward task for all stages of aviation, and unequivocal
answers have been hard to find. For developmental aircraft, the use of elaborate
flight test data recorders usually ensures that APC events become a matter of
record. Plausible causes can usually be determined and corrective action taken.
However, there are no requirements to actively seek out adverse APC tendencies
during the development or certification process for either military or commercial
aircraft. Thus, an aircraft being developed might not be exposed to PIO-prone
situations.

Once an aircraft enters operational service, multichannel, high, fidelity high
sample-rate flight-data recording equipment is no longer used to monitor flight
performance. The FDRs installed in commercial transports have far less
capability, and military aircraft may have none at all. Other factors that work
against a concrete and unequivocal assessment of APC potential are discussed
below. In an effort to address the task of reviewing and assessing recent incidents
and accidents, the committee examined, more extensively than anticipated, a
variety of information sources, including accident and incident investigations,
flight data recordings, and pilots. The principal sources of information are
discussed in separate sections of this chapter.
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TRENDS FROM A REVIEW OF ACCIDENTS AND INCIDENTS

To review and assess recent incidents and accidents, the committee
approached the problem over a broad front. This review was the focus of two
workshops held to gather the best information available (see Appendix C for
participants). To supplement the workshop data, subgroups of the committee
examined numerous potentially relevant databases, held lengthy discussions with
a Russian colleague, and went to Europe to collect information available there.
The following partial list indicates the scope of the sources examined:

•   NTSB reports
•   Aviation Safety Reporting System data (1990–1994)
•   technical literature
•   briefings by representatives of several airlines
•   information in the public domain (e.g., articles in Aviation Week and

Space Technology and information on the Internet)
•   workshop briefings by parties involved in specific APC events
•   workshop briefings by specialists from the U.S. Air Force Wright

Laboratory and research contractors
•   internal FAA incident data
•   briefings by the Air Accidents Investigation Branch of the United

Kingdom
•   developmental experience from aircraft companies (Boeing, McDonnell

Douglas, Lockheed Martin, British Aerospace, Airbus, and Saab)
•   manufacturer safety publications
•   U.S. military flight test experience

After an extensive investigation and review, the committee was able to
identify five features or trends of APC-related accidents.

1.  APC events almost always occur during the development of new
classes of aircraft that operate in new flight regimes or employ new
technologies, such as FBW. This is also apparent in Tables 1-1 and
1-2, which summarize adverse APC events of varying severity in the
development of advanced aircraft, including almost all partial or
total FBW aircraft for which data were available. These include high
performance military aircraft, such as the F-16, Tornado, F-18,
YF-22, and JAS 39; large bomber and transport aircraft, such as the
B-2, A 320, C-17, and Boeing 777; and the Space Shuttle Orbiter.

2.  Even during development testing, PIOs and APC events are rare.
Many pilots conduct extensive flight test operations with no
difficulties until just the right combination of triggering event, pilot
dynamics, and effective aircraft dynamics occurs.

AIRCRAFT-PILOT COUPLING AS A CURRENT PROBLEM IN AVIATION 82

Aviation Safety and Pilot Control: Understanding and Preventing Unfavorable Pilot-Vehicle Interactions

Copyright National Academy of Sciences. All rights reserved.



3.  Once an APC event is discovered in the development stage, it
becomes highly visible. Developers are motivated to uncover the
sources and contributing factors and to correct deficiencies. In other
words, APC susceptibility is often detected and corrected as a
natural part of the development, flight testing, and certification
process.

4.  Confirmed occurrences of APC-related incidents on operational FBW
aircraft are rare, although some exist.

5.  Analysis of severe PIOs almost always show that control surfaces
were rate limited during the event. (Rate limiting is indicated when a
graph of control surface position versus time produces a triangular
plot, as in curve 5 of Figure 2-7 and curve 2 of Figure 2-9).

The contrast between the presence of PIOs and other APC events in nearly
all FBW aircraft during development tests by highly skilled, focused test pilots
and the near absence of APC events in operational stages with line pilots has been
noted as a "curious disconnect." This disconnect can, perhaps, be interpreted in
two ways, both of them speculative. First, all major PIO tendencies have been
discovered in the course of development. This explanation is most applicable if
the development process includes a dedicated, effective effort to discover the
circumstances (e.g., maneuvers and aircraft and FCS configurations) in which
APC-prone tendencies are the most severe (for instance, when processes such as
those recommended in Chapter 4 are applied). For some aircraft, however, an
active investigation of APC characteristics may not have been conducted
throughout the development process (or the effort to discover APC problems may
have been flawed). Although these aircraft may appear to be immune to PIOs, it
may simply be that they did not happen to encounter the conditions that would
lead to a PIO with that particular aircraft. If that is the case, an unexpected PIO
could result when production aircraft do encounter the necessary conditions.
Unanticipated APC events usually greatly focus the attention of the responsible
engineers and make them true believers in the potential hazards associated with
APC events.

A second interpretation of why some operational aircraft have no reports of
PIOs or other APC events is that there has been a detection or reporting
oversight. This could be because of differences between test pilots and line
pilots, who may not have an adequate understanding of PIOs or who may
interpret APC events as signs of pilot error. Such factors could lead to
nonreporting of PIOs that occur in operational aircraft. Flight safety demands
that operational pilots avoid PIOs and other difficult situations rather than seek
them out. Other reasons for the absence of reported incidents may be that
accident investigators do not adequately consider the extent to which APC events
contribute to incidents or accidents, and there may be inadequacies in recording
capabilities and/or analytical procedures.

In any event, the committee was not able to assess fully the existing
exposure of APC in operational fleets because of limitations in the reporting
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systems. Most currently available FDR systems do not sample at rates sufficient
to allow investigation of high-frequency, oscillatory APC events. Older FDRs do
not sample enough of the relevant parameters to identify potential APC
phenomena. Requirements for improved FDRs are being considered that would
increase the likelihood of identifying APC tendencies before catastrophic events
occur. However, the temporal resolution of improved FDRs may still not be
sufficient to identify high-frequency APC events.

Reporting of APC events by pilots to safety reporting systems, such as the
Aviation Safety Reporting System, is also thought to be limited by cultural
factors. Because there has been a historical association of PIOs with inexperience
and poor airmanship, pilots are often reluctant to admit having been involved in a
PIO or APC event. This problem is exacerbated by the lack of a clear boundary
between a benign APC event (e.g., an oscillation experienced by a novice student
or a turbulence-induced oscillation) and an adverse APC event that could result in
catastrophe.

FLIGHT DATA RECORDERS

Depending upon the sophistication of the FDRs and the number of
parameters being recorded, FDRs make possible accurate reconstruction of
events associated with a particular flight. The first requirement for installing
FDRs on commercial aircraft was issued by the Civil Aeronautics
Administration, the predecessor to the FAA, on August 1, 1958. Similar
requirements were subsequently issued by regulatory authorities in other nations.
To facilitate investigations of serious incidents and accidents, crashworthy FDRs
are now required on most commercial aircraft in airline service.

The number of parameters that the U.S. Federal Aviation Regulations
require crashworthy FDRs to measure on a particular aircraft varies from 6 to 34,
depending upon the aircraft's date of manufacture and the date the FAA issued the
type certification for that aircraft. Older FDRs only collect basic flight data:
altitude, airspeed, heading, normal "g," microphone keying, and time. Newer
FDRs also collect data such as pitch attitude, roll attitude, and either control-
surface positions or control-column positions. Data sampling rates are generally
once per second, although a few parameters are recorded at higher rates, eight per
second being the highest. Current regulations allow some aircraft equipped with
the old six-channel recorders to use them into the twenty-first century. However, a
proposed change to the Federal Aviation Regulations would increase the number
of monitored parameters on new aircraft to 88, including a requirement to
monitor parameters such as cockpit flight-control input forces. Nevertheless, the
proposed sampling rates would be similar to the ones now required of older
recorders.
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