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Preface

Active Control Technology (ACT) has emerged in the last decade from the realm of theoretical and limited experimental
applications to full-scale use on prototype and production aircraft. This technology has been used on military aircraft to
maximize maneuverability and agility even at the edges of the flight envelope. In new civilian transports, ACT has led to
reduced trim drag, lower pilot workload, and improved ride qualities. This symposium summarized the state-of-the-art in
ACT and spotlighted the lessons learned in the recent flight test applications. Priority was given to papers presenting proven
flight results of ACT for fixed and rotary-wing aircraft projects.

Two keynote papers were given, the first presenting a perspective on inter-disciplinary aspects of ACT by a leading expert in
aircraft flight control; the second presenting a perspective from the military operator’s point of view on the introduction of a
new technology in service use. The symposium was organized in five sessions covering control system specifications, design
and analysis methods, system integration, and implementation experience. A final round table discussion focused on the
benefits of ACT and problems/solutions encountered in implementing ACT.

A one-day Workshop on Pilot-Induced Oscillations (PIO) was held immediately after the Symposium to promote discussion
among researchers working in this field, and a brief summary of the main features of this Workshop is included in this
Conference Proceedings.

Préface

Au cours de la dernidre décennie, les Technologies des systémes de contrdle actif (ACT) sont passées du stade d’applications
théoriques et limitées, au stade de production et 4 la mise en ceuvre sur aéronefs prototypes et en série. Ces technologies ont
été employées sur des avions militaires afin d’atteindre un maximum de manceuvrabilité et de maniabilité méme aux limites
du domaine de vol. En ce qui concerne les nouveaux avions de transports civils, PACT a permis de réduire la trainée de
compensation, d’alléger la charge de travail des équipages et d’améliorer les qualités de vol. Ce symposium a fait le point de
1état de I’art dans le domaine de 1’ ACT en mettant au premier plan les enseignements tirés des applications récentes lors des
essais en vol. La priorité a été accordée aux communications qui présentaient des résultats d’essais en vol validés pour I’ACT
dans le cadre des projets d’aéronefs a voilure fixe et a voilure tournante.

Une premiére allocution d’ouverture a présenté une perspective des aspects interdisciplinaires de I’ACT vus par un expert
dans 1le domaine. Elle était suivie d’une deuxiéme présentation sur la mise en service d’une nouvelle technologie du point de
vue de I’opérateur militaire. Le symposium a été organisé en cinq sessions portant sur les spécifications des systémes de
controle, les méthodes de conception et d’analyse, I’intégration des systémes et 1’expérience de la mise en ceuvre. Les atouts
de P'ACT, ainsi que les problémes et les solutions rencontrés lors de la mise en ceuvre ont été examinés lors d’une table ronde
en fin de séance.

Un atelier sur le P10, d’une durée d’un jour, a été tenu immédiatement apres le symposium afin de stimuler les discussions
entre chercheurs travaillant dans ce domaine. Un résumé des principaux éléments de cet atelier est inclu dans le présent
compte-rendu.
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Technical Evaluation Report

H.A. Mooij
Mooij & Associates
9 Leidsestraatweg
2341 GR Oegstgeest, NL

1 INTRODUCTION

In the last decade, Active Control Technology
(ACT) has emerged from the realm of theory and
modest experimental applications to full-scale use
on production aircraft, while more elaborate
forms of ACT are under test for the future
production of aircraft.

New technologies have been applied in military
fighters to maximise manoeuvrability and agility,
and in civil transports to reduce trim drag, lower
pilot workload and improve riding qualities.
During the AGARD symposium "Active Control
Technology: Applications and Lessons Learned",
the status of ACT development was assessed in the
light of the experience gained over the last
decade.

As the intended scope of the symposium, held in
Turin, Italy, from 9-12 May, 1994, the following
four topics had been forwarded: Specifications
for flight control system design, Design and
analysis methods, System integration and
Implementation of experience.

2 KEYNOTE SPEAKERS

The Theme and Scope of the symposium were
emphasized in the introduction by two keynote
speakers.

First Keynote Speaker: D.T. McRuer

The speaker, with his vast background experience
in the subject area, was very well qualified to set
the tone for the symposium. In an orderly
fashion, Mr. McRuer demonstrated the balancing
act of applying the full capabilities of ACT by
presenting two examples illustrating the need for
an integrated approach amongst various technical
disciplines. One example showed the complexity
of aircraft-specific interactions, another
demonstrated unfavourable oscillatory aircraft-
pilot coupling. He suggested three categories of
Pilot-Induced Oscillations (PIO), based on the
pilot-behaviour theory: Category I - Essentially
Linear Pilot-Vehicle System Oscillations,

Category II - Quasi-Lincar Pilot-Vehicle System
Oscillations with Surface Rate or Position-
Limiting and Category III - Essentially Non-
Linear Pilot-Vehicle System Oscillations with
Transitions. Avoiding Category III is identified
by him as one of the great challenges of Active
Control Technology applications.. The reason for
this is, that post-transition effective aircraft
dynamics are almost always unforeseen, as are the
PIO "triggering" events.

Second Keynote Speaker: Gen. V. Camporine
The second keynote address, again of high
quality, was presented by someone, with a vast
operating experience, who represented the user
community. "Interaction" between the military
and scientific worlds was the expression
Camporini used when answering the question: do
military needs drive research or is it achievements
in the technological field which dictate tactics,
strategies and eventually doctrines? He high-
lighted some of the problems associated with this
interaction. After explaining his feelings about
aircraft as "man-environment interfaces”, and
formulating the arguments for the need for
further advances, he underlined the arguments by
stating that the cold war was won without any
combat and only a technological edge would
allow us to win the peace for future generations.

3 SYMPOSIUM ORGANISATION

The symposium was organised around four
sessions comprising 28 technical papers in all. It
was concluded with a round-table discussion
focused on the benefits of ACT, problems
encountered and solutions forwarded.

The general layout of the symposium was as
follows:

Session 1 - "Specifications for Flight Control
System Design". - Although not all elements of
the scope for this session, as indicated in the
original call for papers, were covered in the
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contents of the set of papers presented, all papers
were clearly of interest. New for the open
community was the information about the
requirements for, as well as the development of
the Lavi flight control system.

Session II - "Flight Control Design and Analysis
Methods". Actual case studies (four) and
theoretical treatises (three) was the split of papers
in this session. The emergence of the relatively
new "H-infinity/Mu-synthesis" and "Dynamic
Inver-sion" methods was clearly exemplified in
the "theoretical treatises".

Session III - "System Integration". - Of the six
papers presented in this session, three may be
ranked under the structural aspects of active
control technology, two under propulsion aspects
of active control, while one paper dealt with quite
a novel form of active control, i.e. the forebody
vortex control for the post-stall flight regime.

Session IV -"Implementation Experience: Hand-
ling Qualities and Flight Control Performance". -
The organisers' intention was in this session to
highlight the discussion of actual flight and
flight-test experience with ACT, emphasising the
comparison of predictions with flight test results.
Considering the papers presented in this session, it
is observed that nine out of ten papers were flight-
test oriented, although in most cases no detailed
comparisons between predictions and flight-test
results were given. Highly-manoeuvrable fighter
aircraft and helicopters were discussed, as well as
large transport aircraft.

The range of expertise of the participants in the
symposium was reflected by presentations based,
amongst others, on the following specialisms:
Flying Qualities Specifications, Flight Control
System Design and Analysis, Structural Dynamics,
Propulsion Control Systems, Digital Flight
Control System (FCS) Implementation, Handling
Qualities Flight Testing. Participants included
scientists, engineers, (test) pilots from military
services, government and private laboratories,
universities and industry. The symposium
authors represented a wide cross section of
national centres as may be seen from the balance
of US and non-US papers: 9 US papers and 19
non-US papers.  The total symposium
participation was outstanding for AGARD, i.e.
159, of whom 38 were authors, 45 panel members
and 76 observers. The single largest group was
the non-presenting observers. This is a strong
indicator of the level of interest in the symposium
topic, despite the difficult travel budget
environment in both the US and Europe.

4 TECHNICAL EVALUATION

Session I - Specifications for Flight Control
System Design

The first three presentations of the first session
covered background information on FCS design
specifications. The fourth and fifth presentations
gave accounts of two flight-test programmes with
an in-flight rotor-craft simulator and a fighter-
technology demonstrator, respectively.

Regarding Paper 1, on the role of handling
qualities specifications in Flight Control System
design, it is observed that the necessity to
incorporate handling qualities specifications in
the FCS design process is not recognised by
Industry.  This may be deduced from the
numerous handling qualities problems, some of
which are Pilot-Induced Oscillations. It is
recognised that MIL-STD-1797A, for aeroplanes
1s not perfect and presently under revision. The
importance of the incorporation of demonstration
manoeuvres in future specifications is stressed,
while the potential value is explained of a "flight-
test guide" to provide compliance with criteria.
As a first step towards this achievement, the rotor
craft ADS-33C specification has been defined and
found very useful.

The following presentation, (Paper 2), was
dedicated purely to the problem area of Pilot-
Induced Oscillations. In this paper, it is stated that
a number of simple criteria may be applied
during control law design, in order to prevent PIO
resulting from unnecessary lags or excessive gain.
For more background information about these
criteria, reference is made to the report on the
Workshop on PIO, contained elsewhere in these
Proceedings.

The evolution of flying qualities criteria for ACT
fighters was discussed in Paper 3. The
experience with ACT fighters has been a valuable
contribution towards the development of ACT
transports. The need for a set of flight-validated
flying qualities criteria and requirements for a
range of possible response types of ACT
transports is emphasized. Presentations 2 and 3
both stress that handling qualities criteria
specifications for any new aircraft should be
required rather than merely recommended.

A solid piece of research into the applicability of
ADS-33C for rotorcraft incorporating ACT was
presented in Paper 4. The DLR contribution to
the verification and expansion of the ADS-33C
data base is described. It has been demonstrated
that some of the ADS-33C criteria are not directly




applicable to rotor craft with ACT. The author
proposes a new frequency domain criterion for an
improved coverage of all types of pitch-roll
coupling. Results also indicated an upper limit on
phase delay boundaries in the bandwidth/phase
delay criterion, while criteria needing further
verification were identified.

New was the presentation in Paper 5 of the design
requirements, development and flight-test results
of the Lavi, a light, multi-mission fighter
technology demonstrator. The FCS design was
presented vis a vis Flying Qualities and other
requirements. A detailed account was given on
how the moving-base flight simulator of the
National Aerospace Laboratory NLR and a fixed-
base flight simulator were used (total 835
simulation hours flown) following analytical work
defining the flight control laws. Calspan's NT-33
was used to confirm the results obtained in the
ground-based simulators for the high-gain
landing approach phase. Problems uncovered
and solutions applied are put forward in this
interesting paper.  The presentation was
concluded with a video recording.

Session II - Flight Control Design and Analysis
Methods

In the second session, a number of papers was
presented which illustrated robust control
methodologies, such as H-infinity optimisation
and Mu-synthesis, as stand-alones or in
combination with classical methodologies.
Theory-oriented papers with results of numerical
simulation of robust control methodologies were
Papers 6, 8 and 10. Papers 7, 9 and 11 were more
experiment-related. Paper 12 concentrated on
lessons learned from flight-testing the X-29 flight
control system. A possible drawback of some of
the robust methodologies is that full-state
feedback is required. Performance versus
complexity trade-off will determine the best
solution in each case. Concerning fuzzy control,
a lack of proof is observed regarding the usability
in flight control system applications. The method
of dynamic inversion seems to have more and
better potential, because it combines retainment of
physical insight with avoidance of the gain-
scheduling steps of the classical design methods.
These steps are time-consuming and therefore
costly.

Paper 6 is a tutorial on the H-infinity and Mu-
synthesis theory. It explains notions used in
robust control theory such as signal norms,
induced norms and Linear Fractional Trans-
formations (LFTs), and relates these, in terms of
general control engineering, to classical control.
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After explaining the aims of H-infinity
optimisation and Mu-synthesis, it was shown how
an LFT model of aerodynamic and other
uncertainties can be extracted from the state-space
form. The paper gives details of an application to
a realistic example and shows how stability and
required handling qualities criteria are guaranteed
to be met under uncertainties.

In Paper 7, non-linear dynamic inversion is
suggested as an alternative design method for
flight controls. The technique is illustrated with a
design case for the super-manoeuvring F-18 High
Angle-of-Attack Research Vehicle, HARV. On-
board models and full-state feedback are
assumed, while gain scheduling is avoided.
Piloted flight evaluation on a simulator is already
taking place, while flight tests are foreseen in
1994. The author of the paper states that the
strength of the method stems from the capabilities
of modern computer hardware and (aircraft)
instrumentation which allow on-board model
derivation and full-state feedback. Non-linear
dynamic inversion has been successfully flight-
tested on the NASA QSRA aircraft. The method
is well-suited to aircraft which must be
reconfigurable in a predictive way (VSTOL,
STOL, etc.) over a known transition corridor.

The area of fuzzy control application in aircraft
FCS design (Paper 8) is new. It remains to be
seen what future applications could be. Fuzzy
logic allows easy integration of saturation, control
switching and multiple objectives. It remained
unclear whether control laws for inner loops
around highly-unstable elements could be
designed on the basis of the principles outlined in
this paper. Design attempts followed by
simulation and ultimately by flight-testing should
provide the required insight in the matter.

Paper 9 is a good example of the many aspects
of the design challenge for the complex system of
the STOL and Manoeuvre Technology
Demonstrator (S/MTD) of the US Air Force.
Through development, analysis and flight-testing,
new technologies have been explored, such as
STOL capability and enhanced combat mission
performance. In the process, convergence was
reached in a design process in which the best of
"two worlds" (classical and multi-variable design
techniques) was selected in the end. This is
probably a wise approach, because checks of one
method on proposed solutions from the other
method can be performed in a number of cases.

In Paper 10 the H-infinity and Mu-synthesis
theories, as presented in Paper 6, are applied to
generate low-order control law architectures.
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In Paper 11 it was explained how explicit model-
following was employed for in-flight simulation
with the Advanced Technology Testing
Helicopter System (ATTHeS) of DLR.
(Reference is also made to Paper 4.) Explicit
model-following is useful when high operational
flexibility is required due to the wide range of
commanded models used for research or
educational purposes. The capabilities of this
versatile tool for training test pilots as well as for
research are explained. A video recording
showed the Hover-Position hold over a moving
vehicle. Position information was derived from
real-time video image analysis. Furthermore, an
automatic navigation system was demonstrated.

Paper 12 emphasized the flight-testing
techniques applied to an aircraft which was totally
dependent on the proper functioning of the FCS.
The X-29 incorporates a number of unique
characteristics, while the level of relaxation of
longitudinal static stability is unusually high. A
detailed account was given on how, in near real-
time, Fast Fourier Transfer (FFT) techniques were
used to measure longitudinal open-loop
frequency response characteristics for the purpose
of analysing stability margins. As classical
frequency analysis methods are inadequate for
the lateral-directional degrees of freedom, multi-
loop singular values were used. The insight
gained from comparing flight-data derived values
with predicted values was discussed. Two
important lessons were learned from the flight-
test: a) the importance of testability of an FCS and
the high advantages of real-time capabilities, in
flight-test data analysis, in particular; b) the
critical nature of air data for highly-unstable
airframes at high angles of attack.

Session I - System Integration

This session on system integration covered a wide
range of technologies, such as open-loop gust-
management systems, flight-testing a vortex flow
control system, design of an automatic take-off
and landing system for an unmanned helicopter
and FCS-structural coupling experiences. A
paper on the exploratory evaluation of an
Integrated Flight and Power Control System for a
STOL vehicle was introduced (Paper 17), though
not accompanied by a written version.

The know-how about the system-integration
aspects of gust-management systems is steadily
being expanded by Dornier and DLR since 1976,
as indicated in Paper 13. It is pointed out that
loads from structural oscillations (wing bending
and fuselage bending) must be counteracted
using fast actuators for the DLC surfaces and

elevators. It is also pointed out that specific
forces in the horizontal degree of freedom
associated with DLC surface defiections are
important for passenger comfort and cannot be
ignored. The authors believe that turboprops
using Full Authority Digital Engine Control
(FADEC) may be able to generate the required
longitudinal compensating forces through
variations in the pitch of the propelier blades. It
is proposed by the authors that the potential of
ACT can be used to develop, in future commuter
aircraft, an integrated "wind management" system
to manage relevant wind effects from gust and
turbulence alleviation up to windshear and elastic
mode control.

Vortex Flow Control (VFC), discussed in Paper
14, is a method to improve the controllability of
aircraft when the fuselage is blanking the tail at
large angles of attack. The X-29 was used for
proof of the concept. A transparent transition
had been experienced between the yawing
moment obtained with the rudder and the yawing
moment obtained by VFC. In order to use
forebody blowing to its best advantage, i.e. roll
coordination and side-slip management, it was
clear that the vortex flow control must be blended
with the rudder over the entire operating envelope
of the aircraft . Apart from its technical contents,
the paper was also of interest for its attention to
the project-organisational aspects.

The control system for the unstable roll-and-pitch
axis of an unmanned helicopter is another
example of ACT. The outer loops incorporated
in the automatic flight control system for such a
helicopter were outlined in Paper 15. An FCS
design developed along "classical" methods with
gain scheduling was successfully flight-tested on a
moving ship-deck simulator, as was shown in an
interesting video recording. One of the
interesting features was the logic applied in the
activation of the various modes for automatic
take-off, automatic landing and touchdown.

Paper 16 (as well as paper 18) gave tutorial
accounts of a wide range of "aero-servo-elasticity"
phenomena. Paper 16 concentrated on solving
the problems related to "flight control system/-
adverse structural coupling", resulting from
interactions of sensors/computers/actuators with
the aero-elastic aircraft in case ACT is applied to
realize overall aircraft performance requirements
such as mass, size and aerodynamic efficiency.
The experience gained at BAe Warton from the
early sixties (TSR 2) through the mid-eighties
(EAP) is delineated. Refining the "flight control
system/adverse structural coupling" design and
clearance requirements form the goal of the




various developments described in the paper. Itis
concluded that substantial improvements are
needed in the modelling of structural modes, as
well as prediction of the unsteady aerodynamic
forces of lifting surfaces and acrodynamic control
surfaces to ensure, in an efficient manner,
freedom of "flight control system/adverse
structura} coupling”.

Only very limited information became available
concerning Paper 17, as its author was unable to
attend and one of his colleagues at Lockheed's
gave a short introduction on the basis of a
handout of the figures of the paper.

Paper 18 isaimed at a discussion of mechanisms
to achieve structural benefits through the use of
ACT in flexible aircraft. Two groups are
distinguished here: a) changing the external
forces acting on the structure in order to reduce
the stresses in the structure, and b) changing the
structural system properties, in order to improve
modal damping and dynamic stability. It is
observed that hardly any in-flight experience is
available, with regard to flutter-suppression
systems. It is stated that, from the very start, the
negative influence of ACT on fatigue life of an
aircraft should be considered very seriously. In
order to take full advantage of electronic flight
control systems, a multi-disciplinary design
approach covering the structural implications of
ACT is already required in the design stage.
Although such an approach is still under-
developed, reassessment of traditional views in
aircraft design is taking place and making room
for the acceptance of "aero-servo-elasticity"
aspects in the initial design.

Session IV - Implementation Experience: Hand-
ling Qualities and Flight Control Performance

Surveying the papers presented in Session IV, it is
concluded that handling qualities aspects,
including a number of interesting cases of pilot-
induced oscillations, were covered well. A large
percentage of the papers presented flight-test
results, some explaining in addition how a flight-
test programme had evolved over a period of
time. The tactical utility of novel flight control
system concepts was treated in two presentations.

Paper 19 may be considered as tutorial on the
topic of thrust-vectoring. It covers a description
of the F-16 modified with the vectoring nozzle,
FCS development, flight-test approach, flight-test
results and tactical utility assessment. A video
recording with high-quality 3D graphics, based
on recorded flight data was very enlightening.
True, post-stall manoeuvring was demonstrated

e

T-5

with a near-production, thrust-vectoring nozzle in
an operationally representative environment.

The operation-oriented Paper 20 focused on a
particular aspect of ACT: how to use the FCS
design freedom for optimizing the performance
of a given system under special operational
circumstances. A "catapulting" mode has been
developed for the Rafale, using shore-based and
carrier-based catapults, as was shown on a video
recording. In this interesting presentation, the
importance for design purposes was stressed of
accurate modelling of the aircraft itself, the
aircraft-carrier deck interface, carrier dynamics,
wind, gusts and the sea state.

Paper 21 presented an account of developments
regarding an autopilot for the AMX. In the
paper, the following aspects are dealt with: design
to specifications, system development and
clearance before flight and flight test. It
explained the peculiar problems resulting from
outer-loop (autopilot) and inner-loop (basic
stabilisation) interaction in the design of a similar
system for the EF 2000. The autopilot will have
altitude, pitch-angle and bank-angle hold modes.
Acquire modes will comprise altitude and
heading, while in addition an "auto-climb" mode

5

will be available.

The Experimental Aircraft Programme (EAP)
presented in Paper 22, may be considered as a
demonstrator, using the experience of the
predecessor programme Jaguar FBW and
preparing for the EF2000. This paper is a
thorough treatment of the philosophy and
method used to design the flight control laws and
the evolution of the FCS through the life of the
EAP programme. Carefree handling and
complete absence of pilot-induced oscillations
were impressive aspects to all of those involved in
the evaluations of the system. The manipulator
used for flight control, was a simple
spring/damper system. The selected values for the
stick travel, the force levels and damping
characteristics were considered important
parameters in avoiding pilot-induced oscillations.
Three different phases of the evolving flight
control system are described clearly, together with
their associated flight tests.

As a result of the growing number of pilot-
induced oscillation-related incidents/accidents in
aircraft with digital flight control systems, the US
Air Force Materiel Command formed a technical
review team to investigate the matter, as described
in Paper 23. The major flaws in the flight
control development process, as perceived by the
review team, are described in the paper. Three
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noteworthy recommendations were presented:
a) enhancement of flying qualities research
programmes to improve the criteria and analysis
methods available; b) incorporation of the "best
practices" related to the subject area in the
reference tool used by USAF acquisition
managers, [clearly, certain lessons are never
learned, as the authors had to stress the use of
full-up ground simulation and in-flight
simulation to assess handling qualities and PIO-
tendencies]; c¢) establishment of an integrity
approach for flight control development, similar
in nature to formal programmes established for
structures and propulsion. The intent of such a
programme would be in each stage of
development to "proceed only when resistance to
the PIO problem is proven". This paper may be
considered as an appetiser for the Workshop on
PIO, which was held following the Symposium.

Valuable experience in the area of the pilot-
aircraft interface for low-speed flight control,
handling and cockpit displays is gathered in the
two-seat in-flight STOL simulator (VAAC)
project sponsored by the UK Ministry of Defence
(Paper 24). An integrated f{light and power-
plant control system using ACT will be an
essential element for future STOVL aircraft. The
paper decals with the design, devclopment and
flight-testing of an advanced pitch-flight control
law, for this category of aircraft in transition from
wing-borne to jet-borne flight, hovering and
vertical landings. Flight-testing the VAAC
Harrier has shown that the two-manipulator (LH:
fore/aft, RH: up/down) and one-manipulator
solutions (RH: up/down plus thumb switch for
fore/aft control) resulted in a large reduction in
pilot workload, as compared to the basic aircraft's
three manipulator arrangement. This was
demonstrated in a video recording of a transition
from hovering to a vertical landing.

Since Paper 25 was presented as a substitute for a
withdrawn paper, no written handout was
available. In the presentation, a comprehensive
overview was given of this first "international"
version in the (US) X-series of projects. A low-
cost solution was presented for effectuating
thrust-vectoring (a tacked-on set of thrust-
vectoring paddles), as well as the way the FCS
takes care of velocity-vector rolls at higher angles
of attack.

A video recording was used to demonstrate the
impressive tactical advantage measured in 150
combat sorties of a total of 400 flights executed,
so far. It was indicated that the concept of the
"quasi-tailless" aircraft is under evaluation using
the X-31. To this end, the rudder is used to
destabilize the aircraft in yaw, while the thrust

vectoring 1s used to re-instate stability. Through
exploitation of thrust-vectoring as stabilizer in
yaw, an additional operational advantage may, in
principle, be obtained.

Paper 26 presents an overview of advances in
flight control design made by Boeing and the way
these advances are applied in the production of
the V-22 Osprey tilt rotor and the RAH-66
Comanche scout/attack helicopter. The paper
progresses in a systematic manner from design
requirements to flight control law design, cockpit
manipulator integration, pilot interface with the
multi-mode control laws to integration of flight
control, engine control and fire control systems.
Partitioning of control laws over primary flight
control systems and automatic flight control
system forms the basis for explicit model-
following control laws. Integration of these
control law functions, along with advanced
cockpit displays and controls, engine control and
fire control systems have proven to be the key in
providing a total vehicle management system
capable of meeting future military requirements.
The authors predict that in the near future,
integrated design approaches will simultaneously
optimize handling qualitics, manoeuvre control,
clastic stability and airframe and rotor structural
loads limiting characteristics.

Paper 27 was presented as a substitute paper; no
printed version of the presentation was available.
In the presentation it was indicated that three
different design methodologies were followed to
develop a practical controller for the model-
following NRC Bell 205 airborne simulator. It is
hoped that a printed version of this interesting
presentation will be included in the Conference
Proceedings.

In conclusion of the symposium, Paper 28 went
into the flying qualities and flight control systems
of transport aircraft equipped with electrical FCS,
as seen by Aerospatiale. Before going into some
of the differences between the Airbus A340 and
A320, developments over the past 25 years were
surveyed. Starting with the Concord, with full-
time electrical FCS with analog computing, via the
Airbus A310 with digitally-controlled spoilers, to
the first transport with a closed-loop digital
primary FCS, the A320, some interesting features
of each were presented. The rationale was given
for the differences in FCS mechanisation for the
Airbus A320 and A340: the main points are
associated with the compensation effects of the
more flexible structure of the A340, its design for
long-range ("minimum drag") and the inherent
limitations in take-off performance (four-engine




aircraft). With this interesting paper the technical
sessions of the symposium were concluded.

Round Table Discussion

During the round table discussion, held at the end
of the fourth day of the symposium, a number of
noteworthy observations were made concerning
the symposium itself as well as suggestions for
future directions. The most important
observations regarding possible future directions
are listed under five headings below:

1 Data base for Flying Qualities Specifications;
quality/expansion - There was a general
consensus that the required improvement of the
Specifications and Requirements for Flying
Qualities of ACT aircraft can only be obtained by
expanding and refining the data base through
systematic research efforts using ground-based
and in-flight simulators. A range of controlled
aircraft states and a (wide) range of
manipulator/feel system characteristics should be
incorporated. The capability of ACT aircraft to
exhibit characteristic response shapes entirely
different from classical aircraft, should be
recognized in the specifications. Proper task
selection/description should be developed in this
type of research. Level 1 Handling Qualities
should be a mandatory design objective, not just a
recommend one.

2 Modern Control Theory - It seems an
appropriate time to try and integrate the
experience obtained with the modern control
theory by teams designing the FCS for unstable
aircraft in recent demonstrator and prototype
projects. The papers forwarded in the symposium
have left the impression that there are advantages
in certain classes of design challenges, but it is
evident that in some instances the attempts to
apply the modern control theory have failed. An
AGARD Working Group may be a means to
improve insight in the matter.

3 System Identification - The need to improve
the availability of comprehensive system-
identification routines cannot be stressed enough.
In consonance, the need was mentioned to select
the proper manoeuvres to excite the aircraft for
identification purposes. The difficulties
associated with system identification in the non-
linear high angle-of-attack range should be
tackled.

4 Experience and Loss of Experience - A
frequently expressed concern was the high
probability that invaluable experience gained in
the design of flight control systems for unstable
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aircraft could be lost. This fear is based on the
reduced number of new aircraft projects expected
and the increasing time which will elapse between
projects within one Industry. Two ideas to fight
this possible loss of experience were forwarded.
The first was the production of a form of
Handbook encompassing existing knowledge as
well as a narrative of the evolutionary
introduction of ACT over the past 25 years.
Particular attention should be given to describing
the proper analysis methods to be used in
validating the designs. The second was the plea
for "demonstrator programmes" (specification,
design, analysis, system integration and
implementation) to be executed to keep design
teams in existence, while advancing the state of
the art.

5 Oscillatory Aircraft-Pilot Coupling - As stated
earlier in this report, the prediction of "essential,
non-linear pilot-aircraft oscillations with
transition” will not always be possible. A total
system (pilot plus aircraft) "integrity
qualification" as regards PIO should be
mandatory. A systematic approach should be
stressed towards clearing the design with all
known tools (including manned simulation)
before first flight. In the flight-test schedule,
ample time should be reserved for the in-flight
search for the "black holes" through excitation of
the aircraft in various flight conditions. Pilot
inputs should be applied which deviate
appreciably (much more aggressive) from those
in standard operational use. [More detailed
observations/recommendations resulting from the
Workshop on P10 held after the symposium are
included elsewhere in the underlying document.]

5§ CONCLUSIONS

* The intended scope of the symposium was very
well covered by the twenty-eight presentations
given.

* Judging by the number of participants (159),
the level of interest in the symposium was high.

* Certain elements of the ACT system-
development process, such as specifications,
design, implementation and verification, are not
yet fully matured.

* There is a lack of a set of specifications cover-
ing all handling and system stability aspects
(including PIO) as well as of the tools to verify/-
validate the system as designed against the
specifications. It is clear that system identification
forms a critical tool in this respect.
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e Either the modern or classical control system
design approach will work, when in the hands of
competent and experienced practitioners. The
material presented at the symposiuvm indicated
that a certain degree of maturity has been reached
with respect to control law design methodology.

« ACT using a thrust-vectoring nozzle has clear-
ly led to fully-controlled post-stall manoeuvring.

6 RECOMMENDATIONS

e Persons who, within their organisation, are
responsible for both quality of the theoretical
background and experience of FCS designers,
should look for a balanced knowledge base in

classical as well as modern control system
theories.

+ An AGARD Working Group might be the
proper means to consolidate valuable insights
gained during recent demonstrator and prototype
projects in the areas of handling of the
specifications, design methods (particularly
control law design methodology used for the FCS
of unstable aircraft), integration and testing.

e In five years time, the structure of this
symposium could be used by the Flight Vehicle
Integration Panel as a starting point for the
organisation of a comparable, valuable exchange
of information.




ACTIVE CONTROL TECHNOLOGY AND INTERDISCIPLINARY INTERACTIONS
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1.0 SUMMARY

The exploitation of Active Control Technology in aircraft
entails a satisfactory balance among aerodynamic,
structural, propulsion, and automatic and manual control
disciplines. ~ To achieve such a balance requires
broadened perspectives, greatly enhanced interdisciplinary
understanding, and an appreciation for the strengths and
weaknesses within the individual disciplines. This paper
presents two examples to illustrate some of the more
detailed aspects of interdisciplinary interactions arising in
the application of active control technology. Because
dynamic interactions are inherently vehicle-specific, the
first example uses a very large helicopter which
inherently exhibits many interdisciplinary interactions.
With manned vehicles in which the pilot plays an
important active role as a controller, interactions between
the pilot and the effective aircraft dynamics can be
central. The second example treats one such interaction,
oscillatory aircraft-pilot coupling or pilot-induced
oscillations, which are an all-too-common accompaniment
of some advanced actively-controlled systems.

2.0 INTRODUCTION

The major promises of aircraft "Active Control
Technology" are to enable novel capabilities and achieve
improved "performance” (in the broadest sense) levels.
The traditional objective of the systems integration
process is to make individually designed subsystems work
together on an aircraft; that is, to ensure compatibility
and minimize adverse interactions. Active Control
Technology permits, even demands, a changed
perspective. As a systems integration enterprise Active
Control Technology is intrinsically concerned with
establishing a dynamic synergism among the technical
disciplines of aerodynamics, structures, propulsion,
controls and, in manned aircraft, pilot dynamic behavior.
This is accomplished in principle by co-operative
consolidation and interaction of functions and subsystems;
it is effected by concurrent multi-disciplinary designs in
which the technical disciplines are deliberately made
highly interactive dynamically. Thus in practice Active
Control Technology must deal with the ubiquitous
presence of dynamic interactions between the technical
disciplines at their cutting edges.

While the creation and exploitation of favorable
interactions are the desired ends, there is no guarantee
that they will not be accompanied by other interactions
that may be less than favorable. To achieve a satisfactory
balance requires broadened perspectives, greatly enhanced
interdisciplinary understanding, and an appreciation for
the strengths and weaknesses within the individual
disciplines. The purpose of this paper is to discuss two
examples that illustrate some of the more detailed aspects
of interdisciplinary interactions arising in the application
of active control technology in acronautics. Because
dynamic interactions are inherently vehicle-specific, the
first example will consider a very large helicopter to
provide a concrete illustration of some of the details that
must be appreciated. With manned vehicles in which the
pilot plays an important active role as a controllet,
interactions between the pilot and the effective aircraft
dynamics can be central.  Favorable aircraft-pilot
couplings are the goal; unfavorable ones the scourge. A
notable unfavorable aircraft-pilot coupling results in an
oscillation, which has generally been referred to as a
pilot-induced oscillation (PIO). Because PIO is an all-
too-common accompaniment of some advanced actively-
controlled systems the second example will introduce
enough of the subject to permit some connections with
ACT.

3.0 HELICOPTER DYNAMIC INTERACTIONS
Figure 1, adapted from Ref. 1, shows the rolling-velocity-
to-cyclic transfer function of a very large modern
helicopter. The dynamics shown are those of the
effective vehicle as presented to the pilot. They thus
include the rigid body and lower-frequency flexible
modes and other characteristics of the helicopter, the
control system, etc. The values of the inverse time
constants and undamped natural frequencies are defined
by the break points in the asymptotic Bode plot. The
amplitude ratio Bode plot shows several resonances and
anti-resonant conditions directly connected with quadratic
poles and zeros.

Also shown in Figure 1 are data points from which
the model transfer function was derived. These were
obtained from an extraordinary and extensive series of
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flight and ground tests using a variety of forcing
functions including transient inputs, single and sums of
sinusoids, and frequency sweeps (Refs. 2-3). The model
transfer function determined for rolling-velocity/cyclic is
not simply a best fit of the particular data shown.
Instead it was developed based on compatible identifica-
tions for all axes and measured state variables of the
helicopter (Ref. 2).

The Figure 1 data exemplify the sort of information
needed to define the effective controlled element. It
exhibits the many dynamic modes involved. To get to
this level of thorough, yet still preliminary, under-
standing of system interactions relies, for openers, on
modelling, identification, and physical system meas-
urement disciplines which themselves constitute major
players in interactive disciplinary systems technology.

Let us now disclose just what kinds of interactions
underlie this dynamic model. The domain of conven-
tional aerodynamic stability and control is reflected in the
rigid body modes of the helicopter, shown in Figure 1 as
the lateral hovering cubic, modified at mid-frequencies by
the stability augmentation system (SAS). The rotor

w (rad /sec)

Figure 1. Roll Rate to Cyclic Transfer Function of a Large Modern Helicopter

dynamics are present in the rotor lags, regressive and
progressive. Structural dynamics contribute to the action
by way of the first, second, and third body flexible
modes. The propulsion system makes a minor contribu-
tion by introducing a dipole pair due to the engine drive.
In fact, several of the modes are represented by dipole
pairs that nearly cancel in this particular transfer function,
although they remain important elements in other degrees
of freedom, and can be sources of surprises when the
dipoles shift or separate. Even the external load
dynamics enter the picture: first by adding an additional
pitch/heave oscillation due to the load bouncing on cables
and, second, by the general raising or lowering of the
aircraft gain by virtue of the need to balance the load
with collective.

The major conclusion to be drawn from Figure 1 is that
there are extensive interactions between a large number
of phenomena that have diverse origins and that
untangling this big mess demands further interactions
among many cooperative disciplines.

So far, nothing has been said about placing this messy
set of dynamics under control. In this respect, there are




two kinds of control: manual control by the pilot and
automatic control with stability augmentation and
autopilot.

From the pilot’s perspective, there are many different
modes of concern, some active and others inadvertent.
The frequency ranges of these pilot-centered phenomena
are indicated in Figure 1. The lowest frequency activity
corresponds to closed-loop manual control, which can be
characterized in terms of compensatory and pursuit
control models (Ref. 4). At somewhat higher frequencies
(above 10 rads™)), biodynamic coupling can occur
(Ref. 5). This is dominated by the dynamics of the
combination of the pilot’s neuromuscular system and the
manipulator (stick) and feel system. The pilot-aircraft
coupling phenomenon can take the form of high-
frequency (2Hz to 3Hz) limit behavior (Ref. 6).

Finally, the pilot may participate as part of a "vibration
feed-through’ phenomenon that extend to even higher
frequencies. Typically, this results when structural mode
or other vibration at the pilot’s station is transmitted
through the pilot to the stick. Depending on a variety of
seating, constraints, and manipulator design factors, this
biomechanical feedback can amplify structural mode
response (Ref. 7). Control system elements that are
intended to deal with structural modes, typically notch
and/or lag filters, may simply replace one part of the
manual control problem with another. In this case,
filtering to attenuate the structural mode response may
result in effective time delays that are unacceptably large
for manual closed-loop control (Ref. 8). Putting all these
factors together, a very wide range of frequencies are
involved: from near zero up to 10Hz.

The frequency domain interactions for the stability aug-
menter and autopilot are simpler to define. Even here the
stability augmenter, as a high bandwidth controller, can
be interfered with by higher frequency modes which it
is not intended to modify. The notch and/or low-pass
filtering, which is essential to stability and viability of
the SAS/autopilot/manual control system, represent yet
other interactions as well as a need for dynamic systems
integration.

An automatic system role on some helicopters is the
process of pilot desensitization; that is, processing the
pilot’s inputs so that high frequency pilot output, either
of a limb/manipulator active nature or of an inadvertent
vibration feedthrough, does not excite the malevolent
tendencies of the nasty high-frequency modes.

Superimposing the regimes of control action over that
of the vehicle dynamics reveals the coincidence of the
two. It is easy to conclude that there are two great
challenges: (1) quantitatively understanding  the
extensive composite dynamic entities and their interac-
tions and, based on this understanding, (2) integrating and
balancing the dynamic design of the several systems
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involved incorporating both inanimate and animate
elements.

4.0 OSCILLATORY AIRPLANE-PILOT
COUPLINGS

4.1 Introductory Remarks

A particularly unwanted interaction between animate and
inanimate elements in aeronautics is the phenomenon of
pilot-induced oscillation (PIO), which is one form of
unfavorable airplane-pilot coupling. These fascinating
and complex pilot-vehicle interactions have, in one form
or another, been around since the Wright Brothers. On
an ad hoc basis both minor and severe PIO incidents have
been studied, suspects and causes ascribed, and corrective
actions taken; and aperiodic generalized experimental and
analytical efforts have led to increases in understanding.
A lore has developed from these steps, and considerable
attention is devoted in new designs to avoiding or
alleviating those aircraft dynamics and control system
characteristics which have been charged in the past as
sources or accomplices. As a consequence, many of the
"old" factors associated with PIO occurrance no longer
exist in modern aircraft. Yet PIOs continue to persist
and, in fact, grow in variety and complexity as aircraft
systems otherwise advance. Recently, for example, the
confluence of some highly visible accidents (e.g. the YF-
22 and JAS 39 PIOs) has captured a great deal of
attention.

Because of this current and continuing interest in what is
surely THE senior flying qualities problem, this
conference week will end with a day-long discussion of
PIOs, and some of the conference papers also address this
subject. Accordingly, I will attempt here only to focus
on some aspects of Active Control Technology which, if
not handled effectively, can potentially contribute to
severe PIOs.

The provision of "good" flying qualities in precision, high
urgency tasks requiring very high gain closed-loop piloted
control is an important and primary factor in minimizing
the probability of PIOs. But this alone is not enough.
Detailed investigations of the causes of specific severe
PIOs (e.g., Refs. 9 - 14, and many other references cited
in Ref. 9) reveal that many factors are needed to explain
the phenomena, especially for the severe PIOs of most
interest here. These include: triggering events, pilot
adaptation, and the impact on closed-loop piloted control
of such nonlinear effects as actuator rate and position
limiting, hysteresis, transitions in effective vehicle
dynamics as a function of pilot input amplitude, etc.

4.2 Pilot-Aircraft System Oscillations — Minor
Wiggles and Severe PIOs

There are several varieties of pilot-vehicle system
oscillations, with consequences ranging from annoying
aircraft motions leading to poor task performance to
dramatic, unforgetable, traumatic, and even catastrophic
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oscillations. In all cases, pilot-induced oscillations
involve the pilot’s active participation in a feedback
system.  That is, the pilot’s dynamic behavior is
conditioned by the dynamic behavior of the "effective
airplane” with which he interacts.  The "effective
airplane” dynamics comprise aircraft rigid body and
lower frequency flexible modes, manipulator(s) and
manipulator restraints, actuation, stability and control
augmentation, and "effective display" characteristics.
When this combination is consolidated into a single
dynamic entity, the "controlled element", characterized by
a describing function Y (jo), the presence of an
oscillation demands that

Yp(jco)YC(jc)) =-1 (€))]

where Y (jo) is the describing function of the pilot.
While this is a necessary and sufficient condition for an
oscillation, it is not the only condition for the oscillation
to be a severe PIO. Instead, the oscillation may be a
very temporary, easily-corrected, low-amplitude bobble
often encountered by pilots when getting the feel of and
used to a new configuration — basically a learning
experience. It can happen on every airplane, and has
undoubtedly been experienced by every pilot at one time
or another. On the other hand, a fully-developed, large
amplitude oscillation with near or actual catastrophic
consequences is a chilling and terrifying event, even
though it obeys the same general law (Eq. 1). This kind
of oscillation is not, and cannot be permitted to be, a
common occurrence. It must be avoided for reasons of
safety as well as operational performance. Accordingly,
primary concern here is with the large amplitude,
potentially catastrophic version, and this is what we mean
by a severe PIO.

Both pilot and controlled element properties are prime
elements in Eq. 1. In the simplest cases where the pilot-
aircraft coupling acts like a predominantly single-loop
system, Eq. 1 creates a useful duality in that either pilot
or effective vehicle dynamics can be used to quantify
matters. It is generally easier to quantify the effective
airplane dynamics than the pilot behavior. Further, these
dynamics are subject to adjustment by control engineering
means, aircraft configuration modifications, etc.
Consequently it is convenient when appropriate to
emphasize the concretely known effective airplane
dynamics in considering criteria and procedures (although
the fundamental closed-loop nature of the phenomena
must never be forgotten). But there are problems even at
this very basic level — just what particular Y is the
important entity in a given PIO? For example, in a
longitudinal PIO — is Y_ the transfer characteristic
relating pilot output to attitude, to normal acceleration at
the pilot’s location, to some variable on a display, or
..what? And, what is the pilot’s output (input to Y ) —
is it force, position, or a composite? Just how much of
the limb-neuromuscular-manipulator — subsystem s
involved?

Further, while PIO’s often start with fairly low
amplitudes, which can adequately be treated with small
perturbation linear theory, the severe ones can become
very large. In fact, almost all the PIO time history
records available (see e.g. Refs. 9 - 14) show surface rate
limiting (and sometimes stick or surface position limiting
as well) in the fully developed oscillation. Rate limiting
in these instances has had two major effects — adding to
the effective lag in series with the pilot, making the
effective aircraft dynamics worse; and limiting the
ultimate amplitude of pilot-vehicle system oscillation,
perhaps as a lifesaver!

Particularly insidious nonlinearities lead to a sudden
change in effective aircraft dynamics in the midst of a
high-gain urgent task. Such sudden "transitions" include
changes in effective vehicle dynamics due to sudden
configuration modifications (such as afterburner light-off,
engine unstart, stability augmenter failure, asymmetric
stores release, etc.) and changes driven by pilot output-
amplitude shifts from small (e.g. stick motions around
trim which are largely contained within a control system
hysteresis band) to large (e.g. pilot attempts to counter
perceived major upsets). Effects of such pilot-
amplitude-sensitive  effective  controlled  element
"transitional changes" range from ancient PIOs in which
the primary manual control system appeared in several
guises (e.g. bobweight-in/bobweight out in the T-38 PIO
described in Ref. 10) to many of the most modern PIOs
in which actuator rate limiting, surface and/or SAS
position limits, nonlinear stick shaping of pilot
commands, various fader combinations, etc. interact to
create a confounding variety of input-amplitude-sensitive
effective vehicle dynamics. These are an almost unavoid-
able consequence when Active Control Technology is
fully applied.

4.3 Historical Perspective

A study of aeronautical history reveals a remarkably
diverse set of severe PIOs. Although we will
subsequently propose a different classification scheme for
PIOs, it is useful here to form groups based on two
primary features: the number of aircraft control axes
which are fundamentally involved; and the frequency of
the closed-loop aircraft-pilot couplings, which can range
from about 1/2 to 3 hz. These distinguishing features
serve to divide PIO’s into four different groups. Each
group can be exemplified by well-known incidents of
aircraft-pilot couplings, all notable or even celebrated,
and some catastrophic.

4.31 Essentially Single Axis, Extended Rigid Body
Effective Vehicle Dynamics

Most of the PIO research to date (and nearly all the
attempts at criteria development) has been directed to
effective aircraft dynamics characteristic of rigid body
longitudinal or lateral-directional properties. Higher
frequency dynamics representing the control actuators,
effects of SAS dynamics, digital system time delays, etc.




have been incorporated, usually approximated as parts of
an effective time delay or some equivalent. For many
PIOs such approximations are both appropriate and
adequate. Some specific examples of severe PIOs where
the key effective vehicle dynamics are of this "extended
rigid-body" variety include:

Longitudinal PIOs — Extended Rigid-Body
XS-1 PIO during gliding approach and landing
XF-89A PIO during level off from dive recovery
F-86D PIO during formation flying when pulling G’s
F-100 tight maneuvering
F-101 aft CG
F-4 low altitude record run second pass
X-15 approach and landing
Sea Dart post-takeoff destructive PIO
Shuttle ALT-5 during landing approach glide
Dryden FBW F-8 during touch and goes
YF-22 PIO after touchdown and wave off

Lateral-Directional PIOs — Extended Rigid Body
B-52 Roll PIO while refueling
B-58 Lateral-directional control-associated crash
M2-F2 Lifting Body Lateral-directional PIO
Paraglider Research Vehicle (Parasev) Lateral rocking
PIO during ground tow

4.32 Essentially Single Axis, Extended Rigid Body with
Significant Manipulator Mechanical Control Elements
PIO’s in this group are similar to those described above,
with the addition that the primary mechanical control
system plays a major role. The aircraft included are of
more traditional design, and may incorporate such
elements as single or dual bobweights, various artificial
feel devices, etc. Some older aircraft or modern aircraft
with simpler primary controls have tab or servo-tab
controls, power boost rather than fully powered surface
actuators, etc. System friction and hysteresis effects can
be very important, since they tend to create two different
sets of effective airplane dynamics (e.g. corresponding to
stick free and stick fixed, or small-amplitude and large-
amplitude pilot inputs). In these systems the aircraft
dynamics are still extended rigid body, but the dynamics
of the primary control and artificial feel system also enter
as important contributors. In the simplest situations, the
effective airplane dynamics differ primarily as a function
of the pilot’s output amplitude and the pilot’s inability to
adapt to large changes from pre- to post-transition
effective airplane dynamics is central to the PIO. In
some cases the limb-neuromuscular-manipulator system
dynamics are major factors, either as a simple limb-
bobweight effect, or as a much more elaborate dynamic
entity. Past examples of severe PIOs in this group
involved the A4D-2, T-38, and F-4.

4.33 Multiple Axis PIO’s, Extended Rigid Body

Of all the essentially rigid body PIOs these are by far the
most interesting, dramatic, and least well understood.
Perhaps best known and surely the most widely viewed
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PIO in this category was the remarkable unintended "first
flight" of the YF-16. Descriptions of the participating
events are given in Refs. 9 and 13. As remarked by
Einar Enevoldson, a noted retired NASA Dryden test
pilot, "3-D PIOs are extreme, and are present in many
aircraft under asymmetric conditions. Besides the AD-1,
another example was a PIO in a F-14 at large sideslip,
which resulted in a departure which was very difficult to
recover." Thrust-vectoring aircraft, damaged aircraft, and
aircraft with asymmetrically-hung stores, are also subject
to unusual asymmetries. For aircraft with elevon or
ailevator controls, which can create conflicts between
axes, the multi-axis PIO phenomenon can be further
complicated by differential position and/or rate limiting.

Known examples of severe PIOs in this group include the
X-5, YF-16, Shuttle ALT-5, F-14 at high angle of attack
with some sideslip, and the AD-1 (Oblique Wing).

4.34 PIOs Involving Higher Frequency Modes

A downside of the trend for more highly integrated
aircraft using active control technology, and especially
aircraft that are flown unstable, is the insurgence of the
lower frequency flexible modes into the frequency range
of stability augmentation and pilot control. For these
vehicles the extended rigid body characteristics are not
sufficient or, sometimes, even relevant. Instead, the
lower frequency flexible modes enter and the pilot’s
neuromuscular dynamics play key roles.

Cases in which the limb-neuromuscular dynamics are
central to pilot-vehicle oscillations are fairly common
even with extended rigid body or extended rigid body
plus mechanical controls. The roll ratchet phenomenon
is a notable example (e.g. Refs 6, 15). Here the
characteristic frequency is set primarily by the limb-
manipulator combination, tending to range from 2 - 3 hz.
This type of oscillation is probably not catastrophic in the
safety sense, although it can severely limit the airplane’s
maneuvering performance.

Pilot interaction with lower frequency flexible modes can
be severe. Their possibility has been of concern in some
circles in connection with the NASP (Ref. 8), and may be
prominent in the High Speed Civil Transport (Ref. 16).
Of the documented cases to date, the flexible mode
coupling present on the YF-12 (Ref. 12) was relatively
mild while the couplings observed with a very large
helicopter were quite the opposite.  These severe
interactions, in fact, are extremely important harbingers
of things to come as flexible modes become significant
elements in aircraft-pilot coupling.

5.0 PIO CATEGORIES

5.1 Factors to be Considered

Several source elements enter into any severe PIO. These
are discussed at some length in Ref. 9, listed under the
headings: "Effective Aircraft Dynamic Characteristics”
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(Fig 10, Ref 9); "Pilot Aberrant-Behavior Characteristics”
(Fig. 9, Ref 9); and "Precursor/Trigger Mechanisms/Pilot
Mode Shifters" (Fig. 18, Ref. 9).

Pilot aberrant behavior is the source factor which
distinguishes the severe PIO problem from most aircraft
design problems. The differences reside in those
uniquely human properties related to the enormously
adaptive characteristics of the human pilot for which
there are no parallels in an automatic flight control
system.  First, different pilot behavior patterns are
associated with different PIO properties. For example:
compensatory behavior and low-frequency neuromuscular
dynamics with PIOs in the 2-4 rad/sec range;
synchronous pilot (pure gain) dynamics with PIOs in the
1-2 hz range and with flexible mode interactions; more
complete limb/neuromuscular/manipulator dynamics with
PIOs in the 1-3 hz range, etc. Second, pilots exhibit
peculiar transitions in the organizational structure of the
pilot-vehicle system. These transitions can involve both
the pilot’s compensation (e.g. when a pilot adapted to
high-gain compensatory tracking/regulation suddenly
shifts to a "synchronous" pure gain mode) and the
effective architecture of the pilot’s control strategy (i.e.
what variables the pilot senses and processes).

The last source element, "Triggers" et al is described
below:

5.2 Triggers as Central Features in Severe PI1Os
An attribute which is a central and complicating feature
of severe PIOs is an initiating event, upset, or trigger
which starts the sequence. These come in many varieties
(see Ref. 9) which are difficult to generalize. A few
typical examples for PIOs already cited are:

T-38 — Failed stability augmenter; disconnect
sequence created a major upset (Ref. 10)

B-58 — Failed stability augmenter, creating sideslip
and subsequent rolling and, simultaneously,
unfavorable roll-control dynamics;

YF-16 — Several undesired inputs coupled with
limiting effects (see Ref. 9)

ALT-5 — 30 mph over-speed on very first runway
approach; speed brake actuated, nosed down
to make desired impact point; pilot plus
transient upset basic approach.

DFBW
F-8 — Major unexpected change in effective
controlled element dynamics (see Ref. 9)

YF-22 — Afterburner start, pilot input, plus mode
transition circuitry, faders, etc. interacted to
create a major upset (see Ref. 14)

Note that these examples are themselves uncommon
events, which probably goes a long way towards
explaining the rarity of severe PIOs.

Upsets can also arise from shifts in the pilot’s
organization of behavior (see Ref. 9 for a detailed
discussion), or from the surrounding environment. The
latter category includes gusts, wind shears, etc. as well as
control system shifts acting on the airplane. It also
includes changes which enter the pilot-vehicle system via
the pilot, such as drastic evasive maneuvers, as well as
changes in the pilot’s goals, attention levels, and tension
which reflect into higher pilot gains or control reversals.

5.3 Suggested Pilot-Behavior-Theory-based
Categories for PIO

Because of the diverse considerations entering into
oscillatory aircraft-pilot couplings several kinds of
classification schemes could be proposed. One such was
used above in the "Historical Perspective" general
discussion of mild and severe PIOs. The detailed studies
(e.g. see Ref. 9 - 13) of some "Famous PIOs" relied on
pilot behavioral models (Refs. 4, 17) and closed-loop
analysis procedures (e.g. Ref. 10, 18) to elicit
understanding and rationalization of the phenomena and
their associations. Then, in some cases, pilot-vehicle
behavioral models were used as a basis for designing and
assessing changes to the effective vehicle to allieviate the
PIO potential.

The classification scheme suggested here follows from the
successes of this past experience. It divides the world of
potentially severe PIOs into three categories based on
utilization of existing pilot behavior models and analysis
techniques. These are described below:

Category I — Essentially Linear Pilot-Vehicle System
Oscillations — The effective controlled element
characteristics are essentially linear, and the pilot
behavior is also quasi-linear and time-stationary. The
oscillations are associated with high open-loop system
gain. The pilot dynamic behavior mode may be
pursuit, compensatory, precognitive, or synchronous
(Ref. 4).

In this category no significant nonlinearities are involved
in the controlled element dynamics (hence there is just
one effective Y /K ) and no behavioral mode shifts occur
in the pilot (so Yp/K is fixed). There may be changes
in either the pilot or t?le controlled element gain, so such
things as nonlinear stick sensitivity or pilot attention
shifts may be admissable as features consistent with
Category I. The pilot-vehicle oscillations in this category
may be casual, easily repeatable, readily eliminated by
loosening control (lowering pilot gain), and generally
non-threatening. On the other hand, with a major
triggering input the oscillations may be quite severe even
though nonlinearities are not involved.




For a given pilot cue structure, analyses of Category I
oscillation possibilities can reveal the oscillatory
frequencies consistent with a presumed type of pilot
behavior (e.g. compensatory or synchronous), pilot gain
levels, nominal high-gain pilot-vehicle system
bandwidths, various sensitivities to effective vehicle
characteristics, etc.

Much of the flying qualities generic data base that can be
associated with the reduction of PIO potential has dealt
with the situations covered by Category I. Consequently,
the occasional presence of mild PIO tendencies in tight
tracking tasks can be minimized by simply providing
"good" flying qualities as defined in MIL-STD-1797.
Thus, appropriate criteria for Category I PIOs are
generally tantamount to those for Level 1 flying qualities,
with emphasis on those criteria of most importance in
high-gain closed-loop piloting tasks and demonstration
maneuvers.

Category Il — Quasi-Linear Pilot-Vehicle System
Oscillations with Surface Rate or Position Limiting —
These are severe PIOs, with oscillation amplitudes
well into the range where actuator rate and/or position
limiting in series with the pilot are present as the
primary nonlinearities.  The rate-limited actuator
modifies the Category I situation by adding an
amplitude-dependent lag and by setting the limit cycle
magnitude. Other simple nonlinearities (e.g. stick
command shaping, some aerodynamic characteristics)
may also be present. These are the most common true
limit-cycle severe PIO’s.

Category II PIOs are very similar to those of Category I
except for the dominance of key series nonlinearities.
They are invariably severe PIOs, whereas Category I
covers both small and large amplitude levels.

The oscillatory conditions remain those of Eq. 1,
although it is usually modified to the form,

Y, Y, =-I/N @

where the left hand side represents the linear parts of the
open-loop pilot-vehicle dynamics and the right hand side
is a composite describing function of the series
nonlinearities. The describing function N typically
depends on the nature of the nonlinearity and the input
amplitude. Many examples of "N" may be found in Ref.
18, and a rate-limited actuator describing function plus a
typical illustrative analysis is given in Ref. 10 for the X-
15 PIO.

Category 1II — Essentially Non-Linear Pilot-Vehicle
System Oscillations with Transitions — These PIOs
fundamentally depend on nonlinear transitions in either
the effective controlled element dynamics, or in the
pilot’s behavioral dynamics. The shifts in controlled
element dynamics may be associated with the size of
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the pilot’s output, or may be due to internal changes in
either control system or aerodynamic/propulsion
configurations, mode changes, etc. Pilot transitions
may be shifts in dynamic behavioral properties (e.g.
from compensatory to synchronous), from
modifications in cues (e.g. from attitude to load
factor), or from behavioral adjustments to accomodate
task modifications.

The Category IIT PIOs can be much more complicated to
analyze than the other two in that they intrinsically
involve transitions in either the pilot or the effective
controlled element dynamics. Thus there are a minimum
of two sets of effective pilot-vehicle characteristics
involved: pre- and post-transition. When these differ
greatly, as in the T-38, YF-12, and YF-22 circumstances,
very severe PIOs can occur.

The categories suggested above do not differentiate as to
PIO severity, and have little if anything to say about the
emotional aspects of a severe PIO. The pilot involved
cares not at all whether his encounter was a Category I,
I1, or III! For the analyst, on the other hand, such details
are essential to permit the use of available tools and
analysis techniques with which to develop understanding
of the event and determine corrective action.

Control

5.4 Relevance to Active

Applications

Technology

The full application of active control technology in flight
control systems for modern high performance aircraft
invariably results in multiple-redundant, multi-mode, task-
tailored, fly-by-wire (or light) systems. These are
technological marvels! Great efforts are taken in design
to put limits in the right places, to seamlessly transition
from one set of effective aircraft characteristics to
another, to foresee all possible contingencies.
Unfortunately, with even the most modern and elaborate
systems (e.g. YF-22) some upsetting condition within the
FCS itself or pilot behavior transitions within the pilot-
vehicle system seem to creep through. In this event, a
Category III PIO is a likely consequence when
appropriate triggers also arise. Avoidance of Category III
PIOs is one of the great challenges of Active Control
Technology applications.

Past history indicates that the Category III PIOs are
highly unusual but also very severe events. The post-
transition effective vehicle dynamics are almost always
unforeseen, as are the triggering possibilities. This type
of PIO is particularly insideous because, in the best
modern fly-by-wire designs the pre-transition (normal)
effective aircraft dynamics are designed to have excellent
flying qualities. Most of the system nonlinearities (e.g.
limiters, faders, mode-switches, etc.) are deliberately
introduced to counter anticipated problems. In all these
systems the lure of software "solutions" to all sorts of
imagined problems has become easy to espouse; but
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unimagined events can remain submerged only to surface
in an untimely way. Indeed, it is only when the known-
problem fixes act in peculiar, unanticipated, ways in the
presence of large pilot inputs that the "bad" post-
transition vehicle dynamics are created. Yet modern
systems are so complex and elaborate that more rather
than fewer Category III PIOs are likely to occur in the
future unless matters change.

In trying to minimize the potential for Category III
PIOs at the design stage the initial conceptual problem
is the systemmatic imagination and enumeration of all the
sets of effective controlled element dynamics that could
conceivably be exposed to the pilot. The effective
dynamics for the design set is easy — they define the
nominal effective dynamics. Then, in one axis of control,
there are the sets defined by all possible pilot input
amplitudes. These sets include the impact of various
limits hither and yon either in or out, multiple effectors
(e.g. canards, elevators, flaps, thrust vectoring), with
their different limiting conditions, etc. Follow this
with the combined axes case, especially with shared
effectors (e.g. elevons, ailevators) which allocate the
limited capabilities among the pilot demands. Then,
there are all the asymmetrical conditions, legal and illegal
(but conceivable) configuration and propulsion shifts,
etc.

After enumeration and definition, all the sets of effective
vehicle dynamics discovered are potential entries in
Category III PIO considerations. Normally, the design or
nominal effective dynamics are pre-transition, while all
the non-nominal sets of effective controlled element
dynamics are conceivable candidates for the post-
transition conditions. Further, there are likely to be
hidden triggers implicit in the possible transitions, in the
fading schemes, etc. Attempts to discover all these are
needed as part of the design assessment process if highly
undesirable downstream surprises are to be avoided or at
least anticipated.

The transition sets which suggest the more extreme
differences between pre- and post-transition
characteristics are subjected to further examination.
Comparison of the two conditions suggests PIO potential
in that it gives a direct indication of the amount of
adaptation needed on the part of the pilot to tolerate the
shift. In some cases these assessments will lead to
detailed changes in relative limits (e.g. SAS actuator rate
limits should be greater than the surface actuator rate
limits), adjustments in fader circuits, modifications in
switching sequences, changes in assignments of rate
and/or position limiting priorities for dual-purpose
surfaces, etc.

All of this smacks of failure mode and effects analysis
and sneak circuit analysis, with ramifications of software
verification and validation. Indeed, parallels with these
procedures may be central to the means ultimately

developed to treat the Category III PIO probability
assessments.

We come, finally, to the question of just what levels of
differences in pre- and post-transition dynamics can be
tolerated if the pilot is knowledgable and/or appropriately
trained. This issue is currently critical in attempting to
lay out potential criteria. Some guidance can be
developed from past systems and occurrences, although
the data base is quite sparse. Therefore, the question is
fundamentally one for future experimental research to
examine.
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ACTIVE CONTROL TECHNOLOGY: APPLICATIONS AND LESSONS LEARNED

Brigadier General Vincenzo CAMPORINI
Chief, OPS Branch IT Air Staff
Stato Maggiore
Aeronautica - Capo 37 Reparto
Viale Universita’, 4
Rome. ltaly

Let me express my decp satisfaction for having been
invited to spcak in such a significant occasion. Indeed
1 feel honored and my appreciation is also justificd by
my long association with AGARD in the framework of
the Acrospace Application Studies Committec: having
been a member of this body for many years I have had
precious opportunitics to enjoy the benefit of the works
performed by the various Pancls. with an in depth
knowledge of the trends of research in the forefront of
technology. And here I would like to pay a tributc to
those who founded the AGARD. for the wise structure
they devised. a structure in which an institutional link
between the military planners and the scicntists has a
fundamental place, allowing the former a better insight

of the feasible developments in technology and letting-

the latter have a first hand knowledge of the real needs
emerging from doctrine. strategy and in gencral
geopolitical situations.

I firmly believe this to be a crucial point. and an
argument worth of the greatest consideration by anyone
who has responsbilities not only in the scientific or in
the military world.

A very simplistic question is whether it is true that
military needs drive research in the scicntific fora or. on
the contrary, the achievements in the technological ficlds
dictate the deveclopments of tactics, strategics and
eventually doctrines.

Like all simplistic questions. the answer is neither
simple nor unilateral: looking back on history good and
solid examples can be found to support both thesis:  at
Crecy the technology of longbows had the upper hand of
the knights™ cavalry that till then had been the decisive
factor in battles and hence in wars. Can we derive from
this episode that technology has changed the course of
history by itsclf and that strategists were forced to
change their attitude?

On the other hand, later on. the achicvements in
fortifications and strongholds were such that apparently
conficts were at a stalemate: no one could win, and
only the dcath for natural causes of one of the
contenders could eventually put an end to strifes. It was
quite natural then to see the rulers of those times urging
the scicntists to devise new means to incrcase the
probability of success of a sicge: Leonardo da Vinci
was a very welcome guest of many European courts not
only for his artistic skills but also for his far sighted

ingenuity in inventing new war machines. Can we
then deduct that the advancement of technology is due
to the demand for new devices and weapons made by
strategists to scientists?

I am firmly convinced that the answer is much more
complex than the questions and that the magic word is
"interaction”: instead of discussing fruitlessly whether
the push for advancement is given by the military or
by the scicnce world, T believe it is more convenient,
and it bears more concrete results. to study the
continuing interrelationship between the two in an
effort to improve the means of dialogue. opening doors
and establishing institutional tables. around which
aerodynamicists and pilots, chemists and gunners,
technicians and colonels can sit together. to inspire and
to be inspired in both directions. reciprocally.

I am fully aware that this is not a new idea: indeed
the establishment of AGARD some decades ago
responded to this concept. giving birth to a body. or
better a sct of bodies, that have proven a very reliable
and cffective means of dialogue and thence progress.
In a very humble and realistic attitude, we must
continue along the lincs which have been indicated by
our predecessors. rendering this dialogue more and
more open. establishing new fora, opening new
opportunitics for cooperation at all levels, not only at
the level of the planners of the grand strategy but also
during the day-to-day activity in the laboratories and
in the test sites and ficlds.

The papers that arc about to be presented show many
good examples of such an attitude and similar
procedures: we shall hear how the military staff and
their technical bodies arc heavily involved during
development programmes.  Military personnel daily
cooperates with contractors to ensure that the results of
the work by defence industry, both hardware and
software, are fully in line with the expectations and the
needs of the men and women who will be the final
users in the field. putting them in the position to win
the battles that they will be asked to fight, with the
minimum risk for their lives.

Although this cooperation is performed at various
levels, with procedures tailored to the contractual
environment of the specific programme and with the
legal constraints peculiar to each single nation, my
experience shows that sometimes the initiative is taken
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informally by the opcrators on both sides. officials and
industry. at working level, but when the matters are
raised to the managerial tcams. then some difficulties
arise: the industrialists being reluctant to accept what
they consider unduly interference by the officials and on
the other side with the military keen to sponsor technical
solutions they are in love with.

If this is the situation. and somctimes it is so, I think it
is of the greatest importance that institutional ways be
found and agreed so that an open discussion can be held
at all times. thus enhancing the final result of
development programmes. [ am aware that some
difficulties exist: the first onc that comes to my mind is
the cost of this cooperation, which can be identified as
direct and indirect: direct costs would be related to the
organization of meetings. preparation of documentation
and presentations. but what planners seem to be much
more worricd about are the indirect costs related to the
modifications to hardware and software caused by the
interference of the military. all resulting on the one side
to what is commonly referred to as "goldplating” and on
the other giving grounds to claims by the contractor
either for delays and disruptions. allegedly originated by
changes to specifications, or for major costs duc to
evergrowing requests by the officials. Nevertheless 1
belicve that it would be very wise and beneficial if a
code of rules could be established. giving terms of
reference as clear and detailed as possible. so that the
greatest benefit for future developments can be gained in
a deep and thorough understanding by the contractor of
the real concrete needs if the operator.

Leaving now this issuc, which is for sure, in a way.
philosophical ~ but has far reaching practical
consequences, I would like to address now somcthing
more specifically relevant for the activities of this
distinguished audience.

The first consideration I want to underline is the obvious
one that man was not intended in the beginning as a
dweller of the third dimension: we were not given
wings. nor we possess an instinct of orientation like the
one of the migratory birds. Nevertheless we want to fly
higher and faster and more than that, we want to be able
to operate in such an unfriendly environment. This is
the ultimate scope: to have the capabilitics to exploit
the air and. being military. to deny its usc by the
opponent.

During the last decades the expresion "man-machine
interface” has become very common, to indicate the
facilitics (controls, gauges. screens. warnings and what
elsc) that allow an operator to use a complex system. be
it mechanical, hydraulic, electronic etc.

Well. T consider an aircraft a similar interface: an
interface between the man and the environment above
the ground. In this sense I call it a "man-environment
interface” and then 1 apply to this system the same
criteria and the same logic used in ergonomy. In
particular. onc of the most important parameter is the
degree of "user-fricndliness”, which for an aircraft
translates into case of conduct, harmonized controls.
carefree handling and not only for the flight controls, but
also for the engine and for the systems. for the weapons

and for the utilitics. 1 belong to the generation of the
F-104 and if you ask any pilot with a Starfighter
experience in his career, I have no doubt that his
preference goes to it. for the unsurpassed sense of
power, but more so for the awareness of having
broken in a wild horse, ready at any moment to
unsaddle his rider. Very romantic. but also very
impractical.  What is asked today of you is an
interface between the man and the air to which the
pilot has to devote almost no attention. so that he may
dedicate nearly all his capabilitics and his resources 10
execute his mission, be it a dogfight or a logistic
airlift.

But one can easily object that this aim has already
been achieved. The aircraft of this generation, and
even those of the former one, are already easy to fly:
a "first tourist” is no longer the exception, but the rule,
on a first line fighter. More than that, the active
control technology has already attained such levels of
sophistication that the performances of flying machines
have reached and surpassed the limits of human
beings: you can easily design a system capable of a
15 Gs tum but nowhere can be found a pilot able to
sustain it.  So the question is whether there is any
room left for further advances which still are possible
are worth the effort and the money they are going to
cost. Has the ultimatc aircraft been designed? Is the
F22 the maximum usable technological development?
Of course the answer is no. Otherwisc we would not
be here to discuss and to share our ideas on how to
open new domains.

The point is that the environment for which you arc
designing the interface is not static, it is not only a
physical concept: its challenges are modified and
incrcased almost on a daily basis by the various actors
in the geostrategic scene.  Hence the need for
continual reasearch so as (o be always in a position to
counter the threat or. to use a more fashionable word,
the risk. The likcly opponents have better sensors?
More accurate and rcliable radars with better electronic
counter counter measurcs? No problem: we will open
the door to the stealth technology:  but how
compatible are the stealth requirements with the basic
laws of physics? T suspect there is no compatibility at
all and a close look at the F117 is the best proof of
that. T also suspect that only the joint efforts of a
bunch of scicntists. ranging from aerodynamics,
through computer sciences. could succeed in making
such a thing fly. and fly effectively, with valid
operational results. Trecall that once Sir Geoffrey De
Havilland expressed the concept that only beautiful
aircraft can fly beautifully. This is no longer the case:
also ugly aircraft can fly, albeit with the help of a
complete suitc of computers and today the ugliness is
dictated by operational considerations. 1 can well
imagine. therefore, that future developments in flight
mechanics will be devoted to the severance of the
links of conventional physics in an effort to release
flying qualitics from thc observance of the laws we
have been living with up to now.

It is not an easy road: after the initial enthusiasm.
which is typical wherever a new door is opened, a
more cautious approahc has become necessary. What
has happened during the development programmes of




the Gripen and the F22 has undoubtedly introduced a
degree of uncertainty into the minds of engineers and
programme managers with and everincreasing need for
validataion procedures with an absolute degree of
reliability.

This is certainly a field worth of further analysis: the
validation tools require daily refinements and room
exists for increased and more reliable capabilitics which
will yield safer developments while allowing shorter
times for achieving fully tested operational envelopes.
Finally I would like to draw your attcntion to a spin-off
offered by the active control technology. which in the
present and foreseeable circumstances is becoming
increasingly important. I am talking of the influence of
this technology on life cycle costs in general and on
structural life in particular.

Too often in the last decades we have witnessed cases of
flight lines being grounded for sudden failures of vital
components of airframes. These occurences have thus
given birth to heavy and costly fixes with very
unplcasant consequneces on the operational as well as on
the financial side. I do believe that the tools you are
developing will prove extremely bencficial to smooth
and reduce the fatigue spectrum of all types of aircraft.
The consequence will be ligther structures. longer
maintenance cycles and thercfore and overall reduction
of ownership costs.

The same beneficial effects will be experienced by the
systems and the equipments on board that in their
operating life will stand stresses of a reduced magnitude,
thus increasing the in-ficld reliability of weapon systems.

Let me conclude now. underlining that we, the military.
as final users of your efforts and your studics. do expect
further advances. The world scenario which has
emerged after the fall of the Sovict empire may induce
a dangerous trend of reducing the momentum of research
in the field of military technology. 1 firmly believe it is
important to stress that this would represent an error
which would not be forgiven by our successors.

The message I want to leave you with is that NATO
countries must maintain their technological edge: by
this edge the cold war has been won without any combat
and only such an edge will allow us to win the peace for
-the future generations.
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ABSTRACT

The handling qualities specification should be an essential
element of the flight control system design and testing for an
active control technology (ACT) aircraft. This is a significant
departure from previous conventional aircraft where handling
qualities depended more on the configuration (tail size,
control surface sizing, etc.). The necessity for incorporating
the handling qualities specification into the flight control
system design process has not been recognized by the
industry, as evidenced by the fact that most of the ACT
aircraft do not meet the requirements of the current handling
qualities specification. This has resulted in excessive phase
lag in the flight controls, and numerous cases of pilot induced
oscillation. This paper reviews key handling qualities criteria
for ACT aircraft as well as lessons that should be
incorporated into specification upgrades and flight control
design efforts.

BACKGROUND

Active control technology (ACT) has become the basis for the
flight control system design on essentially all new commercial
and military aircraft. Ideally ACT technology eliminates the
compromise between good handling (e.g., large tail, forward
cg) and good performance (e.g., small tail, aft cg). Such an
ideal case allows the use of very high gains to make the
ajrcraft respond "naturally" regardless of the configuration,
for example consider some of the recent stealth designs.
Experience has shown that there are three factors that prevent
this ideal situation: 1) the knowledge of what constitutes a
"natural” response is not well understood; 2) filtering
necessitated by flexible modes, noise, controller
characteristics, and digital processing limits the use of very
high gains; and 3) high gains can only be achieved with
adequate control power (e.g., large tail). Recent work on
the handling qualities specification for rotary wing aircraft has
been heavily oriented towards developing requirements that
take these factors into account. Such upgrades are planned
for the fixed-wing specification (MIL-STD-1797A)! at the
next major revision, planned in approximately three years.

Early handling qualities specifications®>* were met primarily
through design of the aircraft configuration. Final
refinements were made through the use of aeromechanical
flight control devices such as bobweights, downsprings, g-
bellows, servo-tabs, and spring tabs. Properly designed,
none of these devices significantly affected the dynamic
stability metrics such as short period frequency and damping.
The shapes of the Bode plots of these aircraft were essentially
constant, and hence simply specifying values of a few
parameters was sufficient. Generally speaking, this held true
even for aircraft with limited authority stability augmentation

systems. With ACT, however, the shape of the response to
a control input can be drastically modified from that of the
conventional aircraft. To cope with this, th