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Be more attentive to new ideas from the research world

George S. Schairer,
Former Vice President Research, Boeing (1989)



Foreword to the English Edition

For the first 40 years of aviation, most of the failures of the earliest attempts at powered,
fixed-wing flight were associated with inadequate understanding of dynamic stability and
control. Although Lanchester, Bryan, and Williams had already developed the theory of
aircraft dynamics by the early 1900s, their work still had found negligible use for design
purposes by as late as the mid 1940s. However, WWII brought demands for maneuverability
so that aircraft dynamic stability and control has been a focus of attention ever since.

It was through the research and the technology demonstrators that are excellently reviewed,
chronicled, and documented in this book that the aviation industry gained an understanding of
aircraft stability and control. With that knowledge, aircraft designers have been freed
forevermore from the constraints of the classical conception of stability and control associated
with fixed stabilizing fins and manually movable surfaces for control. Fly-by-Wire artificial
stability systems give the designer the flexibility to design an aircraft solely from the per-
spective of performance and ignore the classical stability requirements. The genesis of the
development of artificial stability was in the pioneering work that was done primarily in the
United States and in Germany (often in collaboration).

In the US, the early basic studies were conducted in the 40s and 50s by NASA and by the
Flight Research Department of the Cornell Aeronautical Laboratory (CAL, now called Cal-
span) with totally different objectives. The scientists at NASA were seeking ways to improve
the flying qualities of a particular existing aircraft with a control problem. Meanwhile, CAL’s
objective was to develop methods for measuring and describing the dynamic stability and
control characteristics of any aircraft in flight. Both paths led to the invention of variable
stability aircraft that could be used in the early stages of design of automatic control for
stability augmentation. This book describes the multiple projects in US from 1947 until today
that produced a progression of theoretical and experimental advances in aircraft dynamic
stability and control.

In Germany, significant contributions to understanding dynamic stability and control began
even earlier than did the work in the US, but there too, as with NASA, the initial work was
largely concerned with correcting an existing control problem. Since WWII, important con-
tributions have come mostly from the Institute of Flight Mechanics of DFVLR (since 1999
Institute of Flight Systems of the German Aerospace Center—DLR) in Braunschweig. That
Institute, under the leadership of its Director, Dr. Peter G. Hamel, has established a worldwide
reputation for its expertise in all the fields related to flying-qualities investigations and, in
particular, the development and highly innovative use of their in-flight simulators of both
fixed-wing and rotary-wing aircraft, and their novel applications of Fly-by-Wire and
Fly-by-Light. Although autopilot functions with limited stabilization were already available on
aircraft with mechanical flight control systems, stability augmentation and variable stability
aircraft would not have been possible without Fly-by-Wire. Peter and his Institute are also to
be credited with their pioneering work in the adaptation of the concepts of system identifi-
cation to flight vehicles.

Aircraft system identification is a way to build the accurate mathematical model of an
aircraft that is essential to designing augmented stability and automatic control for that aircraft.
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Foreword to the English Edition

An ever-increasing number of modern civilian and military aircraft is inherently aerody-
namically unstable. However, the stability augmentation and automated control that are basic
to all current aircraft designs ensures the comfort and safety of your flight.

Peter and his collaborators at the DLR Institute of Flight Systems achieved important
advancements in the multiple technologies of stability augmentation and in-flight simulation
decades before they were thought of anywhere else. These achievements have been particu-
larly noted and praised by two well-known experts in the field, Mal Abzug and Gene Larrabee,
in their 2002 book titled, “Airplane Stability and Control: A history of the technologies that
made aviation possible”.

Peter and the co-authors of this book have made a noteworthy contribution to the history of
aviation. The book is the consequence of an enormous effort to cover the complete spectrum of
international contributions in the evolution of artificial stability, variable stability aircraft, and
in-flight simulation. It also addresses the development of the technologies of Fly-by-Wire and
Fly-by-Light that made these developments possible. While this book presents an exhaustive
account of variable stability and Fly-by-Wire research and demonstrations worldwide, it
emphasizes the work in Germany and, in particular, at DLR’s Institute of Flight Systems. The
prominence of descriptions of related activities in Germany is understandable and appropriate
considering that much of the pioneering work was done there and that this is the first time it
has been so well documented. The extensive efforts in Germany that go back over 100 years
and, in particular, the achievements at the Institute of Flight Mechanics contributed profoundly
to the development of stability and control augmentation and the use of in-flight simulation.
I can personally attest to the scope and value of contributions to the current state of under-
standing aircraft dynamic stability and control made by Peter and his Institute. I have known
Peter G. Hamel for over 40 years and I have had the pleasure of collaborating with him in
several projects related to the topics of this book. Through my personal knowledge, I can
vouch, without hesitation that he is eminently well qualified to chronicle and evaluate the
worldwide developments of these capabilities that have become essential to aviation.

This book will be of interest not only to novices, but also to practicing scientists and
engineers and to those interested in aviation history. This comprehensive historical account is
devoid of mathematical equations and deep theoretical discussions, but it is full of tales of
innovative experiments and creative thinking, amusing anecdotes, and fascinating photos that I
have no doubt the readers will enjoy. So, my advice to the hesitant reader is, if you are
interested in gaining reliable knowledge about the origins, the innovators, and the evolution of
stability augmentation, variable stability aircraft, and in-flight simulators as well as of
Fly-by-Wire/Light this is the book for you.

Mountain View, CA, USA Irving C. Statler
September 2016 Principal Engineer, Flight Research Department
Cornell Aeronautical Laboratory, 19461970

Director, U.S. Army Aviation Aeromechanics Laboratory, 1970-1985

Director, NATO Advisory Group for Aerospace R&D, 1985-1988

Research Scientist, Human Factors Research Division

NASA Ames Research Center, 1988—2008



Foreword to the German Edition

A beautiful definition of performance is: “A impersonates B, while C observes”. Applied to
the in-flight simulation, a highly sophisticated modified aircraft “impersonates” in real flight
another vehicle in the sense of a “flying actor”, while scientists and engineers “observe”, that
is, analyze the outcome of flight to make decisions.

One should be a bit careful while using the term “supreme discipline”, no matter in which
area, because thereby you implicitly degrade all other disciplines in the same field, or in other
words assign them a lower importance. In the present case, however, it seems justified to speak
of in-flight simulation possibly as a “supreme discipline” in aircraft construction, as it
encompasses all other disciplines such as aerodynamics, flight mechanics, construction,
structures, aircraft systems, and aeroelasticity. In order to get an in-flight simulator operational
in the air, best experts in all these fields have to work together, as one encounters the
boundaries of physical sciences and engineering techniques, which have to be fathomed and
extended in this most challenging task. This was true in the past with fewer tools available to
develop aircraft such as the technology demonstrator VFW 614 ATTAS, just like today when
the demands on the prediction accuracy have increased with the availability of better
numerical and experimental tools.

It goes to the credit of Peter G. Hamel as an initiator and editor of this book, supported by
many who were involved then as well as even today, to have looked back and reappraised the
technical history of in-flight simulation. For his contributions in this field, he was honored with
the most prestigious award “Ludwig-Prandtl-Ring” of the German Society for Aeronautics and
Astronautics. Prandtl was the one who has provided a scientific basis to flight science, which
was still in the infant stages during the early twentieth century, through his work on the
boundary layer theory and the construction of wind tunnels. Almost a century after Prandtl’s
fundamental work, the author looks back at the history of in-flight simulation and illustrates
thereby the rapid development of flight physics.

This has a long tradition in Germany. In a broad sense, the work of the first flight scientist
Otto Lilienthal may be interpreted in a figurative sense as contributions to in-flight simulation.
He wanted to replicate the flight of birds with his gliders. Later the theoretical work by Ludwig
Prandtl appeared, the aircraft profile and the flying wing by Hugo Junkers, the jet engine by
Hans Joachim Pabst von Ohain, and the swept wing by Adolf Busemann, just to name a few.
This book shows impressively how the efforts of scientists and engineers in this country have
contributed not only with technical achievements to the success of aeronautics, but also
established over a long period a highly successful unified community of research, education,
development, production and operations. Only such a close cooperation in a fertile network
guarantees a technically and socially valuable future in the days to come.

Aircraft have changed only a little in recent years. However, there is now an urgent need for
fundamentally new aircraft to meet the growing demands for better cost effectiveness, envi-
ronmental sustainability, and passenger comfort. These new devices need different properties
than the aircraft flying today, and these properties must be simulated in advance, especially in
flight. Hence, the need for simulations and in-flight simulators is higher than ever, and as such
this book is not only a historical reappraisal, but also represents a mandate for the future.



Foreword to the German Edition

The book you hold in your hands shows in an excellent manner the technical facets and the
great efforts which are needed to successfully “act” as a problem solver in aeronautics. I would
like to take this opportunity to sincerely thank the editor, Peter G. Hamel, not only for his
technical expertise, but also for his tenacity on the long road from an idea to realizing the book
in its impressive final form. To the readers, I wish much enjoyment in reading the book, many
insights into the rich past, own perceptions of the current global state of the art, and inspiration
derived thereby for the future.

Cologne, Germany Rolf Henke
August 2016 Member of the Executive Board
German Aerospace Center (DLR)

President, German Society for Aeronautics and Astronautics (DGLR)



Foreword

In-flight simulation is the ultimate approach in applied flight sciences to assessment and evaluation
of aircraft and other aeronautical systems, as it represents the most intense fusion of flight
mechanics, flight control, flight systems technology, and flight testing. It is a versatile tool for flight
research and aircraft industry alike. Starting with studies of future configurations up to the simu-
lation of atmospheric phenomena including system influences, dependencies, and even failure
cases can be addressed with in-flight simulation, reaching high technology readiness levels.

But is this approach still the best way to tackle the current and future questions in aircraft
flight research and development? From the viewpoint of a research institution with strong links
to aircraft industry and governmental partners, we can state today that in-flight simulation still
has and most probably will ever have an important role to play in aeronautics. The reasons for
this are many and I would like to mention just three of them.

Firstly, new configurations are about to enter the scenario of modern civil transport aircraft
with possibly radical new features with no proven databases to rely on. Early in-flight sim-
ulations of potentially unstable configurations and, even more important, of the flight control
systems will be an efficient, fast, and reliable way to establish the required confidence of
engineers and management alike.

Secondly, the segment of unmanned flying vehicles is the fastest growing area in modern
aeronautics. Autonomously operating vehicles will enter the world’s airspace in the next
decades. Manned and unmanned in-flight simulation will be one of the most powerful tools to
prove the maturity of new designs and, not to forget, new legal approaches to certification.

Thirdly, international aeronautics industry starts to detach from national institutions and
educational systems, leaving national authorities with the task of maintaining basic capabilities
in aeronautical design and development. As the in-flight simulation places highest demands on
the key competencies of aircraft modeling, control, and integration, it is best suited to ensure
maintaining the expertise in these areas. This is all the more true in the future with new
systems having ever-increasing complexity and safety standards. The implementation of
in-flight simulation will help us to understand that technical capabilities will not be sufficient
to make a flight vehicle design optimal but the knowledge on how to design and develop will
be as important as the technical skills and includes a deep understanding of the humans, acting
within the engineering, design, and decision processes.

There are many good reasons to pursue in the future this jewel of modern flight sciences. It
is apparent from this book that a symbiosis of scientific excellence at universities, research
institutions, industry capabilities, and political focus is mandatory in this pursuit. It is highly
appreciated that the authors of this book present the highlights, achievements, and worldwide
historical evolution of this aspect of flight engineering sciences. Thanks to the authors for this
brilliant and one of the most vivid compilations of aeronautic achievements that has been
given to international scientific communities!

Braunschweig, Germany Stefan Levedag

November 2016 Director, Institute of Flight Systems
German Aerospace Center
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Preface

More than sixty years of international research and development in the field of airborne
simulation and electronic Fly-by-Wire flight control systems have left their marks on the
advances in aeronautical system design. After all, two generations of aeronautical specialists
and generalists have passed during this period. It is likely that this wealth of accumulated
knowledge and experience in this complex field of aircraft systems may be difficult to trace, or
may even be forgotten, or not efficiently used in the future.

A call from a former test pilot and chief of the flight department of the German Aerospace
Research Center (DLR) in Braunschweig resulted in the friendly and collegial suggestion to
summarize the knowledge and experience gained by DLR in the supreme discipline of flight
research, namely in-flight simulation. This was the occasion to invite a small group of former
and still active scientists and engineers from research, academia, and industry to participate in
such a project. Embarking on the project on a small scale on February 6, 2013, it evolved into
an undertaking of much wider scope, encompassing not only DLR activities in Germany but
global view covering all international organizations.

Now, historical retrospect in technical fields is not particularly in demand since past
experiences are quickly overtaken. Nevertheless, despite the rapid technological progress,
historical technical accounts may become valuable resources and reference points for
knowledge refreshing and long-life learning to avoid the pitfalls.

An objective of the book is, therefore, to look back on the development, testing, and
utilization of in-flight simulators and Fly-by-Wire technology demonstrators. They have
strongly contributed to the current international state of knowledge in designing and evalu-
ating today’s modern aircraft, free according to the slogan “without the knowledge of the past,
one can neither understand the present nor shape the future”.

For the first time, this book attempts to describe, in some depth, chronologically the global
complementary research and development activities of in-flight simulation and associated
electronic and electro-optical flight control systems (Fly-by-Wire/Light). This task is invariably
associated with the risk that equivalent or similar research activities abroad are unintentionally
overlooked or not adequately accounted for. Keeping this in mind, the book attempts to
maintain a fair balance of presentation of global activities, to avoid any scientific autism.

The authors of this book try to give as objective a description as possible of the activities in
this demanding field of research in experimental flight system technologies, with an increased
degree of detail in the description of German research and development results. This is
particularly evident in the sections of the chapters “In-Flight Simulator VFW 614 ATTAS”
and “Helicopter In-Flight Simulator EC 135 FHS”. This level of detailing is sometimes useful
for the definition phase of a future project by providing the experience and the lessons learned
from former project scientists at the beginning of a new project to minimize potential risks.

A further concern of the book is to pass on the knowledge and experience to aerospace
students, young scientists, and engineers, thereby stimulating and accelerating the lifelong
learning process without repeating mistakes that were made in the past.
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Preface

The book is also intended as a landmark and reference book for aviation and technology
enthusiasts who would like to get an overview of the historical evolution of in-flight simulators
and Fly-by-Wire/Light technologies. Sufficient references in the individual chapters are given
to the interested reader in order to allow a further deepening of individual scientific and
technical aspects as required. For optimum visualization, the number and size of illustrations
and graphics were not spared. The technical language was formulated in the most general way
possible in order to achieve the desired readability.

Braunschweig, Germany Peter G. Hamel
December 2016
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Autonomes Digitales Bediengerdt (Autonomous Digital Control Panel)
Air Force Base

Automatic Flight Control Equipment

Automatic Flight Control System
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US Air Force Flight Dynamics Laboratory
Wright-Patterson AFB and Edwards Flight Test Center
Advanced Fighter Technology Integration

US Air Force Test Pilot School

Air Force Wright Aeronautical Laboratories

Advisory Board of Aerospace Research and Development
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American Institute of Aeronautics and Astronautics
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Aircrew Labor In-Cockpit Automation System
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Autopilot
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Control Augmentation System
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Defense Advanced Research Projects Agency
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Deutsche Forschungsgemeinschaft (German Research Foundation)
Deutsche Forschungsanstalt fiir Luftfahrt (German Aeronautical Research
Establishment, today: part of DLR)

Deutsche Forschungs- und Versuchsanstalt fiir Luft- und Raumfahrt
(German Aerospace Research and Test Establishment, today: DLR)
Differential Global Positioning System

Digital Flight Control for Tactical Fighter Aircraft
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European Union

Easily Piloted Aircraft

Federal Aviation Administration

Future Aircraft Control Testbed

Full Authority Digital Engine Control

Flush Air Data System

Full Scale Advanced Systems Testbed
Fly-by-Wire

Fly-by-Light

Flight Control Law Computer

Flight Control System

Fuel Control Unit

US Air Force Flight Dynamics Laboratory
Flugfithrungssystem (Flight Guidance System
Flying Helicopter Simulator

Flight Inspection Systems

Flight Level

Fliegender Simulator (Flying Simulator)
Flight Mechanics Panel of AGARD
German Federal Ministry of Defense

Flight Management System

Russian Flight Research Institute (Gromov Institute)
Flight Research Center

Flight Research Laboratory, NRC

Flying Test Bed

Flight Vehicle Integration Panel of AGARD
Guidance and Control Panel of AGARD
Gust Load Alleviation

Ground

General Purpose Airborne Simulator

Global Positioning System

Ground Attack Test Equipment,
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HAIG
HESTOR
HDG
HFB

HIL
HLH
HMD
HPP
HSF

HTA
HUD
IBLS
ICAO
ICP
ILA
IFCS
IFR
IFS
IFSTA
IHTP
ILAF
ILS
IMC
INS
JDA
JSF
KURS

LAMS
LAT
LAMARS
LAPAZ

LEM
LFA
LLRV
LLTV
LuFo
LVAC
LVDT
MAC
MATV
MBB
MCDU
MDO
MFCS
M.ILT.
MLS
MoA
MoD
MoU

Hongdu Aviation Industry Group, China

Helicopter Simulator for Technology, Operations and Research
Heading Navigation Mode

Hamburger Flugzeugbau

Hardeware-in-the-Loop

Heavy Lift Helicopter

Helmet Mounted Display

Hydraulic Power Package

Hubschrauber-Schlechtwetter- Fiihrung (Helicopter Adverse Weather
Guidance)

Hermes Training Aircraft

Head-up Display

Integrity Beacon Landing System

International Civil Aviation Organization

Intelligent Control of Performance

International Luftfahrt-Ausstellung

Intelligent Flight Control System

Instrumented Flight Rules

In-Flight Simulation

Integrated Flight Simulation Test Aircraft

In-House test Platform

Identically Location of Acceleration and Force Application
Instrument Landing System

Instrument Meteorological Conditions

Inertial Navigation System

Japan Defense Agency

Joint Strike Fighter

Kurzzeit-Experimente unter reduzierter Schwerkraft (short-term experiments
under reduced gravitational force)

Load Alleviation and Mode Stabilization

Liebherr-Aero-Technik (today: Liebherr Aerospace)

Large Amplitude Multi-Mode Aerospace Research Simulator (USAF FDL)
Luft-Arbeits-Plattform fiir die Allgemeine Zivilluftfahrt (Air utility platform
for the General Civil Aviation)

Lunar Excursion Module

Luftfahrt Forschungsanstalt (German Aviation Research Institute)
Lunar Landing Research Vehicle

The Lunar Landing Training Vehicle

Luftfahrtforschung Forderung (National Aerospace Research Program)
Launch Vehicle Adaptive Control

Linear Variable Displacement Transducers

Mean Aerodynamic Chord

Multi-Axis Thrust Vectoring

Messerschmitt Bolkow-Blohm

Multi-Function Control and Display Unit

Multidisciplinary Design Optimization

Model Following Control System

Massachusetts Institute of Technology

Microwave Landing System

Memorandum of Agreement

Ministry of Defense

Memorandum of Understanding
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NAVAIR
NACA
NAL
NASA
ND

NPL
NLR
NRC
NTPS
NWB
OLGA
ONERA
PACT
PFCU
PIO

PSA
PTU
RAE
RASCAL
RC
RCAH
RPC
RTC
RTO
RVG
SAC
SAE
SAFAR
SARA
SCI
SCAS
SEMA
SETAC
SFCC
SFCS
SFTE
SGL/SIGRI
SHADOW
SLS

SRA

SSE

STA
STANAG
STO
STOL
STOVL
SV
TAGS
TALAR

TAS
TIFS

Naval Air Systems Command

National Advisory Committee for Aeronautics
Japanese National Aeronautical Laboratory
National Aeronautics and Space Administration
Navigation Display

National Physical Laboratory

National Aerospace Laboratory, The Netherlands
National Research Council, Canada

United States Naval Test Pilot School

Normal Windkanal Braunschweig (Low-Speed Wind Tunnel)
Open Loop Gust Alleviation

The French Aerospace Laboratory

Precision Aircraft Control Technology

Primary Flight Control Unit

Pilot Induces Oscillation

Peek-Seeking Algorithm

Power Transfer Unit

Royal Aircraft Establishment

Rotorcraft Aircrew Systems Concepts Airborne Laboratory
Rate Command

Rate Command-Attitude Hold
Rotorcraft-Pilot-Coupling

Real-Time Clock

Research and Technology Organisation
Reglerversuchsgestell (Controller Test Stand)
Side-Arm Controller

Society of Automotive Engineers

Small Aircraft Future Avionics Architecture (EU Project)
Sikorsky Autonomous Research Aircraft
Systems Concepts and Integration Panel of RTO
Stability Command Augmentation System

Smart Electro Mechanical Actuator

SEctorTACan with TACAN (Tactical Air Navigation) of the company SEL

Secondary Flight Control Computer

Survivable Flight Control System

Chinese Flight Test Establishment

SGL Carbon Group

Sikorsky Helicopter Advanced Demonstrator of Operator Workload
Space Launch System

Systems Research Aircraft

Single or Separate Surface Excitation

Shuttle Training Aircraft

Standarization Agreement (NATO)

Science and Technology Organization

Short Take-Off and Landing

Short Take-Off and Vertical Landing

Stabilité Variable (Variable Stability)

Tactical Aircraft Guidance System

Tactical Landing Approach RADAR (Early MLS flight path guidance
system, USAF)

True Airspeed

Total In-Flight Simulator
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TMR Thrust Measuring Rig

TNT Tragfliigel Neuer Technologie (Aerofoil New Technology)

TPS Test Pilot School

TRL Technology Readiness Level

TSRV Transport Systems Research Vehicle

TST Transonischer Tragfliigel (Supercritical Transonic Wing)

TTA Trajectory Training Aircraft

TU Technical University

TU-BS Technical University of Braunschweig

UAV Unmanned Aerial Vehicle

UHCA Ultra High Capacity Aircraft

USAF United States Air Force

USNTPS US Naval Test Pilot School

UTSI Space Institute of the University of Tennessee

UTTAS Utility Tactical Transport Aircraft System

VAAC Vectored-Thrust Aircraft Advanced Flight Control

VCID Voice-Controlled Interactive Device

VECTOR Vectoring, Extremely Short Takeoff and belonged Landing,
Control and Tailless Operation Research

VFW Vereinigte Flugtechnische Werke

VISTA Variable Stability In-Flight Simulator Test Aircraft

VMS Vertical Motion Simulator

VRA Variable Response Research Aircraft

AN Variable Stability

VSA Variable Stability Aircraft

VSC Variable Stability and Control

VSRA Variable Stability Aircraft Research

VSS Variable Stability System

VTOL Vertical Take-Off and Landing

VVS Variable Stability Testbed

WADC US Air Force Wright Air Development Centers

WTD-61 German Air Force Flight Test Center

ZKP Ziviles Komponenten Programm

ZKR Zentraler Kommunikationsrechner (ATTAS)

ZTL Zukunfttechnik Luft (Future Technology in Aeronautics)



Introduction

Peter G. Hamel

Lattars wndl Fomesrts may be purchised and puosted af the Acedwee.
Triven Pusteands cii face 614 Eavwloges moing Commaiinm Cod 11

The ,,Fly-by-Wire* Problem of 1914:

An aeroplane will last for two or three vears in constant use. unless it is
very often transported by the railway, when it suffers a certain amount of
deterioration if not carefully covered and carried".

First British Air Mail Pilot
Gustav Hamel et al. : Flying - Some Practical Experiences™. Longmans. Green and Co (1914)

P.G. Hamel ()
Braunschweig, Germany
e-mail: p.hamel@t-online.de

© Springer International Publishing AG 2017
P.G. Hamel (ed.), In-Flight Simulators and Fly-by-Wire/Light Demonstrators,
DOI 10.1007/978-3-319-53997-3_1



P.G. Hamel

1.1 In-Flight Simulation as Ultimate Tool

for Flight Systems Research

During the past five decades, sensor, actuator and image
information systems (displays), in conjunction with control
laws, provided important technologies to improve the flight
performance and characteristics of aircraft and spacecraft. As
a prerequisite for this, the revolution in the digital technol-
ogy that took place in parallel led to an explosive increase in
the computing power, which in turn enabled significant
progress in the enhancements of features to improve flying
qualities, automation, and monitoring for improved flight
performance and safety. Figure 1.1 depicts this integration
process with its associated developmental technological
risks. It is obvious that the interdependency between the
three basic elements the flight system techniques will mostly
dictate the research focus. In order to achieve a proper bal-
ance between effectiveness and flight safety of the integrated
systems, it is necessary to account for and to optimize the
dynamic interaction between the aircraft, the pilots, and the
systems [1, 2].

With the trend of increasing automation, it is the
human-automation interaction that is not adequately under-
stood and taken into account during the design process. The
pilot-aircraft interactions entail well-trained skills, whereas
the pilot-automation interactions pose cognitive workload
that is not understood. As a consequence, it must be ensured
that during pilot’s control inputs through his control panels
the presented information and the effect of automatic influ-
ence and decisions remain plausible for the pilot in the sense
of flight physics. The description of the pilot-related per-
formance potential/capabilities, with regard to the perception
of the current flight and system situation, of the ability to
work under changing flight and environmental conditions,
and his decision-making process in critical flight conditions,
represents one of the most complex research tasks for

The Integrated Flight Vehicle System

Pilot
Knowledge
Perceptions
Reactions
Decisions

Problem
Human
Workload

Human-Machine
Interface ::>

Flight Vehicle

Human-Machine
Interface

Systems

Stability Displays
m Controllability Sensors Problem
Aerophysical i P Flightcritical
Limits Sensitivity rocessors Failures
Structural Loads Actuators

What impact on flight performance & safety?

Fig. 1.1 Interactions in integrated flight systems

engineers, medical doctors and psychologists in the field of
aviation science. In connection with the understanding of
whether the pilot, flying an aircraft equipped with complex
computer logics, will react correctly in an unfamiliar or
unknown flight situation, the pilot represents a weak spot or
in other words may symbolize the Achilles’ heel of safe
flight [3].

Particular importance is also placed on timely proof of the
functionality and system safety of new technologies through
flight tests. This objective is based on the demand for a
timely and cost-effective review of the technical and eco-
nomic risks associated with the development of opera-
tionalization of new methods or critical technologies.
Thereby it is essential that today’s development and life
cycles of civilian or military flight systems cover a period of
an engineer’s life of about 3540 years. Thus, there is also
the risk of losing interdisciplinary know-how in the aero-
nautical engineering field. As a consequence, it calls for
continuous research and industrial-political efforts to realize
the anticipated developments or ongoing system improve-
ments though demonstrator programs or in-flight simulations
in reasonable time periods. In international terminology, this
is termed as reaching of a technology maturity level
(Technology Readiness Level—TRL), which is assigned a
value of about 6, that means “functional and test prototype
in operational range” (see also Sect. 6.1.2).

The interlinkages of flight system techniques depicted in
Fig. 1.2 elucidates the individual steps to be followed in an
ideal case during the new development or improvement of
existing flight systems.

The limited usage of these technologies, due to, say,
developmental, political or financial reasons, or of other
research tools in related disciplines such as structures or
propulsion technologies, culminates to the disastrous effects
shown in Fig. 1.3. Such events and the resulting socio-
political issues have become a world-acclaimed predicament.
As such, Norman Augustine needs to be greeted [4].

1 Reality & Technology-Readiness

Flight-
Testing

Technology
Demonstration

Ground-Based
Simulation

Wind Tunnel
Simulation

Math. Modelling

Advanced Technologies

Complexity & Effort

Fig. 1.2 The chain of research tools for flight vehicle system development


http://dx.doi.org/10.1007/978-3-319-53997-3_6

1 Introduction

Project Delays & Cost Increases (%)

Selected examples

EF2000, NH90 and V-22 ~ 10 years ~ 40-80%
A400M and F-35 ~ 2++y ~ 40-80%
A380 and B787 ~ 2years ~ 20-30%

What technical, managerial and political issues
can be identified as the cause?

Fig. 1.3 Development risks and realities

The two elements shown in Fig. 1.2, namely the in-flight
simulation, the supreme discipline flight testing, and the arts
and science of system identification, a symbiosis of cre-
ativity and specialized knowledge, offer two versatile and
experimentally oriented methods and are of particular value
for the verification, optimization, and evaluation of flying
qualities of manned or unmanned aerial systems with inte-
grated Fly-by-Wire/Light flight control and information
systems. But, it should also be pointed out that the
human-in-the-loop ground-based simulation, plays, indeed,
an indispensable role in a flight vehicle development pro-
gram to minimize the more costly in-flight simulation.

A more detailed discussion and definition of the disci-
plines “in-flight simulation” and “system identification” will
be given in Chap. 3. Both these disciplines represent also
special, long-term focal points of research activities at the
Institute of Flight Systems at the German Aerospace Center
(DLR) in Braunschweig. An account of these efforts will be
given in Chaps. 7-10.

1.2 Current State of Knowledge

There are a number of national and international, historical
reports on the development of electronic flight controls for
improving the handling and flying qualities of aircraft and
helicopters [5-12].

The hitherto most detailed historical account related to
airplanes with variable stability and in-flight simulation
comes from one of the fathers of in-flight simulation,
Waldemar O. Breuhaus, of the former Cornell Aeronautical
Laboratory, the company which later became the Calspan
Corporation in the USA [13]. Throughout this book, the
name Calspan (CAL) will be used for all references to the
company.

This historical account was later extended and supple-
mented by the Calspan expert Norman Weingarten with his
years of experience [14]. A further well represented and
detailed history of aerospace research at Cornell

Aeronautical Laboratory and Calspan is given in [15]. In an
extremely exciting book that goes beyond the scope of
in-flight simulation, one comes across a highly readable
autobiography of William F. Milliken, a former managing
director of Cornell Aeronautical Laboratory (CAL). William
F. Milliken, Waldemar O. Breuhaus, Irving C. Statler,
Robert P. Harper and Edmund V. Laitone and others
spearheaded at CAL the flight test research in aircraft
dynamic response measurements, variable stability flight
testing, the importance of test pilot judgements and closed-
loop system analysis. Further, the book provides a historical
overview of industrial flight testing and the use of
aviation-related technologies in US automobile sport by way
of Bugatti as an example [16]. Also, the special role of the
NASA Ames and Dryden Research Centers (the latter since
2014: Armstrong Research Center) in this field can be easily
traced through a few selected examples [17-19]. From the
international book world two publications are known which
describe experimental aircraft and to a limited extent also
in-flight simulators, predominantly developed in the United
States or Russia [20, 21].

The importance of in-flight simulation and their techno-
logical benefit was emphasized in the first international
symposium during 1991 held in Braunschweig. Flight
demonstrations with DLR’s in-flight simulators VFW 614
ATTAS and Bo 105 ATTHeS were presented then [22, 23].
A detailed discussion of this symposium took place in the
international leading aviation magazine Aviation Week &
Space Technology (“Gathering of the In-Flight Simulation
Fraternity”) [24].

1.3 The Book Layout

The current compendium is organized into three parts. The
first, short part consisting of Chaps. 2 and 3 introduces
succinctly the topics addressed in this collection, namely
flying qualities background, basics, and benefits. The second
part consists of Chaps. 4-6. It provides a brief account of
predecessors in Germany in Chap. 4. This is followed by an
exhaustive account of variable stability aircraft and in-flight
simulators in Chap. 5, covering United States, Canada,
England, France, Russia, Japan, China, and Italy. Chapter 6
provides, likewise, an elaborative account of Fly-by-Wire/
Light Demonstrators, first from abroad, and in the latter half
those from Germany. The third part of the book, consisting
of Chaps. 7-12 focuses on the research and development
activities in Germany in more detail. It aims at providing the
readers with the inside information about these challenging
projects to understand the intricacies, efforts required, and
the outcome. Each of these chapters in all the three parts
provides relevant technical literature to trace the historical
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developments, the evolution, and the current status in the
fields of in-flight simulation and Fly-by-Wire/Light research.
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2.1 Fixed-Wing Aircraft

Anyone who has ever watched a seagull, gliding effortlessly
over the lake in the upwind along the bluff, is full of
admiration of the ease and elegance with which he flies. The
fine movements of wings and tail to correct the flight are not
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discernible. The bird is in an absolute balance with the wind,
gravity, and lift. Thereby he conveys an impression of a
perfect flier to the observer.

The first aircraft at the beginning of the last century were
far away from such a perfection. Even the first aviation
pioneers, who delved into flying 200 years back, had rec-
ognized what one must do to enable a flying vehicle cover a
longer distance in an undisturbed gliding flight. To construct
their models they oriented themselves mostly on the basic
configuration of a bird with a wing in the front and an
empennage arranged behind. With the center of gravity of
the flight vehicle in correct position, these models flew stable
and quite well. Technically, the expert then speaks of a
“stable flight”. In this case, stable does not mean “durable”,
but rather the ability of the aircraft to return automatically to
its unperturbed initial condition in response to a disturbance.
Also, the exotic tropical plant “Zanonia Macrocarpa”, whose
seeds show an extremely stable flight behavior, served as a
prototype for a favorable aerodynamic design of a flying
vehicle (see Fig. 2.1). The knowledge about what must be
done to accomplish a stable gliding flight was essentially
known to the aviation pioneers at the beginning of the last
century. Design and numerical data required for construction
of an aircraft, however, did not exist. One had to rather learn
from the practical experience.

However, an airplane should not only fly straight and
level in gliding flight, but must start from the ground, land
again and above all fly in curves. With regard to the stability,
one could rely on some existing knowledge. On the other
hand, in the area of flight controls, the aviation pioneers had
to tread unknown territories.

The Stork, whose flying skills Otto Lilienthal had studied
intensively and had drawn his conclusions, served as a role
model for his hang glider. Aerodynamic experiments by a
specially constructed device provided him with the numer-
ical data for the construction of his flying machine. His

. \Flying Seed
TN "Zanonia Macrocarpa

Albatros D1 ,,Dove*

with Zanonia-Wing

Optimum Stability vs.

Extreme Maneuverability?

Fig. 2.1 Stability or controllability—where is the compromise?
(Credit P. Hamel)

“normal apparatus” from the year 1894 even revealed the
basic configuration of an aircraft. A horizontal and vertical
surface were mounted some distance behind the wings. He
needed both of these for the stability of his gadget about the
vertical axis (directional stability) and about the lateral axis
(longitudinal stability). The wings were mounted signifi-
cantly upward (V-position), which provided sufficient
inherent stability about the longitudinal axis (roll stability).
However, Lilienthal steered his gadget by shifting of weight.
As a consequence, the controllability was severely restricted
and thus was the cause of his fatal crash in 1896.

The Wilbur and Orville Wright brothers followed another
method. They had keenly followed the flight tests by
Lilienthal and recognized that ensuring sufficient controlla-
bility about all the three axes is of pivotal importance. To
achieve that, the flyer possessed aerodynamically effective
elevator and rudder. For roll control about the longitudinal
axis, which is necessarily required for coordinated curve
flight, highly elastic wings were built and twisted. The
horizontal tailplane was arranged in front of the center of
gravity (see Fig. 2.2). Thereby the “Flyer” was no longer
stable. Pilot had to intervene constantly in order to stabilize

Fig. 2.2 The first fully controllable aircraft, the “Flyer III” in flight
(1905), (Credit Deutsches Museum)
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the flyer and keep it on the track. The Wright brothers
believed that a skilled pilot must be in a position to con-
tinually balance the Flyer through an effective control. Too
large an inherent stability is on the other hand more likely to
be obstructive, when large disturbances must be compen-
sated by control inputs. Probably the Wright brother had not
adequately appreciated the importance of inherent stability
for the flying [1].

With their desire for neutral stability, the Wright brothers
were rather alone in the pioneer generation by aircraft
manufacturers. Awareness was established that sufficient
inherent stability is absolutely essential for safe flying.
A pilot continuously struggling to stabilize the gadget can
hardly perform any other task. Only much later the idea of
reduced static stability (Relaxed Static Stability) was once
again taken up during the development of highly maneu-
verable combat aircraft. These aircraft were, however, not
stabilized by a pilot, but through a multi-redundant flight
controller.

In the year 1909, Louis Charles Blériot had arrived at the
classical basic configuration for the aircraft with his Type XI,
which was mostly adopted for the aircraft construction
thereafter, (see Fig. 2.3). This configuration is characterized
by a front mounted motor with a tractor propeller and tail-
plane located at the rear for the longitudinal and lateral
control. The roll control was not yet by ailerons, but through
twisting the entire wing. The aircraft was apparently suffi-
ciently stable about all the axes and allowed Blériot a smooth
ride across the English Channel to England.

Aircraft development showed a rapid boom during the
First World War. In Germany a variety of very different
aircraft types were delivered to the Imperial German Army
Air Service. Of course, there was no question of consistent
and good flying qualities. It was a challenge for the pilots to
fly many of these aircraft and they were hardly deployable.
This diversity led the aircraft engineering department of the
German Aeronautical Test Establishment (DVL) in 1917, to

test several aircraft types for their flying qualities and to
assess them by the pilots. Although it was not an objective
assessment, a few characteristics emerged, which were then
considered important and desirable [2]. These evaluations
based on the pilot assertions, however, did not offer yet a
reliable basis to improve the flying qualities through tech-
nical measures.

The aircraft which came closest in demonstrating the
wishful good flying qualities was the biplane Fokker D VII
constructed by Antony Fokker (see Fig. 2.4). Introduced in
the year 1918, the Fokker D VII evolved as the most suc-
cessful combat aircraft during the First World War. The
aircraft was inherently stable, highly maneuverable and
possessed good control surface effectiveness about all axes.
One characteristic was particularly notable, namely, the
aircraft recovered itself automatically from the dangerous
spin as soon as the controls were released by the pilot. In the
heat of an aerial combat, it was quite easy for the pilot to
stall the aircraft and thereby enter into a spin.

Since the beginning of the aircraft development, the
above problem encountered in flight was also addressed
scientifically in parallel. It was the British mathematician
George H. Bryan, who in the year 1911 formulated the
problem of aircraft motion on a sound mathematical basis.
Bryan formulated the equations of motion and introduced
the concept of “stability derivatives”. However, it was not
possible yet to solve this system of equations.

Based on Bryan’s equations, the flight scientists Leonhard
Bairstow from the National Physical Laboratory (NPL) in the
UK provided the first rudiments of stability analysis. He
realized that the complex system of equations could be
decoupled into a “longitudinal motion” and in largely
decoupled “lateral motion”. Solutions to these now simplified
equations resulted in the flight mechanical eigenmodes of
motion, which are commonly known to today’s aeronautical
engineer such as “Phugoid”, “short period” and “Dutch roll”

Fokker-Kampillugzeug
(Type: . VIL)

Fig. 2.3 Safely over the English Channel: Monoplane Blériot,
Type XI (1909). Louis Blériot as pilot, (Credit Deutsches Museum)

Fig. 2.4 The best fighter aircraft of First Word War, the legendary
Fokker D VII biplane aircraft (1918), (Credit Deutsches Museum)
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etc. To provide information about the order of magnitude of
the stability derivatives, in the year 1913, Bairstow per-
formed the first wind tunnel measurements on a model of
Blériot-monoplane. A few years later, in the year 1916
commenced the wind tunnel measurements also with the
same goal at the Massachusetts Institute of Technology
(M.LT.) in the United States under the leadership of Jerome
C. Hunsaker. Although the measurements provided infor-
mation about the static stability, predictions regarding the
dynamic behavior and flyability were difficult to deduce. It
was felt that a reasonable correlation between the wind tunnel
measurements and flying qualities could be arrived at only
through flight tests and in consultation with experienced
pilots. These findings of the flight scientists were not utilized
then by the aircraft manufacturers, as it was not possible yet
to solve the mathematical problems without the aid of proper
tools. The time was simply not yet ripe for that.

The lack of information about which parameters of an
aircraft are most relevant to the flying qualities prompted the
American aviation authority National Advisory Committee
for Aeronautics (NACA) in 1919 to an extensive flight test
program [3]. The objective was to establish a good correlation
to the previous wind tunnel tests at M.LT. The flight tests
were performed mainly by the test pilot E. T. “Eddie” Allen,
who later became one of the most distinguished test pilots of
the USA. For these experiments, the aircraft were for the first
time fitted with a simple measuring equipment to record the
main parameters (control force, rudder position) during the
flight. In this way, it was possible to determine reasons for the
known poor flying qualities of Curtiss JN4H “Jenny”. This
laid the foundation stone for the flight test department of
NACA, which excelled in the course of the following years
with better and better instrumentation and excellent test pilots.

After the First World War, the flying qualities remained
further on the topic of aeronautical research in Germany too.
In the year 1926, the DVL Flight Department in
Berlin-Adlershof dealt once again with flight performance
tests. The aim was to gather reliable data for stability
requirements. The tests pointed out the need for improving
the stability characteristics of the then assembled aircraft and
that the documents were not yet sufficient to predict, for
example, duration of damping of oscillations. Nevertheless,
a good balancing of elevator, rudder, and ailerons control
forces was already demanded. The results of the DVL flying
qualities experiments are reflected in the construction regu-
lations for aircraft (BVF) published in 1928 [2].

Until the early nineteen-thirties, everything necessary was
done to construct inherently stable, well controllable and safe
aircraft. They were built on a wealth of experience and less on
flight mechanical theories. The development engineers had
then absolutely no options yet to predict the dynamic

behavior of an aircraft. From the experience, one knew,
however, what had to be done to suppress effectively such
disturbing oscillations. For this reason, the development
engineers hardly felt any need till mid-nineteen-forties for a
detailed mathematical analysis of the flight performance.

Both civil and military aviation wanted aircraft to have
flying qualities tuned to the respective requirements and with
which an average pilot could cope well. For commercial
aircraft, special emphasis was on instrument flight or the
approach on a radio beam, whereas for military aircraft the
maneuverability stood in the foreground. These are sufficient
reasons for aircraft procurer to enquire about the flying
qualities of a particular vehicle.

This topic led in 1940 to a large-scale research program at
the NACA. The flight departments of NACA research cen-
ters at Langley Field (Virginia) and Moffett Field (Califor-
nia) conducted flight tests, with which stability and
controllability of aircraft regarding the “flying qualities”
were to be evaluated based on the pilot comments. After the
outbreak of World War II, this study was greatly expanded
with the participation of U.S. Army Air Corps and the U.S.
Navy. Numerous civil and military aircraft were investigated
under the leadership of NACA flight test engineer Robert R.
Gilruth. Based on the flight physics, Gilruth developed a
series of quantitative flying qualities criteria, which he cor-
related with the flight tests. His investigations resulted in a
collection of flying qualities criteria, which were then stip-
ulated as mandatory flying qualities guidelines for the avi-
ation industry [4].

Whereas the flight test at Langley Field concentrated on
flight test programs with subsequent pilot survey, on the
other side of the continent the focus was already on deter-
mining the flying qualities of a future aircraft from wind
tunnel measurements, before the pilots pointed out the
deficiencies, which could be corrected only through highly
time-consuming and costly efforts [S]. A very detailed wind
tunnel measurements were carried out on different types of
aircraft and these were correlated with those from flight tests.

Similarly, as in the case of NACA, the developments in
Germany were directed towards quantitatively definable
flying qualities guidelines. Essential experiments related to
this aspect were carried out at the DVL in the nineteen-
thirties by August Kupper. After Kupper passed away, Karl-
Heinrich Doetsch was responsible for the continuation of the
work. Though the use of instrumentation to measure
important flight mechanical parameters, it became possible
to obtain numerical data necessary for quantification. In the
year 1943, the DVL, and almost at the same time the NACA,
published a new draft of the flying qualities guidelines [6]. In
these guidelines, special emphasis was placed on the veri-
fiability of the stipulated flying qualities. Thus, the
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guidelines also contained a number of standardized testing
instructions and directives for the assigned test pilots. As a
result, the German aviation industry possessed a set of rules
to design control surfaces and flight controls for a stan-
dardization the flying qualities to a large extent.

With the introduction of jet engines, the usable flight
regime was extended up to the speed of sound. This resulted
in new demands and requirements on the flight performance,
flying qualities and on the flight safety. On approaching the
speed of sound, the so-called compressibility effects were
encountered, leading to hitherto unknown flight instability
with reduced control capability. Although the new configu-
rations such as sweptback and delta wing ensured acceptable
flying qualities in the high subsonic range, they faced new
problems at lower airspeeds, such as those during landing.
The dilemma was how to manage the higher elevator and
rudder forces resulting from the increased aircraft size and
enhanced airspeeds

However, conventional aircraft configurations also
showed occasionally stability problems during certain flight
tasks. Already during the war, there were attempts to
improve the deficient flying qualities with the help of a
controller. Again, the fundamental contributions of K.-H.
Doetsch on automatic control at DVL provided the practical
basis for artificial stabilization of aircraft (see Chap. 4).

New aircraft configurations and the increasing air traffic
forced an enhancement of flying qualities guidelines. The
criteria should now be formulated task-specific (takeoff,
landing, cruise flight, maneuvering, approach in a glide
slope, etc.). Also, the different types of aircraft (transport
aircraft, combat aircraft) should be evaluated differently. The
military and the aeronautical establishments requested the
NACA to deal with flying qualities of transport aircraft
during instrumental approach and landing. The Navy needed
specific criteria for a safe approach on an aircraft carrier.
The US Air Force Air Materiel Command was interested in
determining the stability derivatives of an aircraft from flight
tests.

This also applied to the control forces. The control forces
should be such that a safe “feeling” for speed and stability is
conveyed to the pilot. Already in the nineteen-twenties, it
was realized that the forces to be exerted by the pilots would
no longer suffice to actuate the rudder of large aircraft. This
problem was initially solved through the introduction of
so-called auxiliary rudders. Auxiliary rudders, whether
Flettner tab or spring-loaded auxiliary rudder (spring tab),
were successfully installed worldwide in many aircraft types.
The harmonization of control forces and adaptation on the
prescribed guidelines led sometimes to serious problems.
This resulted in numerous changes to the tailplane, until the
desired characteristics was achieved. For some aircraft
hundreds of flying hours were spent to adjust the rudder
forces to the operational conditions [7].

The first aircraft with adjustable flying qualities (Variable
Stability Aircraft) originated in 1947 out of this difficulty.
Thereby the elaborate and expensive modifications to air-
craft could be averted (see Chap. 5).

The development and the use of automatic course con-
trols (autopilot) brought a new set of tools, attitude gyro, rate
gyro, electrical and hydraulic servomotors, which could be
used for other purposes as well. With such servomotors large
rudder control forces could be exerted even without the help
of auxiliary rudder. This was particularly important for the
new generation of jet aircraft, which flew under high
dynamic pressures and required large control forces. How-
ever, the pilot lost thereby the sensation for the control
forces, which is an important criterion for handling qualities.
This feeling had to be provided to him now artificially by a
force feedback. Autopilot, stabilizing controller (Stability
Augmentation Systems, Response Feedback Control Sys-
tems), servos, and artificial control forces contributed sig-
nificantly to growing complexity of aircraft.

The correct designing of such complex systems needed a
thorough flight mechanical analysis, before they could be
integrated into a plane. Since the late nineteen-forties, new
procedures for stability analysis and controller design were
available in the USA. Using the root locus method devel-
oped by Evans and the Bode plots in the frequency domain
one was able to model complex systems and carry out sta-
bility investigations. With the introduction analog comput-
ers, it became finally possible to investigate complex flight
systems in a simulation. These methods were the result of
years of research in the fields of electrical engineering, flight
mechanics, and control engineering [8]. This way the errors
and instabilities could be detected and eliminated at an early
stage. The subsequent stability and system analysis on the
digital computer was another important step towards flight
safety and saved a lot of precious flight test time, and thereby
avoided dangerous situations for test pilots [9].

The flying qualities analysis also benefited from the new
procedures and methods of stability analysis. These advan-
ces and the outbreak of war in Korea forced the U.S. Air
Force and Navy to a closer cooperation in the area of flying
qualities. The result of these joint efforts was the newly
revised flying qualities guidelines in the form of a “Military
Specifications, Flying Qualities Piloted for Airplanes™ dur-
ing 1954 [10].

The initial flight controllers were still based on pure flight
state feedback systems (Response Feedback Control). The
controller is superimposed on the manual control through the
pilot without affecting its function. As a result, the flying
qualities could be improved and brought in accord with the
guidelines.

New technologies and tasks led to significant expansion
of flight domain. The flight at supersonic speed, intelligent
weapons systems, challenging flight tasks such as flights
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close to ground-level (Terrain-Following) revealed the limits
of mechanical manual flight control. Only with an elaborate
flight controller, it was possible to meet the flying qualities
guidelines. The complex flight controller could be readily
realized, dispensing with the manual control through levers,
push rods, and ropes. Instead of a mechanical connection to
the inceptor, the hydraulically operated rudder actuation
received now an electrical input. This new technology was
termed as “Fly-by-Wire”. New controller functions made
possible the flight with reduced stability in order to achieve
performance improvements. Security features, such as stick
shaker and flight envelope limiter, ensured safety and avoi-
ded structural overloading. The pilot now flew a
controller-aided airplane. An exhaustive account of national
and international flight test demonstrators, which serve the
purposes of testing, certification, and implementation of
Fly-by-Wire technologies in the military and civil aviation,
is provided in Chap. 6.

Forgoing the natural stability with the objective of
improved flying qualities placed high demands on the
integrity of the flight control system. A multiple redundant
flight controller now ensures stability and makes sure that all
functions required as per the flying qualities guidelines are
restored. Aircraft which were designed for a spectrum of
specific tasks and which could only be flown with the aid of
a flight controller were the so-called Control Configured
Vehicle (CCV) [11]. With the CCV Technology, the foun-
dation stone was laid for all modern combat aircraft (see also
Chap. 6).

Mathematical analysis, ground simulation, in-flight sim-
ulation, and flight test were the tools used in the nineteen-
sixties and nineteen-seventies to investigate and to optimize
the flying qualities of new aircraft types. The MIL-F-8785
provided a set of criteria, which allowed to verify objectively
the flying qualities from flight test data. This alone was,
however, not enough. Subjective evaluation by an experi-
enced test pilot was additionally demanded (see Fig. 2.5). To
account for this aspect a new policy “MIL-STD-1797" was
published [12]. This guideline was based substantially on the
MIL-F-8785, but contained additionally flight test methods
and an evaluation table for a subjective evaluation by the test
pilot. The Cooper-Harper Rating Scale [13] allowed a dif-
ferentiated assessment of flying qualities and was a good
supplement to the objective evaluation by the MIL.

To be more specific, the Cooper-Harper Rating scale is
the subjective but structured measure to evaluate the han-
dling qualities, in other words, the controllability of an air-
craft in terms of pilot workload. For all practical purposes, it
is the standard procedure employed over more than four
decades. Basically, it aims at determining “those qualities or
characteristics of an aircraft that govern the ease and preci-
sion with which a pilot is able to perform the tasks required
in support of an aircraft role” [13]. In general, it is intended

Fig. 2.5 NACA test pilot George E. Cooper with Hugh L. Dryden, the
Director of NACA Ames Research Center (1951)

for pilot-in-the-loop tasks. As such design and definition of
appropriate tasks to be flown and evaluated is critical in the
application of this rating scale. It is based on the pilot
assessment immediately after performing a particular task,
the rating varying from 1 to 10. The highest rating of “one”
implies fulfillment of task with very little effort, whereas the
lowest rating of “ten” implies cases which were not con-
trollable in all the test phases, because major deficiencies
were encountered and that improvements are absolutely
necessary. The standard Cooper-Harper Rating scale is
presented in Fig. 2.6.

New tasks, expansion of flight operations, monitoring
systems were also reflected in the cockpit. As a result, the
pilot behavior, his way of response, mental and physical
ability to withstand workload gained importance. It was
particularly a trait of digital flight control systems that
resulted, as a consequence, in a new kind of flying qualities
problem. Computational and signal transmission times led to
time delays in the control system. After the input of a
command by the pilot, the aircraft reaction did not result
immediately, rather only after a certain delay. Thereupon the
pilot intensified his input and retracted the command
immediately once the aircraft reacted vehemently to the
control commands. The now developing oscillation (Pilot
Induced Oscillation—PIO) was very difficult to control and
has led to accidents with a few of the latest generation of
combat aircraft. Even in the case of commercial aircraft, the
PIO problems were not unknown (see also Sect. 9.2.12).

Investigations of flying qualities involving the pilots were
the order of the day. Also, however, well-equipped ground
simulators were not adequate enough to reproduce the
environment of a modern control-assisted aircraft in totality.
Only the in-flight simulation offered the possibility of
replicating the flight control of another aircraft and to
investigate under real workload conditions. Concomitant
with the flight tests, the PIO problem was analytically
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Handling Qualities Rating Scale

Adequacy for Selected
Task or Required Operation”

Aircraft
Characteristics

Pilot

Demands on the Pilot in Selected :
Rating

Task or Required Operation”

Excellent, highly Pilot compensation not a factor for desired
desireable performance

Good, negligible Pilot compensation not a factor for desired
deficiencies performance

Fair - Some mildly
unpleasant deficiencies

| Minimal pilot compensation required for desired
performance

Miner but annoying
deficiencies

Desired performance requires moderate pilot
compensation

Is it satisfactory
without
improvement?

Deficiencies
warrant
improvement.

Moderately objectionable
deficiencies

Adequate performance requires considerable
pilot compensation

Very objectionable but
tolerable deficiencies

Adequate performance requires extensive pilot
compensation

s adequate No

Major deficiencies

Fdequale performance not atlanable wi
maximum tole

Deficiencies
require
improvement.

performance
attainable with a
tolerable pilot

Major deficiencies

control

worklead?

Major deficiencies

Intense pilot compensation is required to retain
control

Is it
controllable?

Improvement
Mandatory

Major deficiencies

| Control will be lost during some portion of the
required operation

Pilot Decisions

" Definition of required operation involves designation of flight phase

and/or subphases with accompanying conditions.

Fig. 2.6 Cooper-Harper Rating Scale

investigated. From the results of these investigations,
strategies to adjusting the flight control could be derived so
that PIO could be avoided.

2.2 Rotorcraft

The idea of rotary wing vehicles is almost as old as for the
fixed-wing aircraft. In this case, too, a few paragons existed
in nature, which provided orientation. The seeds of the
sycamore (see Fig. 2.7), rotating in the presence of wind, can
cover long stretches in a stable flight, whereas dragonflies
and hummingbirds demonstrate the possibility of hovering
flight in principle. The realization of a functioning rotorcraft,
from the first ideas of Leonardo da Vinci (Fig. 2.8) to a viable
helicopter, however, presented significantly more difficulties
than those for the fixed-wing aircraft. After the maiden flight
of the Wright brothers in the year 1903, another twenty years
were needed until a so-called Autogyro or gyrocopter was
built, flown and marketed by the Spaniard Juan de la Cierva

(see Fig. 2.9). De la Cierva had solved two fundamental
problems, namely (1) the control of high moments at the rotor
blade root through an articulated connection of the rotor
blades, the so-called flapping hinge, and (2) the steering of
the Autogyro about the longitudinal and lateral axes by tilting
the rotor head in the desired direction of flight (tilting hub
control). However, in the case of the gyrocopter, the rotor is
driven by the airflow, as such the flight vehicle requires an
additional propulsion, for example via propeller, as in the
case of fixed-wing aircraft. A hovering flight was therefore
not possible and it took more than 10 years until the first
halfway usable helicopter could demonstrate the hover and
forward flight.

For a fixed-wing aircraft, a configuration (with front
mounted engines, the lift-generating wings and the tailplane
located at rear), which provided stability and good control-
lability was crystallized quite fast. In the case of helicopter,
everything had to be principally accomplished via the
rotating rotors. The rotor, the rotating wing, produces the lift
as well as propulsion and control forces and moments which



B. Krag and B. Gmelin

Fig. 2.7 Sycamore seed (Acer pseudoplatanus)
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Fig. 2.8 Sketch of helicopter by Leonardo da Vinci (1490)

Fig. 2.9 Autogiro C 19 Mk IV of Juan de la Cierva (1926)

are needed for maneuvering. Not an easy task for a designer.
The aviation pioneer Wilbur Wright saw this, however, quite
differently, when he stated in 1909 that it is easy to build a
helicopter, but otherwise it is a worthless device.

Unquestionably Wilbur Wright was not informed about
the activities pursued at that time by many constructors to
build a helicopter. Otherwise, he would not have come to
such a misjudgment.

In addition to stiffness and vibration problems at the rotor
and the lack of a light and high-performance motor for the
high power, which is needed for hover, the flight mechanical
problems, in particular, were in the foreground. It was nec-
essary to cope with the turning moment on the fuselage, the
reaction to the torque of the rotor drive. The problem of
steering the helicopter for variations in lift and directions,
with acceptable control forces, was not resolved for a
powered rotor. The flight dynamics of the devices was
highly unstable; the pilot had to intervene constantly to
damp the arising oscillations and to keep the helicopter
stable in the air. It is, therefore, not a surprise that the con-
structors arrived at quite different solutions.

For the development of an airworthy device, the evolu-
tion of scientific principles of rotor aerodynamics, rotor
dynamics, vibration behavior and flight dynamics was
essential and the developed theories had to be validated
through experiments. In this respect, pioneering work has
been carried out in Germany, which led to the construction
of the first operational helicopter over here before the second
World War [2, 14].

One of these pioneers was Henrich Focke. He drafted
some important criteria that a practical helicopter design had
to meet:

1. The ability of a safe landing after engine failure by means
of autorotation.

2. Ensuring stability and control through the pilots,
whereby the demands should not be higher than those for
fixed-wing aircraft.
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Fig. 2.10 The first ready for use helicopter Focke-Wulf Fw 61 (1936)

3. Ease of using the inceptors. Also, the control forces
should be similar to those in the case of fixed-wing
aircraft.

4. Acceptable flight performance in hover and forward
flight.

5. Operational safety should be comparable to that of
fixed-wing aircraft.

After numerous considerations and experiments, Henrich
Focke opted for a largely symmetrical construction, with two
counter-rotating rotors on cantilever arms, arranged right and

left of the fuselage (see Fig. 2.10). With this the torque
balance about the vertical axis was assured. To control the
flight vehicle the incidence angle of the rotor blades was
adjusted through a so-called swashplate on both rotors.
Through raising and lowering the swashplate the incidence
angle of the blades could be jointly adjusted (collective blade
pitch control). In this way, climbing and descent, and
through oppositely adjusting the swashplates the rolling
motion of the helicopter could be controlled. By tilting the
swashplates horizontal forces and moments could be gen-
erated for the longitudinal, lateral and yaw control of the
helicopter. The requirements for a maneuverable helicopter
were fulfilled for the first time with the Focke-Wulf Fw 61.

Here Wilbur Wright was wrong

Already as children, Wilbur and Orville Wright were
interested in flying. Wilbur was 12 and Orville 8 years
old when their father brought them a toy helicopter
with rubber motor, a brand new invention then. Soon
they built their own copies of the toy and these were
actually their first motorized flying gadgets. When
they were asked later what had triggered their fasci-
nation for flying, they always re-called this toy
helicopter.
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But soon they were looking for new challenges and
Wilbur later was cited as follows:

Like all novices, we began with the helicopter (in
childhood) but soon saw that it had no future and
dropped it. The helicopter does with great labor only
what the balloon does without labor, and is no more
fitted than the balloon for rapid horizontal flight. If its
engine stops it must fall with deathly violence, for it can
neither float like the balloon nor glide like the aeroplane.
The helicopter is much easier to design than the aero-
plane but it is worthless when done.

Wilbur Wright, Dayton, Ohio, January 15, 1909

In April 1937, Henrich Focke together with Gerd
Achgelis founded the company Focke-Achgelis. In 1938 the
first major contract came from the German Lufthansa to
develop a large transport helicopter with a payload capacity
of 700 kg. Built on the Fw 61 concept, the Fa 223 was the
first helicopter manufactured in serial production. During the
war, it was deployed to transport operations in high moun-
tains, for rescue operations, and for submarine surveillance.

In the year 1938, the inventor and aircraft designer Anton
Flettner started with the development of helicopters. Like
Focke’s Fw 61, the successful Flettner helicopter had two
counter-rotating rotors in a mostly symmetrical configura-
tion. Unlike the Fw 61, these rotors were not mounted at
cantilever arms, rather they were mounted directly on the
fuselage at an angle of inclination of 12°. Because of the
small distance, the two-bladed rotors were intermeshing.
Collisions between the rotor blades were avoided through
gearing. Similar to the Fw 61, the blade control was ensured
by swashplates.

Prior to the flight tests, extensive wind tunnel tests were
performed during August 1940 in the great French wind
tunnel of Chalais-Meudon (see Fig. 2.11).

The Flettner helicopter showed high maneuverability and
good controllability about all three axes and in all directions.
With the F1 265 a total of 126 flight hours were flown and
over one thousand takeoffs and landings performed. No
other helicopter worldwide at that time had achieved those
hours in operation. Starting 1941 this helicopter was built as
F1 282 on a small scale and deployed by the armed forces for
many different tasks (see Fig. 2.12). After the war, American
pilots availed the opportunity to fly the Fl 282. Following
this, they praised the stability and controllability of this
helicopter, as being better than all other helicopters they had
flown until then.

Independent of the development in Germany, the work
was pursued on the construction of helicopters in other
countries too. Already before the First World War, the
French aircraft pioneer Louis Charles Breguet dealt with the
construction of helicopters [15]. However, his preliminary

Fig. 2.11 Flettner Fl 265 helicopter in large wind tunnel at
Chalais-Meudon (1941)

Fig. 2.12 Flettner F1 282 helicopter in operation (1943)

designs, called Gyroplane, had difficulties even to takeoff
from the ground. After that, he turned his attention to aircraft
manufacturing. Not until 1930 his interest in the helicopter
was rekindled.

Together with a young engineer named René Durand, he
developed a helicopter with two superposed rotors. The two
rotors rotated in opposite directions, thereby the torque on
the fuselage due to the rotors could be compensated. With
the coaxial arrangement of the rotors, Breguet had arrived at
another, almost symmetrical configuration, on whose basis a
stable to fly and a controllable helicopter could be
developed.

The rotors were designed two-bladed. Both featured a
swashplate adjustable cyclic blade pitch control. The control
around the vertical axis was effected by means of collective
blade pitch control of the two rotors in opposite directions,
thereby generating different amounts of torque moment,
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resulting in the desired yaw moment. For a straight level
flight and for lateral motion, as in the case of other helicopter
configurations, the rotor disks were inclined accordingly
with the swashplates. To improve the stability, the helicopter
was additionally equipped with a tailplane.

In the years 1934 and 1935, the helicopter was an object
of numerous modifications. In June 1935 the helicopter took
off for the successful maiden flight (see Fig. 2.13). In
December 1935, with a flight time of 62 min the hitherto
endurance record for helicopters was broken. The French
aviation authority was impressed and placed in the year 1936
a contract with Breguet to develop a helicopter suitable for
operation. The development progress was, however, slow
and was interrupted repeatedly due to repairs and modifi-
cations. One difficulty was the ability for autorotation, an
important requirement for the client. In the year 1939, the
helicopter was damaged severely in an autorotation test.

The impending World War II put an end on the further
development. The “Gyroplane Laboratoire” was destroyed
by a bomb attack.

Born in Ukraine, American aircraft designer Igor I
Sikorsky had already commenced in 1930 to engage himself
with the development of a usable helicopter. In the year
1931, he filed a patent for a helicopter, that already had all
the essential features of the later model VS-300, namely a
main rotor and a small vertical tail rotor for torque com-
pensation and for control about the vertical axis. This
asymmetrical configuration promised significant perfor-
mance benefits; the technical capabilities available at that
time, however, did not allow a successful construction [16].

After many attempts Sikorsky began in spring 1939 with
the construction of an airworthy helicopter denoted VS-300
(Vought-Sikorsky) (see Fig. 2.14). The three-bladed main
rotor was equipped with a cyclic rotor blade pitch control for
vertical, longitudinal and lateral helicopter control. Besides

Fig. 2.14 Experimental helicopter Sikorsky S-46/VS-300 (1941),
(Credit Igor 1. Sikorsky Archives)

the torque-compensation, the tail rotor provided also the yaw
control. The first flight took place in September 1939 and
was flown by Sikorsky personally.

Many alterations followed, mostly because of poor con-
trollability. Among other things, the rotor control was
replaced, in the meantime, by small rotors on side arms for
pitch and roll control; whereas only the vertical motion was
controlled by the main rotor. With this configuration the
world record for longest flight duration, that was hold since
1937 by the Fw 61, could be broken in May 1941 with a
flight time of one hour and 32 min. In December 1941 the
helicopter attained its final configuration with one main rotor
and only a single tail rotor, which is adopted in many heli-
copter designs till today.

The success of the VS-300 convinced the US Army.
Early 1943, they placed an order for production of 100
helicopters of the type R-4 developed meanwhile (see
Fig. 2.15). During the war, the R-4 helicopter was success-
fully deployed for rescue operations and for passenger
transportation.

Henrich Focke, Anton Flettner, Louis Breguet as well as
Igor Sikorsky have independent of each other arrived at

Fig. 2.13 Experimental helicopter Breguet-Durand Coaxial “Gyro-
plane Laboratoire” (1941), (Credit American Helicopter Society)

Fig. 2.15 Production version of Sikorsky S-47/R-4 in operation
(1941), (Credit Igor 1. Sikorsky Archives)
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technical solutions for a workable and “easy” to fly heli-
copter. Their ideas were incorporated in numerous success-
ful helicopter developments after the war.

While Focke, Flettner and Breguet concentrated on con-
figurations with two main rotors, Sikorsky concentrated on
the design based on one main rotor and tail rotor. The
advantages of this configuration over the dual rotor heli-
copters became readily apparent: higher performance, greater
flexibility in rotor design, cost-effective construction. But the
drawbacks weighed heavily, namely asymmetrical flying
vehicle with poor flying qualities, complicated aerodynamic
and dynamic conditions on main rotor and tail rotor. Partic-
ularly because of the better performance, the configuration
main-rotor tail-rotor was largely preferred for small and
medium helicopters, whereas other configurations were
adopted only for heavy helicopters and special flying vehicles
(see Fig. 2.16). The request for better flying qualities was of
secondary importance during the first few decades of the
development. Top priority was to meet the demands, mostly
higher flight performance, for the military and civilian
operations of helicopters. As a result, recent activities are
characterized by constant efforts toward acceptable flying
qualities and reduction of undesired oscillations and vibra-
tions. It is estimated that in many helicopters about 25-50%
of the development time was needed to deal with these
shortcomings in the flying qualities [2, 17].

Based on the research work at NACA, the first flying
qualities guidelines for helicopters were published during
1951 in the American Civil Air Regulations Part 6-Rotor-
craft Airworthiness; Normal Category. Under the heading
Flight Characteristics it is stated there: “It shall be possible
to maintain a flight condition and to make a smooth tran-
sition from one flight condition to another without requiring
an exceptional degree of skill, alertness, or strength on the
part of the pilot,...”, in the section Controllability: “The
rotorcraft shall be safely controllable and maneuverable

= | ]
2 Rotors - coaxial Main Rotor - Tail Rotor

Fig. 2.16 Helicopter configurations

during steady flight and during the execution of any
maneuver...”, and in the section Stability: “It shall be pos-
sible to fly the rotorcraft in normal maneuvers...” [18].
These general qualitative statements have been made more
precise in the first quantitative specifications for flying
qualities of military helicopters MIL-H-8501 from the year
1952 [19]. Without sufficient database and without detailed
explanations, numerous quantitative requirements were for-
mulated, amongst others for static and dynamic stability, for
control forces and the helicopter behavior in autorotation. In
the year 1961, MIL-H-8501 was revised and this specifica-
tion was effective as MIL-H-8501A in US and other coun-
tries for over 30 years.

In the civil sector, essentially the qualitative criteria were
retained and further developed (FAR 27 and FAR 29, EASA
CS-27 and CS-29). However, the quantitative military cri-
teria were often adopted as guidelines for design and
certification.

For a long time, the specifications were considered as the
targeted goal and not as indispensable requirement. This was
partly due to the unavailability of design tools to meet
soundly the stipulated criteria in the case of a new develop-
ment, and on the other hand due to technical improvements,
which made some criteria to appear as obsolete. As such, for
example, the helicopter Bo 105 could not fulfill a few criteria
related to dynamic stability or control coupling. The excep-
tional control-characteristics, namely fast control response
and high effectiveness, of the newly developed hingeless
rotor led, however, to flying qualities, which were rated by
the pilots as very good. The helicopter was certified by the
civil and later by the military authorities in many countries,
despite its “shortcomings” compared to the valid criteria.

The expansion of the range of tasks, particularly for the
military helicopters, the inadequacies of the flying qualities
guidelines, and the availability of electronic systems for pilot
assistance strongly necessitated new criteria. In order to
compile a systematic database required for this, the US
Army together with the NASA launched in 1975 a research
program to which research organizations and institutions
from Canada, England, and Germany (DLR) provided
important contributions (see Sect. 8.4.1). Based on the data
from ground-based simulations, especially, however, from
flight tests, new flying qualities specifications for military
helicopters, Aeronautical Design Standard 33 (ADS-33),
were finally published in the year 1988, and in the following
years further refined [20].

The acceptance and applicability of the new, in many
aspects revolutionary, flying qualities specification is based
essentially on the systematic and reliable data base, whose
evaluation led to new criteria and important insights about
the relationships between subjective pilot handling qualities
assessment ratings and quantified flying qualities parameters
[21].
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The in-flight simulator ATTHeS was a modified Bo 105
that, because of the Bo 105’s control effectiveness, gave it
the flexibility making it particularly well suited to make
significant contributions to the currently available data base
(see Chap. 8). As a result, important prerequisites were
established for design and certification of helicopters, which
are safe and “easy” to fly under all operating conditions and
in all possible missions.
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3.1 Introduction

When we speak of a “simulation”, it implies replication of a
process on a computer using mathematical models. Here, the
term ‘Process’ implies everything that can be analyzed
nowadays in simulations, for example production procedures
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in factories, worldwide financial transactions, transport by
rail and road, and many more. All simulations are based on a
mathematical model of the process being investigated.
Simulation allows a detailed study of the object before it is
realized. The parameters of the mathematical model can be
varied to examine various aspects of the process. Model
parameters can also be so adjusted that the simulation yields
replication of the reality as accurately as possible. The
simulation is also a mechanism by which future
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developments can be predicted or evaluated. Simulation
plays a key role in successfully preparing and carrying out a
flight test program. The more precisely the mathematical
model maps the reality, the more realistic is the simulation
and the more meaningful are the results. For this reason it is
clear that the development of highly accurate mathematical
models is of great importance. “Modeling & Simulation” is
and remains a challenge for scientists and engineers.

3.2 Simulation and System Identification

3.2.1 General

Simulation software can be bought nowadays for any and
every PC. Who does not know the “Flight Simulator” or
“Train Simulator”? These computer games show an amazing
realism in the representation of the simulated vehicle and its
surroundings. What on the PC is just a game, is a training
tool for pilots, captains, train drivers, astronauts, and others
in their professional life. But simulators are used not only for
training or retention of the professionalism, but also for
scientific purposes. Development simulators are employed in
aviation research to investigate new flight control laws,
displays, control elements, etc. for their usability. Experi-
enced pilots review and evaluate the success of a new
measure and decide whether a new device or a control law
will be introduced or not.

In ground-based human-in-the-loop simulators mathe-
matical models are used, which describe the behavior of the
respective vehicle to control inputs and external disturbances.
The simulation quality depends not only on how accurately
the reality is represented by the mathematical model, but also
on the entire simulation environment. That includes the air-
craft cockpit or the locomotive driver cabin together with a
complete set of instruments and control devices. Further-
more, the representation of the external view and possibly the
reproduction of motion feeling and impressions are added.
The mathematical model ensures the correct driving of the
instruments, displays and motion systems. For the construc-
tion of a simulator it is important to define in advance the
intended purpose. In many cases it is simply unnecessary to
build a complex and expensive simulator, when they are not
required by the training tasks at hand [1]. The greatest pos-
sible realism for a specific training task leads to, however,
meaningful assessments and good training results.

Together with the development of an aircraft, the math-
ematical models for simulation are developed. In the case of
an aircraft the models for the aerodynamic forces and
moments are derived from wind tunnel measurements and/or
CFD calculations (CFD = Computational Fluid Dynamics).
In wind tunnel tests the model of the aircraft is mounted on a
measuring balance and exposed to the airflow. For

determination of aerodynamic forces and moments resulting
from the rotational aircraft motion, either costly wind-tunnel
models or corresponding results from CFD computations are
needed, or otherwise flight tests are required. Flight tests are
also necessary for older aircraft, for which the databases are
either unavailable or not accurate enough. For the determi-
nation of model parameters from flight tests, methods of
system identification are applied. Since aerodynamic forces
acting on the aircraft during the flight cannot be measured
directly, they need to be determined indirectly from the
reaction of the aircraft to control inputs. A prerequisite for a
successful system identification is a good measuring equip-
ment and data recording.

3.2.2 System ldentification

System identification is based on the comparison between
flight test and its simulation with a mathematical model.
Aircraft movement is excited through the pilot control
inputs. The control inputs and the response of the aircraft are
measured and recorded. In the subsequent analysis, the
measured control inputs, such as a rudder position, are fed
into the simulation model. The free parameters of the model,
for example, the aerodynamic derivatives, are determined in
such a way that the deviations between measured aircraft
response and simulated model response to the same control
inputs are minimized. A common method for solving this
optimization problem is the so-called. maximum likelihood
method (a term from probability theory, detailed explanation
of which would go too far here; suffice it to state that, in
most cases, the product of the error variances represents the
cost function for the optimization [2]). The block diagram in
Fig. 3.1 illustrates the entire identification process. The
system identification is applied to flight test data for the
development and validation of mathematical models having
very high simulation fidelity. Also, such precise mathemat-
ical models are needed for the model inversion process of

Maneuver Al Measurements Measured S
Optimized L Flight || Reseonse [aia Collection) Fespcnas
Input Vehicle I > & Compatibility

Data Analysis

Methods nse

Identification

\‘? Phase

Identification
Critenia

i A Priori

i Values Mesdel Response

Validation
Model Phase

Validation . i

Complementary
Flight Data

Fig. 3.1 The quad-M-principle of system identification (Credit Peter
Hamel)
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the so-called host aircraft of an in-flight simulator (see
Sect. 3.3).

To successfully apply the so-called Quad-M-principle
(Maneuvers, Measurements, Methods and Models) of sys-
tem identification solid experience is required, such as that
accumulated at the DLR Institute of Flight Systems over the
past 50 years (see Figs. 3.2 and 3.3) [3, 4].

3.2.3 Ground-Based Simulation

It was a long way from the very first ground-based
human-in-the-loop simulators to today’s Level D training
simulator (highest fidelity simulation), as utilized nowadays
by the airlines. The first simulators ever were built for the
training of pilots. Many aircraft from the pioneer generation

Flight Vehicle Period Type Flight Vehicle Period Type
Civil Aircraft 1970-1973  Dornier Do 27 Aircraft 1978-1980 ATA free flight model
1 1975-1988  HFB 320-S1 FLISI Models 1980 Do 28 TNT wind tunnel
1976 | CASAC-212 model _
1978-1983 DHC-2 Beaver 1982-1983 Do 28 TNT free flight model
1981 | A300-600 2013 ==> NumEx DLR F18 v
1982-1985 Do 28 TNT OLGA Helicopter 1975 Bo 105 5123
1984 | A310 and 11986-1989 | Bell XV-15 tilt rotor
11986-1996 | VFW 614 ATTAS THCROtOr 19891990 AH 64 Apache
1990 Dassault Falcon E 1989-1990 SA 330 Puma
1995 ' Grob G 850 Strato 2C 1989-1995  Bo 105 S3-ATTHeS
1997-1998  Dornier 328-110 1998 SA 365 Dauphin
1997 A300-6005T Beluga 1999 ==> EC 135 FHS
1997-1998  A330-200 2007-2008 | CH 53
1999-2000  IPTN N250-PAT Reentry 1989 OHB Falke
1999-2003  Dornier Do 128 Models 1998 USERS
ZOQQV - VFW614 ATD-EFCS 2004 Astrium Phoenix RLV
2001 A340-600 Unmanned 2008 ==> ARTIS
2002 Cessna Citation |l Aerial 2010 UCAV (SACCON)
12002,2006 | A318-121 Vehicles
2004 Pitts S-2B Rockets and 1986 EPHAG
2006 G180 Projectiles 1987-1988 | EPHRAM
2007 A380-800 Systems 1997 Pratt & Whitney PW 119A in |
2010 | Diamond DA42NG Dornier 328-110
2010-2011  Falcon 20E 1997 Rolls Royce M45H MK501
2011-2012  Glider SB 10 in VW 614 ATTAS
2013-2014 A350 1999 F404-GE-400 in X-31A
12013==>  A320 ATRA Aircraft 1996-1997 C-160 Transall
2014 ==>  Embraer Phenom 300 Landing 1997 Do 328-100
Military 1976-1983  MRCA - Tornado Gears 1997 VFW 614 ATTAS
Aircraftand 1977 CCVF104-G 1998 Dasa/Rockwell X-31A
Technology g4, Do Alpha-Jet TST Miscellaneous 1985 Submarine, Class 206 U13
Demonstrators !
1984 Do Alpha-Jet DSFC 1997 Aircraft pilot coupling
1989-1997 C-160 Transall 1998 ' CombustionPlant RWE-WA |
11993-1998  Dasa/Rockwell X-31A 2000-2005  ALEX, Parafoil 252-7 Lite |
1997 EF 2000 Eurofighter 2002-2005  FASTWing |
2001 X-31A VECTOR 2004-2007  Audi ASABC
2009-2010  A400M 2012-2013 Tragschrauber MTOsport

Fig. 3.2 System identification—experience at DLR (Credit Ravindra Jategaonkar)
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Fig. 3.3 System identification—some recent contributions from DLR (Credit Ravindra Jategaonkar)

before the First World War were all but stable and
good-natured (see Chap. 2). They demanded the constant
attention of the pilot. There were numerous accidents caused
by the lack of training. The opportunity to work with an
experienced pilot to learn together in an airplane was rather
the exception. Therefore, the importance of pilot training on
ground, before the bold “Aviator” sat in an airplane, was
recognized early. As such it is not surprising that just a few
years after the historic flight of the Wright brothers, a few
aircraft designers built training devices to protect both the
pilots and the valuable aircraft.

The first viable ground-based simulator was offered in the
year 1909 by the French aircraft company Société Antoin-
ette. This apparatus (see Fig. 3.4), the Antoinette Learning
Barrel (“Learning Drum”) helped the pilots to fly the
Antoinette VII monoplane. Student pilots at the flight school
in Mourmelon-le-Grand found it necessary to use a training
device with which the students could develop those reflexes
which were needed to activate the control devices at the right
moment in the right direction [5]. The apparatus consisted of
two half barrels put over each other. A pilot’s seat with the
control wheels was mounted on the top. The entire assembly
was unstable about all three axes and had to be constantly

held in balance by the students. Thereby the simulation task
was clearly defined for this trainee. Using the Antoinette
Learning Barrel it was not yet possible for students to learn
to fly, nevertheless they developed a feel for the aircraft
reactions to control inputs.

(Credit North American

Fig. 3.4 Antoinette “Learning Barrel”
Museum of Flight Simulation)


http://dx.doi.org/10.1007/978-3-319-53997-3_2

3 Modeling and Simulation—Basics and Benefits

23

Without going any further into the details of the history of
development of ground-based human-in-the-loop flight
simulators, it can be stated that with the development of new
aircraft the need for corresponding training devices also
grew. With the introduction of instrument flying during the
late nineteen twenties, an appropriate training simulator was
also at disposal. In the year 1929, Ed Link developed a
simulator that provided the pilots a safe way to learn
instrument flying. During the years from 1930 to 1950, the
famous Link Trainer was built in large numbers and was
used for pilot training in many countries around the world.
The Link Trainer consisted of a cabin similar to that in an
aircraft, but without outside view (see Fig. 3.5). The cabin
could yaw up to 360°. It was supported on air-filled bellows
which limited rolling and pitching motions. In any case the
pilot sensed a reaction of the simulator on activating the
control inceptors. More important were the instruments for
the blind flight, following them, the pilot should “fly” on a
predetermined course. On an evaluation table, the instructor
could follow the course of the trainee pilot and over his
microphone give instructions. The Link Trainer is consid-
ered to be a milestone on the road to the modern training
simulator.

Modern training simulators for transport aircraft have
achieved a simulation fidelity, which allows to retrain a pilot
on a new aircraft type without further training flights (Zero
Flight Time Simulator). In these ground-based simulators
not only the cockpit environment is faithfully recreated, but
the external view, the movement and the noise are generated
too. The effort for the construction of such a simulator is
indeed significant. The acquisition of high-fidelity training
simulators is, however, worthwhile for airline operators,
because the aircraft can be deployed to generate more rev-
enue, while the pilot can be trained on the simulator day and
night.

On the other hand, combat aircraft pilots are still pre-
dominantly trained in special training aircraft. According to

Fig. 3.5 Link trainer (Credit Alberta Aviation Museum)

the US Air Force, the training after the introduction of
motion systems has even worsened. These motion systems
were not able to deliver the acceleration impressions, which
a fighter plane pilot is often exposed to. Also, due to a
certain neural mismatch between system related time delays
of motion and visual cues, training pilots sometimes became
dizzy and felt sick (Simulator Induced Sickness—SIS).
Furthermore, the US Air Force had lost many pilots due to
becoming unconscious at high maneuvering loads, because
these could not be trained in simulators (g-Force Induced
Loss of Consciousness—G-LOC [6]). Only through the
combination of simulator and centrifuge (Authentic Tactical
Fighting System—ATFS) it was possible to improve the
training success greatly.

3.3 In-Flight Simulation

No matter how good the ground-based human-in-the-loop
simulator is, it cannot, however, reproduce the reality. There
are always limitations with which one has to live with. To
derive maximum benefits from a specific simulation task, the
person entrusted with the execution of the task must also
possess the necessary professional background (for example,
test pilot, flight test engineer).

An aircraft which is converted into an in-flight simulator
comes closest to the reality. The complete replica of a
hypothetical new aircraft by converting an existing aircraft
for the purpose of pilot training is almost impossible and is
also not aspired in aeronautics. Depending on the simulation
task, only sub-areas will be generally replicated. The special
feature of the “in-flight simulation” compared to the
ground-based simulation are the authentic vision and motion
perceptions, which can be reproduced only by a real aircraft
(host aircraft, Fig. 3.6). In addition to these physiological
impressions the psychological effect is also important so that
serious consequences of pilot actions can also be faced [7].
For the development of flying qualities criteria, aircraft with

—
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variable stability (Variable Stability Airplanes) have proved
to be successful (see Chaps. 5 and 7-10).

An airplane has, considered as a so-called rigid body, six
degrees of freedom, namely three rotational (roll, pitch, yaw)
and three translational (longitudinal, lateral and vertical). If
the in-flight simulator should respond exactly about all the
six degrees of freedom (6 DOF) like the aircraft being
replicated, then accordingly as many, that is six, independent
controls must be available. Normally, this is, however, not
the case: an aircraft possesses usually three primary aero-
dynamic controls, namely elevator, aileron and rudder, and
the thrust lever position or the thrust. Corresponding to their
main effects, these four so-called control variables are suit-
able for motion simulation in the three rotational degrees of
freedom (that is, the attitude angles and their temporal
change) and in the longitudinal direction (that is, the air-
speed). The replication of the vertical motion, and thereby
also of the vertical load factor, as well as of the lateral
motion will be only in limited agreement. If the motion is to
be reproduced exactly in these translational degrees of
freedom too, then appropriate additional control effectors are
needed; for example, fast responding canard control surfaces
or trailing edge flaps on the wing, so-called DLC flaps
(Direct Lift Control), for the vertical motion or direct side
force generators, for the lateral motion.

A so-called “model following controller” then ensures
that the host aircraft replicates the behavior of the target
aircraft in just as many degrees of freedom as the number of
independent controls available [8]. In the other degrees of
freedom, there are generally, give or take, marked differ-
ences in the motion. In the model following control, the
procedure adopted is differentiated between the so-called
implicit and explicit control.

In the case of implicit control, it is attempted, through
static feedforward and feedback, to adapt directly the
behavior of the host aircraft such that it behaves like the
target aircraft.

In the case of explicit model following control, the model
following controller includes in the dynamic feedforward an
explicit simulation model (desired model) of the target air-
craft (see Fig. 3.7). The signals from the pilot inceptors are
connected only to the inputs of this simulation model. The
main outcome of this simulation is the accelerations of the
target aircraft. Furthermore, when the accelerations are
simulated correctly, then automatically their integrals,
namely the speeds and positions match too (as long as the
initial values of these integrals match). As the relationship
between control variables and accelerations is known for the
host aircraft, by “inversion” of the simulation equation (from
which the accelerations resulting from control deflections are
calculated) the necessary control deflections can be calcu-
lated from the desired accelerations (which result from the
explicit simulation of the target aircraft). Since the

accelerations of the host aircraft depend not only on the
control variables, but also on the particular flight condition
characterized by the so-called state vector, additionally an
estimation of this state vector is necessary for the calculation
of the required control deflections. This is carried out in
general using additional differential equations, which
describe the dynamics of the so-called model following
observer.

In the case of explicit model following control, the
dynamics of the controlled overall system consist of the
dynamics of the target aircraft, the dynamics of the model
following observer and the so-called error dynamics. The
error dynamics describe the temporal behavior of the model
following error, no matter how it arises. Ideally, the error is
reduced rapidly without overshooting. It can be shown that
without additional measures the error dynamics are the
same as those of the unregulated dynamics of the host
aircraft. Since these dynamics usually exhibit some very
slow and/or poorly damped elements such as the Phugoid
or the Dutch roll mode, they must be changed through a
feedback of the difference between the quantities estimated
by the feedforward and the actual, that is measured,
variables.

Even in a completely nonlinear case (that is, nonlinear
model of the target aircraft, for example, a Level-D simulator
model, and nonlinear equations of the host aircraft for the
calculation of the control variables and for the model
following observer), a very good model following quality
can be achieved using this method. However, an iterative
numeric inversion of the acceleration equations is necessary
for this purpose.

An in-flight simulator is more than an airplane with a
variable stability system. The US-literature, however, does
not differentiate between the two. The in-flight simulator
should convey an impression to the pilot that he/she is vir-
tually flying another type of aircraft. This pertains not only
to the visual and motion impressions, but also to the con-
trollability. Despite all these efforts, the in-flight simulation
is subject to limitations. One cannot simulate everything.
The simulation of a flight at supersonic speed at low altitude
using a subsonic aircraft remains problematic and the right
cockpit environment cannot easily be realized. Likewise, to
simulate a different type of aircraft, the whole database needs
to be replaced, not to mention the necessary modifications in
the cockpit for the new target aircraft. This is elaborate, time
consuming, expensive and also safety critical. This can
occasionally be realized more easily in a ground-based
simulation. Excluded are then the acceleration impressions,
which can hardly be realized realistically with a
ground-based simulator. As such it is necessary to tradeoff
between deployment of a ground-based simulation, a vari-
able stability aircraft or an in-flight simulator with all the
limitations outlined above [9].
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Ideally, during the development of a new aircraft, the
complete chain of simulation, that is, from of the ground-
based simulation to in-flight simulation, is employed to keep
the development risks as small as possible (see Fig. 1.2).
With the increasing demand for unmanned flight vehicles, a
renaissance of in-flight simulation is expected to test and to
train flying such unmanned aircraft in civilian airspace with
the so-called Optionally Piloted Flight Vehicles (aircraft
controlled by pilot as needed) or with the so-called surrogate
aircraft (substitute aircraft) (see Sects. 5.2.1.14 and 9.2.11)
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4.1 Artificial Stabilization

In the mid nineteen forties, gradual rethinking occurred
in aircraft design. New requirements were made on the
flight performance, flying qualities, and flight safety; for
example, at higher airspeeds approaching the speed of sound
compressibility effects were encountered, which led to pre-
viously unknown flight instabilities with reduced controlla-
bility. At the same time, a question of how to cope with the
high forces acting on elevator and rudder with increasing
size of aircraft and increased airspeeds had to be addressed.
At that time the possible hydraulic or electric transmission
for pilot assistance were discarded due to “a dangerous
dependence of the operational reliability of such additional
equipment” [1].

In the 7th scientific meeting of the regular members of the
German National Aviation Academy held on September 20,
1940, the term artificial stability was employed for the first
time by the aircraft designer Ernst Heinkel (“The transition
to artificial stability provided by an automatic control sys-
tem would become inevitable necessary in the near future”),
by the Junkers engineer Heinrich Helmbold (“The

Problem:
Large Control Forces
Low Pitch Damping

Solution:
Dividing the Elevator

introduction of artificial stability appears inevitable at
increasing airspeed’) and by Eduard Fischel (“Evolving
aircraft with high airspeed cannot be built inherently that
stable anymore. Therefore, the installation of automatic
control systems would become ever more imperative”) [2].
Thus, in contrast to the natural or inherent stability, they
described the overall stability of an aircraft, which would be
ensured through automatic control devices. Influences that
deteriorate the natural longitudinal stability were initially
attributed in the early 1940s to increased piston engine
performance and the related amplified interference effect of
the propeller slipstream as well as to the new airfoils for
laminar boundary layer flow. Around the same time, com-
pressibility effects with increasing airspeed were
encountered.

In the debate during the aforementioned 7th scientific
meeting, the famous aerodynamics engineer from Gottingen
Albert Betz pointed out possible configuration changes to
abate stability problems at increasing Mach numbers, for
example, canard configurations and even variable sweep
wings. The first systematic control theoretical approach for
calculation of artificial stability “through the intervening by

BV 238 Horizontal Tailplane

Surface @: Pitch Damper

Surface @: Manual Control & Trimming

* Automatic i+ Primary Control
Control + Natural Control

* Artificial Forces
Stability

Fig. 4.1 Blohm & Voss BV 238—reduction of longitudinal control forces and improving flight stability
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automatic control devices with the aim to increase inherent
stability or generate lacking stability” is attributed to E. Fis-
chel [3]. Thereby the cornerstone was laid for the calculation
of flight control systems to produce variable flying qualities.

Yet another problem in the field of control and stabi-
lization cropped up in the case of large aircraft due to the
tremendous increase of control surface moments. While, for
example, the airplane weight of a FW 190 from 3.2 tons
increased to 93 tons of the large flying boat BV 238, that is,
gone up about 30 times, already 117 times the rudder torque
had to be applied in the case of BV 238 [4]. In the case of
BV 222 (1940) and BV 238 (1944) Richard Vogt controlled
the ever increasing growth of control forces by subdividing
the elevator in an inner manual control surface (D with
manageable natural control forces assisted by an auxiliary
tab based on the Flettner principle and an outer control
surface @) to artificially improve the pitch damping effec-
tiveness (see Fig. 4.1). A somewhat different path was pur-
sued in the roll control about the longitudinal axis. As seen
in Fig. 4.2, the ailerons were divided in a small outer part
(D, which was directly driven by manageable hand forces in
the classical fashion. The inner and larger part of the aileron

Problem:
Large Control Forces

Solution:
Separate Control Surfaces

Surface ®: Manual Control

Surface @: Secondary Control
,Flettner“Tab

@ is trailed to the outer aileron, in turn, once again via a
small Flettner auxiliary rudder requiring negligible addi-
tional control forces. With the method of control surface
separation (Separate Surface Control), R. Vogt had achieved
for the first time worldwide excellent flight test results for
artificial enhancement of controllability and stability of large
aircraft. In the year 1940, this technology was immediately
incorporated into the series production of BV 222.

Finally, the yaw damper-flight experiments of K.-H.
Doetsch and EG. Friedrichs in the year 1944 at the German
Aeronautical Research Laboratory (Deutsche versuchsanstalt
fiir Luftfahrt—DVL) in Berlin-Adlershof served to dampen
the annoying snaking motion of the Henschel Hs 129 around
the vertical axis. Also, KH. Doetsch used the principle of
control surface separation for the rudder (see Fig. 4.3): little
more than one-third of the upper rudder was separated and
with the aid of a Flettner auxiliary rudder and yaw rate
feedback the snaking motion was minimized (“Overall, the
tests showed the superiority of the automatism. It seems
impossible to achieve such a favorable behavior by aero-
dynamic means” [5]). Similar investigations were also car-
ried out by the DVL towards the end of Second World War

BV 238 Outer Wing

Negligable
Control Forces

* Natural Control : -«
Forces

e Primary Control : e Artificial Feel

Fig. 4.2 Blohm & Voss BV 238—reduction of lateral control forces
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Problem:
Solution:

Snaking Tendency
Separating the Yaw Control Surface (Rudder)

Original Tailplane

Yaw Damper
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Fig. 4.3 Henschel Hs 129—artificial stability (DVL-yaw damper)

with a Me 262 test aircraft. They led to a strong reduction of
yaw oscillations during target tracking (see Fig. 4.4, [6]).

4.2 From Aerodynamic Auxiliary Devices
to Controller Assistance

From today’s perspective, the aforementioned theoretical
studies of E. Fischel and flight experiments by R. Vogt and K.-
H. Doetsch to provide artificially controllability and stability
were worldwide one of the first investigations to improve the
aircraft flying qualities by automatic means. After the Second
World War, both in foreign countries as well as after revival
of the German aerospace research and industry, this method
was deployed as an important tool for investigation and
evaluation of the control and stability characteristics of the
new types of aircraft, which were still in the development

phase. Simultaneously, this also implied paving new ways to
a more flexible aircraft design procedure with less aerody-
namic crutches (auxiliary devices) such as wing fences
(boundary layer fences) and vortex generators to influence
separated flows and their effects on the flying qualities.

Extreme examples of such aids are highlighted in
Figs. 4.5 and 4.6. Today, many effects, for example, aero-
dynamic instability for performance enhancement, can be
compensated through specific flight control laws and
strategies.

In the course of the time, research aircraft with variable
flying qualities using analog computers evolved into the
so-called in-flight simulators using digital electrohydraulic
actuation systems and reliable digital computers. Therefrom
the international research and development scenarios of
revolutionary electronic or optical flight control technologies
(Fly-by-Wire/Light) emerged without mechanical cables or
control rods (see Chap. 6).
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Flight vehicles with variable stability and controllability
were investigated in Germany during the nineteen sixties and
first flight tests with an analog computer on a Piaggio P149D
at the DVL in Oberpfaffenhofen (see Sect. 7.1). The
particulars of the beginnings of Fly-by-Wire research at
DFL/DFVLR/DLR in Braunschweig is provided in
Sect. 6.3.1. They were related to the national initiative
“Variable Stability Test Beds” [7]. The objective was to
convert three test vehicles based on a Fiat G 91T-3, a Bo 105
and a HFB 320 with variable stability characteristics. Since
the early nineteen-seventies, this technology was developed
by the DFVLR Institute of Flight Mechanics in Braun-
schweig (today DLR Institute of Flight Systems) with sup-
port from the DLR Institute of Flight Guidance and the
national industry under project like conditions. Thereby the
experimental technique of in-flight simulation could be
advanced right up to the operational deployment of four
in-flight simulators HFB 320 FLISI, Bo 105 ATTHeS, VFW
614 ATTAS and EC 135 ACT/FHS [8] (see Chaps. 7-10).

In-flight simulation acquired a more exotic significance in
the course of industrial development of three German VTOL
(Vertical Take-Off and Landing) aircraft VJ 101, Do 31 and
VAK 191 [9]. As a consequence of this interest in VTOL
aircraft, attention got focused during the early nineteen sixties
on the development of dynamically similar hovering rigs,
which were usually operated by the original engines of actual
prototypes. Use of the hovering rigs was limited not only to
the investigation of the controllability and stability of the
VTOL aircraft in hover, but also to the pre-trials of 464
equipment components of the new aircraft projects [10] (see
also Sects. 6.1.3.6 to 6.1.3.8). Many issues related to
achieving good controllability during takeoff and landing,
and to the transition to and from the horizontal, that is,
aerodynamic flight. These investigations also delivered the
first clues regarding the impact of the engine configuration on
recirculation phenomena under different inflow conditions.
Additionally, in 1969 a helicopter Bell 47 G with variable
stability characteristics of the Canadian National Research
Council was deployed for the project VAK 191 to describe
and simulate the dynamics of the hovering rig SG 1262. The
experiments demonstrated that the safety pilot of the Bell 47
G was able to monitor hazardous conditions (see Sect. 5.3.2).
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5.1 Introduction

Especially in the light of innovative aircraft configurations
with sweptback and delta wings, and without tail planes
(tailless aircraft), that encountered compressibility effects in
the transonic range, the question was raised, what kind of
flying qualities can be expected of such an aircraft and how
can they be improved, if the need arises. The pilot judgments
were here especially called for, which demanded progres-
sively new standards for the flying qualities guidelines. To
generate the databases necessary for this, aircraft were nee-
ded whose stability properties could be varied through
structural or flight control measures in a such way that a
wide spectrum of flying qualities, as optimal as possible,
could be evaluated for different flight tasks such as takeoff
and landing or target tracking.

The aeronautical research in the United States of America
started to deal increasingly with the problem of inadequate
flying qualities of high performance aircraft in the mid
nineteen forties. Although pioneering work in Germany
during the Second World War preceded the work in the
United States (see Chap. 4), it was the US National Advi-
sory Committee for Aeronautics NACA at the Ames
Research Center (today NASA) and the Cornell Aeronauti-
cal Laboratory (CAL, today: Calspan Corporation) in Buf-
falo [1, 2], who, independent of each other, converted the
worldwide first two aircraft to experimental demonstrators
with variable stability characteristics, and thereby took the
leading role in this special field of aeronautical research.

Still, there was a fundamental difference in the objectives
of the early work at NACA and at CAL in the beginnings. In
order to gather some more background information about
these early days, it was a unique opportunity to ask a con-
temporary witness, a leading scientist at Cornell Aeronau-
tical Laboratory at that time, Irving C. Statler, a former
Director of the US Army Aeroflightdynamics Directorate
and of the Advisory Board of Aerospace Research and
Development (AGARD) of NATO, to illuminate on these
beginnings from today’s perspective.

To quote Statler:

When 1 joined the Cornell Aeronautical Laboratory
(CAL) Flight Research Department in 1946, I was fortunate to
become a part of a team that left a lasting legacy of under-
standing of aircraft stability and control. Most of the failures of
the earliest attempts at powered, fixed-wing flight were associ-
ated with inadequate understanding of dynamic stability and
control. The exploratory work at CAL during 1946-1947 turned
out to be the genesis of the “variable-stability” aircraft and led to
the development of inflight simulation. The histories of the
accomplishments at CAL have focused on the activities directly
associated with in-flight simulation for which CAL is best
known and have not adequately addressed its origins.

In 1946, the Flight Research Department at CAL was trying
to find a reliable way to measure the flying qualities (that is, the
dynamic stability and control characteristics) of an aircraft in

flight. Bill Milliken and Ira Ross, who headed the Flight
Research Department, believed that the key to understanding the
dynamic stability of an aircraft and its controllability resided
within the classical equations of motion. While Bill and Ira
deserve full credit for having thought of this approach, the
subsequent successful demonstration of the viability of the idea
relied on the capabilities of the entire team, including, in par-
ticular, the analytical expertise of Walt Breuhaus, Dave Whit-
comb, and Ed Laitone and the piloting skills of John Seal, Nello
Infanti, Giff Bull, and Leif Larson.

Ed Laitone and I developed the mathematics and the analyt-
ical techniques that were the foundations for the concept of
measuring dynamic behavior in flight. We showed that the
coefficients of the equation representing longitudinal motions of
an aircraft could be identified with the stability derivatives that
defined the longitudinal, fixed-control, short-period flying
qualities of the airplane. The dynamics of aircraft motion could
be expressed from the perspective of the frequency spectra of the
responses to controlled inputs. Although the method was well
known in analyses of other mechanical and electrical systems,
this was the first time it was used to achieve understanding of
aircraft dynamics.

The U.S. Army Air Forces loaned CAL a B-25] bomber for
the experiment that would demonstrate a way to measure
dynamic stability characteristics in flight for the first time based
on the mathematical analysis. The challenge was to develop a
way to produce and measure precise control inputs and measure
aircraft responses in flight. We tried having our test pilot put in
sinusoidal elevator control, but that did not work. Honeywell
donated to us an autopilot, which we modified to produce pre-
cise sinusoidal elevator motions over a range of frequencies and
amplitudes.

Air Force pilot Captain Glen Edwards (for whom the Edwards
Air Force Base was later to be named) and Bill Milliken flew the
first experimental flights with the B-25] using the modified
autopilot to produce sinusoidal elevator motions. The aircraft
responses in pitch angle, normal acceleration, and control forces
to the elevator inputs were recorded on an oscillograph that were
transcribed manually after each flight. The B-25J tests demon-
strated that the mathematical representation agreed with the
physical facts and maintained over a large range of control-input
frequencies. For the first time, the frequency spectra of
responses to control inputs were obtained in flight and used to
measure an aircraft’s dynamic stability characteristics and
maneuvering behavior. This was not yet a variable stability
simulation, but it is where it started.

After we demonstrated that in-flight measurements of flying
qualities could be done with reliability and repeatability, the
question it raised was, ‘What flying qualities does the pilot
prefer?” In order to obtain information of pilots’ opinions on
what constituted good or bad flying qualities, we needed to be
able to change the flying characteristics of the airplane in flight.
Ed Laitone and I showed that, when control motions were made
proportional to aircraft displacements, velocities, or
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accelerations, it was mathematically equivalent to changing the
stability derivatives that determined the flying qualities (I do not
claim that this idea originated with us, but demonstrating its
plausibility from the equations of motion was. In fact, Hamel
has described the research of Heinkel and Fischel of using
artificial stability in advanced aircraft already in 1940).

The success of the experiment with the B-25] was the
beginning of the developments that evolved into the innovative
concepts of enhanced stability augmentation and design speci-
fications for handling qualities. This was the genesis of the
“variable-stability” aircraft, which led to the development of
in-flight simulation at CAL.

During about the same time, NACA also discovered the
concept of the variable stability aircraft, but they arrived by way
of solving particular stability and control problems of specific
aircraft using augmented stability.

The methodologies for automatic manipulation of the flight
controls in response to selected airplane motions were used by
CAL to explore “handling qualities” while NACA used them to
solve unacceptable flying qualities. These methodologies
enabled development of variable stability simulation and
in-flight simulation. However, more importantly, they laid the
groundwork for the current use of automatic control to stabilize
inherently unstable aircraft designs, to control stall and ride
comfort, and to achieve prescribed operational capabilities.
Artificial stability freed designers forevermore from the con-
straints of the classical approach that relied on aerodynamic
means alone to achieve satisfactory dynamic stability and con-
trol using fixed stabilizing fins and manually movable surfaces
for control.

As already pointed in Chap. 1, recollect that in this book
the name Calspan (CAL) will be used for all references to
the company though most of the pioneering was done when
the organization was still the Cornell Aeronautical Labora-
tory (CAL). Correspondingly, the name NASA will be used
for references to the organization though much of the work
was performed when the agency still was called NACA.

NASA modified the aileron control function of a Grum-
man F6F-3 in such a way that different dihedral positions of
wings could be simulated electronically (see Fig. 5.1). For
the US Navy, Calspan fitted a Vought F4U-5 with an
additional rudder, which was operated by servo control,
independent of the manual actuation (see Fig. 5.2). The aim
was to determine the optimum requirements for Dutch roll

Fig. 5.1 Grumman F6F-3 VS

Fig. 5.2 Vought F4U-5 (1948)

damping mode during landing approaches to an aircraft
carrier. Both aircraft were single seated and in the case of a
controller failure had to be switched to the basic (manual)
control system by the pilot. This safety risk was later elim-
inated through the use of two-seater test aircraft with a
so-called “Safety Pilot”, who could take over the control of
the aircraft in the case of an emergency, while the test or
evaluation pilot focused fully on the experiment.

In the following decades, a variety of variable stability
aircraft emerged at Calspan and NASA, whose flying quali-
ties could be deliberately changed through autopilots and
other flight controllers with limited control authority. With
this, it was possible to change and to investigate the flying
qualities in a systematic way, rather than relying on the
results from flight tests with different types of aircraft. Quite
soon variable stability measures were not sufficient enough to
cover the spectrum of new aircraft configurations. The desire
to predict the flying qualities of new types of aircraft was
becoming increasingly obvious. Although analytical methods
were meanwhile well developed, and also high-fidelity
ground-based simulators became available, only flight test-
ing provided the opportunity to carry out experiments and
evaluations under realistic visual and motion cues. Conse-
quently, the research aircraft were externally modified, for
example, by additional control surfaces for generating lift,
drag, and lateral forces, with which the new types of aircraft
could be simulated in flight in all modes of motion with
unlimited control authority. Special high-performance com-
puters, initially analog and later digital in compact form, took
over the task of emulating in real time the flight character-
istics of the aircraft being simulated during actual flight. All
these research aircraft, in conjunction with highly qualified
test pilots, provided a solid base for the development of new
flying qualities criteria and for the genesis of
computer-controlled flight control systems known as
Fly-by-Wire that would make it easier and safer to fly. With
increasing control authority Fly-by-Wire systems would
finally revolutionize the aircraft design process (see Chap. 6).

In the following, a relatively complete compendium is
provided on the most important variable stability aircraft or
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in-flight simulators which emerged worldwide during the
past six decades. Included are also some examples
throughout this section that are not really representative of
variable stability research aircraft and in-flight simulators,
but these vehicles use augmented (or artificial) stability to
solve particular dynamic problems. For example, review the
following Sects. 5.2.1.6 EF-86E, 5.2.2.6 F9F-2, 5.2.3.1
XF-88A and 5.2.3.2 NF-104A.

From the successive sections, it becomes obvious which
outstanding role Calspan (CAL) and NASA have played in
the development and use of variable stability aircraft and
in-flight simulators. In addition to extensive archives of the
editor of this book and DLR as well as published technical
literature, the attention is directed to the survey reports of
Breuhaus [3] and the proceedings of the first International
Symposium on in-flight simulation held in Braunschweig [4].
Also, three historic documentations about the important role
of the NASA variable stability aircraft and in-flight simula-
tors should be referred to as supplementary Refs. [5-7].

Subsequently, the unique European research expertise in
the field of in-flight simulation of the German Aerospace
Center (DLR) at the Braunschweig Research Airport will
then be highlighted in separate Chaps. 7, 8, 9 and 10.

5.2 USA
5.2.1 CAL/Calspan
5.2.1.1 Vought F4U-5 VS (1948-1952)

The Sperry A-12 Autopilot of Vought F4U-5 aircraft was so
modified that with the aid of a separated lower part of the
rudder (damping rudder, Figs. 5.2 and 5.3) the lateral sta-
bility, that is, the directional stability and yaw damping,

Fig. 5.3 F4U-5 split rudder

could deliberately be manipulated through feedback of
sideslip angle and yaw rate. Through this superimposition,
the yaw damping was artificially increased. In further studies
it could be demonstrated that a nonlinear feedback controller
leads to even better results for precision maneuvers. Such a
nonlinear controller concept was also flown successfully by
Calspan on a EF-86E (see Sect. 5.2.1.6).

In addition, the outer part of the landing flaps was
replaced by separately controllable flaps, with which inde-
pendent of the standard, hand-operated ailerons the roll and
yaw dynamics could be artificially influenced through the
superimposition of measured roll and yaw rates and angles
of sideslip. Thereby for the first time, new lateral-directional
flying qualities guidelines could be formulated for the US
Navy through the evaluation of pilot assessments. The flight
test program comprised of 160 flight hours.

5.2.1.2 Fairchild PT-26 (1948-1950)

As part of a research program on the stall and stability
behavior of aircraft at higher angles of attack, a Fairchild
PT-26 was equipped with the components of a
production-version of a Sperry A-12 autopilot to stabilize the
roll and yaw motion. An angle of attack vane was mounted
on a long vertical boom just behind the cockpit. Other
horizontal sensor booms for the measurement lateral motion
data were mounted near the right and left wing tips (see
Fig. 5.4). The autopilot was modified such that the roll
attitude, as well as roll and yaw rates, could be fed back via
pilot adjustable gains to the rudder and ailerons. In this way,
steady and stable flight conditions were flown in the longi-
tudinal mode with angles of attack up to o = 28°, with fully
separated flow well exceeding the condition of maximum lift
at o = 15° (post stall flight regime). In this context, it is
interesting to note that such investigations on the stability
behavior of an aircraft with fully separated flow acquired
special significance fifty years later (see Sect. 6.3.6).

5.2.1.3 Beechcraft C-45F (1951-1953)

The aim of this USAF research program was to alter the
flight dynamics of the aircraft by artificial stabilization of the
pitch, roll, and yaw axes. To this end, variably adjustable

Fig. 5.4 Fairchild PT-26 with vertical boom
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Fig. 5.5 Beechcraft C-45F

signals of yaw rate, angle of sideslip and its rate of change,
as well as yaw accelerations were fed to the hydraulic servo
for rudder. Yaw rate and roll accelerations were applied to
the servos for ailerons. The longitudinal acceleration signal
was fed back to the elevator servo. Artificial control force
feelings could be generated with continuously variable force
gradients. With this Beechcraft C-45F, modified as described
here, variable stability characteristics in the three primary
control axes, that in pitching, rolling and yawing, were
realized for the first time (see Fig. 5.5). Whereas for the
in-flight simulation the control inceptors were mechanically
disconnected from the control surfaces for the test pilots on
the left-hand side, the control inceptors of the safety pilot in
the right-hand seat remained permanently connected
mechanically with the control surfaces. Other important
contributions of this research program on in-flight simulation
were the targeted development of electro-hydraulic actuation
systems for activation of the aerodynamic control surfaces,
and the introduction of the safety pilot concept with
instantaneous access to the basic mechanical control system.
Before the flight test program could be completed, the test
demonstrator crashed during a routine landing.

5.2.1.4 Douglas JTB-26B (1951-1957)

In the early nineteen fifties, the analytical studies at Calspan
pointed out that for flight speeds near the speed of sound
(transonic range) and in the supersonic range, the flying
qualities in the longitudinal mode deteriorate rapidly. The
damping values of the short period mode converged to zero,
and thereby the danger potential, called pilot-induced
oscillations, increased accordingly. As such, flight test data
were needed in this flight regime to adopt the guidelines for
acceptable flying qualities in the longitudinal motion for
both flight modes, namely short period and Phugoid. For this
purpose, at the behest of the USAF, Calspan converted a
Douglas JTB-26B (see Fig. 5.6), and almost simultaneously
a two-seater F-94A (see Sect. 5.2.1.5), with a single-axis
controller to generate variable longitudinal flying qualities.
With both these testing platforms a variety of

Fig. 5.6 Douglas JTB-26B

frequency-dependent flight test data was acquired, which led
to definition of a new, worldwide utilized flying qualities
criterion. The numerical range of this so-called Control
Anticipation Parameter—CAP provides evidence of good or
poor responsiveness of an aircraft in the longitudinal mode
due to elevator step inputs.

From 1952, for the JTB-26B provided by the USAF a
variable stability system was developed, which exclusively
drove the elevator; in other words, the aircraft pitch response
behavior could be artificially varied or modified. In the
two-man cockpit, for the evaluation pilots on the right side
the, pitch stick was disconnected from the mechanical basic
system and replaced with an adjustable one with artificial
control forces (Artificial Feel). The pitch stick control for the
safety pilot on the left-hand side remained unchanged. Cal-
span engineers had devised a special feature specifically for
the investigation of the Phugoid dynamics. Two small aux-
iliary control surfaces on the aft fuselage cone (see Fig. 5.7)
were applied with freely adjustable signals of airspeed and
longitudinal acceleration and thereby the normally weakly
damped Phugoid dynamics could be artificially influenced,
that is, damped. With this small variation, the pilot work
load in landing approach on a predetermined trajectory, for
example, ILS approaches, could be significantly reduced.
Many reproducible pilot assessments were gathered up to
1957 for different combinations of frequencies and damping
of the short period mode. This data base formed the basis for
the first viable flying qualities guidelines USAF (MIL-Specs.
8785B).

By the end of 1958, the USAF research subsidies for
flying qualities investigations drained. The USAF handed
over the JTB-26 along with two further standard B-26B (see
Sect. 5.2.1.9) to Calspan for further utilization.

5.2.1.5 Lockheed EF-94A (1952-1958)

Besides JTB-26 B, practically at the same time, at the behest
of the USAF, Calspan converted a two-seater Lockheed
F-94A to a single-axis elevator control system for generating
variable flying qualities in the longitudinal mode (see
Fig. 5.8). To prepare it as a Variable Stability Aircraft, the
basic control system for the front seat evaluation pilot was
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Fig. 5.7 JTB-26B auxiliary rudder surfaces

Fig. 5.8 Lockheed F-94A

mechanically disconnected and an electronic elevator control
system introduced. On the other hand, for the safety pilot in
the rear seat controls neither for rudder nor brake pedals
were provided, with the result that he could not carry out
takeoffs or landings. The objective of the program was to
determine optimal flying qualities criteria for the longitudi-
nal motion. The EF-94A, besides the B-367-80 (see
Sect. 5.2.2.13), contributed to the emergence of the
so-called. C*-flight control law, which was adopted in a
modified form later in the flight control laws of the new

generation of Fly-by-Wire commercial aircraft such as Air-
bus A-320/330/340/350/380-family and Boeing B-777/787
series. It was also used for simulation of specific aircraft
projects before the first flight. These included the simulation
and optimization of the longitudinal control law of the
supersonic aircraft Convair XB-58 (Convair test pilot B.
A. Eriksen: “The EF-94A represented the XB-58 like meeting
an old friend”). The EF-94A was later replaced by the
NT-33A with an F-94 radome to allow sufficient mounting
space for analog computer systems and flight data
recordings.

5.2.1.6 North American EF-86E (1953-1955)

It is worth noting that the system changes of the serial F-86E
over the previous version of F-86A were significant steps
towards progressive flight control augmentation. Thus, at the
behest of the USAF, Calspan introduced a hydraulic aileron
and elevator control system with artificial control force
feeling, whereby the aerodynamic forces could no longer act
directly on the control inceptors. The decisive change in the
control system concerned the pitch control; the marginally
effective  elevator was now replaced by an
electro-hydraulically adjustable horizontal tailplane. With
this so-called All-Flying Tail the control problems due to
local shock waves at higher subsonic speeds could be
avoided. In contrast, the rudder was still operated by rods
and cables, and as such hardly suitable for damping the
typical swept-wing aircraft snaking oscillations around the
yaw axis.

After the initial very promising investigations with a
Vought F4U-5, Calspan extended the investigations to arti-
ficial stabilization of the yaw axis (yaw damping) on one of
the EF-86E provided by the USAF (USAF Register Number
(R/N) 50-588, see Fig. 5.9). To realize a nonlinear yaw
damper, a servo-actuator was mounted on the fin, which
steered an auxiliary tab of the rudder. The additional control
movements were felt by the pilots on the pedals. Through
these changes the aeroelastic stability properties of rudder
changed to such an extent that, after initial flights, it led to
fracture and loss of the rudder. Through skillful pilot

Fig. 5.9 North American EF-86E (AF50-588)
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intervention the EF-86E could be brought to emergency
landing and thereby a total loss could be prevented.

After the integration of a now irreversible electro-
hydraulic rudder control system with artificial feel, the con-
trol signals of the pilots and of the yaw damper were directly
fed to the rudder-surface. In doing so the sensitivity of the
yaw damper (gain) was revoked with increasing sideslip
angles. During the subsequent flight tests the high effective-
ness of the nonlinear yaw damper was demonstrated [8].

perform a scheduled test, then circle while we checked
the data and gave him approval to proceed with the
next test. One day, I was in the radio room as usual
and gave John the go-ahead for the next test. Then we
heard John say in a very calm voice “I think I just lost
my tail.” We held our breaths until we heard him say
“I have it under control”. We notified Buffalo Airport,
they declared an emergency, and sent the fire trucks

“l lost my Tail” To improve the EF-86E lateral flying
qualities CAL (Calspan) proposed to design a non-
linear automated control system that would make the
aircraft feel very stiff to the pilot for small directional
motions and make it responsive and agile for large
yawing velocities. I was given the task of designing
this nonlinear yaw-control system for the EF-86E.

Project leader Irving C. Statler (right), Jack Beilman (middle), and
test pilot John Seal (left) in front of the EF-86E.

I learned from analog computer simulations that it
would be necessary for the control system to operate
the rudder at fairly high frequencies on occasion.
However, the small servomotor that would fit inside
the vertical tail to drive the rudder would not have
sufficient power, so we had to devise something to
balance the inertia of the rudder. We attached two
arms to the front edge of the rudder extending ahead of
the hinge line that held counterbalancing weights at
the forward end of the arms. The weights had to be as
small as possible and yet heavy enough to balance the
weight of the rudder with the minimum length of the
arms.

We pursued the initial flight tests cautiously by
very gradually increasing the maneuvers. John would

out, but Johnny made a nice normal landing and taxied
the aircraft to the Flight Research Hangar. He had not
lost the vertical tail, but he had lost the entire rudder
including the counterbalancing arms and weights.
Subsequently, pieces were reported found scattered
over a large area of Williamsville. The public uproar
plus the estimated cost of the repairs to the airplane
were sufficient to bring my first (and last) flight-test
project to an end [9].

Irving C. Statler

5.2.1.7 Lockheed NT-33A (1957-1997)

As the first experiences of simulating in flight the longitu-
dinal motion before the first flight of the Convair B-58
Hustler with the NF-94A (see Sect. 5.2.1.5) were being
gathered, soon thereafter a Lockheed T-33 was made
available by the USAF, that was now modified in the three
primary axes (pitch, roll, and yaw axes) to a system with
variable stability and controllability (see Fig. 5.10). It was
named NT-33A (the N implying non-removable equipment).
Since the analog simulation equipment using computer with
vacuum tubes could not be accommodated in the original
T-33 fuselage, the T-33 fuselage nose was replaced through
the bulky radome of the EF-94A (see Fig. 5.11). The first

Fig. 5.10 Lockheed NT-33A
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Fig. 5.11 NT-33A with EF-94A nose

lucid description of the NT-33A including the underlying
flight test philosophy followed in the year 1961 [10].

For the simulation of steep descent of the X-15 hyper-
sonic aircraft, compared to X-15 the low drag aerodynamics
of NT-33A had to be degraded sufficiently. Thereto, air-
brakes mounted on the wingtip tanks were extended from
time to time as variable drag generators (Drag Petals, see
Fig. 5.12). That was, anyhow, a better solution than the
triggering of a drogue in flight, as was initially tried with a
North American F-100A. In addition, the front seat of the
NT-33A was adapted to the cockpit of the X-15, whereby
Calspan installed control sticks of the X-15 (see Figs. 5.13
and 5.14) on both sides, right for simulated reaction control
(Ballistic Control) and left for the aerodynamic control in the
atmosphere (Aero Control) during 60 s under zero-gravity.
The ballistic control did not cause any aircraft reactions, but
simulated only changes in the pitch attitude on the display.

Fig. 5.12 NT-33A during X-15 steep approach simulation

Fig. 5.14 X-15 (left sidestick Aero Control)

In the rear seat, the safety pilot had access to the basic
mechanical flight control system of the NT-33A. The con-
stantly changing flying qualities of the X-15 during the
re-entry into the atmosphere were simulated through a pro-
grammable nonlinear function generator, which varied the
gains of 32 measured state variables as well as flight control
parameters of the flight controller. In May 1960, began the
re-entry training and evaluation flights for the selected few
X-15 test pilots, including Neil Armstrong. Soon he had
prepared a remarkably foresighted documentation on the role
and experience of in-flight simulation for the application
domain of manned spacecraft [11].
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“Here’s your Stick” During one of the flights, with
Neil Armstrong in the front seat, we were simulating
failed dampers at something like Mach 3.2 and
100,000 feet altitude. Neil had great difficulty with this
simulated undamped X-15 configuration and lost
control of the airplane repeatedly. The safety pilot
“Nello” Infanti had to recover from each one of these
“lost-control” events using the controls in the back
cockpit. Infanti later recalled that some of these
recoveries were “pretty sporty”. The ground crew was
monitoring the test radio frequency as usual and fol-
lowed these simulated flight control problems with
great interest.

After landing, the NT-33A taxied to the ramp and
Howard Stevens attached the ladder to the cockpits and
climbed up to and talk to Infanti about the airplane
status. I climbed up the ladderfront side to talk to Neil.
He handed me his helmet knee-pad, got down from the
cockpit and we talked about the flight and walked

V

Neil Armstrong - 5.8.1930 - 25.8.2012%

toward the operations building. As we arrived at the
door Armstrong extended his right hand to grasp the
door handle-but his hand still held the sidestick that he
had broken during his last battle with the X-15
dampers-off simulation. I was unaware of any report
of this incident during the flight and had not noticed the
stick in Armstrong’s hand when he exited the cockpit.
Addressing the matter for the first time, Armstrong said—
without additional comment—*“Here’s your stick!”

It developed that Infanti had been aware of the
broken sidestick after it happened because Neil had
held it up over his head in the front cockpit for Nello to
see. After the debriefing, we took the broken sidestick
to the NASA workshop where Neil found the neces-
sary metal tubing and repaired the stick while I mostly
watched him work. The sidestick was reinstalled and
ready for the first flight the next morning. Really good
test pilots fix what they break!

Jack Beilman, Calspan

F

f

Ze.
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The NT-33A became one of the most successful in-flight
simulators worldwide. Over a period of 40 years, in addition
to the X-15 project support and the simulation of reentry
flight vehicles such as M2F2 and X-24A, primary data were
flown with NT-33A for the USAF flying qualities require-
ments for highly control augmented aircraft (MIL-F-8785
and MILSTD-1797). Further, national aircraft projects such
as A-9, A-10, F-15, F-16, F-17, F-18, F-117 and F-22, as
well as international projects like TSR.2 (England), Lavi
(Israel), JAS Gripen (Sweden) and LCA (India), were tested
and evaluated before their respective first flights. Also,
during the nineteen eighties, joint research programs were
pursued with the DLR (see Sect. 12.3.2).

A total of 5200 flights accumulating 8000 flying hours
were flown with the NT-33A at Calspan. A significant
portion of flight hours were spent on the test pilot training at
the Edwards Air Force Base (AFTPS). Robert Harper, the
co-founder of the world famous Cooper-Harper flying
qualities rating scale (Pilot Rating Scale, see Fig. 2.6) had,
on behalf of Calspan, played a key role in structuring various
flying qualities test programs for the AFTPS. In the year
1997, the NT-33A was handed over to the Air Force
Museum at the Wright-Patterson AFB in Dayton, Ohio, as
an exhibit with special merits.

5.2.1.8 Chance Vought F7U-3 (1958-1959)
Through the integration of two vertical “canard” control
surfaces, above and below the fuselage nose of a Chance
Vought F7U-3, carried out by Calspan at the behest of the US
Navy, it became possible to stabilize the lateral-directional
motion at high angles of attack, that is under separated flow
conditions (Post-Stall flight envelope). With this unusual
configuration sufficiently rapid yaw damping moments could
be generated, which effectively prevented an uncontrolled
buildup of critical lateral-directional flight conditions (Post-
Stall Gyrations). The signal of the rate of change of angle of
sideslip (beta-rate) was used in the controller feedback (see
Fig. 5.15).
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Fig. 5.15 F7U-3 with additional control surfaces

5.2.1.9 Douglas TB-26B (1959-1981)
After Calspan had demonstrated to the US Naval Test Pilot
School (NTPS, Patuxent River, MD) the specific utilization
potentials of Douglas JTB-26B (see Sect. 5.2.1.4) with
variable flying qualities in the longitudinal motion, a special
training program was worked out in 1960 for future flight
test pilots. As a result, in addition to the theoretical knowl-
edge of flying qualities evaluation, the test pilots could fol-
low for the first time the practical demonstration in flight
tests. As a consequence of the wide acceptance of these pilot
trainings, the US Air Force Test Pilot School (AFTPS,
Edwards AFB, CA) also introduced these training courses
with the Douglas B-26B three years later. Due to the heavy
demand, two of three B-26B aircraft loaned to Calspan by
the US Air Force were converted in 1963 to TB-26B aircraft
with variable stability characteristics in all three principal
axes (3 degrees of freedom: pitch, roll, yaw). Finally, in the
mid-1960s, the two engines could be driven with the aid of
servo controls (closed loop throttle servo), and thus 4
degrees of freedom were at disposal for the first time for the
in-flight simulation of a supersonic aircraft.

The two TB-26B (R/N N9146H and N9417H) were uti-
lized for research and training programs till the late nineteen
seventies (see Figs. 5.16 and 5.17). The third B-26 was used

Fig. 5.16 Douglas TB-26B N9146H

Fig. 5.17 Douglas TB-26B N9417H
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in this period as “spare parts storehouse”. One of them was
lost in spring 1981 at the US Edwards Air Force Base due to
a wing-fatigue fracture, the other is in the Air Museum of
Edwards Air Force Base. They were successively replaced
through timely procured and converted Calspan Gates
Learjet Model 24 VS (see Sect. 5.2.1.13).

5.2.1.10 Convair NC-131H TIFS (1970-2011)

In addition to the aforementioned NT-33A, another in-flight
simulator has played a particularly prominent role in the
transport aircraft sector. On a former US Air Force C-131B
transport aircraft (civil: Convair 340, built in 1955) extensive
modifications were undertaken by Calspan during the late
60s (see Fig. 5.18). The original piston engines were
replaced through propeller turbines with double the engine
power. More striking conversions included the integration of
vertical control surfaces for side force control on the wings
and the attachment of an additional simulation cockpit (du-
plex cockpit) on the fuselage nose (see Fig. 5.19). Through
installation of a comprehensive system to produce variable
flying qualities, additional electronically controllable direct
lift control (DLC) surfaces and a servo-controlled engine
throttle control, an in-flight simulator was developed for the

Fig. 5.18 NC-131H TIFS

Fig. 5.19 TIFS duplex cockpit (USAF)

first time worldwide that permitted the manipulation of the
aircraft dynamics in all the six degrees of freedom (3 rota-
tional degrees of freedom: pitch, roll and yaw; 3 translational
degrees of freedom: vertical, horizontal and lateral).
Accordingly, the test aircraft was called TIFS (Total In-
Flight Simulator) and due to the constructive changes carried
out on a permanent basis, it was registered as NC-131H
(civil: Convair 580) in the Air Force.

The side-by-side seat duplex cockpit with an excellent
exterior view, programmable displays, and replaceable or
reconfigurable control inceptors with artificial force feel (see
Fig. 5.19) was occupied by the test and evaluation pilots
during flight experiments, whereby the flight safety was
monitored by the safety pilot sitting left in the actual cockpit.
He could turn off the simulation system and take over the
command in the case of emergencies.

At Calspan (Ed Rynaski) the so-called Explicit Model
Following Control principle was used on the TIFS for the
first time, in contrast to the previously applied classical
feedback control, also called Implicit Model Following
Control (Response Feedback), see Sect. 3.3.

Not so well known is the second TIFS configuration
(TIFS II), which was in a semi-finished stage, during the
nineteen-seventies at the company Aerospace Lines
(R/N N21466) with side force generators and a Boeing B707
nose, which was to be exclusively converted by Calspn for
commercial applications and offered to NASA for utilization
(see Fig. 5.20). This program was, however, cancelled due
to cost reasons.

TIFS made its maiden flight in June 1970. The first full
in-flight simulation took place on 10th June 1971 for the
Rockwell B-1A project. Since then in the following 32 years
continuous improvements were carried out to the simulation
and cockpit systems, such as migration from “egg timer” to
flat panel displays up to artificial view (Synthetic Vision),
from analog computer components to compact and flexible
digital computer components, and control columns (Wheels)
to programmable sidesticks. Numerous utilization programs
were flown, and aircraft projects such as X-29, X-40, B-2,
YF 23, C-5 and C-17 as well as civil projects like Boeing
7J7 (later Boeing B-777 “Triple Seven”), MD-12X, SST
(Supersonic Transport) were simulated in flight with the
NC-131H before their respective actual first flight. Likewise,
as in the British-French supersonic aircraft Concorde,
flanking support programs were flown.

Based on a transatlantic cooperation program (MoU) be-
tween the USAF and the DFVLR (now: DLR, see Sect. 12.
3.2), DLR test pilot Hans-Ludwig (“HaLu”) Meyer could
participate in the flight test program to evaluate the flying
qualities of a very large aircraft. An interesting outcome was
the comparison of the control strategies of DFVLR pilot with
an Air Force pilot. While the USAF pilot tried with larger,
high-frequency control activity to compensate for any
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Fig. 5.20 Convair 580 TIFS II with civilian registration number and Boeing 707 nose (Credit Peter de Groot)

smallest trajectory deviation, HaLu reached practically the
same result with much quieter, low-frequency control inputs.
The comparison was then interpreted informally as the
mental difference between a Texan cowboy and a “cool”
North German sailor.

In addition to the test pilot training for the Air Force Test
Pilot School (AFTPS), TIFS served in a very special way the
development and testing of flight control laws for the
unpowered landing of the Space Shuttle. As in the case of
the NT-33A, it was necessary here to generate additional
aerodynamic drag for simulation of steep descents of up to
15° glide path angle. This was achieved on TIFS by
deflecting the lateral force control surfaces in opposite
directions.

On 17th November 2008, a piece of US aviation history
was concluded. After more than 40 years and 2500 research
flights, TIFS landed for the last time at the Wright-Patterson
Air Force Base in Ohio (see Figs. 5.21 and 5.22). Thereafter,

it received a special place of honor at the National Museum
of the United States Air Force.

5.2.1.11 Bell X-22A VS (1971-1984)

The unusual Bell X-22A configuration is till today the only
short and vertical take-off (V/STOL) aircraft, that was in the
nineteen sixties already in development phase conceptual-
ized as a flight test demonstrator with variable stability
capabilities. The propulsion concept consisted of two pairs,
one behind the other, encapsulated 2.1 m propeller devices
(dual tandem tilting ducted fans), which were driven by four
turboshaft engines in the rear stub wings. A total of 10
transmission units had to be integrated, to ensure safe flight
even with an engine failure. The engine propeller encased in
ducts could be tilted through 90° by hydraulic actuation
systems for the transition from vertical takeoff to horizontal
flight. All flight control and stabilization tasks, such as
attitude and airspeed commands of the research aircraft were

Fig. 5.21 TIFS last flight on 7th November 2008 (Credit USAF)

Fig. 5.22 TIFS USAF team after the last flight (Credit USAF)
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Fig. 5.23 X-22A R/N 1520

Fig. 5.24 X-22A R/N 1521

ensured through the collective adjustment of the blade pitch
angle of the four turbofan propellers in conjunction with
symmetrically or differentially operable control surfaces
(elevons) in the wake of ducted propellers.

From the two X-22A vehicles which were built, the first
(see Fig. 5.23, R/N 1520) crashed on 8th August 1966 after
just 15 flights due to a hydraulic double failure. The second
X-22A (see Fig. 5.24, R/N 1521) was equipped by Calspan
with a computer-controlled simulation system for generating
variable flying qualities. In the simulation mode the test pilot
in the left seat could feel and evaluate the artificially mod-
ified control and stability properties in the hover and during
the transition phase, whereas the safety pilot in the right seat
could at any time switch over to the mechanical back-up
control and take over the command.

In the period starting from the maiden flight on 19th May
1969 up to June 1970 a total of 400 vertical takeoff and
landing flights, 200 short takeoff and landing flights, and
finally 185 transitions between vertical and horizontal flight
(Fig. 5.25) were executed for the US Navy Air Force and
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Fig. 5.25 X-22A during transition

Fig. 5.26 Decommissioned X-22A R/N 1521 (Credit Micha Lueck)

Army, NASA and FAA. In July 1970, the X-22A was
handed over to Calspan for further research flights. These
included test flights for the AV-8B Harrier II project and the
development of a HUD (Head-Up Display) vision system.
The X-22A was also employed at the US Naval Test Pilot
School USNTPS for demonstration and training purposes
and delivered important data for flying qualities specifica-
tions of future vertical and short take-off aircraft. These data
ultimately contributed also to the success of the V-22 Osprey
program. As a spin-off-product, a new air data sensor
LORAS (Linear Omnidirectional Resolving Airspeed Sys-
tem) was developed for vertical and short takeoff aircraft
(V/STOL) and helicopter, which is deployed today world-
wide in series production helicopters. After a total of 500
flights with 405 flight hours, the X-22A was decommis-
sioned in October 1984 and is now at the Niagara Aerospace
Museum to admire (see Fig. 5.26).
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Fig. 5.27 NCH-46A

5.2.1.12 Boeing NCH-46 VSC (1972-1988)

A Boeing CH-46A was converted by the US Naval Test
Pilot School (USNTPS) to a test helicopter NCH-46 VSC
with variable flying qualities (Variable Stability and Control
—VSC), which served the test pilot school until the mid-80s
for educational and training purposes. By the end of 1972,
the hover-autopilot from Sperry was modified in such a way
that the series-servos in the pitch and roll axes could change
the stability properties in these axes with limited authority.
A variable stick force feel system was foregone. In 1981,
Calspan modified the VSC computer system and the control
laws. With these modifications the system reliability was
increased, and thereby the flight test engineer who operated
the VSC system onboard could be omitted. Besides the test
pilot training, important contributions to the development of
new flying qualities criteria and MIMO (Multiple Input—
Multiple Output) flight control laws could be achieved (see
Fig. 5.27). In 1988 the aircraft was returned to the US Navy.

5.2.1.13 Learjet Model 24D VS (Since 1981)
In the late nineteen-seventies, the life of the two B-26B (see
Sect. 5.2.1.9) approached the termination and activities
began at Calspan to convert a Gates Learjet (Model 24D,
R/N N101VS) to a training aircraft with variable stability
(VS) in the three primary control axes (pitch, roll, and yaw)
(see Fig. 5.28). Only in this way continuity of training
flights for the test pilot schools US Air Force (AFTPS,
Edwards AFB, CA) and the US Navy (NTPS, Patuxent
River, ML) could be maintained over longer periods. One of
the main reasons for buying a Learjet was the structural
robustness and also the high thrust to weight ratio.
Adequate space allowed the test and safety pilots, in
addition to the time proven juxtaposition of cockpit seats,
inclusion of an additional observer and a flight test engineer.
The maneuverability was almost like that of a combat air-
craft in subsonic flight range. New vanes were installed for
the measurements of angles of attack and sideslip as well as
electrohydraulic actuators were integrated for electronic
control of the elevator, rudder, and ailerons. The right
cockpit seat for the test or student pilots was provided with

Fig. 5.28 Calspan gates Learjet 24 N101VS

programmable operating elements, such as a centrally and
laterally arranged stick (center stick and sidestick) and rud-
der pedals. The center stick and rudder pedals were freely
programmable to produce a sufficient bandwidth of artificial
control force (Artificial Feel).

At the beginning of VS system equipping, 64 parameters
of an analog computer had to be programmed to define a
particular configuration for an in-flight simulation. Allto-
gether, 128 different aircraft configurations were stored
onboard, and each of these configurations could be selected
by the safety pilot with a push of a button. Thereby the
safety pilot in left cockpit seat remains in a position to
intervene and take over control of the aircraft at any time on
reaching the set simulation limits. The first flight of the
Learjet with a system for the variable controllability and
stability took place in February 1981. In later years, the
analog computer of VS-system was replaced by a digital
computer. Thereby the preparation and conducting of
experiments could be further improved, especially in the
areas of modeling and simulation in real time and flexible
programming of the display imagery.

5.2.1.14 Learjet Model 25B/D VS (Since 1991)
After about ten years, because of the increasing demand for
training flights with in-flight simulators at the international
test pilot schools, another Gates Learjet (Model 25B, R/N
N102VS) was procured by Calspan, that was initially
equipped with a VS system similar to that in the Learjet
Model 24B VS (see Fig. 5.29). The first flight took place in
March 1991. Since then this Learjet is deployed as an
in-flight simulator also in Europe, for example at the test
pilot schools EPNER (France) and ETPS/NTPS (England).
The VS system was in the meantime modernized and now
includes an explicit Model Following system with
MATLAB Simulink® software in conjunction with a
so-called Real-Time Autocode.

In 2007, a third Learjet (Model 25D, R/N N203VS) was
incorporated into the Calspan fleet. Finally, in 2014 a fourth
Learjet (Model 25D R/N N304VS, formerly N515TE) was
procured.



5 Variable Stability Aircraft and In-Flight Simulators

47

Fig. 5.29 Calspan gates Learjet model 25B N102VS (Credit Calspan)

With the Learjets of Calspan, many flight test programs
were carried out for civil and military aircraft projects and
their avionics components. In agreement with the FAA,
since the beginning of 2000 training programs are offered for
commercial pilots of scheduled and charter airlines, which
should lead to a better perception and responsiveness under
uncontrolled flight conditions (Loss of control—LOC). The
Learjet training program (Upset Recovery Training—URT)
is based on actually occurred aircraft accidents and it allows
to illustrate and perform the same in the safer environment of
in-flight simulation of chosen commercial aircraft with
safety pilots under very realistic environmental conditions.
Such training programs appear particularly useful with
increasing automation of aircraft in connection with unex-
pected aerodynamic disturbances such as turbulence, wake
vortices and icing, during faults or failures of aircraft engi-
nes, airborne and sensor systems as well as in operating
errors and faulty pilot communications. Because of the
importance of the global civil traffic aviation safety, the US
Aviation Insurance Company Global Aerospace participates
in this training program since mid-October 2013.

Further, noteworthy programs were flown with the
Learjet N102VS as so-called replacement aircraft (surrogate
aircraft). The program simulated an unmanned aircraft
X-47B with the aim of an autonomous refueling task
(Autonomous Aerial Refueling—AAR, see Figs. 5.30 and
5.31).

In conclusion, four variable stability Learjets continue the
legacy of in-flight simulation (IFS) at Calspan. Each aircraft
is equipped with a programmable Fly-by-Wire/Light control
system that allows for modification of the dynamics of the
base Learjet airframe. While the aircraft have been used for
manned aircraft handling qualities evaluations for decades,
the programmable nature of the VSS allows the aircraft to be
used also as UAV surrogates to test the latest in unmanned
aircraft technologies [12].

Fig. 5.30 Calspan Gates Learjet model 25B N102VS with a refueling
nose probe

Fig. 5.31 Calspan Gates model 25B N102VS during autonomous air
refueling

5.2.1.15 General Dynamics NF-16D VISTA (Since
1992)

The US Air Force commissioned in 1988 General Dynamics
with the conversion of a General Dynamics F-16D series
vehicle to an in-flight simulator with supersonic capabilities
called NF-16D VISTA (Variable Stability In-Flight Simu-
lator Test Aircraft). Calspan was subcontracted to install
computer-controlled central and lateral side control grips for
the test pilots and to develop a digital computer system for
generating variable flying qualities (Variable Stability Sys-
tem—VSS). In the tandem cockpit, the test pilot sat in the
front with programmable visual displays and behind him the
safety pilot who also directed and monitored the test pro-
gram. The integration of this VSS simulation system with
the standard Fly-by-Wire computers of the F-16D base air-
craft provided in the late 80s a special innovational boost.
The development of the NF-16D (AF 86-048) was com-
pleted in April 1992 (see Fig. 5.32).

Meanwhile, from July 1993 to March 1994, the NF-16D
VISTA was converted for the MATV technology program
(Multi-Axis Thrust Vectoring) to test the controlled flight at
high angles of attack using thrust vectoring and was tested at
the Air Force Edwards Flight Test Center (see Sect. 6.2.2.18).
Already in mid-1994 the variable stability system was
reinstalled and was available again for training purposes and
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Fig. 5.32 NF-16D VISTA (AF 86-048)

in-flight simulations at the Wright Patterson Air Force Base
from January 1995.

The first comprehensive simulation program was flown in
the year 1995 for the USAF project YF-22. Since then
VISTA was equipped with other components such as a
helmet mounted and head-up display (HMD, HUD) and
employed in a variety of research and development pro-
grams. On October 1, 2000, the NF-16D was transferred to
the test pilot school AFTPS at the Edwards Air Force Base.
With the support of Calspan, there it continues to be oper-
ated further for test pilot training and selected research
programs (see Fig. 5.33).

An adaptive flight controller that could enable pilots to
save a damaged or out-of-control aircraft was tested on the
F-16D VISTA in cooperation with the University of Illinois
and the USAF Edwards TPS (1st flight August 26, 2016).
The adaptive controller dubbed LI was designed as a backup
safety flight control system (FCS) to augment a standard
FCS in a conventional aircraft, or as the main control system
for an unmanned aircraft.

The LI controller operates in real time to predict transient
behavior by estimating an aggregate of uncertainties, rather
than relying on the selection of preprogrammed gains, as do

Fig. 5.33 NF-16D VISTA flight test preparations

most other adaptive FCS. The controller includes a state pre-
dictor and a fast estimation law, which together approximate
the dynamics of the aircraft in order to rate system uncertain-
ties. These estimates are provided as input to a
bandwidth-limited filter that generates a control signal to the
FCS. The test and evaluation campaign covered 20 flight hours.

5.2.1.16 Sikorsky NSH-60B VSC (1992-2011)
Besides the hired in-flight simulators from Calspan (B-26B,
NT-33A, X-22 VS, Learjet Model 24 VS), since the 70s the
US Naval Test Pilot School (USNTPS) operated its own
variable stability aircraft like the NCH-46 VSC, which was,
however, returned to the US Navy in 1988. Since 1992, two
Sikorsky H-60B with irreversible hydraulic flight control
and autopilot equipment with 10% control authority were
selected as successors. The simulation system (Variable
Stability and Control—VSC) delivered by Calspan worked
on the principle of response feedback, enabling the variation
of flying qualities in the pitch, roll, and yaw axes. For this
purpose, the hydraulic actuation systems and sensors of
autopilot system were enhanced through installation of
position transducers on control inceptors and rotor blades
and a 3-axis pitch, roll, and yaw rate gyro package. The
safety and instructor pilot sits on the left in the cockpit, and
on the right-hand side the test or respectively the student
pilot. From both places the VSC system could be operated
and flown. Via a so-called configuration selection system
(Configuration Control System—CCS), the digital computer
provided for 146 different models (configurations) to choose
from within a few seconds. To suppress the coupling of
higher frequency rotor-controller-fuselage oscillations,
extensive frequency response analysis and measurement
signal filtering were performed during system testing. In
safety-critical flight conditions, both pilots were reverted
back to the basic control system. Because of increasing
maintenance efforts on the helicopters, both the NSH-60B
VSC were grounded in 2011 (see Fig. 5.34).

Fig. 5.34 NSH-60B VSC
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Fig. 5.35 NUH-60L of the US Navy test Pilot School

5.2.1.17 NUH-60L VSS (Since 2016)

As apart of the call for proposal, since July 7,2013 afollow-up
program was prepared at the U.S. Naval Test Pilot School
(USNTPS) for its both NSH-60B VSC helicopters. It was
originally planned to integrate the VSS system, at that time
developed by Calspan for the NSH-60B (see Sect. 5.2.1.16)
with an ability to modify the stability and control properties,
with new hardware and software, in two UH-72 Lakota, to be
designated as NUH-72 VSS. This helicopter type would have
been ideally suited as host helicopter due to its high control
effectiveness in the rotor system. Regrettably, however, the
decision was taken by the customer that Calspan should carry
out the conversion of two Sikorsky UH-60L VSS Black Hawk
helicopters (NUH-60L, see Fig. 5.35), a helicopter type which
flew for the first time already on October 17, 1974. NUH-60L
is in operation since 2016.

The VSS system is designed for the three primary axes
(pitch, roll, and yaw). These include intelligent electrome-
chanical actuators (Smart Electro Mechanical Actuator—
SEMA), again with a limited authority for expedious and
cost-effective modification and certification. The in-flight
simulators converted in such a fashion would receive a
military certification (NAVAIR Flight Clearance), which is,
however, based mostly on the civilian FAA type approval
and thereby ensuring a more low-cost supply of spare parts.

5.2.2 NASA

5.2.2.1 Grumman F6F-3 VS (1952-1956)

As already explained in the introductory Sect. 5.1, NASA
Ames Research Center played a pioneering role in imple-
menting the first ideas of an in-flight simulation. With a
converted Grumman F6F-3 VS (see Fig. 5.1, NACA 158)
the worldwide first aircraft with a limited variable stability
capability was created in the year 1948. The basic idea is
traced back to the NASA engineer William Kaufmann, who
critically followed up the heavy expenditure on the

i
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Fig. 5.36 F6F-3 and the NACA Ames team (1950)

construction of three Ryan FR-1 Fireball aircraft configura-
tions with different wing dihedral positions to determine the
optimal lateral stability, presented by the rolling moment due
to sideslip. This is an important flight mechanical parameter,
which affects significantly the lateral flight behavior while
initiating a turn. W. Kaufimann developed a concept for
artificially influencing the rolling moment due to side slip in
flight using tools based on control technology, which was
patented in 1955. His system for varying the rolling moment
due to side slip was based on actuating the ailerons as a
function of the angle of sideslip. Later on, the electrome-
chanical actuation of the rudder as a function of
gyro-measured roll and yaw rates, as well as a function of
the vane-measured angle of sideslip were added. The FO6F-3
VS was deployed for a variety of flight tests to determine
flying qualities criteria pertaining to the lateral-directional
motion and for industrial assessment of the optimum rolling
moment due to side slip in aircraft projects even before the
first flight (see Fig. 5.36).

5.2.2.2 Lockheed T-02/TV-1 VS (1952-1960)

In 1951, the NASA Langley Research Center received for
research purposes a Lockheed TV-1 (BuNo 124933, redes-
ignated since 1962: T-33B), which was fitted under the nose
with a fixed vertical fin and a hinged control surface (see
Fig. 5.37). The control surface was connected mechanically
with a yaw rate gyro. The aim of this study was to investi-
gate the influence of this variably adjustable damping device
on the Dutch Roll (yaw oscillation) behavior at high air-
speeds. As early as 1958 flight tests were undertaken for the
first time with a sidestick controller in combination with an
irreversible hydraulic flight control system.

5.2.2.3 North American F-86A VS (1950-1956)
To extend the recent variable stability investigations with the
F6F-3 for determination of optimal flying qualities to the
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Fig. 5.37 US Navy Lockheed TV-1 at NASA Langley

new generation of fast flying swept wing configurations,
initially a North American F-86A (see Fig. 5.38, AF 47-609,
NACA 135) and later an improved F-86E (see Sect. 5.2.2.7)
as well as a YF-86D (see Sect. 5.2.2.5) were equipped at
NASA Ames with variable stability (VS) systems. The
F-86A VS system was limited to the yaw axis, and the
rudder was operated via electrohydraulic means. During the
period from 1952 to 1956, complementary in-flight simula-
tions of an entire range of aircraft projects were completed
with the F-86A and the FOF-3 to evaluate the flying qualities
before the first flight. These included aircraft designs in
different categories such as D-558-1I, XF-10F, X-1 variants,
B-58, XF-104, XF8U-1, FOF-9, XT-37, B-57D, T-38 and the
large flying boat P6M with four turbojet engines on the
wings.

5.2.2.4 Sikorsky HO3S-1 (1952-1958)
In the year 1952, a Sikorsky HO3S-1 (H-5F) helicopter was
converted to the first helicopter with a variable stability and

control potential, and since 1953 was operated by the NASA
Langley Research Center (see Fig. 5.39, NACA 201). For
this purpose, the pilots drove the electromechanical actuators
through a modified autopilot with adjustable potentiometers,
in parallel to the basic control in the pitch, roll, and yaw
axes. In this way, the ratio of the stick displacement to
attainable control moment (control power) and the damping
in the pitch, yaw and roll axes could be varied. In an
emergency, the safety pilot had direct access to the
mechanical control system of the basic helicopter. With this
flight vehicle, a first database used to determine the flying
qualities requirements of helicopters was flown.

5.2.2.5 North American YF-86D (1952-1960)

NASA Ames upgraded a North American YF-86D with a
simulation system for changing the flying qualities in the
longitudinal mode (see Fig. 5.40, NACA 149). This

Fig. 5.38 F-86A (NACA 135)

Fig. 5.39 HO3S-1 (NACA 201)
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Fig. 5.40 YF-86D (NACA 149)

included variable stick feelings such as force gradient and
sensitivities using electro-hydraulic means. These control
inputs were generated by the pilot using potentiometers and
fed directly to the horizontal stabilizer. To change the sta-
bility behavior, the measurement signals of angle of attack
and the yaw rate were fed back with variable adjustable
gains to the horizontal tail. With this flight vehicle, unstable
configurations were flown for the first time and handling
qualities assessed. Such investigations became of special
importance later in the development of Fly-by-Wire systems
for unstable aircraft. Also at DFVLR corresponding inves-
tigations were carried out in the late 70s with the HFB 320
FLISI (see Sect. 7.3.12).

5.2.2.6 Grumman F9F-2 (1954-1955)

The flying qualities of a Grumman F9F-2 Panther (BuNo
122560) were modified by NASA Langley using an
autopilot with limited authority (see Fig. 5.41). The roll and
pitch attitude signals could be introduced with the aid of an
analog computer. Also, testing of a sidestick device in
conjunction with various artificial stick forces (adjustable
spring or damping characteristics) was a part the NASA
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Fig. 5.41 F9F-2 at NASA Langley

Langley research program. Originally built as a FOF-3, this
test aircraft had a Pratt and Whitney J42 turbojet power
plant, hence the designation change. This research aircraft
served long enough at Langley to witness the change from
the NACA to NASA on October 1, 1958.

5.2.2.7 North American F-86E (1957-1959)
While the variable stability system of the F-86A (NACA
135) was limited to the yaw axis, the North American F-86E
could be driven electro-hydraulically both in the yaw and the
roll axis via computer and thus the stability and control
parameters of the lateral-directional motion could be varied
(see Fig. 5.42, NACA 157). Because the F-86E compared to
the F-86A was also equipped with a servo-controlled
electro-hydraulic horizontal stabilizer as default, the aero-
dynamic parameters of the longitudinal motion could also be
varied based on control engineering measures. Through
separate servo actuators on the left and right ailerons, they
could also be activated symmetrically. This meant that by
combining symmetrical aileron and horizontal tailplane
deflections the flight in the turbulent air could also be sim-
ulated. The main objective of these investigations focused on
the identification of critical stability parameters in the lon-
gitudinal and lateral-directional motion, for which the flying
qualities were still judged to be acceptable by the test pilots
during both high-speed flights at high altitude and landing
approach.

5.2.2.8 Grumman F-11F-1F (1960-1961)

The Grumman F-11F Tiger became worldwide famous,
because on September 21, 1956, it shot down itself after
overtaking a projectile fired from its own onboard cannons.
In the research at NASA Langley Research Center, the
F-11F-1F with a powerful J-79 jet propulsion had proved
more useful (see Fig. 5.43). The longitudinal control system
(pitch control) of the supersonic aircraft was provided with a
variable steering assistance system (Variable Control and
Response Feel), which could be influenced by five flight
measured variables, namely control surface deflections and
their rate of change, vertical acceleration, pitch rate and pitch
acceleration. The flight test results showed that only a

Fig. 5.42 F-86E (NACA 157)
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Fig. 5.43 F11F-IF at NASA Langley

well-matched ratio of vertical and pitch accelerations
ensured optimal steering assistance with adequate flight
stability.

5.2.29 North American JF-100C (1960-1972)
After the development of the FO6F-3 at the NASA Ames
Research Center, the concept of in-flight simulation was
evolutionarily continued with the aforementioned NASA
F-86 Series (F-86A, YF-86D, F-86E). Finally, in the year
1960, a North American F-100C was converted to an
in-flight simulator JF-100C (see Fig. 5.44, AF 31709,
NASA 703), initially for the X-15 reentry and landing
simulation. The research aircraft was subsequently trans-
ferred to the NASA Flight Research Center, which was later
named after the NASA researcher Hugh Dryden and from
2014 has been renamed after the NASA test and astronaut
pilot Neil Armstrong. The JF-100C had, like for the afore-
mentioned NASA variable stability aircraft, the flight critical
disadvantage of single seat capability, which posed special
challenges to the test pilots during system failures.

The X-15 flying qualities were realized using two mobile
analog computers, which, on the ground, when connected
with the JF-100C also enabled ground-based simulations as
a system check before the actual in-flight simulation. With
the JF-100C also safety-critical flight conditions with roll
and yaw damper failures were investigated. After the aircraft
returned to Ames Research Center in the year 1964, there

Fig. 5.45 JF-100C with NASA Ames team

were further investigations on the effectiveness of a direct lift
control (DLC) to improve precision approach procedures for
air refueling (see Fig. 5.45).

5.2.2.10 Bell X-14A/B (1960-1981)

The VTOL experimental aircraft Bell X-14A, looking
somewhat unusual (see Fig. 5.46, NASA 234), was con-
structed in an extremely short period of time partially using
construction components from two Beechcraft aircraft,
namely 35 Bonanza and T-34A Mentor. The first flight in
hover took place on February 17, 1957. The first complete
VTOL cycle with transition to the wings supported flight
was performed on May 24, 1958.

The X-14A had an open cockpit, two turbojet engines
with thrust vectoring arranged in parallel and a pro-
grammable analog computer to generate variable flying
qualities. During the period from 1961 to 1971, extensive
in-flight simulations for extracting flying qualities criteria for
flight in hover and during transition phase were performed at
the NASA Ames Research Center. These flight tests played
later an important role in the development of British vertical
takeoff aircraft Hawker P.1127, from which the V/STOL
fighter aircraft Harrier emerged. Also, it should not be for-
gotten that in 1965 Neil Armstrong tried out and trained on
the X-14A the flying qualities of the Apollo Lunar Module
(Lunar Excursion Module—LLEM) (see Fig. 5.47 and
Sect. 6.1.3.3).

Fig. 5.44 JF-100C (NASA 703)

Fig. 5.46 X-14A (NASA 234)
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Fig. 5.48 X-14B (NASA 704)

In the year 1971, the X-14A was fitted with new engines,
a new digital system for in-flight simulation and was des-
ignated X-14B (see Fig. 5.48, NASA 704). With this ver-
sion, a new model following system (Variable Stability
Control Augmentation System—VSCAS) was tested for
attitude changes during precision hover with V/STOL air-
craft. About 25 test pilots flew the X-14B. During the last
flight in 1981 with the project pilot Ron Gerdes, a pro-
gramming error led to saturation of the roll-actuators with
unstable oscillations, which resulted in a crash. He came out
without injuries from that and flew later in Braunschweig the
helicopter in-flight simulator Bo 105 ATTHeS of the Ger-
man Aerospace research Center DLR under the MoU Heli-
copter Flight Control (see Sect. 12.3.3).

5.2.2.11 Boeing-Vertol YCH-46C (1962-1975)

After the initial experiences and successes with the HO3S-1
as an experimental helicopter with variable stability and
control capabilities, in the year 1962, the US Army made
available to the NASA Langley Research Center a
Boeing-Vertol YHC-1A BV (Army 58-5514) with tandem
rotor assembly. It was soon renamed as YCH-46C and
equipped with an efficient system for generating variable
stability and control characteristics (see Fig. 5.49, NASA
533). The 4 degrees of freedom, namely pitch, roll, yaw, and

Fig. 5.49 YCH-46C (NASA 533)

vertical dynamics, were driven by electro-hydraulic actua-
tors in parallel to the mechanical control system. For the
actual in-flight simulation, the then new method of explicit
model following control was applied.

With the YCH-46C an extensive flight test database was
flown for the development of flying qualities guidelines for
helicopters. In the year 1968, at the NASA Langley
Research Center the project VALT (VTOL Approach and
Landing Technology) was launched, for testing special
landing approach procedures (Decelerating Approaches)
under poor visibility and low cloud levels (Zero Visibility,
Zero Ceiling). In the year 1968 the worldwide first fully
automated landing on a pre-assigned target point was per-
formed. The utilization of YCH-46C ended in the year 1974
after 12 years of service with 685 flight hours and impres-
sive flight test results [13].
5.2.2.12 Lockheed C-140 JetStar GPAS (1965-
1977)

In June 1964, at the behest of NASA Dryden Research
Center, Calspan equipped a Lockheed C-140 JetStar, labeled
GPAS (General Purpose Airborne Simulator) with an
electro-hydraulic flight control system to modify the flying
qualities (see Fig. 5.50, NASA 14, later: 814). The aircraft
was fitted with a 4-axes simulation system (pitch, roll, yaw,
and thrust modulation) and was delivered in November 1965
to the NASA Dryden Flight Research Center. In summer
1971, the landing flap system was supplemented with direct
lift control (DLC) devices. With the help of an explicit
model following system, different configurations to be sim-
ulated could be programmed on an analog computer. The
test pilot sat on the left seat and had at disposal a set of
programmable, transport aircraft specific control input and
vision systems (displays). The safety pilot on the right had
access to the basic system of the JetStar. A flight test engi-
neer in the cabin operated the simulation system. After a
demonstration flight for Wernher von Braun, he called the
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Fig. 5.50 C-140 JetStar (NASA 814)

procedure “Dial-a-Model”, a term which was later cited
often by many to illustrate the flexibility of the model fol-
lowing principle.

The range of applications of GPAS included initially
in-flight simulations and training flights for the XB-70
Valkyrie Mach3 large aircraft project, investigations on the
rolling behavior of transport aircraft, and fundamental
research on the effect of visual and motion cues in the
general simulation techniques on the typical example of
XB-70. Further investigations from the early 70s addressed
the influence of controller strategies to damp the aircraft
reactions in turbulent air. In 1972, studies were initiated at
NASA to develop a special in-flight simulator for the Space
Shuttle project. To obtain a database, in-flight simulations of
the approach and landing behavior of the Space Shuttle were
carried out with GPAS in 1977. These support activities
yielded a substantial contribution to the development of the
Shuttle Training Aircraft—STA (see Sect. 5.2.2.14).

5.2.2.13 Boeing 367-80 SST (1965-1966)

To investigate the approach and landing properties of a large
transport and supersonic aircraft (Supersonic Transport
—SST), at the behest of NASA Langley, the prototype of the
Boeing 707 with the designation B-367-80 (Dash 80) was
converted to an in-flight simulator (see Fig. 5.51). From
May to October 1965, the test pilots from Boeing, NASA,
the US regulatory authority FAA (Federal Aviation
Administration), and airlines flew a database on the stability
and flight control parameters for the flight at low speed,
which should serve certification requirements of future
supersonic transport aircraft with variable sweep or double
delta wings. Thereby, the Boeing flight mechanics engineer
Phil Condit probably must have made special important
contributions, because in 1992 he was nominated as Chair-
man of the Board of Directors and in 1996 the CEO (Chief
Executive Officer) of Boeing.

Fig. 5.51 Boeing 367-80 at NASA langley

5.2.2.14 Grumman C-11A STA (1976-2011)

A major challenge, and at the same time a special honor, for
selected NASA astronaut pilots was to command a Space
Shuttle “Orbiter” space vehicle. This manned space trans-
portation system is practically a bluff body with an unfa-
vorable glide ratio of 4.5. It is not an easy-to-handle flight
vehicle: it is the world’s largest, heaviest and fastest space
transport glider, in other words a sailplane. The Space
Shuttle, classified as an extremely sluggish vehicle, flies
unpowered after the re-entry into the atmosphere, and has to
be landed safely on the very first approach by the pilot, who
had not yet adapted himself to the influence of earth’s
gravity after several days of weightlessness in space. To
reduce the risks during landing, a comprehensive training
program was developed with the aid of an in-flight simula-
tor, which possessed roughly the same flying qualities as the
space shuttle. Thus, the C-11A Shuttle Training Aircraft—
STA evolved, based on a Grumman Gulfstream G-2 busi-
ness aircraft equipped with variable flying qualities. For the
Space Shuttle Program of NASA spread over more than
30 years, a total of 4 STA training aircraft were manufac-
tured, two in 1976, another in 1985 and finally the fourth one
in 1990 (see Fig. 5.52).

Fig. 5.52 Shuttle Training Aircraft (STA)
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The Gulfstream G-2 was selected due to its maximum
achievable altitude of about 12,000 meters and a large fuel
reserve, which enabled a total of 10 full landing approaches.
The required stabilized steep descent with an over 20° glide
path angle was possible only through massive reduction of
the so-called L-over-D-ratio (Lift over Drag) by increasing
the aerodynamic drag of the Gulfstream II. This was
accomplished through an additional (third) pair of wing flaps
and through in-flight activated thrust reversal of the two
engines.

In the cockpit, on the left-hand side, the controls and
instruments of the Space Shuttle (see Fig. 5.53) were
duplicated for training pilots, while for the safety pilot on the
right-hand side the original control and instrumentation of
Gulfstream II STA were retained (see Fig. 5.54).

Astronaut pilots, who were to fly the Space Shuttle for the
first time, must have successfully achieved at least 500 steep
descents with subsequent landing (see Fig. 5.55). On an
average, the STA operation accumulated about 500-600
flight hours annually. On December 2, 2003, during a flight

Fig. 5.54 STA Shuttle training cockpit (left)

Fig. 5.55 STA Shuttle approach simulation

in the reverse thrust simulation mode, the right engine thrust
reverser, tailpipe and cowling had separated from an STA.
The safety pilot could regain control with the mechanical
backup system of the training aircraft and made a normal
landing. With better engine fittings in place, the STA fleet
could resume their practice shuttle landings on January 12,
2004. With the last landing of Space Shuttle on July 21,
2011, the flight operation of STA training aircraft at NASA
was also discontinued.

5.2.2.15 Boeing CH-47B (1979-1989)

As a successor of YCH-46C, the NASA Langley Research
Center, supported by the US Army, received a Boeing
CH-47B Chinook. The helicopter had received under the
so-called TAGS program (Tactical Aircraft Guidance Sys-
tem) a triple-redundant digital Fly-by-Wire system to
demonstrate advanced flight control concepts. The CH-47B
was developed to an in-flight simulator to further support the
VALT Program (VITOL Approach and Landing Technology)
(see Fig. 5.56, NASA 544). It was ultimately transferred to
the NASA Ames Research Center in the year 1979.

//;ﬁ;;r_

Fig. 5.56 CH-47B VALT (NASA 544)
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Fig. 5.57 CH-47B (NASA 737)

At Ames Research Center, the TR-48 analog computer
was replaced by two digital computers and was equipped
with a programmable stick force simulation (Force-Feel
System) and additionally with a programmable color display
(see Fig. 5.57, NASA 737). With this equipment, the
CH-47B, somewhat sluggish in its flight dynamics, was
deployed for many flight experiments, and extensive flight
test databases were generated to support new flying quali-
ties guidelines. In developing new flight controller concepts
for a helicopter on the basis of so-called MIMO (Multi
Input—Multi Output) systems, the importance of unmod-
eled rotor dynamics was realized. As such for identification
and validation of mathematical models incorporating
higher-order rotor dynamics, extensive flight tests were
additionally undertaken. Based on these findings, jointly
with the German Aerospace Research Center (DLR) in
Braunschweig, represented through Gerd Bouwer, a revised
model following controller was developed, which resulted
in significantly improved in-flight simulation accuracies
[14] (see also Sect. 12.3.3). In 1989, the CH-47B was
returned to the US Army, where it was converted to a
CH-47D version.

5.2.2.16 British Aerospace YAV-8B VSRA (1984—
1997)

To date, last V/ISTOL research aircraft at NASA Ames
Research Center is based on a V/STOL prototype AV-8A
Harrier of the US Marines. It was handed over by US
Marines to NASA in 1984 with the aim to develop concepts
of flight control and flight status display (Displays) for the
next generation of V/STOL Aircraft. The now under the
name YAV-8B VSRA (VISTOL Systems Research Aircraft)
operated experimental aircraft received a digital Fly-by-Wire
flight control system for the primary axes pitch, roll, yaw,
and thrust vector control (thrust magnitude and direction) as

Fig. 5.58 YAV-8B VSRA (NASA 704)

well as a programmable Head-Up Display (see Fig. 5.58,
NASA 704).

Extensive flight experiments to develop optimal flight
control laws for a variety of missions were performed. This
included the design of a three-axis airspeed command con-
trol system (translational rate command system), which
turned out to be favorable during precision hover and ver-
tical landing. In conjunction with the NASA VMS
ground-based simulator (Vertical Motion Simulator), flying
qualities criteria for future STOVL (Short Take-Off and
Vertical Landing) aircraft were developed and new flight
control laws and display symbologies were designed for
precision approach and landing. These and many other flight
test results were incorporated till 1997 in the F-35 devel-
opment program (Joint Strike Fighter—IJSF).

5.2.2.17 Sikorsky JUH-60A RASCAL (Since 1989)

As a successor to the CH-47B, NASA Ames received in
1989 the Sikorsky UH-60A Black Hawk, which was origi-
nally upgraded by Boeing to Fly-by-Light test vehicle
ADOCS (Advanced Digital Optical Control System) (see
Sect. 6.2.2.13). In the subsequent years, extensive modifi-
cations were carried out. These included a programmable
Fly-by-Wire flight control system with full authority, a
variety of additional instrumentation, active and passive
sensors and the installation of another workstation in the
cabin for a flight test engineer. The hydro-mechanical flight
control system of the UH-60A was at disposal as before to
the safety pilot as back-up. The first flight tests focused on
flight control laws to increase flight agility and safer flying
through automatic limitations of flight envelope (Carefree
Maneuvering). The actual preparation for in-flight simula-
tion with this research helicopter, now designated JUH-60A
RASCAL (Rotorcraft Aircrew Systems Concepts Airborne
Laboratory), began in 2006 (see Fig. 5.59, NASA 750).
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Fig. 5.59 JUH-60 RASCAL (NASA 750)

Gradually the proven principle of explicit model following
control using linear and nonlinear models and
frequency-dependent feedback as controller architecture was
introduced in the in-flight simulation.

After more than 20 years of research activities with the
JUH-60, a computer problem was encountered, which was
hardly noticed in the initial phase. As a part of system modifi-
cations, the circuit board of 32-bit onboard computer developed
by Boeing for the Fly-by-Wire flight control system was aging
and became prone to errors. Documentaries needed to repair
were missing. Consequently, at not so insignificant expenses
and considerable time, the so-called Reengineering was per-
formed to keep the systems operational.

Toward the end of 2012, fully autonomous flight tests
close to the ground were carried out with the JUH-60A to
test new technologies that facilitate autonomous helicopter
flight without a crew. The JUH-60A flew in an altitude range
of 60-120 m above the ground. The airspeed during these
flights was limited to 40 knots (75 km/h).
5.2.2.18 McDonnell Douglas F/A-18A FAST
(2012-2014)

FAST

The highly instrumented and with a powerful digital FBW
flight control system equipped research aircraft F/A-18A
FAST (Full-scale Advanced Systems Testbed, NASA 853,
see Fig. 5.60) was deployed at NASA Armstrong Research
Center in the recent years for a variety of research programs.
With the onboard computer system (Airborne Research Test
System Computer) available to users, different and extensive
user programs could be very efficiently implemented. About
two particularly interesting flight test programs will be
reported hereinafter. Incidentally, because of the multiple

Fig. 5.60 FA-18A FAST (NASA 853)

structural changes to the structure such as a hump on the
fuselage, it was nicknamed “Frankenstein” by the NASA
researchers.

LVAC

Can a rocket maneuver like an airplane? Can an aircraft
serve as a substitute for a maneuvering rocket? Precisely,
that is what the NASA investigated under the flight test
program LVAC (Launch Vehicle Adaptive Control). For the
medium-term development of the manned US space trans-
port system SLS (Space Launch System) being developed,
the Fly-by-Wire onboard computer system of the F/A-18A
was programmed in such a way that it could simulate the
flight conditions of the SLS at takeoff and ascent before the
first flight of the SLS rocket and could check the control
algorithms. In the event that something went wrong during
the experiment, the F/A-18A safety pilot could passivate the
SLS Simulation system and take over control of the test
vehicle.

The flight test program LVAC enables the simulation of
the autonomous flight control system of the SLS and its
required reactions to compensate unexpected disturbances
during the ascent of the rocket such as wind effects,
structural vibrations or fuel sloshing. The NASA carried
out for the first time the testing of a flight control system
which could autonomously identify and compensate such
interferences encountered during the actual flight. The first
flight tests for real-time adaptation of the SLS autopilots
took place on November 14—15, 2013 and included 40 test
scenarios of SLS relevant trajectories. This allowed
extensive checking of the autonomous flight control system
until the planned first flight of the SLS in 2017 for
uncertainties and risks under realistic flight conditions. As a
project illustration, Fig. 5.61 shows a SLS wind tunnel
model in the transonic wind tunnel of NASA Ames
Research Center.
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Fig. 5.61 SLS wind tunnel model

ICP

In the year 2012, a flight test program in its first phase was
completed with the F/A-18A FAST and it was demonstrated
that by modifying the flight control laws the fuel con-
sumption in cruise flight could be reduced. The research
program, known under the acronym ICP (Intelligent Control
of Performance), employed an optimization algorithm PSA
(Peek-Seeking Algorithm), with which the aerodynamic
control surfaces were tuned such that the aerodynamic drag
could be reduced. The exploitation potential for future civil
aviation purposes is quite interesting.

5.2.3 US Industry

5.2.3.1 Mc Donnell XF-88A (1954)

During the USAF flight test of the McDonnell XF-88A
Voodoo prototypes (see Fig. 5.62) it turned out that the
lateral-directional flying qualities were highly unsatisfactory.

Fig. 5.62 XF-88A (AF 46-525)

Thus, to mitigate the Dutch Roll behavior and the roll
coupling potential, initially, a yaw damper using yaw rate
gyro signals was switched on the rudder. Later through
additional inclusions of sideslip angle and roll rate signals to
the ailerons, variable flying qualities in the lateral-directional
mode of motion could be produced. It was the aim to define,
from the perspective of test pilots, tolerable flight mode
limits in the case of system failures.

5.2.3.2 Mc Donnell NF-101A (1963-1964)

A little known, short flight test program of the US Air Force
Flight Dynamics Laboratory (FDL) embodied a certain
limited in-flight simulation of the analog electro-hydraulic
flight control system in conjunction with a sidestick for the
X-20 Dyna Soar orbiter project on the NF-101A (AF
53-2422) (see Figs. 5.63 and 5.64). In the X-20 project,
based on the ideas of Eugen Sdnger, at that time a highly
innovative Fly-by-Wire flight control system (FCS) was
conceptualized by Boeing and Honeywell. Citing Ref. [15]:

The X-20 Flight Control System was designed to satisfy attitude
control and stability requirements throughout the hypersonic-
subsonic flight regime for the glider and glider/transition (abort)
configurations.

Among the unique features employed in the FCS were the
completely Fly-by-Wire techniques wherein all signals to or
from the FCS computer were electrical. In other words, all pilot

Fig. 5.63 X-20 Dyna Soar mockup

Fig. 5.64 NF-101A (AF 53-2422)
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control signals and all signals to the aerodynamic, thrust vector,
and reaction controls were electrical. Another unique feature
pertains to the manner that stability was provided to an aero-
dynamically unstable configuration consisting of the glider and
abort rocket. This was accomplished by means of simultaneous
aerodynamic and thrust vector control.

The FCS employed dual and triple redundancy to attain a high
order of reliability. Redundancy was also carried out, as far as
practical, in the electrical connectors, isolation of electrical
wiring bundles, electrical circuit mechanical isolation, and
environmental isolation by careful orientation of mechanically
sensitive components.

Within the framework of NF-101A in-flight simulation,
the main focus was on optimization and evaluation of flying
qualities of the aerodynamically unstable X-20 in low-speed
flight. The promising X-20 project was discontinued in the
year 1964.

5.2.3.3 Convair NF-106B VST (1968-1971)

At the Martin Marietta company two Convair F-106B delta
wing aircraft (AF 57-2519 and -2529), commissioned by the
USAF, were converted to variable stability aircraft (see
Fig. 5.65). They were deployed by the USAF Test Pilot
School at Edwards Air Force Base with the label NF-106
VST for advanced pilot training. The main modifications
included an analog computer, which performed the model
following computations for selected flight conditions, and an
electro-hydraulic stick force simulation system, which
reproduced correctly the control forces for the configuration
being simulated in the rear cockpit of the test pilots. The
safety pilot in the front cockpit remained during the in-flight
simulation connected with the basic flight control system.
Through the so-called Stability Parameter Programmer, he
selected for the test pilots the various configurations to be
simulated with different flying qualities depending on the
altitude and Mach number. Thus, over the period from 1968
to 1971 various flight missions were performed for investi-
gation and evaluation of the dynamic behavior of reentry
vehicles (Lifting Bodies) such as the X-20 Dyna Soar, the
X-24A, the Space Shuttle, and also a few X-15 configura-
tions. The model following controller was designed applying
the classical root locus method of W. R. Evans. Problems

Fig. 5.65 NF-106B VST

Fig. 5.66 S-76A SHADOW

were encountered whenever the structural vibrations of the
NF-106A were excited by the injection of acceleration sig-
nals. Due to the significant maintenance efforts, relatively
few flight hours were gathered over a period of almost three
years.

5.234 Sikorsky S-76A SHADOW (1983-1995)

In preparation for the RAH-66 Comanche project of the US
Army, during the mid-nineteen eighties a S-76 was equipped
by Sikorsky as an in-flight simulator with an additional
cockpit in the fuselage nose (see Fig. 5.66). The research
helicopter was called SHADOW (Sikorsky Helicopter
Advanced Demonstrator of operator workload). The test
equipment included a digital Fly-by-Wire system with a
programmable simulation computer, corresponding sensors
for determination of the flight condition, and a pro-
grammable display. Two safety pilots in the original cockpit
of S-76 could at any time take over the helicopter for safety
reasons. Additionally, programmable three- and four-axes
sidesticks were developed, with which by deflections pitch
and roll commands were initiated, and by rotating and ver-
tical pulling or pushing the yaw and heave motion (bob-up
and down) of the helicopter were controlled respectively.
The main objective was to test new technologies, for
example, vision and sensor systems as well as control laws,
which enabled safe flight under poor visibility conditions,
also close to the ground without overstraining the pilot.

5.2.4 US-Universities

5.2.4.1 Ryan Navion (1952-1954)

Already in the years from 1952 to 1954, commissioned by
the US Air Force Wright Air Development Centers
(WADC), the Princeton University had undertaken flight
tests on a Ryan Navion to assess the influence of springs and
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Fig. 5.67 L-17A Navion—1948

masses (bob weights) in order to obtain a constant stick force
in the flight control system on the longitudinal motion. Both
spring and bob weight, when employed in a right manner,
are used to supply the pilot with what he wants It was
demonstrated that the classical longitudinal dynamics, such
as the Phugoid and Short Period modes, could be changed
into aperiodic motion forms (see Fig. 5.67).

5.24.2 Piasecki HUP-1 (1958-1960)

A so-called Variable Stability System (VSS) for the Piasecki
HUP-1 (S/N 15, R/N N4015A) tandem rotor helicopter was
realized by the Princeton University through modification of
the autopilot and was limited to the roll and yaw axes of the
helicopter (see Fig. 5.68). Little is known about research
results. FAA registration was cancelled on June 20, 1963.

5.24.3 Ryan Navion VRA (1968-1988)

In the nineteen sixties, a Ryan Navion (R/N N91566) was
converted by the Princeton University to a test aircraft with
variable flying qualities. This so-called Variable Response
Research Aircraft (VRA) was used for research and educa-
tion purposes untill the end of nineteen eighties (see
Fig. 5.69). The test or evaluation pilot sits in the cockpit on

Fig. 5.68 Princeton HUP-1

Fig. 5.69 Princeton Navion VRA

the left hand side. The Navion VRA used a digital
Fly-by-Wire control system to activate the electro-hydraulic
actuator systems using full authority in all control axes.
Additionally, a flap system was integrated for fast regulation
of lift (Direct Lift Control—DLC). The position of the side
force generators (Direct Side Force Control—DSFC) on the
middle wing was determined by systematic wind tunnel tests
at NASA, so that lowest possible coupling effects arose.
After more than 20 years of flight research with the
Navion VRA, and except for the absence of the lateral force
generators almost similar sister aircraft Navion ARA
(Avionics Research Aircraft), both the aircraft went in the
inventory of the Space Institute of the University of
Tennessee.

5.2.4.4 Ryan Navion VSRA (Since 1989)

In the year 1988, the Space Institute of the University of
Tennessee (UTSI) took over from the Princeton University
both the Ryan Navion research aircraft with variable stability
equipment and since then operates them under the name of
Variable Stability Research Aircraft (VSRA, R/N N55UT,
R/N N66UT, see Figs. 5.70 and 5.71). While with the

Fig. 5.70

UTSI Navion (R/N N55UT) with side force generators
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Fig. 5.71 UTSI Navion (R/N N66UT)

R/N N66UT five degrees of freedom could be influenced, the
R/N N55UT could generate side forces through two lateral
force control surfaces, centrally placed on the wings, and
thereby all six degrees of freedom could be exploited for the
in-flight simulation purposes.

5.3 Canada
5.3.1 Pioneering Contributions of NRC
Aerospace

In the early nineteen-sixties, after termination of the national
supersonic fighter program Arrow, the National Aeronautical
Establishment (NAE) of the Canadian National Research
Council (NRC) in Ottawa shifted its aeronautical related
research priorities to the area of rotorcraft and to vertical and
short take-off (V/STOL) technologies. The Canadian aero-
space industry was already very successful in the develop-
ment and marketing of small transport and commuter aircraft
such as the Beaver and Twin Otter, and as such, they wanted
to technologically further expand the international
utility-potential of such V/STOL aircraft.

To improve the flying qualities of future V/STOL aircraft,
for the first time, helicopters with variable flying qualities
were developed since 1961 at the NRC Flight Research
Laboratory (FRL) [16]. At first, two Bell H-13G helicopters
as long-term loans from the US Army were available, which
were converted to flight vehicles with variable stability fly-
ing qualities. The principle of explicit model following
control for generating reproducible, variable flying qualities
was applied for the first time (see also Chap. 3).

Today, the NRC Aerospace in Ottawa possesses, besides
the DLR in Braunschweig and the US Army/NASA Ames
Research Center, the core competencies in the field of
rotorcraft in-flight simulation. The Canadian research heli-
copters are presented below.

Fig. 5.72 NRC Bell H-13G airborne simulator

5.3.2 Bell H-13G (1962-1968)

The first helicopter with limited variable stability charac-
teristics in the three primary axes of pitch, roll, and yaw was
realized in the early 60s with a Bell H-13G alias Bell-47G
loaned from the US Army (see Fig. 5.72). For this purpose,
various stability and control parameters could be selectively
modified through the potentiometers on an analog computer,
which was located between pilot controls and autopilot
system. The test pilot on the right side in the cockpit
translates his commands by means of control sticks and
pedals, whose control forces were variably adjustable. The
main feedback variables in the model following control were
the measured rotational rates about the primary axes. Up to
14 measurement signals could be recorded on a data
recording device (Recorder). The electro-pneumatic servo
motors, which operated in parallel with the mechanical
control system of the host helicopter, drove the rotor blades
and the tail rotor with almost full authority. And yet the
servo actuators could be overridden in emergencies by the
safety pilots seated left in the cockpit. The simulation system
could also be switched off via a button on the control grips.
Due to the lack of space, a part of the test equipment was
accommodated in containers mounted outside.

With this research helicopter systematic investigations to
assess flying qualities of V/STOL aircraft were carried out
for the first time. Also, in-flight simulations were undertaken
with Bell H13G of NRC to evaluate the flying qualities
behavior of the German VTOL hovering rig SG-1262 (see
Sect. 6.1.3.8) in the course of preparation for the first flight
of the VTOL prototype VFW VAK191.

533 Bell 47G3 (1966-1970)

Unlike the Bell H-13G, besides controlling the three rota-
tional degrees of freedom (pitch, roll, yaw) the Bell 47G3B-1
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Fig. 5.73 NRC Bell 47G3B-1 airborne simulator

was provided with an additional vertical control option
through collective blade pitch deflections (see Fig. 5.73).
Again, due to the lack of space, a part of the experimental
equipment was accommodated in external containers. The
extensions of the analog computer capacity were carried out
at the NRC, and to reduce system lags and time delays the
electro-pneumatic regulators were replaced through electro-
hydraulic actuators. The allocation of pilot seats and roles
remained unchanged compared to the Bell H-13G.

The test vehicle was deployed for basic investigations in
the field of V/STOL flying qualities requirements as well as
for simulating selected V/STOL aircraft projects. So the
influence of directional stability (weathercock stability) on
the flying qualities during landing approach was examined
and comparatively assessed under visual and instrumental
conditions. Project support was provided, for example, for
the V/STOL tilt wing research aircraft Canadair CL-84.
Thereby the impact of delays and errors in the flight control
system on the handling qualities was simulated even before
the first flight.

534 Bell 205A-1 (1970-2012)

A substantially improved in-flight simulator, especially with
regard to the control capability, was realized with the pro-
curement of a Bell 205A-1 (see Fig. 5.74). The helicopter
was provided with a single-channel full authority
Fly-by-Wire system, an improved hybrid computer
(digital-analog), a programmable control unit and a side-
stick. As in the case of the predecessor Bell 47G3, the three
rotational degrees of freedom (pitch, roll, yaw) and the
vertical motion could be influenced. The test pilot on the
right was provided with displays for real and artificial visual
representations of the environment.

Fig. 5.74 NRC Bell 205A-1

Extensive research programs in the area of development
of flying qualities criteria for V/STOL and STOL flight
vehicle were flown with the Bell 205A-1, which have also
been incorporated in the V/STOL flying qualities require-
ments issued by the Advisory Group for Aerospace Research
and Development (AGARD). Likewise, important contri-
butions were made to the US Army flying qualities
requirements for control augmented helicopters (Aeronauti-
cal Design Standard for Helicopter Handling Qualities—
ADS-33C). Project support was provided, for example, for
the pre-flight testing of the critical flight envelope of the
British VTOL research aircraft Short SC.1, for the test pilot
training with the propeller-driven V/STOL tilt wing aircraft
Canadair CL-84, for the assessment of a pitch attitude con-
troller of the Hawker Siddely Harrier, and for the opti-
mization of the tail rotor of the Sikorsky-76 helicopter. Not
to go unmentioned the extensive in-flight simulations to
integrate programmable multi-axis controller units and
sidesticks in conjunction with different control concepts such
as Rate Command/Attitude Hold (RC/AH).

535 Bell 412 ASRA (Since 2001)

With The Bell 412 ASRA (Advanced Systems Research
Aircraft) the NRC has at disposal, for the first time, an
in-flight V/STOL simulator with four rotor blades (see
Fig. 5.75). ASRA was in turn equipped with a four-axes
digital Fly-by-Wire system and extensive Avionics. The test
pilot operates a programmable multiaxial sidestick. The
Fly-by-Wire system was first commissioned on February 9,
2001.

The testing of a control strategy, that should simplify in a
special way the different maneuvering requirements on a
helicopter under conditions of poor visibility, proved to be
an interesting utilization program. While so far the pilot had
to select different control strategies depending on the flight
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Fig. 5.75 NRC Bell 412 ASTRA

task, attempts were made for the first time with a so-called
“Super-TRC” command system (Super-Translational rate
Command) to automatically select in each case the correct
control strategy through continuous recording of the control
activity of pilots. For flight close to the ground in poor
visibility a cautious control activity of the pilot is required
(small amplitude, low frequency), hence, the Fly-by-Wire
system commands horizontal speed inputs in conjunction
with an increased attitude stabilization. In contrast, if the
pilot calls for fast and large changes in the course (large
amplitudes, higher frequencies), the system provides attitude
rate commands in conjunction with reduced damping. In
conclusion, it is to be noted that the automatic monitoring of
the pilot intentions related to stability or agility is an
appealing approach for future man-machine requirements
not only in the field of aviation.

5.4 England

5.4.1 Short SC.1 (1957-1971)

The Short SC.1 (Registration number XG900) was a
single-seat low-wing aircraft, that was designed as a tailless
delta aircraft (without horizontal tailplane). The propulsion
for vertical flight consisted of four vertically mounted
Rolls-Royce RB108 engines in the fuselage and a RB.108 in
the tail for forward flight. The SC.1 was designed for
hovering and low-speed flight and for the intermediate
transitions phase. The control and stabilization were carried
out in low-speed flight via reaction jets in the fuselage nose,
tail and at the wing tips. Swiveling of the fuselage-mounted
engines about the lateral axis of the machine allowed a
change in direction of the thrust vector. The SC.1 had the
first Fly-by-Wire system, which was introduced in a vertical
takeoff aircraft (Vertical Take-Off and Landing—VTOL),
and thereby provided the potential of in-flight simulation.

Fig. 5.76 Short SC.1

The first vertical takeoff took place on October 25, 1958, the
first transition flight on April 6, 1960 (see Fig. 5.76).

The single-channel Fly-by-Wire system allowed system-
atic flight tests with variable stability in the low-speed
regime. Due to the lack of system redundancy, the flight
experiments close to the ground were associated with a
higher risk and even led to a fatal crash following a system
failure. The flight tests were continued and served to identify
desirable flying qualities in different phases of flight as a
function of variable control effectiveness and damping
parameters, and also under the effect of the engine dynamics
and the ground effect. Thus, a first solid database for future
flying qualities criteria for VTOL aircraft could be created.

5.4.2 Beagle Bassett VSS (1973-2014)

The UK Empire Test Pilot’s School (ETPS) in Boscombe
Down received in June 1973 a Beagle Basset CC.1 (R/N
XS743) as a training aircraft that was equipped by the
Cranfield Institute of Technology (C.I.T.) with a system for
changing the stability and control characteristics (Variable
This

Stability System—VSS) (see Fig. 5.77). aircraft

Fig. 5.77 Beagle Basset CC.1 XS743
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conceptualized for commuter flights was also utilized by
Prince Charles to acquire his pilot license for aircraft with
two engines. The analog computer of the VSS receives the
electrical commands from the right control column of stu-
dent pilots, disconnected from the mechanical control, and
passes them on in a suitable form to the aerodynamic control
surfaces. Through the potentiometers of the board analog
computer, the training pilot in the left seat can now vary the
flying qualities to a limited extent. Thus, the Bassett aircraft
could be felt as having flying qualities, for example, like that
of a large sluggish transport aircraft or of an airplane with
system failures. Should the training pilots make serious
operating mistakes, the VSS system switches off and the
instructor can take over the command with the mechanical
basic controls. The aircraft, finally with equipment of anti-
quarian value, has completed 40-years of successful
deployment.

5.4.3 BAE VAAC Harrier T.2 (1985-2008)

To provide a solution to the original three-hand problem,
namely the simultaneous operation of control stick,
throttles and nozzle angle while maneuvering the British
vertical takeoff Hawker Harrier aircraft, in the year 1985
the Cranfield Institute of Technology (C.I.T.) equipped a
two-seater Harrier T.2 training aircraft (XW175) with a
digital, two-channel duplex Fly-by-Wire system and a new
rear experimental cockpit (see Fig. 5.78). The front
cockpit retained its original equipment for the safety pilot.
In the subsequent years, with this equipment various
cockpit systems, variable control strategies and software
versions could be checked for acceptance by the test pilot.
After the retrofitting, dubbed as VAAC Harrier, the
experimental aircraft (Vectored-Thrust Aircraft Advanced

Flight Control—VAAC) was operated by QinetiQ, the
successor of RAE/DERA.

The VAAC Harrier provided support in the development
of the Lockheed Martin F-35B V/STOL version of the
US-American JSF (Joint Strike Fighter) development pro-
gram. For this purpose, the rear cockpit of the test pilot was
equipped with two control units (Inceptors) to replicate the
so-called Unified Control Mode of the F-35B. Future F-35B
pilots operated with the left hand a linear thrust adjustment
device for controlling the forward and reverse speeds and
with the right a sidestick for vertical and lateral control
commands.

5.4.4 BAE ASTRA Hawk (Since 1986)

As a supplement to the classic Beagle Basset VSS, in the
early 80s, the conversion of a two-seater BAE Systems
Hawk T.1 to an in-flight simulator began at the Empire Test
Pilot’s School (ETPS) in cooperation with the Cranfield
Institute of Technology (C.L.T.) (see Fig. 5.79). The flying
qualities of this research and training aircraft Hawk ASTRA
(Advanced Stability Training and Research Aircraft) can be
changed during the flight by the instructor and safety pilot in
the rear cockpit. At the same time, he could monitor the
simulation system or turn off the same in an emergency. In
the front cockpit for training pilots, the mechanical control
was disconnected from the host system and replaced through
electronically connected control sticks in the center and on
the right side with variable force or deflection characteristics.
The same applies to the rudder pedals with variable force
and deflection characteristics. Likewise, the imagery in the
Head-up Display could be changed with the aid of com-
puters. The actual Fly-by-Wire system employs
electro-hydraulic rotary shaft drives, which establishes the

Fig. 5.78 BAE VAAC Harrier (Credit Andrew Dickie)

Fig. 5.79 ASTRA Hawk
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connection to the aerodynamic control surfaces and are
driven by the simulation computer. With the simulation
system switched on, virtually the entire flight envelope of
ASTRA Hawk with Mach numbers up to 0.7, load factors of
—1.75 to +6.5 g and roll rates of 200°/s could be flown.
Since the first flight in 1986, it was available at the ETPS
1990 onwards for training purposes.

5.5 France

5.5.1 Dassault Mirage IlIB SV (1967-1990)
Even before the first flight of the Anglo-French supersonic
airliner Concorde 001 (first flight: March 2, 1969), a
two-seater Dassault Mirage IIIB (S/N 225) was equipped at
the CEV (Centre d’Essais en Vol) with special Fly-by-Wire
electronics in the flight control system to change its flying
qualities in such a way that the resulting flight mechanical
properties and the control behavior corresponded to that of
the Concorde (see Fig. 5.80). With this Mirage IIIB (labeled
“Stabilité Variable”—SV) extensive in-flight simulations
were performed for the Concorde Project. With its special
simulation capabilities, it was employed also for the devel-
opment of the analog Fly-by-Wire flight control system with
multiple redundancies for the first European fighter plane
Mirage 2000 with a fully electronic flight control. Further-
more, it served the French test pilot school EPNER as a
training aircraft. Today, it is in the Saint Victoret Museum in
Marseille.

5.5.2 Dassault Mystere/Falcon 20 CV (1978-

1982)

Since the mid-70s, at the behest of DGA (Direction Générale
de I’Armement), the first production aircraft the Dassault
Mystere/Falcon (S/N 401, F-WMSH) was converted to an
in-flight simulator in all six axes (labeled “Characteristics
Variable’—CV). Besides the initial analog Fly-by-Wire

Fig. 5.80 Mirage IIB (S/N 225)

Fig. 5.81 Mystere-Falcon 20 CV without and with side force control
surfaces (Credit Jean Francois Georges)

system, later to be equipped with two digital computers, and
an additional direct lift control system to the flaps (Flaper-
ons), aerodynamic control surfaces were mounted vertically
in the center wing section for direct side force control
(Travelons) (see Fig. 5.81).

An onboard computer was to cater for the in-flight sim-
ulation capabilities in all 6 degrees of freedom. The simu-
lation pilot sat on the left in the cockpit with a control station
decoupled from the basic mechanical controls. The scope of
simulation included the entire flight envelope and was lim-
ited in the first phase to the 3 rotational degrees of freedom
and 2 translational degrees of freedom, that is, to the lon-
gitudinal and vertical acceleration. In the second phase, it
was planned to generate lateral accelerations by means of the
Travelons.

The main scope of application was the testing of digital
flight control systems and the creation of civilian certifica-
tion criteria for future commercial aircraft with reduced
stability that promised increased performance. For the first
application of an in-flight simulation, the Dassault Mercure
project was selected, with a mathematical model structure
being quite familiar to the Dassault company. These flight
demonstrations occurred as yet without the active deploy-
ment of Travelons. That was to take place later with con-
siderable technical efforts and financial expenditures.
Despite the good quality of these first results, the project in
1982 was terminated due to financial reasons.

Apparently, the ability to responsibly manage the in-flight
simulators is beneficial for the personal career, because it is
worth to point out that the Mystere/Falcon 20 CV project
manager Jean-Francois Georges was appointed in 1995 as
the Chief Executive Officer (CEO) of the Dassault Falcon Jet
Corporation, similar to what happened in the case of the
Boeing 367-80 SST in-flight simulator (see Sect. 5.2.2.13).
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5.6 Russia

5.6.1 Tupolev Tu-154 M FACT (Since 1987)
For the sole purpose of the simulation of the Russian man-
ned space vehicle Buran, four Tupolev Tu-154B passenger
aircraft were simultaneously converted to in-flight simulators
at the Research Center Zhukovsky of the Flight Research
Institute (FRI), also called Gromov Institute named after a
famous Russian test pilot. These aircraft served during the
beginnings of the 1980s the development and optimization
of the Buran flight control laws with subsequent test pilot
assessment of the flying qualities and training of the cos-
monaut pilots [17]. Similar to the NASA C-11A STA
(Shuttle Training Aircraft), for realization of the simulation
of the steep descent of the manned Buran space shuttle, the
thrust reversal of both laterally mounted jet engines of T
U-154B had to be used in flight. The resulting aerodynamic
interferences between the deflected thrust stream and the tail
plane had to be adapted in the modeling of the Tu-154B host
aircraft. As is generally known, the Buran Project was dis-
continued due to the technological and economic difficulties.
A copy of the Buran Space Shuttle, being equipped with four
auxiliary engines on the rear fuselage conducted flight tests
for the validation of the landing capability and cosmonaut
training (see Fig. 5.82), is now part of the Aviation Museum
in Speyer.

Since 1987, the FRI fitted the prototype of the Tu-154 M
(temporarily also being designated as Tu-164) with a
Fly-by-Wire system with the aim of building a general
purpose in-flight simulator to support the development of
new aircraft in addition to testing new flight control, oper-
ating and display systems, the verification and extension the
flying qualities criteria, and to establish certification proce-
dures for future Fly-by-Wire aircraft. The Tu-154 M (R/N
RA-85317) was finally designated FACT (Future Aircraft
Control Testbed, see Fig. 5.83). From the left cockpit seat of
the Tu-154 FACT, the test pilot operates the Fly-by-Wire
system, whereby the operating elements, in terms of stick
force characteristics (Feel Characteristics) as well as the

Fig. 5.82 The Buran brigade

Fig. 5.83 Tu-154 M FACT

Fig. 5.84 Tu-154 M FACT simulation cockpit (left)

display imageries (see Fig. 5.84), could be adapted in flight
with computer assistance. The safety pilot on the right-hand
monitors the conventional mechanical flight control system
and the classical flight instruments of the host aircraft. In the
case of system errors or at flight envelope boundaries, he can
switch off electrically the simulation system or take over the
manual control by pressing the control column and transfer
the aircraft into the basic flight mode. The TU-154 FACT, in
the meantime, also supported transport and commercial
aircraft projects such as An-70, 11-96 and Tu-204 and for the
development and testing of sidestick devices, displays and
filters for the suppression of so-called PIO (Pilot Induced
Oscillations).

5.6.2 Sukhoi Su-27 ACE (Since 1990)

The Sukhoi Su-27 ACE (Advanced Control Experiment),
modified to an in-flight simulator by the Flight Research
Institute FRI, became economically very attractive as the
number of aircraft prototypes needed for a new aircraft
design and to reach a production-readiness state could be
reduced. A variety of equipment components such as a
digital Fly-by-Wire system, sensors, and cockpit
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Fig. 5.85 Su-27 ACE

components are available on the Su-27 ACE (S/N 24-05 or
code LMK-2405, identification code “05”, see Fig. 5.85). As
such, imageries for the displays and alternative configura-
tions of sidesticks, could be optimized relatively easily for
special applications. Also, pre-testing of flight control algo-
rithms (control laws) could be carried out and their influence
on the flying qualities be assessed by the test pilot. The
single-seat cockpit probably appears to be disadvantageous,
as it does not facilitate separating testing functions and
safety measures and thereby leading to the higher workload
for the test pilots.

5.6.3 Yakovlev Yak-130 (Since 1999)

As a part of a joint Russian-Italian Trainer Development
Program between Yakovlev and Aermacchi, the prototype
Yak/AEM-130D (R/N RA-43130) made its first flight on
April 25, 1996. In the year 2000, the partnership was dis-
solved and the project was further developed in two separate
national programs, e.g. the Yakovlev Yak 130 and Aerma-
cchi M-346 (see Sect. 5.9) training aircraft with variable
flying qualities respectively. Through a Fly-by-Wire flight
control system in conjunction with special flight control laws
uncontrollable flight conditions can be prevented (Flight
Envelope Protection). An outstanding feature of this training
aircraft is the option to adopt during flight the flying qualities
of selected types of aircraft such as MiG-29, Su-27, Su-30,
F-15, F-16, F-18, Mirage 2000 Rafale, Typhoon. For this
purpose the safety and instructor pilot selects on the onboard
computer the corresponding computer model for the aircraft
to be simulated (Dial-a-Model) in each case. The first pro-
duction prototype made its maiden flight on May 19, 2009
(see Fig. 5.86).

Thus, a project idea of DLR from the year 1984, namely
to routinely introduce the potential of in-flight simulation for
training of young pilots (CASTOR, see Sect. 11.2), became
a reality after a quarter of a century.

Fig. 5.86 Yak-130

5.7 Japan

5.7.1 Kawasaki P-2H VSA (1977-1982)

At the behest of the Japan Defense Agency (JDA), the
Kawasaki Heavy Industries (KHI) converted a Lockheed
P2 V-7 (License: P-2H) Neptune to an in-flight simulator
P-2H VSA (Variable Stability Aircraft). The first flight took
place on December 23, 1977. The essential modification
features included the installation of a Fly-by-Wire flight
control system with a mechanical backup for the safety
pilots, replacement of the mechanical control system through
an electrically driven control wheel with variable force
gradient for the test pilot seat on the right hand side, and a
powerful onboard computer to carry out all simulation
operations. The outer landing flaps were converted for direct
lift control, while the aerodynamic side force generator was
integrated vertically on the top and underneath the center
wing (see Fig. 5.87). In addition, two perforated airbrakes
below the fuselage (Ventral airbrakes) were installed. Thus,
in its role as an in-flight simulator, it could be driven with 5
degrees of freedom independent of each other (pitch, roll,

Fig. 5.87 P2H VSA
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yaw, as well as vertical and lateral translations). In an
emergency at any time, the safety pilot sitting left in the
cockpit had an access to the mechanical control system of
the host aircraft. While initially the flight tests were con-
ducted to determine the effectiveness of the direct lift and
side force generators in the operational flight regime, after a
period of two years of testing by the test pilot school the
P-2H VSA was transferred to JMSDF (Japanese Maritime
Self Defense Force) for the training of future pilots. During
this time, steep approach procedures making use of the air
brakes were tested up to 7° glide path angle. The aircraft was
decommissioned in 1980.

5.7.2 Beech B-65 VSRA (1980-2011)

A Beech B-65 was converted at the National Aeronautical
Laboratory NAL (now Japan Aerospace Exploration Agency
JAXA) to a test vehicle with variable stability (Variable
Stability Aircraft Research—VSRA) in five degrees of
freedom (no side force generator, see Figs. 5.88 and 5.89).

Fig. 5.88 B-65 VSRA of NAL

Fig. 5.89 B-65 VSRA simulation cockpit, right

Fig. 5.90 STOL research aircraft ASUKA

For the utilization of the test demonstrator, the model fol-
lowing control principle was adopted. It played a significant
role in the pre-testing and evaluation of flying qualities of the
four-engine STOL research aircraft ASUKA (see Fig. 5.90).
Later it was deployed mainly for the exploration of the flight
in the atmosphere. The last flight took place on October 26,
2011.

5.7.3 Dornier Do-228-202 MuPAL-a (Since

1987)

A Dornier Do-228-200 was equipped by JAXA (formerly
NAL) and Kawashai and designated Do-228-202 MuPAL-a
(Multipurpose Aviation Laboratory, 6e£poCKapO¢ = air-
craft) with a digital two-channel (duplex) Fly-by-Wire sys-
tem (see Fig. 5.91). Elevator, rudder, and ailerons, as well as
both the engines, were driven electrically. The landing flaps
on the trailing edge were modified with fast-moving
three-part, individually controllable auxiliary flaps to
enable direct lift control (DLC) and thereby more precise
in-flight simulations. The test pilot on the right-hand side in
the cockpit actuates the control column with artificial feel.
Via electrical taps the input signals were fed to the freely
programmable FBW computer and forwarded to the
electro-mechanical actuation system in accordance with the
desired model following control laws. Thereby the response

Fig. 5.91 MuPAL Alpha
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of the aircraft to both pilot as well as gusts inputs can be
manipulated through control laws in the forward and feed-
back loops.

An additional experimental cockpit is located in the
fuselage. It is particularly suitable for landing approach
simulations at high altitudes. In critical flight situations, the
safety pilot on the left hand side in the cockpit can switch
back to the mechanical control system of the host aircraft.
The Fly-by-Wire system was first activated in flight on
November 11, 1999. Since April 2000 the aircraft is in
operational service.

5.7.4 Mitsubishi MH-2000 MuPAL-< (Since

1999)

Since March 2000, JAXA (formerly NAL) operates the
research helicopter and in-flight simulator MH-2000A
MuPAL-¢ (Multipurpose Aviation Laboratory;
ghkomtepo = helicopter). It is based on the indigenously
developed Japanese helicopter MH-2000A of Mitsubishi
Heavy Industries (see Fig. 5.92). The experimental equip-
ment consists of a data acquisition system for providing
extensive flight test data, a cockpit display with a
high-performance graphics computer to generate variable
imagery (see Fig. 5.93), a video recording system for
recording images of the environment for navigation purposes
and a Fly-by-Wire system for in-flight simulation purposes.

The sensor equipment includes a hybrid DGPS/INS sys-
tem (Differential Global Positioning System/Inertial Navi-
gation System), which merges satellite position data with
that from an inertial platform and an ultrasonic velocity
sensor for the low speed and hover range, which determines
the flight speed components in all directions.

Fig. 5.92 MuPAL Epselon

Fig. 5.93 MuPAL Epselon simulation cockpit, left

Impressive with this research helicopter is the concen-
trated and consequent utilization in a timely manner for
various programs like in-flight simulations to evaluate flying
qualities and electronic display systems as well as to
improving the fidelity of ground-based simulators,
GPS-supported in-flight simulations, autonomous flying,
noise abatement approach procedures, and the exploration of
the helicopter response behavior due to atmospheric or wake
vortex turbulence.

5.8 China

5.8.1 Shenyang JJ-6 BW-1 (Since 1989)

The earliest development of an aircraft with variable stability
characteristics began in China in the late 70s at the
AVIC-Chinese Flight Test Establishment (SFTE) in Xi’an.
A two-seater training aircraft Shenyang JJ-6 (Export Ver-
sion: FT-6) was equipped with a single-axis analog
Fly-by-Wire system. In a tandem-seat assembly, the test
pilot occupied the front and the safety pilot the rear seat. In
an emergency, the safety pilot could access the mechanical
back-up control.

The so upgraded test demonstrator, which was based on
the Russian Mig-19 Farmer fighter aircraft, crashed in
December 1984. The subsequent development of a
single-axis digital flight control system for the longitudinal
motion for another JJ-6 led to a successful first flight on
April 22, 1989 (see Fig. 5.94). The Fly-by-Wire flight
control system and the flying qualities of a two-seater air-
craft Xian JH-7A could be tested with this research aircraft
designated as BW-1.
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Fig. 5.94 Shenyang JJ-6 BW-1

Fig. 5.95 HAIG K8V IFSTA

5.8.2 HAIG K8V IFSTA (Since 1997)

After another 8 years, the first flight of the training aircraft
K8/JL-8 (S/N 320-203) took place at SFTE on June 25,
1997. It was designed in China (Hongdu Aviation Industry
Group—HAIG) and named K8V IFSTA (Integrated Flight
Simulation Test Aircraft) and was equipped with a three-axis
digital duplex flight control system. Main parts of the test
equipment were installed in an integrated container mounted
underneath the fuselage (see Fig. 5.95). The flight control
system still with a mechanical back-up can simulate the
flying qualities of up to eight aircraft types with different
parameter sets.

Future planning envisages an expansion of K8V to a
five-axis digital flight control system, that means the provi-
sion of additional lift and drag/thrust control devices in order
to provide the test pilots a particularly realistic simulation
capability. In this context, it should once more be cross
referenced, that the training aircraft Yak-130 that resulted
from the Russian-Italian joint project and the Alenia Aer-
macchi M-346 could be equipped with programmable vari-
able flying qualities (see Sects. 5.6.3, 5.9 and 11.2).

Fig. 5.96 Alenia Aermacchi M-346

5.9 Italy

Alenia Aermacchi M-346

After several years of development of a common training
aircraft Yak-130, the partnership between Aermacchi and
Yakovlev ceased in the year 2000 and both the companies
followed their separate ways in the further development.

The Italian version was now called Alenia Aermacchi
M-346 Master and performed its maiden flight in 2004. In
the tandem arrangement, the student pilot (front) and the
instructor sat one behind the other. The aerodynamics were
designed for high maneuverability with extended wing
leading edges and variable camber wing profile (see
Fig. 5.96).

One of the main features of the M-346 is the four-channel
(quadruplex) Fly-by-Wire flight control system from BAE
Systems, which principally allows the in-flight simulation of
other types of aircraft such as Eurofighter, Rafale, F/A-18
Super Hornet, MiG 29 for training purposes.

This reconfiguration is, however, controversial because
some of the man-machine experts are of the opinion that the
focus should not be on the type-specific training, rather on
the handling of generic flying qualities, situational aware-
ness and system or mission management.
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6.1 Introduction Power Unit). Fly-by-Wire signals are sensitive to electro-

magnetic interference, and therefore all data transmission
6.1.1 Background cables are elaborately shielded. In the case of

In the case of conventional aircraft, the pilot control com-
mands from the control devices in the cockpit are transmitted
directly to the aerodynamic control surfaces such as elevator,
aileron, and rudder via mechanical connections consisting of
cables and rods, or by means intermediary boosters. For very
large aircraft with high control forces and large structural
deformations, rotary shafts (torsion bars) are also employed.
To this end, Richard Vogt had done pioneering work in the
early nineteen forties during the development the large flying
boat Blohm & Voss BV 222 and BV 238 (see Sect. 4.1,
Figs. 4.1 and 4.2).

In the case of Fly-by-Wire (FBW) or Fly-by-Light
(FBL) technology, the mechanical connections are replaced
by electrical or electro-optical signal cables (copper or fiber
optic cables). The pilot inputs from the control devices are
tapped by position transducers (for example, potentiometers)
and over the signal lines routed further to an onboard
computer. In the onboard computer, these signals are pro-
cessed together with measured flight condition data in such a
way, that over electrohydraulic or electromechanical actua-
tion systems (actuators) the aircraft control surfaces are so
operated that the desired flight behavior is achieved.
Fly-by-Wire/Light systems are therefore electronic or
electro-optical control and stabilization systems, which
facilitate automatic flight by a computer controlled aug-
mentation system which also relieve the pilots in their
tedious routine work.

Consequently, a Fly-by-Wire/Light flight control system
decouples the pilot from the forces acting on the control
surfaces and flaps. In the simplest case, an artificial feel can
be created on the controls devices through the use of spring
and additional masses, which conveys an impression to the
pilot of a direct link with flight control surfaces. The artificial
forces on the pilot control devices (for example, control
column—Stick), however, can also be simulated using sen-
sors and servomotors that provide pilots the so-called tactile
information about the aircraft behavior (Active Sticks). Such
“cues” can be of importance to pilots, especially in flight
critical regimes such as stalled flight conditions, flight close
to ground or control surface hardovers. Research at DLR
Braunschweig related to active stick for rotorcraft is pre-
sented in Sect. 10.4.3.

The mechanical decoupling of controls devices (incep-
tors) and control surfaces necessitates, however, an emer-
gency system in the case of energy supply or hydraulic
failures. This is usually safeguarded by battery backup sys-
tems (for the next 10 min after a failure) and a so-called Ram
Air Turbine (pull-out wind turbine) or APU (Auxiliary

electro-magnetically insensitive optical fiber technology
(Fly-by-Light), this problem is rarely faced. The two
In-Flight Simulators VFW 614 ATTAS (Chap. 9) and EC
135 FHS (Chap. 10) represent successful examples of using
Fly-by-Light technologies, whereby in the ATTAS system
an optical fiber data bus was used for onboard computer
communications as early as 1982 (see Sect. 9.1.5).

Susceptibility of air data sensors to errors is considered
particularly as flight critical for computer aided flight control
systems. Icing and moisture have thereby played a critical
role and resulted in uncontrolled flight conditions with cra-
shes (see Fig. 6.1, [1, 2]). Also, civilian aircraft have faced
this difficulty several times (XL Airways/Air New Zealand
A320 on November 27, 2008, Air France A330-200 on June
1, 2009, United Airlines B757-200 on October 20, 2013,
Turkish Airlines B777-300 on January 16, 2014).

6.1.2 The Beginnings

The beginnings of the flight control system development and
its operational utility go back to even before the First World
War. Already in 1914, the Sperry Gyroscopic Stabilizer for
the roll and pitch attitude was impressively demonstrated in
the Glenn Curtis flying boat at an aviation event in Paris on
the banks of the Seine [3]. In 1928 a Junkers W 33 was
equipped with an “Automatic Pilot” of the German Boykow
company to increase damping in the all three axes. The first
automatic blind landings (Siemens Aircraft Factory) with He
111 and Ju 52 followed in the year 1940.

The then world’s largest 8-engined Russian large “pro-
paganda” aircraft Tupolev ANT-20 Maxim Gorky (First
flight June 17, 1934) took an unusual course of development
(see Fig. 6.2). Through an illuminated advertisement and
public address system, this aircraft, equipped with telephone
and radio station, working and passenger spaces, as well as
photo laboratory and movie theater, was to inform the
population on the merits of the communist party and to
demonstrate the world the superiority of Russian research
advancements and technologies. It was one of the first air-
craft worldwide equipped with an autopilot using elec-
tromechanical actuators to operate the elevator and rudder
for pitch and yaw control. Also, altitude hold and flight
direction control was made possible. For the first time, both
120 V DC and AC current were applied for electrical power
supply.

Just a day before the fatal crash on May 18, 1935, the
only foreign pilot who participated in a ANT-20 flight was
the famous French pilot Antoine de Sainte-Exupery. A six
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Crash B-58: Sensor Icing

Fig. 6.1 Moisture and icing on air data sensors

engine replacement aircraft designated ANT-20bis was
developed in Kazanwas and deployed by Aeroflot from 1940
onwards for passenger flights within Russia. Also, this air-
craft crashed on December 14, 1942 when the pilot had left
the cockpit and most probably a passenger had accidentally
switched off the Autopilot. This is probably also one of the
first cases where people had relied on the Fly-by-Wire
automation and a human error had brought the aircraft in an
uncontrolled flight condition. This issue of the
human-machine interaction with increasing automation still
represents a special area of common interest (Loss of Con-
trol, see Sect. 5.2.1.14).

Already in 1943, the Honeywell C-1 autopilot was used
on a regular basis in the B-17E bomber series (see Fig. 6.3).
For this purpose, the C-1 autopilot used analog electrical
signals, which, based on sensor information, were trans-
mitted to the control surfaces. In order to improve the pre-
cision bombing, the so-called Automatic Flight Control
Equipment (AFCE) was introduced. It was a system in which
the Norden bombsight controlled the aircraft during the final
bomb run via a link with the C-1 autopilot. During a bomb
run, the bombardier guided the plane very precisely with the
aid of the AFCE without evasive maneuvering until the
bombs were released. The autopilot provided a stable atti-
tude and steady heading for the aircraft. Since the autopilot
had no altitude sensor, adjustments had to be watchfully

made to the aircraft’s altitude by the pilot referring to the
altimeter on his instrument panel. Only after the bomb run
the pilot again would assume control of the plane.

The first integrated hydraulic servo actuator packages, in
which an electric drive motor for the hydraulic pump with
hydraulic accumulator, servo valve, and hydraulic actuator
were integrated in a single unit, dates back to the develop-
ment of autopilot controls of various German aircraft during
Second World War such as Me-110, Do 17, He 111 and
Ju 88. For directional (course) control the rudder was driven
by the autopilot using compact parallel servomotors. Until
the end of war, such integrated servo packages in all axes
were tested successfully for course and attitude control.
A corresponding Siemens unit was five years later re-tested
at the USAF Wright Air Development Center [4].

Around the same time so-called Mistel (mistletoe) pig-
gyback aircraft were developed in Germany to hinder the
onslaught of Soviet troops shortly before the end of second
World War, for example by destroying bridges on the river
Oder. Control of the trailer combination was effected by the
pilots of the Fw-190 or Me-109 fighter aircraft attached on
the upper, who operated and monitored via cable and electric
servomotors the control rods of the leaderless bomber air-
craft Ju-88G, which operated the aerodynamic control sur-
faces (see Fig. 6.4). Shortly before the target the connecting
supports and electrical control connections were clipped off.
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Fig. 6.2 ANT-20 Maxim Gorkii (Credit Russian Museum, St. Petersburg)

T

Fig. 6.3 Boeing B-17E

From this moment on the bomber aircraft was steered
autonomously towards the target.

A first computer-controlled flight control system, with
attitude and position information from a so-called inertial
platform, consisting of accelerometers and angular rate and
position gyroscopes, was already available for the thrust
vectoring graphite rudders of the A4 (V2) rocket during the

Fig. 6.4 Captured piggyback Ju-88H and Fw-190A8 “Mistel”

Second World War. It employed one of the first analog
computers, that modeled differential equations of the flight
control laws and forwarded the control commands in the
form of electrical signals via a cable to the integrated servo
packets on the graphite rudders [5]. With this system, the
rocket was controlled and artificially stabilized during the
ascent into the atmosphere.
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With the availability of analog computers and in combi-
nation with new control theoretic tools for stability analysis
such as the Frequency Response method (Hendrik W. Bode)
and the Root Locus method (Walter R. Evans) the technical
premises for the systematic development of flight control
systems were established, initially with limited controller
authority [6, 7].

Limited control authority allowed the pilot to intervene
directly in the flight control loop in the case of failures or
emergencies. Since the end of the nineteen sixties, with
increasing reliability of flight control components, such as
onboard power supplies, sensors, analog and later digital
computer blocks and finally electromechanical or electro-
hydraulic actuation systems, the development of digital
Fly-by-Wire flight control systems with full authority was
initiated [8, 9]. The same is valid for the automatic code
generation for the controller and monitoring software, which
uses partly different software development platforms, and
serves to increase system reliability or eliminate systematic
errors. For this purpose, different software structures and
algorithms are introduced (Dissimilar Software).

In this section, only those Fly-by-Wire aircraft will be
presented, which served exclusively the development,
demonstration, and deployment of FBW technologies with a
technology maturity level TRL not exceeding 6 (Technology
Readiness Level 6: “Functional and test prototype in oper-
ational range”). Nevertheless, historical first flights of FBW
production aircraft will also be highlighted, those which
achieved TRL 9 (TRL 9: “Qualified system with proof of
successful deployment”).

In the United States first yaw dampers were designed in
the late 1940s for the Boeing XB-47 Stratojet swept-wing
aircraft and the Northrop YB-49 Flying Wing with consid-
erable success [10]. Since then the notions of stability aug-
mentation or augmented aircraft are in colloquial usage. With
the installation of the yaw damper in the Boeing B-47 family
(first flight December 17, 1947), the Boeing Aircraft Com-
pany succeeded in the world’s first integration of a
production-line FBW component. From historical point of
view, it may be remarked here that the decision to use a swept
wing in the B-47 for the first time can be traced back to the
visit of the Boeing chief aerodynamics engineer George S.
Schairer to the German Aviation Research Institute
(Luftfahrt-Forschungsanstalt—LFA) in  Braunschweig-
Volkenrode after the occupation by US troops in May
1945. He discovered extensive wind tunnel data which
revealed the superiority of the swept wing over a straight
wing [11, 12]. However, flight stability problems at low
speeds and at high altitudes associated with the swept wing
were then still unknown to Boeing. In this respect, it took
another two years to get a grip on problems such as the
so-called Dutch roll oscillations by implementing a
production-line yaw damper. A related, technically excellent,

publication is available that should be read as a classical
reference by every aspiring aerospace systems engineer [13].
As is commonly known, the basic idea and principle of a yaw
damper also originated in Germany (see Sect. 4.1). Another
pioneering Fly-by-Wire research program with a Boeing
B-47E will be discussed in Sect. 6.2.2.4.

In this context, the fundamental work of the Avro Canada
company should not be overlooked. Already on March 28,
1958 Avro Canada conducted the first flight of the advanced
supersonic combat aircraft CF-105 Arrow (see Fig. 6.5)
equipped with a rudimentary FBW system with artificial
force feedback, in which the pilot’s input was detected by a
series of pressure-sensitive transducers in the stick, and their
signals were sent to an electronic control servo that operated
the valves in the hydraulic system to move the various flight
controls. The FBW system employed a multi-axis stability
augmentation system. At that time there were no technical
problems in the FBW flight control system, which could not
be mastered [14]. The Canadian government directed the
destruction of all prototypes and engineering information
after the U.S. dropped their purchase agreement with Canada
for the aircraft. The first flight and the construction of a total
of 5 prototypes fell already in oblivion, when finally after
more than another decade the British-Franco Concorde, the
first civilian production-line aircraft with an analog FBW
system, made its maiden flight on March 2, 1969. In addition
to the Concorde, the US General Dynamics (now Lockheed
Martin) F-16 (first flight January 20, 1974) and the European
Airbus A320 (first flight February 22, 1987) went into series
production for the first time worldwide. A mechanical
backup control system, consisting of rudder control and the
horizontal stabilizer, was still available with the A320.

In the military sector, the whole application potential of
digital Fly-by-Wire flight control technology was later
introduced in the highly unstable “stealth aircraft” Lockheed
F-117 Nighthawk (first flight on June 18, 1981) and
Northrop B-2 Spirit (first flight on July 17, 1989). These

Fig. 6.5 Avro Canada CF-105 Arrow
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aircraft have been optimized with regard to the lowest pos-
sible identification by microwave detection systems
(RADAR) and for this, in turn, had to accept inadequate
aerodynamics and flying qualities. These shortcomings
could be compensated through the flexible use of
Fly-by-Wire technologies. Such control theoretic “Remedial
Measures” on high-performance aircraft can be summarized
under the term Control Configured Vehicles (CCV) [15].

This CCV approach, namely the integration of different
disciplines such as aerodynamics, aeroelasticity, structural
dynamics, flight mechanics, and control technology as well
as propulsion technology is also referred to as Multidisci-
plinary Design Optimization [16]. The further development,
maintenance, and utilization of such highly computerized
aircraft design tools is one of the greatest challenges in the
aeronautical research and design community. FBW/L tech-
nology enabled the practical implementation of CCV.

Applications of full authority Fly-by-Wire flight control
systems to military and civil rotorcraft must be carried out
with special caution, as unexpected couplings can occur
between the high bandwidth dynamics of the electronic
flight controller and hidden structural dynamics of the flex-
ible rotor-body system. The importance of accurate model-
ing of the high-frequency characteristics of the rotor and
fuselage dynamics and their coupling effects as well as of
sensor and actuator dynamics cannot be overstated.

Although military Fly-by-Wire helicopter are in series
production and in operational usage for quite some time,
special challenges are faced in their civil certification. This
can be readily seen in the context of the formerly planned
certification of the first civil Fly-by-Wire helicopter which
was built by the Russian JSC Kazan Helicopter Plant as a
variant of the light helicopter “Ansat”. The civil certification
of the four-channel digital FBW control system (KSU-A)
encountered “an unexpected obstacle”, as no commercial
FBW helicopter was hitherto certified anywhere in the
world. No standard and established requirements existed for
certification of such a full-authority Fly-by-Wire helicopter.
In order not to depend on the terms of “Ansat’s” certification
with Fly-by-Wire controls, the decision was made to retrofit
the helicopter for the world market with a traditional
hydro-mechanical flight control system. This Ansat config-
uration was certified in 2013 by the Aviation Register of the
Interstate Aviation Committee (IAC-AR), whereas the
Fly-by-Wire version “Ansat-U” has been produced only as a
primary military training and research helicopter for Russian
flight academies.

Also for these reasons the US Federal Aviation Admin-
istration (FAA) had proposed special conditions for the
certification of the first civil Fly-by-Wire series-produced
helicopter Bell (BHTI) Model 525 Relentless in the United
States:

We propose special conditions for the BHTI Model 525 heli-
copter. This helicopter will have a novel or unusual design
feature associated with Fly-by-Wire flight control system (FBW
FCS) functions that affect the structural integrity of the rotor-
craft. The applicable airworthiness regulations do not contain
adequate or appropriate safety standards for this design feature.
These proposed special conditions contain the additional safety
standards that the Administrator considers necessary to establish
a level of safety equivalent to that established by the existing
airworthiness standards.

The FAA issued in 2016 a set of criteria that must be
applied to demonstrate compliance with these special con-
ditions for rotorcraft equipped with full-authority
Fly-by-Wire systems, autopilots, stability augmentation
systems, load alleviation systems, flutter control systems,
fuel management systems, and other systems that either
directly or as a result of failure or malfunction affect struc-
tural performance [17].

In the following the world’s most important Fly-by-Wire/
Light technology demonstrators are reviewed, those which
have reached a Technology Readiness Level (TRL) of about
6 (“functional and test prototype in operational range” (see
also Sect. 6.1.2). From Sect. 6.2.2 it becomes obvious that
due to the abundance and variety of research and test pro-
grams in the United States, the period from 1960 to 1990 can
be considered as the golden age of Fly-by-Wire research [18].

The most important flying VTOL (Vertical Take-Off and
Landing) test rigs with electronic flight control systems
developed worldwide, will be discussed in the following
Sect. 6.1.3.  Section 6.2  covers the international
Fly-by-Wire/Light technology demonstrator programs.
Finally, Sect. 6.3 deals with German Fly-by-Wire research
in more detail, including the world’s first demonstration
flight with a digital FBW flight control system on June 12,
1967 (see Sect. 6.3.1).

6.1.3 Flying Bedsteads

6.1.3.1 Introduction

Beginning of the 1950s and 1960s, an unusual family of
hovering rigs was developed for preliminary studies per-
taining to control and stability of this special class of VTOL
vehicles. Since the aerodynamic control forces are hardly
exerted in hover condition, the VTOL vehicles have partially
pivoting nozzles and reaction nozzles on the exterior of the
vehicle in order to apply control moments about all axes
(Reaction Control). The reaction control was usually gen-
erated from hydrogen peroxide or by tapping compressed air
from a compressor of a jet engine. Due to their exotic
appearance, such flying racks were referred to as “flying
bedsteads” by the British public. In the 1950s and 1960s, the
reaction control nozzles were driven by electrical signals,
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whereby the flight control laws were reproduced using
analog electrical circuits. Thus, it was a precursor of
Fly-by-Wire flight control systems, which in a broad sense
also facilitate a limited in-flight simulation potential.

Also in the Federal Republic of Germany, technological
uncharted territories in all related disciplines were explored
with the development the three VTOL aircraft Do 31,
VJ 101C, and VAK 191B. They deliberately served the goal
of bringing up the German aviation industry to the world
standards two decades after the World War II [19]. For
example, under the leadership of Waldemar Modller, the
Bodensee-Gerdtewerk (BGT, today Diehl Aerospace)
developed electronic flight control systems and flight control
laws for all the three German VTOL programs (see
Sects. 6.1.3.6 through 6.1.3.8). For attitude control in the
hover mode, which was manually no longer controllable for
the pilots, high demands on the reliability of the systems
were postulated. They led to a doubling, sometimes even
tripling of the most important components such as sensors,
signal processors and actuation systems. These redundancy
concepts constituted an important prerequisite for the later
development of the Tornado Fly-by-Wire system compo-
nents [19]. A historical review and evaluation of the Ger-
man VTOL development programs were presented at a
DGLR Symposium on March 31, 2000 in the aircraft base
(Flugwerft) SchleiBheim of the Deutsches Museum. Impor-
tant contemporary witnesses such as Rolf Riccius, Helmut
Schubert, Gero Madelung, Gerhard Kissel, and Rolf
Staufenbiel as well as test pilots Niels Meister and Dieter
Thomas provided an insight into these pioneering days [20].

Later, autonomous flying robots were introduced inter-
nationally, which were investigated and tested since 2000 in
many variants in the preparation of lunar missions. Two
representative examples are the autonomous Lunar Landing
Vehicles (“landing robots”) Mighty Eagle and Morpheus of

Fig. 6.6 Mighty Eagle in flight

Fig. 6.7 Morpheus test flight

NASA. Figure 6.6 shows Mighty Eagle during a test flight
on November 26, 2013, while Morpheus (see Fig. 6.7) with
a payload of 500 kg absolved a free flight test on August 9,
2012, after a few failures. This official first free flight
occurred with Morpheus lifting off under full power, but
after just a few seconds the vehicle tumbled over and cra-
shed to the ground. The vehicle was virtually destroyed. The
Inertial Measurement Unit (IMU), which supplies data to the
flight computer, had failed.

It took just eight months after the crash till the debut of the
second Morpheus “Bravo” lander. Having learned many
lessons from the previous vehicle’s testing, this lander looked
the same but 70 upgrades had been made to both the vehicle
and the ground systems to improve reliability and operability.

The Bravo vehicle successfully attempted its first free
flight on December 10, 2013: “It rose spectacularly like a
ball balancing on the end of a straw. It flew almost flaw-
lessly, rising to about 50 feet in altitude, hovering in place
before moving to a landing spot approximately 23 feet from
the takeoff spot, landing after about 50 sec of powered flight.
Less than a week later, Morpheus flew again, going higher,
faster, and further in an 82 sec free flight” [21].

NASA’s Morpheus lander proved that it was quite cap-
able of successfully navigating a hazardous field after find-
ing a safe landing spot during a night-time. This night flight
on May 28, 2014, was the 14th and last free flight for
Morpheus free-flight test conducted at Kennedy Space
Center.
6.1.3.2 Rolls Royce TMR “Flying Bedstead”
(1953-1957)

The Rolls-Royce Thrust Measuring Rig (TMR) was an
experimental VTOL aircraft from the 1950s to enable the
development of vertical takeoff vehicles in England, with a
thrust-to-weight ratio of about 1.25:1. The engines them-
selves were at that time objects of research. The first flight
took place on July 3, 1953. The experiments resulted in the
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Fig. 6.8 Rolls-Royce thrust measuring rig TMR

development of the Rolls-Royce RB108 engines for the
VTOL demonstrator aircraft Short SC.1 (see Sect. 5.4.1).

The TMR consisted of a tubular steel rig structure with
two Rolls-Royce Nene 101 jet engines mounted vertically
opposite to each other, whereby about 9% of the thrust was
directed as bleed air through pipes to the reaction nozzles for
platform stabilization (see Fig. 6.8). The first test rig
(XA314) flew for the first time, still tethered, on July 6,
1953. The first free flight followed on August 3, 1954. This
was followed by another 240 tethered and free flights until
December 1954. After the transfer to the Royal Aircraft
Establishment (RAE), this test vehicle crashed on September
16, 1957. The second test rig (XA426) first flew on
November 12, 1956, but was also lost on November 28,
1957 during a tethered flight after a collision with a fatal
outcome for the test pilots. A museum specimen, composed
of residues from the two rigs, is all that is left over and
located in the Science Museum in South Kensington in
London (see Fig. 6.9).

Fig. 6.9
London

Rolls-Royce thrust measuring rig TMR in Science Museum,

6.1.3.3 Bell Lunar Landing Research
and Training Vehicles (1964-
1972)

Lunar Landing Research Vehicle (LLRYV)

The British idea of hovering rigs was adopted by NASA
in the nineteen sixties within the Apollo program for the
development and testing of the Lunar Landing Module
(Apollo Lunar Module). With this Lunar Landing Research
Vehicle (LLRV), the required stability and controllability
was determined that assured a precise approach and safe
landing of the lunar module in the weak gravitational field of
the moon. The first flight of LLRV took place on October
30, 1964, and the last one on November 30, 1966. In this
time period, the two LLRYV successfully performed a total of
204 flights without any mishap (see Fig. 6.10) [22].

Lunar Landing Training Vehicle (LLTV)

The Lunar Landing Training Vehicle (LLTV) was derived
from the LLRV and was to provide the Apollo astronauts
with enough training opportunities before landing on the
Moon with the so-called Lunar Excursion Module (LEM).
Especially the gravitational force of the Moon, which is only
a sixth of the Earth’s gravitational force, could be well sim-
ulated with the training device. The electronic control system
for the LLTV was developed by Bell Aerosystem for NASA.
It had two identical duplex channels, which were constructed
from analog computer blocks using transistors. In 1967 the
digital technology was not yet mature enough. A total of
three training units were built (see Fig. 6.11).

The LLTV was very unstable, particularly at large sideslip
angles. On May 6, 1968, the astronaut Neil Armstrong could
at the last moment eject himself during an uncontrollable
training flight. In spite of that, he had no concerns to sit again
in a replacement vehicle shortly afterward. Armstrong was
convinced that there was no better way to prepare for the

Fig. 6.10 NASA Lunar Landing Research Vehicle (LLRV) with
cockpit casing
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Fig. 6.11 NASA Lunar Landing Training Vehicle (LLTV) without
cockpit casing

forthcoming Lunar landing challenge. Because of his unwa-
vering calm, he was also called “Ice Commander”. The
indispensable role which was played by the Lunar training
devices is highlighted at best by the following statement of
the astronaut Bill Anders: “In my view, the LLTV was a much
undersung hero of the Apollo programs.”

6.1.3.4 FRI LIl Turbolet (1956-1959)

The hovering rack Turbolet (also called as Toorbolyot—
Turbo-flyer) was developed by the Russian Flight Research
Institute LII (FRI—Gromov Institute) and based on the
model of Rolls Royce Flying Bedstead TMR. As in the case
of the TMR, the Russian hovering rig had a four-legged
structure with a jet engine installed in the middle, pointing
vertically downwards, and four reaction nozzles on side
arms. The pilot’s seat was cased. The first flight took place in
1956 with Yuri Garnayev (see Fig. 6.12).

The utility of this hovering rig was closely connected
with the development of the Kolesov RD-36 lift engines for
short and vertical takeoff and landing purposes. Special
Mig-21, MiG-23, and Su-15 variants were developed with
lift engines for demonstrating a STOL (Short Take-Off and
Landing) capability. The first Russian vertical takeoff air-
craft Yak-36 emerged ten years later in 1967. The Turbolet

Fig. 6.12 Turbolet in Flight

hovering rig is now on display in the Russian Monino
Aviation Museum (see Fig. 6.13).

6.1.3.5 NAL VTOL Flying Test Bed (FTB)

The first free flight of the VTOL technology demonstrator
Flying Test Bed (FTB) of the Japanese National Aeronau-
tical Laboratory (NAL) took place on December 15, 1970
(see Fig. 6.14). It was built by Fuji Heavy Industries. Two
vertically mounted JR100F lift engines manufactured by the
Ishikawajima-Harima company were used for the propulsion
system. The experimental data were conceived for a vertical
takeoff project on the basis of the first jet aircraft Fuji T-1
built in Japan after the Second World War.

The FTB was inherently unstable. Stability could only be
ensured manually or automatically about the pitch and roll
axes through reaction nozzles on the side arms. Yaw control
and stabilization about the vertical axis was ensured with the
aid of hydraulically actuated tilt nozzles in the lift engines
(see Fig. 6.15).

i |
!

Fig. 6.13 Turbolet in Monino-Museum
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Fig. 6.14 NAL VTOL Flying Test Bed (side view)

6.1.3.6 Hovering Rig for EWR VJ 101C
(1962-1963)

It was pointed out in Sect. 4.2 that already during the early
1960s the analog Fly-by-Wire technologies and in-flight
simulation played an important role in the development of
hovering rigs in the preparations for the German vertical

takeoff programs VJ 101, Do 31 and VAK 191. The

Fig. 6.16 VJ 101 hovering rig

Fig. 6.15 NAL VTOL flying test bed (front view)

attention was focused on the use of hovering rigs, which
were usually driven with the original engines of the actual
prototypes, for the optimization of the controllability and
stability of the projected VTOL vehicles during hovering.
The hovering rig, shown in the upper part of Fig. 6.16,
emerged as a simulation device for the VJ 101 C during its
development. The uncased steel tube body of the hovering

VJ 101
Flight Control
Test Rig

= Evaluation of
Attitude and Rate
Command
Control Laws

VJ 101C-X2
Prototype


http://dx.doi.org/10.1007/978-3-319-53997-3_4

6 Fly-by-Wire/Light Demonstrators

83

rig with its lateral arms supports three Rolls-Royce lift
engines RB 108, at same distances from the center of gravity
as in the case of the planned aircraft. Two of them are
mounted pivotable on the boom ends and one in the hull in
front of the pilot’s seat.

Since 1961, vertical takeoff and landings, as well as
hovering and control in all three axes including an altitude
hold mode, were tested with the hovering rigs. The control
commands were carried out by thrust modulation and yawing
motions around the vertical axis by swiveling the engines at
the wing tips. The maneuvers could be executed both man-
ually and with automatic control inputs (autopilot). The
hovering rig also provided valuable services in the intro-
ductory training and retraining of test pilots for the VJ 101 C.
In March 1962 the hovering rig flew freely for the first time
without restraints [20, 23].
6.1.3.7 Test Stand for Dornier Do 31
(1964-1965)

The starting point in the development of the first German
vertical takeoff transport aircraft Do 31 was a controller test
stand (RVG—Reglerversuchsgestell) for drawing up the
specification for the flight controllers and the control

Fig. 6.17 Do 31 controller test stand RVG

kinematics. This tubular lattice rig with four lift engines was
initially tested on a column on which it was mounted on
gimbals with three degrees of freedom. With a three-axis
autopilot system, developed by Bodensee-Gerdtewerk (BGT,
today Diehl Aerospace), the control properties were opti-
mized taking into account the interaction between pilot and
control system during VTOL operations (see Fig. 6.17).
With that, the test pilot Karl Késsler could perform the first
free flight on April 21, 1964. The last flight of the RVG for
system testing took place on June 4, 1965 [24].

6.1.3.8 VAK-191 Hovering Rig SG 1262
(1966-1969)

The hovering rig SG 1262 was developed to enable the field
testing of the hovering control system of the VTOL fighter
aircraft VFW-Fokker VAK 191B. A very good overview of
the VAK 191B program is found in Ref. [23].

The initial flights in hover were carried out as tethered
flights. The pre-testing of the analog-electrical flight control
system, fine-tuning of the flight control laws, and the system
architecture related to reliability requirements were carried
out initially on the hovering rig. The risks during the
development and associated costs could be reduced. The first

DO 31
Flight Control
Test Rig

= Evaluation of
Attitude Command
Control Laws

* Flying Qualities with

Manual Control
(Mechanical Back-Up)

DO 31 E-3 Prototype
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1967/9

Fig. 6.18 VAK 191 hovering rig

free flight of the SG 1262 took place in the year 1966 and in
1968 an impressive demonstration at the International Avi-
ation Exhibition ILA in Hannover went off smoothly (see
Fig. 6.18).

The utility of the hovering rig was limited not only to
investigations of controllability and stability of VTOL air-
craft in hover. It included later on also the pre-testing of
Fly-by-Wire components for the MRCA Tornado project.

6.2 International Demonstrators
6.2.1 England
6.2.1.1 Vickers V.663 Tay-Viscount

(1950-1959)
The twin-engine Vickers-Armstrong Tay-Viscount (VX217)
was the worldwide first civil aircraft that operated a flight
control system with an electrical signal transmission (see
Fig. 6.19). First flight of the Tay-Viscount was on March 15,
1950, and in the same year demonstration flights at the
International Airshow in Farnborough (SBAC Show)
became a world sensation. For the test aircraft, Boulton Paul
(a company that was later absorbed into the Dowty Group)

VAK 191
Flight Control
Test Rig SG 1262

= Evaluation of Attitude
Command Control Laws

* RedundantControl
Architectures

VAK 191 Prototype

developed in 1952 a three-axis analog-electrical flight con-
trol system with duplex redundancy, that is, the electrical
signals from pilot station right up to the aerodynamic control
surfaces were duplicated in each of the three control axes
(elevator, aileron, and rudder) for flight safety reasons. The
second control station in the cockpit remained for safety
reasons mechanically connected to the control surfaces via
cables and control rods. The first flight with this system took
place in 1956 and constituted the world’s first flight
demonstration of a three-channel Fly-by-Wire system. In the
course of two years, 20 test flights were performed with 21 h
of flight time, half of them in Fly-by-Wire mode. The out-
come of this program turned out later to be significantly

Fig. 6.19 Vickers Tay Viscount (Credit Mike Dowsing)
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beneficial for the analog flight control system of the first
production version of the supersonic airliner Concorde.

6.2.1.2 Avro 707C (1956-1966)

Following the Tay-Viscount experiments, with the devel-
opment of the two-seater Avro 707C (WZ744) the British
Royal Aircraft Establishment (RAE) began in September
1956 the first systematic flight investigations for electrical
signal transmission at higher airspeeds (see Fig. 6.20). It
involved an analog simplex flight control system from
Fairey with artificial stick force feel (Artificial Feel), wherein
the safety pilot could revert to the mechanical flight control
in the case of system failures (mechanical backup). The
Fly-by-Wire flight tests lasted until September 1966 and
comprised of 200 flight hours. This test demonstrator made
important contributions to the development of the Avro
Vulcan bomber and also to the Anglo-French Concorde
program [25, 26].

6.2.1.3 Short S.C.1 (1957-1971)
See Sect. 5.4.1.

6.2.1.4 Hawker Hunter T. 12 (1972-1982)

The two-seater Hawker Hunter T.12 (XES531) is considered
as a logical continuation of the research in the field of
Fly-by-Wire flight control systems that began at RAE in the
1960s with an Avro 707C (see Fig. 6.21). Actually, this
aircraft was converted to test an innovative HUD (Head-Up
Display) system for the British supersonic aircraft project
TSR.2. After project discontinuation, it served the RAE as
an experimental vehicle for an analog Fly-by-Wire system
developed, once again, by Boulton Paul. In this case, it
involved a so-called three-axes-quadruplex architecture, that
is, the signal transmission in each of the three control axes
was increased fourfold to meet the required system relia-
bility. The cockpit of the test pilots was equipped on the
right side with a sidearm inceptor (Sidestick). On the

Fig. 6.20 Avro 707C

Fig. 6.21 Hawker Hunter T.12 (Credit www .flickr.com-Irish 521)

left-hand side in the cockpit, the safety pilot had access to
mechanical backup flight control system at any time
[25, 27]. XE531 crashed on takeoff from Farnborough on
March 17, 1982, after the engine’s 11th stage compressor
disc disintegrated.

6.2.1.5 BA Jaguar ACT (1981-1984)

To demonstrate the proof of concept of the so-called active
flight control systems (Active Control Technology—ACT),
the British Aerospace (BA) Jaguar ACT (XX765) was
equipped with an innovative digital Fly-by-Wire system
(FBW) with a quadruplex system architecture, that is, it was
steered for the first time worldwide through four computer
systems, operating independently of each other, and without
mechanical backup (first flight on October 20, 1981).
Through enlargement of the front wing section and a dif-
ferent weight distribution, the aircraft was later destabilized
in order to achieve an increased maneuvering agility [28].
Good flying qualities could be ensured through artificial
stabilization (see Fig. 6.22). The FBW Jaguar program was
concluded in September 1984 after 96 flights. The
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Fig. 6.22 British-Aerospace Jaguar ACT
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Fig. 6.23 British-Aerospace EAP (Credit Fergal Goodman)

experience gained during this program proved later advan-
tageous to the Eurofighter program.

6.2.1.6 BA EAP (1983-1989)

The EAP (Experimental Aircraft Program) of British
Aerospace (BA) was a many faceted technology demon-
strator. After the project initiation in May 1983, the first
flight of this test aircraft (ZF534) was carried out on August
8, 1986 with RB.199 Mk 104D engines salvaged from the
multinational Tornado program. During the very first flight,
the aircraft climbed to an altitude of 9150 m and accelerated
to Mach 1.1. Until the end of 1989, the EAP technology
demonstrator completed 209 flights with a total 155 flight
hours and in the course reached speeds up to Mach 1.6 (see
Fig. 6.23).

The research program of the EAP was oriented towards
the development of the future European Fighter Aircraft—
EFA (Eurofighter) and eventually served the purpose of
timely providing the proven technologies with a focus on
aerodynamics, construction procedures, structures and flight
control for the future Eurofighter Typhoon. This included the
development of a digital-electronic, four-channel (quadru-
plex) Fly-by-Wire flight control system, and the optimiza-
tion of the aerodynamic configuration with a high degree of
instability.

6.2.1.7 BAC One-Eleven FBL (1984-1994)
Upon approval of government funding in 1980, a prototype
One-Eleven (R/N G-ASYD) was allocated as an Active
Control Technology (ACT) demonstrator aircraft and BAe
(today: BAE Systems) thus began its own fundamental
industrial research into investigating relaxed stability,
maneuver load control, and sophisticated gust alleviation
systems. Hitherto it had largely relied on the Royal Aircraft
Establishment (RAE) at Farnborough [29].

In the mid-nineteen-eighties, an artificial stability system
was tested on the One-Eleven, which consisted essentially of

a series actuator tied into the existing elevator control circuit,
the digital control augmentation system (CAS) built by BAe,
and a water ballast system for moving the center-of-gravity.
After nine flights the program was concluded and had
demonstrated that reductions of 25% in the tail area were
possible.

Maneuver load alleviation was achieved by deflecting the
One-Eleven’s outboard ailerons during turns and pullouts so
as to reduce wingtip lift, shifting the aerodynamic loads
inboard. Perhaps the most significant piece of work being
carried out on G-ASYD is in the alleviation of gust loads.

On February 13, 1993, the first flight of the BAC
One-Eleven Aircraft (R/N G-ASYD) took place equipped
with a Lucas Fly-by-Light (FBL) spoiler actuation system
(Fig. 6.24). The system, which gives lift dump, airbrake and
roll assist control to the aircraft, was tested over the aircraft’s
normal operating envelope, together with failure and emer-
gency conditions. The flight of over 2 h duration covered 27
flight test points, whereby no discrepancies were noted.

The system controlled the inboard spoiler panels of the
aircraft which were fitted with A320 modified spoiler jacks.
It was developed as a direct replacement for the mechani-
cally signaled system that is normally installed. The system
included a pilot operating panel, a central computer, two
fiber optic harnesses, two digital smart actuator controllers
and two hydromechanical servo actuators. Also included
were two rotary position sensors to pick up the pilot control
inputs.

On March 1, 1993, following CAA approval, the BAC
One-Eleven began in-service operations as a liaison aircraft
for BAe with an active FBL system. By the end of May, the
aircraft had flown approximately 200 h (175 flights), in daily
service between Filton and Liverpool, UK, and Toulouse,
France. The flight trials ended when the aircraft was
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Fig. 6.24 BAC One-Eleven (Credit Ian Haskell and Andrew Simpson)
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withdrawn from service in October 1993 with 470 flight
hours logged on the so-called Smart FBL system [30].
Both, the Lucas BAC One-Eleven FBL spoiler control
system and the fully integrated Liebherr Eurocopter EC 135
FHS FBL flight control system (see Chap. 10) are the most
significant Fly-by-Light development contributions in the
secondary and primary flight control systems respectively.

6.2.2 USA

6.2.2.1 Northrop YB-49 (1947-1949)

One of the most unconventional postwar aircraft was the
flying wing aircraft Northrop YB-49 (first flight October 21,
1947, see Fig. 6.25). Although it seemed attractive to fully
accommodate the engines, flight control components and
payload in the wings, thereby promising significantly
enhanced performance in terms of range and payload, the
automatic flight control system had to be developed first to
get a grip on the unstable yaw oscillations about the vertical
axis.

Since, in contrast to a conventional aircraft with a tail
plane, the rudder was not available in the present case,
double flaps (Clamshell Flaps) on the wings were used for
yaw damping. They were synchronously deflected up and
down respectively on one side to generate additional drag at
a wingtip and thereby enabling a yaw moment. With alter-
native combinations of these double flaps, rolling moments
could be generated or even increases in drag to achieve
speed control. Even then the general flying qualities were
evaluated to be not adequate and the program was termi-
nated. It took another 40 years until the above concept was
once again adopted in the Northrop B-2 flying wing pro-
gram, and from this time on with advanced digital
Fly-by-Wire technology the program was steered to a suc-
cessful production.

Fig. 6.25 Northrop YB-49

Fig. 6.26 North American F-107A (AF 55-5120)

6.2.2.2 North American F-107A (1958-1959)
A complex spoiler-slot system above and below the wing
surfaces served as an aileron replacement for roll control of a
North American F-107A (AF 55-5120). The aircraft already
had one of the first Fly-by-Wire systems in the longitudinal
control which was termed Augmented Longitudinal Control
System (ALCS). With the aid of an air data system, the pilot
could generate pitch rate commands by means of the ALCS.
About 40 flight experiments were performed with the
F-107A at the NASA and it was deployed to refine amongst
others the control stick mounted on the side (Sidestick) for
the planned X-15 hypersonic program (see Fig. 6.26).

6.2.2.3 Boeing NB-52E LAMS (1966-1969)
During a low-altitude test flight on January 10, 1964, a
Boeing B-52H (AF 61-023) lost its fin and rudder due to
extreme severe turbulence over a mountainous area (see
Fig. 6.27). Six hours later after the fin-rudder-loss, the
B-52H could be landed. These and similar incidents clearly
showed that sensitive structures of large aircraft react under
difficult atmospheric conditions not only with fatigue and
increased susceptibility to vibrations, but may also lead to a
complete disintegration of structural components.

Against this background, first control-theory based tech-
nical measures were undertaken towards the end of the
nineteen-sixties by the US Air Force to actively suppress
dynamic gust load on the structure and using Fly-by-Wire
technologies. Thus, within the framework of the LAMS
Research Program (Load Alleviation and Mode Stabiliza-
tion) a Boeing B-52E (AF 56-0632) was renamed as
NB-52E and equipped with electrohydraulic actuation sys-
tems for the existing and additional wing flaps, which were
driven via analog computers (see Fig. 6.28). For this purpose
accelerometers and angular rate gyros were mounted at
several locations along the fuselage length, whose mea-
surement signals during flight responded to turbulent air.
These signals were processed in the analog computer and
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Fig. 6.28 Boeing NB-52E LAMS (AF 56-0632)

provided the control commands to the actuation system with
correct phase angles. In this way, structural loads and
vibrations were attenuated. It could be demonstrated that the
lifespan of aircraft structures can be significantly increased
through such active measures.

6.2.2.4 Boeing JB-47E-FBW (1966-1969)

In the present case, the goal was the demonstration of an
analog Fly-by-Wire system in the pitch axis of a Boeing
B-47E (AF 0-32280) and its advantages over the conven-
tional mechanical control system (Ref. [8], see Fig. 6.29).
The first flight took place on December 14, 1967. After 45
flying successful hours in direct FBW mode with a

Fig. 6.29 Boeing JB-47E FBW demonstrator (Credit Gavin Jenney)

conventional control column, in a second trial phase, the
conventional steering column was replaced through a
side-mounted control inceptor (Sidestick) with adjustable
output gradients. Besides the pilot input signals in the pitch
and roll axes, the pitch rate and acceleration signals were
blended additionally, which are also known as C* (C-Star)
—control laws in the international aviation community (see
also Sect. 6.2.2.7). The C* criterion characterizes a pilot
input command, which is essentially composed of a
demanded pitch rate (attitude change) and a vertical load
factor (vertical acceleration at the pilot’s seat). In simple
terms, at low speeds the pitch rate prevails, whereas at higher
airspeeds load factors are increasingly demanded. In many
variations this control command principle has become
accepted worldwide in civil aviation.

In further 34 flight hours, it was demonstrated that the
flying qualities of the B-47E compared to the original ver-
sion could be significantly improved with such a FBW
configuration. Finally, in a third experimental phase, the
single-channel elevator actuator (Simplex) was replaced by
an electrohydraulic actuator with quadruple redundancy
(quadruplex) and self-monitoring. In the concluding 12 test
flights with a total of 18 flight hours, three different types of
control channel errors were introduced. They were correctly
detected and compensated by the actuator. After the last
flight on November 21, 1969, the retired JB-47E FBW was
placed in the US Air Force Museum at Wright Patterson Air
Force Base until 2003. It was later cut up for scrap.

This proven and redundant analog -electrohydraulic
Fly-by-Wire flight control system in the roll and pitch axes
and with a mechanical backup control for the yaw axis as
well as the implementation of a sidestick corresponds basi-
cally to the digital electrohydraulic Fly-by-Wire flight con-
trol system of the Airbus A320. This flight control system
was to revolutionize civil transport aircraft operations about
20 years later with the first flight on February 22, 1987. In
contrast, Boeing furnished the B737, B757, and B767 fur-
ther on with conventional flight control system and ventured
7 years later the jump into the civilian Fly-by-Wire world



6 Fly-by-Wire/Light Demonstrators

89

with the B777 (first flight June 12, 1994). This could raise an
interesting aspect, namely did Boeing want the Europeans to
face the expected struggle with the international certification
bureaucracy pertaining to a new, flight safety critical
technology?

6.2.2.5 Boeing-Vertol BV 347 (1969-1974)

As part of a cooperation program between Boeing-Vertol
and the US Army, a CH-47A Chinook (US Army 65-07992)
was converted to a technology demonstrator under the des-
ignation BV 347. The key elements of the conversion
included a fuselage extension by 110 inches, 4-bladed tan-
dem rotors, retractable landing gear, electrohydraulically
adjustable auxiliary surfaces (tilt wings) with trailing edge
flaps, and an analog-electrohydraulic Fly-by-Wire system
(see Fig. 6.30). The slope of the tilt wings changed auto-
matically with increasing load factors in order to relieve the
rotors. They were aligned vertically while hovering and
horizontally in forward flight. The first flight of the BV 347
took place on May 27, 1970 at the Vertol Flight Test Facility
in Pennsylvania.

Subsequently, an extensive flight test program was car-
ried out to determine the influence of the tilt-wings on the
flying qualities, flight performance, and the vibration
behavior. In preparation for the Boeing US Army XCH-62
Heavy Lift Helicopter (HLH) program, the BV 347 now
without tilt-wings served as HLH demonstrator during
1971-1973 (see Fig. 6.31). The so-called Dual-Fail Oper-
ational Triplex Fly-by-Wire system with full control
authority, developed for HLH, was successfully tested on the
BV 347 with different, reconfigurable and mission-oriented
flight control laws. On the basis of this upgrade, the BV 347
was declared as the first Fly-by-Wire helicopter of the
United States in the beginning of 1972.

Easily flyable manual and automatic landings as well as
highly precise attitude hold maneuvering could be carried
out with the FBW system. It was also possible to suppress
external loads oscillations with the FBW system [31].
Despite the positive experience with the HLH Fly-by-Wire
system gathered with the BV 347, the further development

Fig. 6.30 Boeing-Vertol BV 347 technology demonstrator

Fig. 6.31 Boeing-Vertol BV 347 as HLH-Fly-by-Wire demonstrator

of the Boeing XCH-62 was discontinued in October 1974
due to gearbox problems, even before the first flight planned
in August 1975.

6.2.2.6 Boeing NB-52E CCV (1971-1974)
Another research program with the NB52E (AF 56-0632)
was based on the LAMS program (see Sect. 6.2.2.3), that
focused on the integration of CCV technologies to improve
the flight performance, flying qualities, and particularly the
ride comfort. The modification on the test vehicle, jointly
implemented by Boeing and the US Air Force Flight
Dynamics Laboratory (AFFDL), served to reduce structural
loads and to suppress control surface flutter during flight
through strong turbulence (see Fig. 6.32). Three additional
active-controlled small surfaces called canards, two hori-
zontal, one vertical, located in front of the main wing and
close to the nose, were installed on the fuselage. This canard
control surface triple was connected through the onboard
computer with sensors distributed throughout the aircraft
(see Fig. 6.33). In the case of strong turbulence the sensors
(angular rate gyros and accelerometers) would register sud-
den changes in altitude and attitude as well as accelerations.
The sensor signals were passed on to the onboard computer,
which acted via calculated control laws on the canard control
surfaces and conventional control surfaces in such a way that
the response of the elastic aircraft due to turbulence was
significantly attenuated.

6.2.2.7 Lockheed C-141A FBW (1971-74)

With the conversion of a C-141A (AF 61-2779) from 4950th
Flight Test Wing at the USAF Wright Patterson Air Force
Base to a dual-redundant Fly-by-Wire flight control system in
the pitch and roll axes, an explicit research program was
initiated to determine optimal control strategies to improve
flying qualities of a large transport aircraft (see Fig. 6.34).
The FBW system from Honeywell was operated in parallel to
the manual flight controls using a sidestick from the copilot
seat on the right-hand side. The FBW system architecture and
operation, as well as flight control laws, were similar to that
of JB-47E-FBW system (see Sect. 6.2.2.4). Special variants
of the C* control law criterion were investigated in flight for
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Fig. 6.33 Boeing NB-52E CCV with canard control surfaces on
fuselage

the longitudinal motion in combination with different side-
stick characteristics [8].

6.2.2.8 Vought F-8C DFBW (1971-1985)

In the early 1970s, the NASA had already acquired extensive
knowledge of the principles of analog Fly-by-Wire tech-
nologies through the development and operation of In-Flight
Simulators (see Sects. 5.2.1 and 5.2.2). So it was only log-
ical to step into the digital world of electronic flight controls
in the course of the experimental program F-8C Digital Fly-
by-Wire (DFBW). It was a lucky chance that Neil Armstrong

Fig. 6.34 Lockheed C-141 FBW (AF 61-2779)

presented a proposal to utilize the digital computer, the
inertial platform (determines attitude and position) and other
components, which were originally developed for the Lunar
Excursion Module (LEM) within the Apollo program (I just
went to the Moon with one”) [32].

The conversion of the F-8C (NASA 802) began in 1971
and was completed in 1972 (see Fig. 6.35). This included
initially, besides the single-channel digital Apollo FBW
system, additionally a three-channel Triplex analog system
(see Fig. 6.36) from Sperry as a backup. Also the mechan-
ical flight control of the host aircraft was retained as an
emergency backup system. The first flight took place on
May 25, 1972 at the NASA Dryden Flight Research Center
in Edwards, California. In 1973, after 42 flights, the
mechanical backup system was in the meantime eliminated
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Fig. 6.35 Vought F-8C DFBW

to demonstrate the reliability of the FBW system. From
August to October 1973, the prototype of the sidestick for
the F-16 development program was successfully tested.

In the next phase, the by-now obsolete Apollo computer
was replaced through a self-monitoring, three-channel digital
computer system from IBM and in the period from 1976 to
1978 tested without any fault occurrences in about 30 flights.
In the subsequent years from 1979 to 1981, investigations
for improving the reliability of sensors through so-called
analytical redundancy were of special importance. Thereby
sensor errors could be detected and compensated through a
special digital computer software. As a direct result, the
number of sensors could be reduced.

During approach and landing testing of the Space Shuttle
prototype Orbiter, a problem was detected in the
man-machine interface. The flight control system did not
respond as quickly to control inputs as expected by the
astronaut pilot. When the control commands with increasing
amplitude and frequency were inserted, the system tended to
become unstable. This behavior and similar incidents are

Fig. 6.36 F-8C Apollo Hardware Integration

called Pilot Induced Oscillations (PI1O) or also Aircraft Pilot
Coupling (APC), see also Sects. 2.1 and 9.2.12. With the
development of an adaptive control filter that monitors the
pilot activity and suppresses high-frequency control inputs,
it became possible to avoid such coupling effects of the
Orbiter. This NASA filter was subsequently integrated into
the Space Shuttle.

From 1982 to 1984, the possible influence of systematic
programming errors on the FBW system redundancy was
investigated. The effect of a programming error in one of the
control channels was substantially reduced through pro-
gramming the same software functions for each of the digital
computers by different experts. Likewise, self-monitoring
using the redundant Backup software in each, by now “in-
telligent” computer systems, proved to be effective.

Through the 13-year lasting F-8C DFBW program,

NASA could demonstrate for the first time the principal
advantages of an integrated digital flight control system
without a mechanical backup through practical flight test
demonstrations. The FBW system was the forerunner of the
digital flight control system of NASA’s Space Shuttle
Orbiter, which made its first flight in the atmosphere on
August 12, 1977. Until the last flight on December 16, 1985,
a total of 211 test flights were performed in this F-8C DFBW
demonstrator program [32].
6.2.2.9 McDonnell Douglas YF-4E SFCS/CCV
(1972-1979)
Within the US Air Force project Survivable Flight Control
System (SFCS), the prototype McDonnell-Douglas YF-4E
Phantom (AF 62-12200) was modified in mid-1969 into a
Fly-by-Wire research aircraft to evaluate the potential ben-
efits in a high-performance, fighter-type aircraft (Fig. 6.37).
The SFCS YF-4E was intended to validate the concept that
dispersed, redundant Fly-by-Wire flight control elements
would be less vulnerable to battle damage, as well as to
improve the performance of the flight control system and
increase overall mission effectiveness.

A quadruple-redundant analog computer-based three-axis
Fly-by-Wire flight control system with integrated hydraulic

Fig. 6.37 McDonnell Douglas YF-4E CCV (AF 62-12200)
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servo-actuator packages was incorporated and sidestick
inceptors were added to both the front and back cockpits.
Roll control was just Fly-by-Wire with no mechanical
backup. For initial testing, the Phantom’s mechanical flight
control system was retained in the pitch and yaw axes as a
safety backup. The most visual notable changes included
automatically activated leading edge slats and horizontal
canard surfaces above the engine intake for shifting forward
the lift center and thus destabilizing the basic aircraft flight
mechanics (see Fig. 6.37).

On April 29, 1972, the YF-4E SFCS flew for the first
time. The mechanical flight control system was used for
takeoff with the pilot switching to the Fly-by-Wire system
during climb-out. The aircraft was then flown to
Edwards AFB for a variety of additional tests, including
low-altitude supersonic flights. After the first 27 flights,
which included 23 h in the full three-axis flyby-wire con-
figuration, the mechanical flight control system was dis-
abled. First flight in the pure Fly-by-Wire configuration
occurred January 22, 1973. The overall flight-test program
included more than 100 Fly-by-Wire flights.

Also, the so-called PACT program (Precision Aircraft
Control Technology) was executed with this test vehicle,
with the aim to demonstrate the advantages and adequate
reliability of Fly-by-Wire systems and of CCV technologies
and to envisage these as an integral part of future aircraft
designs. The first flight took place on April 29, 1974. After
34 flights the program was completed in the year 1979 and
the YF-4E was handed over to the US Air Force Museum.

With the SFCS and PACT programs, the course was also
set for the successful development of the YF-16, the world’s
first serial production combat aircraft with Fly-by-Wire flight
control [8].

6.2.2.10 Vought YA-7D DIGITAC (1973-1991)
The Flight Dynamics Laboratory (FDL) of the US Wright
Patterson Air Force Base, besides NASA’s Dryden Flight
Research Center (now: Armstrong Flight Test Centre), was
an early supporter of digital flight control systems, as analog
computers available then were inflexible, too heavy, and
with high power consumption. The aim of the DIGITAC
program (Digital Flight Control for Tactical Fighter Air-
craft) was to demonstrate that faster system improvements
(Upgrades) in hardware and software were possible through
digital technology. After several studies, the concept of
digital flight control on a current aircraft was demonstrated.
The program was performed in three phases.

In the first phase (DIGITAC I), a Vought A-7D Corsair II
(AF 67-14583) from Honeywell Avionics System was fitted
with a 2-channel digital flight control system with a so-called
BIT function (Built-In Test Function) for onboard computer
self-monitoring and was designated YA-7D DIGITAC (see
Fig. 6.38). Electronic and data recording equipment were

housed in an outer container under the right wing. In
February 1975 the first flight from a total 92 flights took
place at the Edwards Air Force Base. Different flight control
laws for reduction of pilot workload during different flight
tasks such as formation flying, target or landing approach
could be tested for the first time. Since 1976 the experi-
mental aircraft was available also to the US Air Force Test
Pilot School AFTPS enabling the test pilots candidates to
gain experience in dealing with the new digital technology.

In 1979, under DIGITAC II another upgrade followed,
especially the integration of a digital multiplex system, with
which now all the subsystems were connected by means of
copper or fiber-optic cable (data bus). Each signal was
assigned a timeframe, in which it was available over the data
bus and could be read simultaneously by all subsystems.
This data bus made a vast number of connecting cables
superfluous and led to considerable reductions in weight and
maintenance efforts. The flight tests continued until 1981.
Thereafter, the test vehicle was again available to the
AFTPS.

The first flight with digital flight control system equipped
with a Fly-by-Light data link took place on March 24, 1982.
The system proved to be extremely reliable. The DIGITAC
III Program began in 1988 with the installation of a more
powerful onboard computer and the standard programming
language Ada (Ada is a structured programming language of
Honeywell Bull, which has proven itself especially in the use
of safety-critical technical systems). The aircraft was then
returned to AFTPS for educational and training purposes and
remained there until July 1991.
6.2.2.11 General Dynamics YF-16 CCV
(1975-1977)

The analog Fly-by-Wire flight control system of the General
Dynamics prototype YF-16 (AF 72-1567) was converted to
a digital system by the US Air Force Flight Dynamics
Laboratory in December 1975. The aim was to test the
performance benefits of digital CCV technologies under
operational conditions (see Sect. 6.1.2). By integrating two

Fig. 6.38 Vought YA-7D DIGITAC (Credit John Bennett)
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vertical foreplanes (Canard: auxiliary surfaces located in
front of the main wing) as additional control surfaces
underneath the engine intake, “decoupled” maneuvers could
be flown (see Fig. 6.39). This meant, for example, trajecto-
ries in the vertical or horizontal plane without pitch or
respectively roll attitude changes (flat turn without rolling).
The first flight took place on March 16, 1976. After a total
of 87 flights with 125 flight hours, the flight tests were ter-
minated on July 31, 1977 following a hard landing.

6.2.2.12 Boeing YC-14 (1976-1979)

The Air Force Boeing YC-14 Short Take-Off and Landing
(STOL) jet transport technology demonstrator flew for the
first time on August 9, 1976 (Fig. 6.40). Two prototypes
were built with the second aircraft flying in October 1976.
The YC-14 is noteworthy in that it was the first aircraft to fly
with a fault-tolerant multichannel redundant digital
Fly-by-Wire flight control system.

A mechanical backup flight control capability was
retained. The full authority triple redundant digital
Fly-by-Wire flight control system, designed by the British
Marconi Company, computed the pitch, roll, and yaw
commands that were used to control the elevator, aileron,
and rudder actuation systems. The reconfigurable computer
architecture divided the basic control path into three
sub-functional elements with these elements replicated to
provide fault tolerance. The internal element redundancy
management function was intended to detect and isolate
faulty elements and perform the necessary reconfiguration.
The input signal selection methodology was intended to
guarantee that all three computers used the same numbers
and thus produced identical output values. During normal
operation, the overall system output value was selected as
the mid value of the three individual values. The system
would continue to operate in the event of a failure of one
computer by taking the average of the output of the two
remaining computers. If they disagreed, both were disabled
and the aircraft reverted to the backup manual control
system.

The YC-14 was also noteworthy in that it used optical
data links to exchange data between the triply redundant
computers. The optical communications medium was chosen
to eliminate electromagnetic interference effects, electrical
grounding loop problems, and the potential propagation of
electrical malfunctions between channels. Optical coupling
was used to maintain inter-channel integrity. Each sensor’s
output was coupled to the other channels so that each
computer had data from each of the other sensors. Identical
algorithms in each computer were used. They consolidated
the data, enabling equalization and fault detection and iso-
lation of the inputs. The computers were synchronized to

General Dynamics F-16 CCV (AF 72-1567)

Fig. 6.40 Boeing YC-14 (AF 72-1873)

avoid sampling time differences and to assure that all com-
puters were receiving identical data inputs. A similar com-
puter architecture with optical data-links was used at about
the same time within the German VFW 614 ATTAS
In-Flight Simulator program (see Chap. 9).

The Fly-by-Wire system was designed to ensure that all
computers used the same sensor input values and should,
therefore, produce identical outputs. However, a significant
fault in the digital flight control software was encountered
during flight testing that had not been detected during
ground laboratory tests. The software fault resulted in the
incorrect tracking of control law computations in each of the
three flight control channels, with each channel performing
signal selections on a different set of values. This resulted in
different input data for the three channels. Although the
discrepancies between each channel’s inputs were small, the
cumulative effect led to large tracking errors between flight
control channels when airborne.
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Fig. 6.41 General Dynamics F-16 AFTI (AF-75-0570)

6.2.2.13 General Dynamics F-16 AFTI
(1982-1983)

To further expand the experience gained with the F-16 CCV
and to use the same in an integrated system with additional
avionics, a development version of the F-16 (AF 75-0750)
was made available by the USAF. Designated as F-16 AFTI
(Advanced Fighter Technology Integration) the test vehicle
was fitted with vertical canards at 30 degrees, which were
already used in YF-16 CCV program, and a thick dorsal
spine in which the avionics components and triple-redundant
digital flight control system were housed (see Fig. 6.41). The
first flight took place on July 10, 1982.

Besides the already conducted test in the YF-16 CCV
program for direct force control, that is maneuvering in a
particular direction without attitude change, avionics func-
tions for reduction of pilot workload stood in the forefront.
Thus, pilot functions to activate avionics components could
be effected via a voice input system VCID (Voice-Controlled
Interactive Device). Here 256 word-commands could be
identified. Likewise, helmet integrated vision systems (Hel-
met-Mounted Sighting System) were tested, in which align-
ment of radar or infrared sensors pointing on a target was
carried out by head movements.

After 108 flights until July 1983 and a concluding testing
of electromechanical actuation systems on the F-16 AFTI
without canard control surfaces (see Fig. 6.42), the aircraft
was handed over to the USAF Museum at Wright
Patterson AFB.
6.2.2.14 Boeing JUH-60A Light Hawk ADOCS
(1982-1989)

At the behest of the US Army, during the early 1980s,
Boeing developed a JUH-60A Light Hawk technology
demonstrator ADOCS (Advanced Digital Control Optical
System), with the aim of demonstrating the feasibility and
performance capability of an optical digital flight control
with full authority (see Fig. 6.43). It was hoped that such a

Fig. 6.42 General Dynamics F-16 AFTI without canards

system would result in weight reductions, insensitivity to
electromagnetic interference, and significantly improved
flying qualities coupled with reduced pilot workload [33].
The ADOCS flight control architecture consisted of two
components, the primary flight control system PFCS and the
automatic flight control system AFCS. The PFCS estab-
lished a highly reliable direct digital connection between the
pilot and the rotor-actuation systems (Direct Law) in analogy
and as a substitute for classical mechanical flight control. In
contrast, based on the principles of the model following
control, the AFCS delivered optimal flight behavior for
selectable flight tasks such as hover, high speed flight or
flights under low visibility conditions. The processing of
flight condition dependent sensor data, such as position,
attitudes, rotation rates, and accelerations, required for the
controller support, was carried out via an optical data bus.
Besides the usual pedals for yaw control and the stick for
collective rotor blade pitch control, the ADOCS equipment
contains a freely-programmable 4-axes sidestick for the right
pilot seat. For security reasons, the production-version
mechanical flight control of the host helicopter UH-60A is
retained as a backup for the safety pilot on the left-hand side.

Fig. 6.43 Boeing JUH-60A Light Hawk ADOCS
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In the testing programs, different sidestick variants were
checked out, whereby the so-called 3 + 1 Controller Con-
figuration turned out to be particularly promising, namely
pitch, roll and yaw control inputs through the right-handed
sidestick and collective rotor blade pitch control (climb or
descent) over the left-handed collective control stick.

With the reconfigurable digital optical flight control sys-
tem, the ADOCS demonstrator program yielded good results
for the selectable flight task and environmental-conditions
dependent control lows. In a concluding appraisal of the
ADOCS system based on a demonstration campaign from
April to September 1987 with 75 guest pilots and 126 flight
hours, it was ascertained that in all flight tasks both the
controllability and the stability behavior of the UH-60A
basic version was significantly improved, especially about
the three primary axes, that is pitch, roll, and yaw [34].

The ADOCS flight control architecture was later on the
basis for the technologically-innovative Boeing-Sikorsky
RAH-66 Comanche project. The first two prototypes
underwent an extensive flight testing from 1996 to 2004.
However, before the series production started off, and after
about 7 billion US $ were spent, the project was abandoned.
The reasons for this were cost escalations, weight and
transport problems. Furthermore, there was also a strategic
military realignment of US Army after the Cold War,
whereby due to the apparent global changes an increased
future demand for unmanned aerial systems emerged. All the
same, a second career as an In-Flight Simulator JAH-60A
RASCAL lay ahead for the JUH-60A Light Hawk at the US
Army/NASA at Ames Research Center from 1989 (see
Sect. 5.2.2.17).

6.2.2.15 Grumman X-29 (1984-1991)

Forward swept wings have at high speeds the same
drag-reduction advantages as the swept back wings. Fur-
thermore, as opposed to swept back wings, adequate natural
flight mechanical stability in the rolling and yawing motion
is guaranteed for low-speed flights. Already during the
Second World War, after extensive wind tunnel tests, Jun-
kers had arrived at such a configuration, which went down in
the aviation history as Ju-287 making its first flight on
August 16, 1944 (see Fig. 6.44). In the redevelopment phase
of the German aviation industry after the Second World
War, there was still the HFB-320 Hansa Jet (first flight April
21, 1964) having slightly forward swept wings and very
good flying qualities, which was built in small numbers. One
specimen, converted as an In-Flight Simulator FLISI, was
eventually utilized over a long period of time at DFVLR in
Braunschweig, (see Chap. 7).

For decades, the forward swept wings, however, did not
achieve any noticeable success, since the aeroelastic defor-
mation and torsion during maneuvering proved to be struc-
turally hardly manageable (Aeroelastic Divergence). It took

Fig. 6.44 Junkers Ju-287 (1944)

another 40 years to overcome the problems of wing defor-
mation through stiffer and lighter components and new
construction procedures utilizing new materials such as
carbon fiber reinforced materials.

With the development of two Grumman X-29, in coop-
eration with the DARPA (Defense Advanced Research
Projects Agency) and the NASA, a technology program was
launched in 1984, and carried out until 1991, with the aim to
generate a database for integration of advanced composite
structures and for computer-aided Fly-by-Wire flight control
systems for future generations of aircraft with complex wing
and control surface combinations. The X-29 had an extre-
mely stiff, forward swept wing with inboard and outboard
flaps. Closely coupled canards were mounted in front of the
main wings and near the engine inlet area, and flaps were
fitted to the rear (strake flaps). This wing-control surface
combination imparted the test vehicle extremely high agility
with an instability of up to 35% MAC, (see Fig. 6.45a,
NASA 003). In this respect, a complex, highly reliable triple
redundant digital flight control system for artificial stabi-
lization of the entire system was indispensable. Each of the
three digital control computers had an analog backup. Upon
breakdown of one of the computers, the other two functional
computers took over. In the case of failure of two computer
systems, the complete system operations were switched over
to the analog system. Upon failure of one analog component,
the two remaining analog computer took over.

The first flight of the first X-29 (NASA 003) took place
on December 14, 1984 at the Flight Test Center of the USAF
Edwards Air Force Base. The mission of the second X-29
(see Fig. 6.45b, NASA 049, first flight May 23, 1989) was
focused on the controlled opening of flight envelope at high
angles of attack up to 60 degrees with separated flow. Drag
reduction up to 20%, Mach numbers of 1.7 and, thanks to
the forward swept wing, excellent flying qualities even in
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First prototype.

Second prototype with anti-spin devices.

Fig. 6.45 Grumman X-29

flight regimes with separated flow (without thrust vector
control) were ascertained from the flight test program. After
a total of 436 flights, the program was concluded on
September 30, 1991. Both the aircraft are now displayed in
the USAF museums of Wright-Patterson AFB and Edwards
Flight Test Center (AFFTC) to venerate.

6.2.2.16 Lockheed NC-141A EMAS (1985-
1986)

The test vehicle Lockheed NC 141A (AF 61-2775) was
equipped by Lockheed with an electromechanical Servo-
motor EMAS (Electro Mechanical Actuator System) from
Sundstrand for the left aileron (see Fig. 6.46). The aim of the
investigations was to demonstrate in flight test for the first
time the feasibility of such an electrical drive as a substitute
for the classical electrohydraulic actuator in a primary air-
craft control. The EMA aileron drive consisted of a dual

Fig. 6.46 Lockheed NC-141A EMAS (AF 61-2775)

electrical motor with separate electric power supply and
two-channel electronic monitoring and control electronics.
The comparison of performance with the right, unmodified
conventional aileron showed only minimal deviations [35].

The experimental aircraft was maintained and operated by
the 4950th Test Wing of the USAF at Wright-Patterson
AFB, and accumulated in February 1986 nearly 13 h of
flight test time, whereby peak currents of up to 12.5 amperes
were measured. The program was aborted after an
EMAS-error with consequential damages.

Even today, electromechanical actuators are subject of
international research under terms like “Power-by-Wire” and
“All-Electric Aircraft” (see also Sect. 6.2.2.20).
6.2.2.17 Rockwell/DASA X-31A EFM
(1990-1995)

See Sect. 6.3.6.

6.2.2.18 Boeing B-757 ARIES (1992-2006)

As a replacement for the avionics and flight guidance testbed
Boeing B-737-100 TSRV (Transport Systems Research
Vehicle), NASA Langley Research Center procured in 1994
a Boeing B-757-200 (see Fig. 6.47, NASA 557) acronymed
ARIES (Airborne Research Integrated Experiments System).
In contrast to the B-737-100 (NASA 515), the B-757
received Fly-by-Wire equipment in summer 1992 for the
preparatory development of a digital Fly-by-Wire system of
the Boeing B-777. It could be flown from the right co-pilot’s
seat in parallel to the normal mechanical control. Thus,
virtually all control inputs, control laws, and the corre-
sponding response behavior of the B-777 were tested and
optimized before its first flight.

6.2.2.19 General Dynamics F-16D MATV
(1993-1994)

During July 1993 to March 1994, the In-Flight supersonic
Simulator F-16D VISTA (AF 86-0048, see Sect. 5.2.1.15)
was converted for the MATV technology program (Multi-
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Fig. 6.48 General NF-16D MATV with anti-spin devices on tail

Axis Thrust Vectoring) to enable testing of controlled flight
at high angles of attack by means of thrust vectoring and
tested at the Edwards Air Force Flight Test Center. For this
purpose, the variable stability system, consisting of digital
Simulation computer and programmable control sticks, was
temporarily dismantled and replaced by test components for
the MATV program. The main component of the MATV
program was the thrust vectoring AVEN (Axis-Symmetric
Vectoring Exhaust Nozzle) from General Electric, almost
ready for series production, with which the thrust could be
deflected in any arbitrary direction using a ring control of the
nozzle lips (see Fig. 6.48).

The F-16D MATV used the standard flight control
computer from series-production, which is a part of the
four-channel digital flight control system of the F-16. It
ensured the artificial stabilization of unstable host aircraft.
To perform flights with separated flow at high angle of
attack, it also provided the modified control laws through a
swift selection of pre-programmed controller gains (Dial-a-
Gain). The MATV program was initiated with high priority
by the USAF, and the tactical utility of thrust vector control
could be demonstrated under quasi-operational conditions
[36].

Fig. 6.49 McDonnell Douglas NF-15B ACTIVE

6.2.2.20 McDonnell Douglas NF-15B ACTIVE
(1994-1999)

Through the ACTIVE program (Advanced Control Tech-
nology for Integrated Vehicles) spread over several years,
the NASA Dryden Flight Test Center pursued the goal of
improving the performance of an integrated digital flight
control systems using a combination of aerodynamic con-
trols and thrust control by deflection of the exhaust stream.
Likewise, the tools for the integrated aircraft design were to
be fine-tuned and verified through flight test data. For this
project, a McDonnell Douglas F-15B USAF was equipped
with a digital FBW flight control system and a powerful
engine with axially symmetrical thrust vector control,
whereby the thrust nozzles could be adjusted in any direc-
tion. The test vehicle was designated NF-15B ACTIVE (see
Fig. 6.49, NASA 837).

From 1996 to 1998, supersonic flights up to Mach 2 were
demonstrated with an integrated thrust vector control as well
as flights at high angles of attack up to 30° with yaw sta-
bilization by thrust vector control. With the aid of FBW
onboard computer, combined optimal settings of aerody-
namic control surfaces and thrust nozzles could be deter-
mined, that resulted in a decrease of the total drag, more
specifically to increase in airspeed by of Mach 0.1 at Mach
1.3 at an altitude of about 10,000 m.

6.2.2.21 NASA F-18 SRA (1996-1997)

During 1997, NASA Dryden (since 2014: Armstrong) Flight
Research Center had evaluated a single electrohydrostatic
actuator installation on the NASA F-18 Systems Research
Aircraft (SRA, NASA 845, Fig. 6.50) loaned from the U.S.
Navy.

The electrohydrostatic actuator, provided by the U.S. Air
Force, replaced the F-18’s standard left aileron actuator and
was evaluated throughout the aircraft’s flight envelope up to
speeds of Mach 1.6. Numerous mission profiles were
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Fig. 6.50 F-18 SRA

accomplished that included a full series of aerobatic
maneuvers. The electrohydrostatic actuator accumulated
23.5 h of flight time on the F-18 SRA between January and
July 1997.

Key technologies investigated with the F/A-18 SRA
included advanced so-called Power-by-Wire concepts and
Fly-by-Light (fiber optic cable) systems, as well as
electric-powered actuators and advanced flight-control
computer software. Power-by-wire and -electric-powered
actuators aim to eliminate cumbersome hydraulic lines in
favor of more versatile wires and fiber-optic control cables
[37].

Lockheed C-141A Electric Starlifter
(1996-1998)

After the NC-141A EMAS program was aborted in the year
1986, it took another 10 years until the advances in the
digital electronics and in the field of magnetic materials
research motivated the US Air Force to replace the con-
ventional electrohydraulic aileron control on a Lockheed
C-141A by electromechanical actuators. Whereas during the
EMAS feasibility study (see Sect. 6.2.2.16) only the left
aileron drive was modified by Sundstrand, this time
Lockheed-Martin carried out the electrification and integra-
tion of both ailerons in a specially designed digital FBW
flight control system. The integrated drive packages IAP
(Integrated Actuation Packages), developed by Lucas
Aerospace, replaced not only the hydraulic actuators but also
the elaborate hydraulic connecting lines to the central
hydraulic power supply. With 7 kilowatts of electrical
power, each of the two dual-channel Duo-Duplex actuation
packages could separately operate an aileron.

The aim of this so-called Electric Starlifter program was
to gather experience with this Power-by-Wire technology
with regard to the potential of possible savings and system
reliability under operational flight conditions. Thus, more
than 1000 flight hours in long haul operation were flown
with the C-141A by the 418th Flight Test Squadron of
Edwards Air Force Base during the period from 1996 and
July 1998 (see Fig. 6.51, AF 61-2776).

6.2.2.22

Fig. 6.51 Lockheed C-141A Electric Starlifter (AF 61-2776)

Also in Germany, within the framework of the VFW 614
ATD program (see Sect. 6.3.7), integrated actuator packages
for future Power-by-Wire applications were developed and
tested, among others by Liebherr Aerospace.
6.2.2.23 Boeing/EADS X-31 VECTOR (1998-
2003)

See Sect. 6.3.8.

6.2.2.24 McDonnell Douglas NF-15B IFCS
(1999-2008)

In the case of test demonstrator McDonnell Douglas NF-15B
IFCS (Intelligent Flight Control System), it dealt with the
same test vehicle with which the NASA-ACTIVE-program
was carried out (see Fig. 6.52, NASA 837, see
Sect. 6.2.2.20). The main objective of this project at NASA
Armstrong Flight Research Center was an improvement of
the FBW flight control systems under normal and malfunc-
tion conditions. The adaptive and fault-tolerant controllers
designed for this purpose were based on so-called neural
networks, which could increase the air safety and probability
of survival of civil and military aircraft. The software of such
adaptive and self-learning neural networks detected possible
changes in the control and stability behavior in real time and
reconfigured the remaining FBW flight control system for
the recovery to a stable and controllable flight condition.

6.2.2.25 Sikorsky X2 TD (2005-2011)

The Sikorsky X2 Technology Demonstrator (TD) was a
coaxial rotor design (counter-rotating rotors) that aimed to
retain good hover performance as well as cruise speeds up to
460 km/h (250 kts). It was built at Schweizer Aircraft, a
Sikorsky subsidiary. The key performance factors included
speed but also low vibration, low pilot workload, and low
acoustic signature (see Fig. 6.53).

Technologies used in the X2 TD design included coaxial
rigid rotor blade designs with high lift-to-drag ratio, active
vibration control, and a FBW system with advanced flight
control laws. FBW technology concentrated the cyclic,
collective and pedals on a single side-arm controller (SAC).
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Fig. 6.52 NF-15B IFCS
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Fig. 6.53 Sikorsky X-2 Speedster

The X2 TD featured a conventional collective stick, a SAC
cyclic, and pedals for yaw control. Yaw is induced in a
coaxial-rotor helicopter by increasing blade pitch in one
rotor and decreasing it in the other, resulting in a differential
torque which could be augmented by a rudder at higher
speeds. The flight control laws for improved handling
qualities have been particularly conducive to a low
pilot-workload and single-pilot operation.

In order to demonstrate and evaluate these basic
Fly-by-Wire capabilities sufficiently in advance, a surrogate
Schweizer 333 helicopter was equipped with the X2
Fly-by-Wire system. The system was programmed with
advanced flight-control laws and linked to the main rotor and
engines to enable basic maneuvering capabilities. First flight
took place on November 4, 2005 and subsequent flight
testing was focused on reliability tests of the
triply-redundant system.

First flight of the X2 TD was accomplished on August 27,
2008. On September 15, 2010, Sikorsky’s design goal for
the X2 was achieved with a horizontal flight speed of
250 kts (290 mph; 460 km/h). On July 14, 2011, the X2 TD
completed its final flight and was retired after accumulating
22 h over 23 test flights. With the end of development, the
X2 will be followed by its first application, the S-97 Raider
high-speed scout and attack helicopter.

Fig. 6.54 Gulfstream CV550 AFC Demonstrator (Credit Preston A.
Henne, Gulfstream, 2008)

Gulfstream G550 AFC Demonstrator
(2006-2008)

The goals of an Advanced Flight Control (AFC) program at
Gulfstream Aerospace was to demonstrate emerging flight
control technologies such as Fly-by-Wire, Fly-by-Light, and
Fly-by-Wireless as well as innovative actuation systems in
flight and to determine the benefits in capability, perfor-
mance, reliability, and cost for next-generation business-type
aircraft.

A Gulfstream G550 (N532SP) was retrofitted as a dedi-
cated demonstrator aircraft (see Fig. 6.54). First flight with
Fly-By-Wire control demonstration using rotary electrome-
chanical actuators (EMA) for the outboard wing spoilers
took place on September 26, 2006, resulting in improved
high-speed stability, roll performance, and ride comfort. The
rotary EMA were provided by Parker Aerospace. Further,
the inboard and mid-wing spoilers were modified with EMA
supplied by Smiths Aerospace. The electrohydraulic FBW
elevator control from Parker Aerospace was flight tested for
the first time on May 16, 2007, and an electrical backup
hydrostatic Actuator (EBHA) for the elevator on October 8§,
2007. Thales supplied the flight control computer. The FBW
system was flown from the right-hand seat whereas the
left-hand seat retained the mechanical controls of the basic
aircraft.

A Fly-by-Light flight control demonstration was com-
pleted on February 27, 2008. A fiberoptic harness was
successfully used to transfer pilot control inputs from a flight
control computer to the mid-wing spoilers. Electrical-optical
connector technology, electromagnetic interference shield-
ing, and manufacturing and installation concepts were
assessed.

Gulfstream Aerospace also demonstrated on September
18, 2008, for the first time, wireless signaling (Fly-by-
Wireless) for a primary flight-control surface in a civilian or
military aircraft. The wireless control architecture included
an internal wireless bus transmitter and external receiver at
the EMA interface of the mid-wing spoilers. The units
communicated using “direct sequence spread spectrum

6.2.2.26
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modulation and coding technology” (Gulfstream). It offered
an additional channel of communication for redundancy,
which increases system safety.

6.2.2.27 Sikorsky S-76 SARA (Since 2013)

The Sikorsky Innovation Group has developed a set of
hardware and software capabilities to support autonomous
flight of unmanned or optionally piloted rotorcraft. Within
this so-called MATRIX™ program, a higher level, second
generation of autonomous flight capabilities were developed.
The program conducted its first test flight on July 26, 2013
on a S-76 fitted with Fly-by-Wire flight controls and mul-
tiple sensors for situational awareness. The S-76 demon-
strator helicopter is dubbed SARA (Sikorsky Autonomous
Research Aircraft, see Fig. 6.55).

The program’s objective was to develop both a set of
software applications and a “pallet” of hardware and soft-
ware systems that could be “ported” or integrated on an
existing aircraft or introduced with a new aircraft. The
MATRIX™ technology can be easily adapted for other
aircraft systems as well.

Within the DARPA-sponsored ALIAS program (Aircrew
Labor In-Cockpit Automation System), a new level of
automation into existing military and commercial aircraft has
been developed and integrated to enable to operate rotorcraft
with reduced onboard crews. ALIAS seeks to leverage
advances in autonomy that reduce pilot workload, augment
mission performance, and improve aircraft safety and relia-
bility. Sikorsky utilized its MATRIX™ Technology to
develop, test, and field hardware and software systems that
significantly improved optionally piloted and piloted vertical
take-off and landing (VTOL) aircraft. Sikorsky had later
installed the MATRIX™ Technology also on a Fly-by-Wire
and optionally piloted UH-60MU helicopter.

The first phase of the ALIAS program was completed on
May 24, 2016, with the demonstration of a 30-mile auton-
omous flight using the Sikorsky S-76 SARA technology
demonstrator. This flight highlighted the ability for an

Fig. 6.55 Sikorsky S-76 SARA (Credit Sikorsky)

operator to plan and execute every phase of an autonomous
mission with a tablet device. During the demonstration, a
ground station crew monitored the progress of the
ALIAS-enabled Sikorsky S-76 SARA.

A second phase of the ALIAS program will focus on
continued maturation of the initial ALIAS system with
additional flight tests, enhancements to the human interface
and transition to additional rotorcraft to demonstrate ALIAS
portability.

6.2.3 Russia

6.2.3.1 Introduction

To make more accurate inquiries and reliable assertions
about Russian or Soviet developments in the field of
Fly-by-Wire technologies, the readily accessible sources in
the form of bilateral cooperation such as that between the
DLR and the Russian Flight Research Institute (FRI, Gro-
mov Institute), books and websites could be uncovered only
during the last two decades [38]. Three technical books in
English providing good historical overviews are now avail-
able for referencing [39-—41]. Details about the DLR-FRI
cooperation are given in Sect. 12.2.2.

6.2.3.2 MiG YE-63/T (1961-62)

The first steps towards the integration of additional, more
adjustable aerodynamic surfaces to improve the aircraft
performance were undertaken by the design office Mikoyan
towards the end/beginning of the fifties and sixties with the
MiG YE-6/3T (see Fig. 6.56). For this purpose, a pivoted
delta canard surface (Destabilizer) was installed in the
front fuselage area of a MiG-21F, which was aligned for
the respective flow conditions. However, it was only
possible to achieve a marginal destabilization in the lon-
gitudinal motion (pitch axis). A total of 56 flights were
performed [41].

6.2.3.3 MiG YE-8 (1960-1963)

In the next step, significantly improved flight performance in
supersonic range was achieved during 1962 with a special
MiG YE-8, likewise based on a MiG-21. The canards were
subsonic freely floating, while they were set fixed in the
supersonic range. Both of the aforementioned MiG test air-
craft, however, did not incorporate yet an actively controlled
Fly-by-Wire flight control system.

The first of the two technology demonstrators YE-8-1
made its first flight on April 17, 1962 (see Fig. 6.57) and the
second specimen YE-8-2 on June 29, 1962, gathering a total
of 13 flights (see Fig. 6.58). The project was aborted in 1963
after the YE-8-1 disintegrated in the air after an engine
explosion at Mach 1.7.
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Fig. 6.58 Mig YE-8-2

Fig. 6.59 Sukhoi 100LDU

6.2.3.4 Sukhoi 100LDU (1968-74)

As part of the Fly-by-Wire system development program for
the large supersonic Sukhoi T4, the first Russian aircraft
with an analog quadruplex Fly-by-Wire flight control system
including a mechanical backup (first flight in August 1972),
a two-seater supersonic training aircraft Su-7U was con-
verted to a Fly-by-Wire technology demonstrator Su
100LDU (see Fig. 6.59). During the period from 1968 to
1971 special emphasis was placed on the impact of actively
driven, destabilizing canards.

It should be noted that the Sukhoi 100LDU Fly-by-Wire
demonstrator later (1973-1974) contributed also to the
development the prototype Sukhoi T-10, the first Russian
Fly-by-Wire aircraft without mechanical backup (first flight:
May 27, 1977). After significant modifications, the suc-
cessful T-10 flight test program provided the basis for the
Sukhoi Su-27 employing the first operational Fly-by-Wire
system in Russia. Today, a Su-27 version serves the Flight
Research Institute (FRI, Gromov Flight Research Institute)
as an In-Flight Simulator (see Sect. 5.6.2).

6.2.3.5 Sukhoi L02-10 (1968-84)

To generate direct control forces for special lateral precision
maneuvers, additional actively driven control surfaces were
needed besides the rudder. Various options for such control
surfaces were implemented on a Su-9 (see Figs. 6.60 and
6.61). The research aircraft modified in this way and des-
ignated Su L02-10 was operated over several years (1972—
1979) by the Flight Research Institute FRI.
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Fig. 6.61 Sukhoi L02-10 with one additional vertical control surface

6.2.3.6 Sukhoi Su-15 CCV (1980-82)

A Su-15 (S/N 1115328) was specially equipped with CCV
capabilities by Sukhoi. The Gromov Flight Research Insti-
tute investigated variable stability and control characteristics
sidestick inceptors (see Fig. 6.62). This Fly-by-Wire
research aircraft crashed on November 11, 1982 [41].

6.2.3.7 Sukhoi T10-24 CCV (1982-87)

One of the first Sukhoi Su-27 production aircraft, the
T10-24, was converted in the early 1980s to another CCV
demonstrator. It was equipped with canards, mounted ahead
of the main wing, to improve the maneuverability at high
angles of attack (see Fig. 6.63). The Canards were auto-
matically adjusted with increasing angles of attack,
increasing the maximum lift in maneuvering flight.

The landing speed could also be reduced through the
canards, which was particularly beneficial during operations
on aircraft carriers (see Fig. 6.64). The first flight with
canards was performed in May 1985 by the famous test pilot

Fig. 6.62 Sukhoi Su-15 LL CCV (Credit Rob Schleiffert)

Fig. 6.64 Sukhoi T10-24 (Credit Jefim Gordon)

Victor G. Pugachov, the first demonstrator of the so-called
“Cobra” maneuver. Some versions of the Su-27, such as the
Su-27 M from which later the Su-35 emerged, were later
equipped with standard canards. Another version, the Su-37,
received, in addition, a thrust vectoring system. The Sukhoi
T10-24 was lost on January 20, 1987 [40].

6.2.3.8 Mil Mi-8T FBW (1985-1990)

From the 12,000 pieces of Mil Mi-8 helicopters which were
manufactured, just a single Mi-8T (Hip C) model was ret-
rofitted with an electronic flight control system for testing
the application potential of future Fly-by-Wire technologies
for rotorcraft (see Fig. 6.65). Although this was just an
experimental setup with a VUAP-1 standard autopilot hav-
ing limited control authority, it was possible to investigate
and evaluate the optimal flying qualities with this device
using a data link to a ground station providing for variable
controller settings. It could be demonstrated in 1989 that
through the use of two sidesticks (left and right on the test
pilot’s seat), the pilot workload could be significantly
reduced during precision maneuvers [41].
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Fig. 6.65 Mil Mi-8T (Credit military-today.com)

6.2.3.9 Sukhoi Su-47 Berkut (1990-2008)

This technology demonstrator initially designated as S-37
was the Russian counterpart to the US X-29 project. The first
flight took place on September 25, 1997, thus thirteen years
later compared to the X-29 (see Fig. 6.66). Even the Rus-
sians had finally succeeded in changing the destabilizing
torsion of the 45° forward swept wing principally into a less
critical wing bending through a specially arranged composite
fiber structure (US: “aeroelastic tailoring”). The test vehicle
was renamed in the year 2002 as Su-47. It provided
important  insights into the controllability of a
three-surface-configuration (canards, main wing and tail
plane) by means of a complex digital Fly-by-Wire flight
control system. This included the optimization of flying
qualities in extreme flight regions while ensuring sufficient
artificial stability. The ailerons of the forward swept wing
provided sufficient controllability under separated flow
conditions at high angles of attack.

6.2.3.10 Mig 1.44 (1994-2000)
The official unveiling of the Mig 1.44 technology demon-
strator on January 12, 1999 ended years of mystery about
this project (see Fig. 6.67). It featured thrust vectoring (pitch
and yaw) for high-angle-of-attack (AOA) super maneuver-
ability and supersonic cruise without afterburning of its
Lyulka Saturn AL-41F turbofans with round 3D vectoring
nozzles. The T/W ratio of the clean aircraft is not less than
about 1.33. The aerodynamic delta wing configuration with
all-movable close-coupled canards provided favorable vor-
tex interactions during high AOA maneuvering, delaying
both boundary layer separation (stall) and vortex core
breakdown, commonly found at high angles of attack.
Almost full-span hinged flaps were mounted on the wing
leading edges, while flaps, while on the trailing edge large
inboard and outboard flaperons were attached. Whereas the
test aircraft did not have a conventional horizontal tail,
structural beams behind each wing carried outward sloping
upper fins with inset rudders and below the beams vertical

Fig. 6.66 Su-47 Berkut

Fig. 6.67 Technology Demonstrator Mig 1.44, Blue 1 (Credit Tyler
Rogoway)

underpins with additional mini-rudders. Between the beams
and the adjacent engines secondary elevators were placed.
A single rectangular variable engine inlet was placed below
the forward fuselage with the upper lip fully variable for
supersonic flight. The lower inlet lip could be hinged down
in high-alpha flight.

In all, 16 flight control surfaces were linked to the
advanced Avionika KSU-142 digital Fly-by-Wire flight
control system which provided artificial stability to the air-
craft at subsonic speeds as well as high maneuvering agility.
The aircraft was equipped with a glass cockpit.

After lengthy ground tests, the test aircraft manufactured
in the early 1990s made its first high-speed run in the late
1994 with Mikoyan’s Chief Test Pilot Roman Taskayev at
the controls. Just as the test program began to pick up, it was
again put on hold as the Mikoyan design bureau did not have
enough funds to purchase the remaining components still
missing on the demonstrator. This became the main factor in
the indefinite postponement of the program for the next few
years.

On February 29 (sic!), 2000, the Mig 1.44 performed its
initial flight at the hands of Vladimir Gorboonov. During the
18-minute flight, the aircraft reached a maximum height of
1000 m (3300 ft) and reached speeds of 600 km/h
(370 mph).

After a second 22-min test flight on April 27, 2000,
engineers probably uncovered some problems, since there
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Fig. 6.68 The 1.44, Blue 144 (Credit

defunct
Max FOXBAT Bryansky Russian APT)

Mig now:

were no reported flights thereafter and the program was
canceled. The technology demonstrator aircraft MiG 1.44
has been put in long-term storage in the hangar of the
Gromov Flight Research Institute. 15 Years later, on August
25, 2015, the defunct Mig 1.44 returned from retirement for
a rare public viewing at the Moscow Air Show (MAKS
2015, see Fig. 6.68).

The MiG 1.44 design lived on in China’s J-20 large
stealth fighter, which some analysts think may even have
benefited directly from the Mig 1.44’s design and develop-
ment. The two aircraft do have some remarkably similar
design cues and proportions such as similarly styled delta
wing canard configurations and a V-shaped tail section with
closely mounted engines.

6.2.4 France

6.2.4.1 Dassault Mirag E IIING (1982-1984)

A Dassault Mirage IIIR designated as Mirage IIING (Nou-
velle Generation) with a modified delta wing and additional,
permanently attached canards above the engine intake served
as a Fly-by-Wire and avionics technology demonstrator. The
first flight took place on December 21, 1982. With the
aerodynamic modifications and the Fly-by-Wire system, this
unique aircraft was the best within the Mirage III family in
terms of performance. All the more bleak is the sight and the
state of the technology demonstrator as seen in Fig. 6.69.
The canards are still mounted on the fuselage above the
engine intake.
6.2.4.2 A300B FBW Demonstrator
(1983-1985)

Already in 1978, Aerospatiale undertook flight tests with a
company’s own Concorde to explore technologies for elec-
trohydraulic flight control. While the spoilers, landing flaps
(Flaps), and slats of the A310 could already be electrically

Fig. 6.69 Dassault Mirage IIING 01

driven through a digital computer, the concept and the
benefits of a Fly-by-Wire control system for the elevator and
aileron surfaces were validated through flight tests with
Concorde. Thereby, the rudder and the trimmable horizontal
stabilizer functioned as a mechanical backup. At the same
time, in combination with electrohydraulic elevator and
rudder control system, a sidestick mounted in the left pilot
seat was tested as a substitute for the centrally mounted
control column being operated with both hands. With a
digital computer the C*-control laws (see Sect. 6.2.2.4) were
generated for precise flight path control, which also proved
to guarantee optimal flight performance in the turbulent air.

At this time, there was no specific project to utilize the
results of this demonstrator program. Also, the supersonic
Concorde configuration as such was of little relevance for
the future of commercial aircraft. Nevertheless, it provided
an initial promising database on the effectiveness of future
Fly-by-Wire flight control systems in conjunction with
sidestick inceptors.

With the launching of the A320 project, the concept of
digital Fly-by-Wire flight control with sidestick operation
was to become a reality. For this purpose, Airbus modified
the A300 (S/N 3) as a Fly-by-Wire demonstrator with a left
and right hand sidestick on the two pilot seats respectively.
Within two flight test campaigns (1983 and 1985), the spe-
cial benefits of Fly-by-Wire flight controls, such as flight
envelope protection including limiting the angle of attack
during low speed approaches, could be impressively
demonstrated to the general public [42] (see Fig. 6.70).

The first flight of the commercially successful A320 took
place two years later on February 22, 1987. The introduction
of C* like standard flight control laws proved to be highly
successful in the operational service. Virtually all configu-
rations within the by now very extensive Airbus family of
A319/320/321/330/340/350/380 have almost identical flying
qualities, despite large differences in their gross weights.
Thus, the training procedure of airline companies for the
pilots could be significantly simplified.
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Fig. 6.70 Airbus A300 Fly-by-Wire technology demonstrator

6.2.4.3 Aérospatiale SA.365N1 Dauphin 2
FBW (1989-2001)

In 1989, the conventional mechanical control system of the
prototype Aérospatiale SA.365N1 Dauphin 2 C/N 6001,
F-WZ]J) was expanded by a Fly-by-Wire flight control
system. A lateral sidestick was provided for the right-hand
seat of the test pilot, while the mechanical backup was
retained for the safety pilot in the left cockpit seat. The first
flight in the Fly-by-Wire mode took place on April 6, 1989.
The FBW flight tests focused on the electronic decoupling of
the control axes and various rate and attitude control laws
resulting in good and “forgiving” flying qualities (Carefree
Handling). The experience was integrated directly into the
development of the European NH-90 (NATO Helicopter
90), worldwide the first helicopter to be equipped with a
production-version Fly-by-Wire system.

After Aérospatiale merged together in 1992 with the
rotorcraft division of Messerschmitt Bélkow-Blohm forming
the new company Eurocopter S.A., the Dauphin received a
new registration F-WQAP. Later, the Fly-by-Wire system of
the Dauphin received two additional actively controllable
aerodynamic control surfaces, namely a horizontal stabilizer
and a rudder. With these changes, an improved directional
stability with reduced tail rotor performance and increased
payloads could be achieved. The last flight took place in

Fig. 6.71 Eurocopter FBW Dauphin (Credit Peter Clarke)

Fig. 6.72 Mitsubishi T-2 CCV

March 2001. Today, the experimental helicopter is displayed
in the British “The Helicopter Museum” (see Fig. 6.71).

Under the framework of bilateral consultations
(Memorandum of Agreement—MOoA) between Eurocopter
and DLR, it was agreed upon that thereafter the flight
experiments with electronic/electro-optical flight controls
(FBW/L) were to be primarily carried out on the newly
developed Fly-by-Light Helicopter DLR EC 135 FHS
(Flying Helicopter Simulator) at DLR in Braunschweig. In
the meantime, a first successful flight test program for Airbus
Helicopters (formerly Eurocopter) was carried out (Project
ACT IME, see Sect. 10.4.1).

6.2.5 Japan

6.2.5.1 Mitsubishi T-2 CCV (1983-1986)

At the behest of the Japanese Defense Agency JDA and its
subordinate Institute TRDI (Technical Research and
Development Institute), a supersonic training aircraft Mit-
subishi T-2 was equipped with an experimental, triple
redundant (triplex) digital FBW flight control system. With
three additional control surfaces (vertical fin under the
fuselage, two horizontal canard surfaces above the sides of
the engine inlets, see Fig. 6.72) it was designated T-2 CCV
enabling the testing of the future CCV technologies (see
Fig. 6.73). The first flight took place on August 9, 1983. Up
to 1986, a total of 183 flights were performed. However,
there is little known about the flight test results.

6.2.5.2 Kawasaki BK-117 FBW (Since 1994)

A Bolkow-Kawasaki BK-117 was converted by the ATIC
Institute (Advanced Technology Institute of Commuter
Helicopter) with the aim of making easier and safer the
flying a single rotor, unstable helicopter under blind condi-
tions by incorporating Fly-by-Wire technologies (see
Fig. 6.74). This included, besides the triple-redundant digital
Fly-by-Wire system, an active sidestick and programmable
cockpit displays for optimal information extraction. In the
case of a complete failure of the three digital onboard
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Fig. 6.73 Mitsubishi T-2 CCV with additional control surfaces

Fig. 6.74 Kawasaki BK-117

computers, running asynchronous, an analog backup flight
control was available. Three default control laws could be
selected, namely Rate Command-Attitude Hold (RCAH),
Attitude Command Attitude Hold (ACAH), and Attitude
Command Velocity Hold (ACVH). Thereby the flight tasks
under visual as well as under bad weather conditions could
be performed. The first FBW flight took place in September
1999 [43].
6.2.5.3 Mitsubishi ATD-X Shinshin

(Since 2008)

The Mitsubishi ATD-X Shinshin was developed by the
Ministry of Defense Technical Research and Development
Institute (TRDI) for research purposes. ATD-X is an acro-
nym for “Advanced Technology Demonstrator—X” (see
Fig. 6.75). The ATD-X is used as a technology demonstrator
and research prototype to evaluate domestic advanced
technologies for a fifth generation stealth fighter aircraft. The
aircraft features a 3D thrust vectoring capability, promising
greater maneuverability than other stealth planes. The
experimental thrust vector control system was realized by
three paddles on each engine nozzle similar to the system

Fig. 6.75 Mitsubishi ATD-X Shinshin (Credit Getty Images)

Fig. 6.76 ATD-X twin engine thrust vector paddles (Credit AFP
screencap)

used on the Rockwell/DASA X-31 (see Fig. 6.76, see also
Sects. 6.3.6 and 6.3.8).

The ATD-X made its maiden flight on April 22, 2016.
Among the innovative features of the ATD-X, which also
carries the official military designation X-2 (JAF 51-0001),
is a Fly-by-Light flight control system. Substitution of wires
by optical fibers allows faster data transfer and immunity to
electromagnetic disturbances. A further feature is a so-called
“Self Repairing Flight Control Capability” (EC 185 1T
—Fix it myself flight), which allows the aircraft to auto-
matically detect failures or damage in flight control system
and aerodynamic control surfaces. With this capability, the
control commands are redistributed by the computer to the
remaining control surfaces and regain controlled flight.

6.2.6 China

6.2.6.1 Shenyang J-8 ACT (1977-1990)

After preparatory studies, which began in 1977, a Shenyang
J-81 was converted in 1988 to a Fly-by-Wire testbed and
designated as J-8 ACT. First flight was conducted on June
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Fig. 6.77 Shenyang J-8I1 ACT (Credit Weimeng)

24, 1990. There aren’t any reliable information or pictures
available concerning this project.

6.2.6.2 Shenyang J-8I1 ACT (1990-1999)
Planned as successor to the In-Flight Simulator JJ-6 BW-1
and J-8 ACT test demonstrator, during the mid-1990s a
version of the basic fighter aircraft J-8II was equipped with
canards above the engine intakes for decreasing aerody-
namic stability and improving maneuverability as well as
with a digital three-axis and quadruple redundant
Fly-by-Wire system. It was designated as J-8II ACT (see
Fig. 6.77). Two MIL standard 1553B data bus interfaces
were provided for computer communications. A total of 49
test flights were performed during the period from the first
flight on December 29, 1996 to the last flight on September
21, 1999. The J-8I1 ACT played a significant role in the
development of next generation of fighter aircraft.

6.3 German Demonstrators
6.3.1 Dornier Do 27 DFBW and Percival
Pembroke DFBW (1964-1972)

Johannes Tersteegen

6.3.1.1 Introduction

The basic feasibility of analog electrohydraulic control sys-
tems could be demonstrated in the early nineteen-sixties at
the RAE, for example on Avro 707 C (see Sect. 6.2.1.2) and
the Concorde. For emergencies, however, it was necessary to
provide a mechanical back-up control system. The required
reliability of these systems could be achieved only by
redundancy, that is, through multiple parallel channels. The
analog Fly-by-Wire systems encountered difficulties in
monitoring the redundant channels by majority decision
because of the inevitable drifts in signal transmission.

Furthermore, the necessary resolution could not be achieved
to connect control law processor signals.

These general difficulties in analog systems could be
overcome using digital electrical systems. As the transmis-
sion in digital systems occurs incrementally in just two
clearly identifiable states, the redundancy and majority
decision is considerably simplified. Complex compensation
and stabilization measures, necessary in analog electrical
systems, are not required. It was anticipated that the digital
system would provide high resolution in the future. The
degree of resolution depends on the quantization of the
actuation system outputs. At that time practical solutions
were unknown, meeting the high technical and reliability
demands for digital control systems. This was one of the
main research focus at the DFVLR Institute of Flight
Guidance under the leadership of Karl-Heinrich Doetsch
and Walter Metzdorff in the sixties.
6.3.1.2 Digital Electrohydraulic Aircraft
Control
The digital electrohydraulic flight controls consisted mainly
of:

e Digital position transducers as A/D (analog to digital)
converter,

¢ Digital signal processing and transmission system,

e Fault detection system,

e Digitally controlled electrohydraulic actuation system,
and hydraulic power amplification.

Component Development

Electronic System
Besides the theoretical work on reliability, redundancy, error
or fault detection and correction, the focus was initially on
developing basic components for system operation. There-
fore, it was necessary to develop devices such as
mechanical-to-electrical transducers (encoders to convert the
pilot control column movement into a digital electrical sig-
nal). Additionally, signal processing and transmission, as
well as fault detection systems, had to be developed, as
adequate components were not available on the market. Thus
already in 1962, an incremental displacement sensor as
analog-to-digital (A/D) converter emerged. This device
generated the information content by incrementally adding
steps. Later on, an encoder was developed that was based on
the principle of the brush impulsing and magnetic core
matrix switch to generate the binary information (see
Fig. 6.78).

This new technology made it necessary to develop and
implement new control electronics, consisting of sensor
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Fig. 6.78 Digital mechanical-electrical position transducer (Encoder)

clock generator, impulse storage and detection, monitoring
electronics, and auto-diagnostic and failure detection with
channel switching. As the assessment of the reliability of
digital electronic components was uncertain at that time due
to the lack of operational experience, a system design was
implemented in the late sixties, so that system repair could
be performed during the flight by manually changing the
components (in-flight repair).

Hydraulic System

Quite soon it became apparent that a fully digital
Fly-by-Wire control system required not only encoders and
electronic components, but must also include the hydraulic
actuation system. To perform research in the area of aero-
nautical hydraulics, it was necessary to establish an appro-
priate hydraulic laboratory. Due to lack of funds, hydraulic
components were recovered from crashed and scrapped
aircraft of the German Air Force during 1962. In addition,
the German Air Force provided a hydraulic trainer of the
F-86 Sabre. This trainer was used for familiarization in the
field of aircraft hydraulics. Simultaneously, a first small
hydraulic power unit was set up from these hydraulic com-
ponents and an electrohydraulic actuator was assembled for
testing purposes. Having done this, a complete digital elec-
trohydraulic control chain could be set up for the first time
and a very simple laboratory simulator with a single degree
of freedom for the elevator surface was assembled.

Electrohydraulic Actuation

The research in electrohydraulic actuation systems included
investigations about the optimal location of the analog to
digital (AD) conversion. The research was focused on
electrohydraulic switching valves, which served as a link
between digital signal-processing electronics and the analog
hydraulic power amplification. Thus, not only devices such

as a digital torque motor emerged as a purely mechanical
device (serial switching of pistons with binary weighted
strokes), but also fluidic solutions and the pulse-modulated
actuator systems. Fast-switching valves were required for
these new developments, which were not available at that
time and had to be developed.

Conrad R. Himmler, a former DVL employee and
renowned expert from France, was asked to support the team
in the design of airworthy electrohydraulic actuation systems
for flight testing. According to his inputs and DFL specifi-
cations, electrohydraulic actuators with mechanical feedback
were built by the company “Centre de Recherches,
Hydrauliques et Electriques, Paris”, of which he was the
director. These actuators were then installed in the Do 27
(see Sect. 6.3.1.3) and later in the HFB 320 aircraft (see
Chap. 7) [44].

Figure 6.79 shows the schematic structure of an electro-
hydraulic actuator. The actuator was designed with a
mechanical feedback. The torque motor itself is not within
the control loop in this type of feedback mode. However, the
static characteristic of the overall drive deteriorates, as fric-
tion develops during the sampling. With the introduction of
an additional “dither” (high-frequency signal with minimal
amplitude), however, a satisfactory performance could be
obtained. The mechanical feedback brought simplification
into the system design compared to an electrical feedback,
thus enhancing the system reliability. In the case of electrical
supply failure, the actuator with mechanical feedback shows
“fail neutral” behavior because the actuating piston moves to
the safe center position. On the contrary, in systems with
electrical feedback, the loss of electrical supply leads to
“hardover” (piston moves to either end position). In the
initial tests with the Do 27, an electrical D/A converter was
used to generate analog torque motor input signals, whereas
for subsequent flight tests with the Do 27 and HFB-320 (see
Chap. 7) a digital electro-mechanical torque motor with a
binary weighting of coil windings was developed. Applying
appropriate voltages to this binary coil matrix, the required
binary coded torque values in the motor were generated.

6.3.1.3 Test Aircraft Do 27

Do 27 (YA 913) available at that time at DFL provided a
suitable platform to flight test the experimental unit of the
digital FBW. The objective of flight testing was to investi-
gate the influences of quantization and sampling in the
digital controller on the controllability of the closed loop
system (pilot inputs, signal processing, and aircraft) under
real operational conditions. The Do 27 is a lightweight,
single-engine STOL (short take-off and landing) multi-role
aircraft, manufactured by Dornier, Germany. As a high-wing
monoplane with four to six seats, it was primarily deployed
by the German Federal Armed Forces for military purposes.
After the first flight in 1956, over 600 aircraft were
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Fig. 6.79 Electrohydraulic actuator with digital torque motor as D/A
converter and mechanical feedback

Fig. 6.80 Test aircraft Do 27

manufactured until 1965. Thus, it was the first German air-
craft design which was produced on a large scale after the
Second World War (see Fig. 6.80).

Hydraulic System

As the Do 27 was not equipped with a hydraulic power
supply, due to the shortage of funds and unavailability of
off-the-shelf products, the hydraulic power pack was built
in-house. The constant hydraulic pressure of 3000 psi
(210 bar) was generated by a self-regulating axial piston
pump, driven by an electric motor that was powered by the
onboard power supply. The initial experiments were per-
formed with a fixed displacement pump. The maximum
pressure in this system varied by about 435 psi (30 bar) and
was controlled by a two-point pressure switch for the upper
and lower limit values As already mentioned, this hydraulic
system consisted essentially of components from discarded
or scrapped F-86 Sabre aircraft of the German Federal
Armed Forces. Furthermore, off-the-shelf industrial by-pass
ball valves were utilized and new hydraulic filters with
clogging indicators and by-pass valves fabricated for aero-
nautical purposes, too. Due to space limitations, the
hydraulic system had to be mounted directly behind the

Fig. 6.81 Digital electrohydraulic aircraft control for Do 27, consist-
ing of (from right to left): control unit, control electronics, electrohy-
draulic actuator for aileron and elevator, hydraulic system with
switching mechanism

pilot’s seat and enclosed by a cabinet housing. The panel
with the electrical controls and hydraulic monitoring devices
was also part of this cabinet. Additionally, a “central control
panel” could be cable-plugged to the cabinet for remote
control and monitoring. The hydraulic circuits for ailerons
and elevators were separated and connected by approved
high-pressure hoses to the hydraulic system via shut-off ball
valves. Due to the very compact design, the hydraulic sys-
tem heated up significantly in a relatively short time, so
additional ventilation of the interior became essential. Even
so, the tolerable maximum hydraulic fluid temperature of
about 70 °C posed severe limitations on the flight test
duration.

The hydraulic system described here was used in the Do
27, Pembroke (YA 558) and also in HFB-320 (see Chap. 7)
in DFL/DFVLR. Later, it was also incorporated in the DHC
Beaver at the Technical University in Delft, The Nether-
lands, and for ground tests in the Technical University of
Berlin and by the flight test department of DFL/DFVLR.

Installation of FBW System

After extensive ground tests in 1967, a two-axes-simplex
system was installed for the elevator and aileron in the Do 27
(YA 913) (see Figs. 6.81 and 6.82).

FBW Control Unit

For the FBW operation, the usual mechanical control was
removed and replaced by a control unit for the test pilot on
the right. The control column movements of the test pilot
were transmitted via Flexball Bowden cable to encoding
gear units. An adjustable spring damper system for force
feedback was mounted on the same lever to replicate the
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Fig. 6.82 Components of digital FBW control in the Do 27 Cabin

usual feedback of the aerodynamic control forces. The
encoding gear unit with the connected encoders and elec-
tronic components was located in a box mounted to a
baseplate fixed to the aircraft structure.

Figure 6.83 shows an improved version of the control
system for the test pilot, which was incorporated in the Do
27 as well as in the Pembroke. In this so-called “sidegrip”
control device, the control information was tapped under the
wrist via a gimbal ring. The range of sidestick operation
covered +45° in two degrees of freedom, namely for the
pitch as well as for the roll axis. The term “Fliegen durch
Handauflegen” (“Fly by manual contact”) was introduced for
control with a sidegrip, because the pilot’s palm movements
corresponded directly to the aircraft movements with the arm
resting on an armrest.

A self-centering spring damping system with a specially
shaped cam was used to generate force feedback for each
axis. This design provides a stiff preloading in the neutral
position, while deflected the spring had a softer character-
istic. Coaxially with the cam disc, a hydraulic vane pump
with adjustable flow characteristics worked as a damping
device. The sidegrip, the encoder, and the electronic signal
processing formed a compact unit in this design.

Fig. 6.83 Sidegrip with control force simulation in a casing with
encoders and signal processing

Electrohydraulic Actuation

The design of the electrohydraulic actuators has already been
described in Sect. 6.3.1.2. The piston travel output of the
electrohydraulic actuator systems, mounted on a baseplate, is
connected via two rope loops and a switchable magnetic
gear coupling onto the basic mechanical control of Do 27.
Thus the experimental system could be disconnected from
the aircraft’s basic mechanical control system (see
Fig. 6.84). Additionally, a shear pin device is integrated into
each gear coupling (see Fig. 6.85). The shear pins are
designed in a way that only a fixed maximum force of the
actuators can be transferred to the control surface cables to
avoid overloading.

Activation of the Experimental FBW Control

Before activation of the FBW control, a synchronization of
the two control systems was essential to balance out the
control travels of both the safety pilot command input
devices as well as the test pilot systems. Matching was
achieved when both the pilots brought their controls into the
neutral position. The FBW control could be switched to the
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Fig. 6.84 Elektrohydraulic actuator with magnetic gear coupling

basic control by the magnetic gear coupling, but only when
both the pilots operated their command switches
simultaneously.

Safety Concept

“The safety concept was designed in such a way, that the safety
pilot could take over control at any time with the aircraft’s basic
controls, for example, when critical operational problems
occurred during test flights or when malfunctions happened in
the experimental FBW system”.

When the FBW system was activated and the test pilot on
the right-hand side was in command, the safety pilot on the
left side in the cockpit could still monitor the test pilot inputs
at any time as he had a feedback of the surface movements
on his control stick by the aircraft basic mechanical system.
In the case of a failure of the normal disconnection proce-
dure or in the case of a malfunction in the FBW control
system, the safety pilot was able to overrun the shear pin and
thereby disconnect the FBW test controls from the basic
mechanical controls. The force required to break the shear
pin was about 10% of the maximum load limit of the basic
mechanical control.

Already in the normal disconnection procedure, activated
by a switch on the control stick, the piston chambers of the
electrohydraulic actuator were short-circuited via bypass
valves. By this by-pass between both piston chambers, it was
secured that mechanical control remained operational even
in the very unlikely failure of the coupling device. The safety
pilot had only to apply increased control force to override
the experimental system.

This general principle was also adopted for the DLR test
helicopter Bo 105-S3 which was equipped with a parallel
digital FBW control system (see Chap. 8). Instead of using
the shear pin and the magnetic gear coupling for safe dis-
connection of the experimental control system from the basic
controls, the pistons of the electrohydraulic actuator were
by-passed and thus easily driven by the mechanical controls.

Fig. 6.85 Coupling point between FBW- and mechanical control with
integrated shear pin

Pressure switches in the hydraulic system detected either
pressure excess or hydraulic hose ruptures and limit switches
at the actuator detected a hard-over position. Each of these
failures led to an automatic disconnection of the FBW
system.

Flight Tests

The worldwide first experimental flight with a digital elec-
trohydraulic primary aircraft control system was performed
with the Do 27 (YA 913) on June 12, 1967 (see Fig. 6.86).
During the Do 27 test and demonstration flights, dubbed
DPFS (“Digitale Flugzeug Primér Steuerung”—Digital
Aircraft Primary Control), measurements were carried out
for standard maneuvers, in which the maximum of tolerable
and noticeable time delay was determined by the pilot. The
quantization, that is the number of steps per full displace-
ment, appeared to be an important parameter for the system
design. The test system enabled a change of the quantization
during flight trials to evaluate the effect of different incre-
ment values. This could be considered only as a basic
attempt because the transmission characteristic was
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Fig. 6.86 Control inputs in Do 27 through a sidegrip inceptor by
Johannes Tersteegen

influenced by the flexibility, friction and dead band present
in many elements of Do 27 basic mechanical controls.

The available electrical energy, payload and space in the
Do 27 cabin were insufficient for advanced investigations
and measurements in flight. Nevertheless, based on the
experience gained with the first digital FBW control system
and the theoretical findings for the required reliability as well
as the development of digital electronic components, another
technically advanced system was developed for the test
aircraft, Pembroke.

6.3.1.4 Test Demonstrator Pembroke

The Pembroke (YA 558) is a twin-engine, multipurpose,
light transport aircraft produced by the British manufacturer
Percival Aircraft Ltd. A total of 136 aircraft were manu-
factured in different versions from roughly 1952—-1959. The
Pembroke is a high-wing monoplane with main landing gear
integrated into the two engine nacelles and has two
9-cylinder radial engines, each with 540 hp. With the
Pembroke, an experimental aircraft was available with a
considerably larger cabin for a higher payload of equipment
and space for an additional test engineer (see Fig. 6.87).

In 1968, a triple-redundant digital electrohydraulic pri-
mary aircraft control system was installed in the Percival
Pembroke (YA 558) to drive the elevator (see Fig. 6.88).
The digital signal processing and transmission, as well as the

Fig. 6.88 Components of digital FBW control in the Pembroke cabin
(right, from front: digital computer, two hydraulic systems, inertial
platform LN3, left, input console for digital computer, central operating
desk for hydraulic system, triplex actuator drive)

fault detection system, consisted of a central unit with
triple-redundant subsystems (see Fig. 6.89) [45]. Investiga-
tions of potential reliability models and the findings from
reliability calculations led to these functional subsystems, in
which all parts (mechanical and electronic) with random
failure characteristic were pooled. The subsystems could be
replaced manually after component failure and its detection
by the inherent self-diagnostic system. All three parallel
units were connected by a hinge mechanism via guides and
safety gears so that all of them received the equal mechanical
and electrical information.

The advanced test system was designed to enable inputs
from a digital controller. The programmable digital con-
troller consisted of a general-purpose digital computer
Honeywell H316 and a flight data acquisition system [46].

A triple-redundant electrohydraulic system from H.
M. Hobson Ltd., Wolverhampton, England was used for
elevator deflection (see Fig. 6.90, [47]). Duplex torque
motors as input D/A converter per channel were developed
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Fig. 6.89 Manually replaceable, triplex electronic subsystem with
functional units and fault detection; two subsystems removed

by the DFL. The aileron control was provided by a simplex
actuator described in Sect. 6.3.2.1. In General, the coupling
between the experimental system and the basic mechanical
control of the Pembroke was similar to the design in the Do
27, using the same switching procedures and devices.

Initially, the flight tests were focused on safety and reli-
ability issues, and the response characteristics to signal
transmission. As already determined in ground tests, it was
also confirmed during flight tests that each detected and
repaired failure in the digital system during operation did not
produce more than 0.3% discrepancy in the control signal.

Further flight tests had the objective to determine the
effect of quantization on the controllability of the overall
system with the pilot in the loop [45]. The influence on glide
path accuracy in ILS approaches was investigated carefully.
The analysis was carried out applying statistical methods. It
was observed that for the most precisely quantization, that is,
the time highest number of 127 steps, the aircraft control-
lability was nearly as good as with the basic mechanical
control system. These results were confirmed by subjective
evaluations of a number of test pilots. After installation of
the above-mentioned programmable digital controller, fur-
ther tests were performed by changing the flying qualities of
the test aircraft. Results of these tests were included in
on-going investigations in the field of digital flight control,
in particular with regard to the experimental evaluation of
new systems for a range of different flying qualities (see
Chap. 7).

6.3.1.5 Epilogue
The first digital FBW landing took place in 1968, with the
digital electrohydraulic primary aircraft control system
integrated into the Pembroke aircraft.

On various occasions, the Do 27 and the Pembroke were
flown also by guest pilots, scientists and even politicians. To

Fig. 6.90 Electrohydraulic triplex-actuation with magnetic gear cou-
pling for elevators

mention just a few, these included the renowned expert in
control engineering, Winfried Oppelt from Germany, former
Chief Minister and sovereign of the German state of Lower
Saxony, Georg Diederichs, as well as the first man on the
moon, the astronaut Neil Armstrong (see Figs. 6.91 and
12.11). During his visit of the DFL, it was hard for Neil
Armstrong to imagine how these few employees could get a
digital FBW control system operational in a test aircraft.

After detailed theoretical system studies, the development
of appropriate components and test systems and proof of
their suitability, initially in the laboratory and then in flight
test, it could be shown that the problems of reliability in
electrohydraulic flight control systems arising due to digital
signal processing were manageable. It was now required to
demonstrate by endurance testing, that the theoretical
approach of the reliability concept was virtually valid. For
this purpose, the equipment developed for digital FBW flight
controls was, after extensive adaptations, installed and suc-
cessfully tested in the rudder control of the research vessel
“Planet” of the Oceanographic Research Centre of the Ger-
man Navy, providing a possibility of 24-h operations (see
Fig. 6.92, [48]). The ship was built in 1967 by Norderwerft
in Hamburg with a gross register tonnage of 1950 tons. It
was decommissioned in 2004.
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Fig. 6.91 After a demonstration flight with Pembroke (from left: test
pilot “Halu” Meyer, FBW expert K.-H. Doetsch and Astronaut Neil
Armstrong

Research Aircraft Dornier Do 28D
Skyservant (1968-1992)

6.3.2

Gunther Schiinzer

6.3.2.1 BGT Do 28D FBW (1968-1978)

The Bodenseegeritetechnik company (BGT) in Uberlingen
was the leading German developer and manufacturer of
flight control systems in the nineteen-sixties and seventies.
Among others, prototypes of all three German vertical
takeoff vehicles (Do 31, VJ 101, VAK 191) were developed,
manufactured and tested, in cooperation with the manufac-
turers Dornier, Entwicklungsring-Siid (MBB) and VFW
Bremen [19]. At the behest of German Lufthansa (DLH), an
autothrottle was designed, manufactured, and tested for
speed control. It was installed on the Boeing 707 fleet of
DLH and thereby fulfilled the requirements for reliable
approaches under bad weather conditions according to CAT
2 [19]. These experiences enabled BGT to participate suc-
cessfully in the call for tenders for flight controller for the
European multirole combat aircraft Tornado and Airbus
A300.

In order to test more efficiently flight control concepts and
other equipment, BGT decided in 1967 to obtain a
twin-engine experimental aircraft. This new aircraft was
foreseen for various tasks and should possess flexible
equipment, allow quick modifications and acquisition, and
be cost effective in operation.

Fig. 6.92 Research vessel Planet (Credit Frank Behling)

A twin-engine aircraft was envisaged, capable for IFR
operations, with a relatively large installation volume,
allowed flexible modification possibilities and adequate
payload, as well as forgiving flying qualities. Maximum
airspeed, flight altitude, and range were of secondary
importance. The Dornier Do 28D Skyservant largely ful-
filled these requirements (Fig. 6.93). The box-shaped fuse-
lage provided a large installation volume and sufficient
headroom. A pressurized cabin was not essential because of
the lower maximum altitude. Holes in the fuselage skin were
easy to implement, for example for antenna installations,
also in relation to the re-certification of the modified aircraft.
The aircraft had a civilian certification for all required
applications.

In addition to the basic aircraft controls, electromechan-
ical actuators were installed for elevator, rudder, aileron, and
thrust control. Furthermore, electric trim motors were pro-
vided for elevators, rudder and ailerons for automatic trim in
order to compensate the high control column forces during
asymmetric one-engine flights and flaring maneuvers. For
reasons of flight safety, all actuators could be disconnected
by the pilot through adjustable slipping clutches with a
specific, calibrated slip moment limit. Additionally the
clutches were disengageable through emergency switches on
the control columns. In this case, the pilot took over a
properly trimmed aircraft. The electromechanical actuators
were directly connected to relevant control rods and moved
with the control columns. The pilots were able to instanta-
neously follow the control column movements and thus
monitor the system. With this simple and reliable safety
concept, a civil certification of the modified aircraft was
relatively easy to achieve.

Precise measurements of static and dynamic pressures
could only be achieved to a limited extend due to strong
propeller slipstream effects around the flow close to the
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aircraft. The basic version of the Do 28D had two adjacent
Prandl tubes on top of the vertical tail. The accuracy of these
Prandl tubes was sufficient for the normal flight operations,
but not for experimental test operations. In the BGT test
aircraft Do 28D, a nose boom including a precise Prandl
tube was installed by Dornier before delivery, that aligned
itself in the flow direction. With this flight log, a special air
data sensor, precise measurements of the true airspeed vector
could be made (see the lower part of Fig. 6.93).

To enable flight testing of different flight control laws
more conveniently without major modifications, all kinds of
sensors were pre-installed. A certified cabinet was provided
to accommodate these sensors and an analog computer (see
Fig. 6.94). The analog computer could access all sensors
through appropriate signal converters.

Due to the relatively low weight as well as low maximum
airspeed of Do 28D, powerful hydraulic actuators were not
essential. The simple “all electric aircraft” proved to be
more than adequate as an experimental aircraft. An analog
multichannel ink recorder was used for data recording. In
normal flight test operations, the experimental aircraft was
flown by two pilots and accompanied by a flight test
engineer.

Additional sensors required for the flight control and
guidance system were (1) body-fixed angular rate gyros in
all 3 axes, (2) body-fixed linear accelerometer along all 3
axes, (3) 3-axis inertial reference platform, (4) altimeter

Engine

Propulsion
Controller

Elevator
n

Autopilot
:'T/—-) I.-'-\Ititudev Command

Fig. 6.95 Block diagram of a conventional flight controller (longitu-
dinal motion)

(barometric and RADAR), and (5) radio navigation receiver
(VOR, DME, ILS) [49].

It was sufficient to address the first project with this set of
basic equipment, namely “Proof that an automatic trajectory
tracking was possible with the military microwave landing
system SETAC (SEctorTA Can and TACAN (Tactical Air
Navigation) of the company SEL” [50].

Initially, a conventional flight control system consisting
of a damper, autopilot, and autothrottle (see Fig. 6.95) had to
be realized on the analog computer. The aircraft character-
istics and aerodynamic derivatives were determined with
handbook methods and additional flight test data [49]. The
flight controller was designed in a conventional manner and
simulated and optimized in the laboratory together with the
flight dynamic model of the aircraft using a ground-based
flight simulator. Once the unexpectedly large thrust moment
of the Do 28D was accounted for, the flight controller
worked satisfactorily on the ground and in flight. With the
standard instrument landing system (ILS), the aircraft flew



116

P.G. Hamel

Ve

Cross-Pointer
p—————— 1 Elevation  }- Av AN
i YL £ B

Mils: R DME Al
Receiver “w Azimuth Ay T

TS

Fig. 6.96 Standard display for a microwave landing system (MLS)

Cross Pointer

Ah [ \

% ; Altitude Deviation \5-/
@ _s as i

Lateral Deviation

MLS- k]
Receiver bl J

AY 5
= b '
| R
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with a 3° glide path angle during the approach along the
runway center line. The deviations from the nominal values
were displayed to the pilot on a conventional cross-pointer
instrument (see Fig. 6.96) and could be corrected manually
or automatically. For the SETAC system, the pilot selected
the desired values manually using a knob on the
SETAC-operating console.

In the automatic control mode, for example, the devia-
tions were fed as command signals for course and altitude
(see Fig. 6.96). In the SETAC mode, however, the approach
paths could be arbitrarily chosen by the pilot within the
permissible boundaries (see Fig. 6.96). If the centerline is
specified as target azimuth and 3° as target glide path angle
for the SETAC system, then the conditions for manual and
automatic approaches are nearly the same in comparison to
conventional ILS approaches (except for better signal quality
and higher accuracy with SETAC). If the transmitted dis-
tance signal is used in the simple trajectory tracking device
(see Fig. 6.97), even desired trajectories with elevation and
azimuth curvatures could be generated with SETAC. This
trajectory tracking device was initially assembled based on
analog technology (operational amplifier and non-linear
components). The extreme temperature fluctuations in the
non-airconditioned fuselage of the Skyservant gave rise to
unacceptable discontinuities (bends, jumps) in the target
trajectory, which had to be followed by the precisely oper-
ating flight controller. An elaborate calibration of the analog
trajectory tracking device was desirable before each flight.
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Fig. 6.98 Integrated flight control system

These problems could be resolved later on with an airworthy
programmable digital computer, which was fast enough for
calculating simple nonlinear functions.

The conventional flight control system with separate
components of the damper, autopilot, and thrust controller
(see Fig. 6.95) encountered operational limits when trajec-
tories steeper than 4° and low airspeeds were reached. The
large moment variations as a result of flight mechanics
couplings were no longer manageable. These coupling
effects had also to be emulated appropriately in the flight
controller as well (see Fig. 6.98).

The full state feedback was a new method in the begin-
ning of nineteen seventies and appeared promising to tackle
the described flight control problems. The methods usually
applied for designing a flight controller were based on
transfer functions and eigenvalues. Given a large number of
states and feedbacks, these standard methods were no longer
practical.

The theory of optimal state feedback provided a theo-
retical approach, namely the cost function Q which was to be
minimized to achieve optimal flight control behavior. After
many iterations between flight testing and computer simu-
lations, a special distribution of various factors contributing
to the function Q (quality criterion) was arrived at: change in
the target trajectory—3%, change of commanded angle of
attack—3%, wind shear—10%, and atmospheric turbulence
—84% [51]. The cost functional Q was composed of the
four elements, namely, deviation from the target trajectory,
deviation from the desired speed, low throttle activity, and
passenger comfort. These elements had to be weighed
against each other, as a simultaneous minimization was not
possible. The question whether a speed deviation of 1 m/s or
height deviation by 1 m is unfavorable needed to be
answered before the optimization. It was obvious that the
answer depended on the current aircraft flight condition, for
example at what altitude the aircraft is flying. The working
hypothesis that the energy variations due to an altitude error
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and due to velocity errors are equally uncomfortable, led to
good results in flight operations [51]. A very high impor-
tance was assigned to the pilot evaluation of low throttle
activity, acceptable accelerations at the pilot’s station as well
as low pitch and yaw motions. Under good visual conditions
pitching and yawing motions were for the pilots more
annoying than response due to weather conditions. This
criterion played only a minor role under poor visibility
conditions.

Under calm atmospheric conditions, all requirements
could be fulfilled almost error-free using the coupled flight
control system for pre-defined flight trajectory and speed
commands. In this case, the cost function, Q, is almost zero.
In order to account for the flight test results in the opti-
mization of flight control laws, many feedbacks had to be
selectively modified. It was possible to assess only three
weighting factors through the four basic elements of the cost
function Q. The squared average value of the error between
the flight path and the aerodynamic flow conditions during
flight testing was easy to gather, as well as the throttle
activity. The assessment of the subjective pilot and passen-
ger comfort had to be carried out together with the pilots.
After introductory training, pilots and flight test engineers
were well capable of proposing quantitative changes in the
weighting factors of the cost function. The flight control
laws were adjusted with these modified weighting factors in
the flight simulator to minimize the cost function. These
values were transferred to the analog computer of the
experimental aircraft. Thereafter, a new flight test was star-
ted. This iteration converged quite fast. In the implementa-
tion of the coupled autopilot, those contributions of less than
1% to the total cost function value were ignored.

Figure 6.98 shows the realized control structure. The
states not directly measured were estimated by an observer.
Initially, only elevator, elevator trim, and throttle were
considered as independent variables. The direct lift con-
troller was added later. The open loop nonlinear control,
which generates the required actuator movements for the
command functions (flight path, airspeed), is not separately
shown in Fig. 6.99. The thrust is a function of the com-
manded flight path angle and the glide ratio C;/Cp depen-
dent on the aircraft weight G. The elevator deflection and
thus the pitching moment is dependent on the commanded
lift coefficient C;. Thrust changes generate a thrust moment
that had to be compensated by means of the elevator.

The controller for the lateral motion consisted primarily
of two angular rate gyros in the roll and yaw axes, a sideslip
angle sensor (as part of the flight logs), as well as a
body-fixed lateral accelerometer. These sensor signals were
also fed to the ailerons and rudder. The lateral acceleration
signal catered primarily for sideslip free flight during the
banked turns. The necessary lift in a turning flight, which
increases with the bank angle, was additionally fed to
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Fig. 6.99 Open loop control system for Fig. 6.92

longitudinal motion controller to precisely hold the altitude.
Without going into further details, it can be stated that the
flight controller emulates the inverse flight mechanical
behavior of the airplane, at least as far the flight performance
is concerned.

Steep approaches with flight path angle up to 8° on
curved trajectories were flown in flight test with the inte-
grated flight control system (see Figs. 6.98 and 6.99) and the
trajectory tracking device (see Fig. 6.97). Figure 6.100
shows a flight test result. An inclination of about 2° is
observed for intercepting the earth-fixed nominal flight path
profile. This was followed by a curved transition to the 7°
step approach. Before the final flare, the vertical speed had to
be reduced corresponding to a standard flight path angle of
3° in a further curved profile at the right time. For the typical
approach speed of only 70 kts in the STOL (short takeoff
and landing) mode of the Skyservant, this guided flare is
barely visible. The approach was completed with a con-
ventional automatic landing. Suspected overshoots in tra-
jectory and speed did not occur. During the approach as
depicted in Fig. 6.100, a strong wind shear of maximum
7 kts/100 ft was encountered, which was fully compensated
by the flight controller.

In STOL approaches, the aerodynamic flow condition
must be precisely and reliably controlled. In the experi-
mental aircraft three different methods were employed based
on dynamic pressure (conventional), angle of attack o, and
lift coefficient Cy.

The lift coefficient was determined with the aid of pres-
sure ports on the upper side of the wing. Ports in the
quarter-chord line outside the propeller slipstream influence
are preferred. All three methods worked satisfactorily. Even
nearly undamped oscillations of the Dornier flight log posed
no problems to the integrated flight controller. The oscilla-
tion frequency of the flight log increases linearly with air-
speed and can excite the nose boom, which may lead to
structural oscillations.
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Fig. 6.100 Automatic steep approach along a curved flight path,
including automatic landing

A precise knowledge of the airspeed vector (aircraft speed
relative to the moving atmosphere) is significant for various
research tasks such as flight control law design, parameter
identification, wind shear, wake vortices, optimal gliding.
Hence, all relevant signal sources (standard air data sensors,
flight log, static pressure, wing pressure) were optimally
estimated in an air data computer.

Although all tasks related to STOL landing approaches
based on the microwave landing system SETAC were suc-
cessfully completed, two observed shortcomings in flight
operations had to be eliminated:

1. The system operation during the transition from different
flight phases, for example, from long-distance flight into
the steep approach flight phase was inconvenient and was
associated with increased pilot workload.

2. The information of deviations from the nominal values of
trajectory and aerodynamic flow conditions was based on
display concepts, which had proved successful only for
conventional linear (non-curved) approaches with fixed
nominal values, for example, the cross-pointer instrument
for ILS approaches.

The important issue for the pilot was that he should have
the right knowledge about the exact location of the aircraft
on the flight path, and how to change the thrust to recover
the aircraft on a curved trajectory. Of particular interest was
the final flare and how the thrust should be increased at the
proper time during the transition in order to reduce the high
vertical speed. The delayed approaches for aircraft noise
reduction, discussed during that period, posed no problems
to the flight control system, but considerably bothered the
pilot under poor visibility conditions. In cooperation with the
DLR and the company VDO Aviation (today: Diehl
Avionics), an electronic display including a symbol gener-
ator was developed, that satisfied the pilots and increased
significantly their comfort in dynamically eventful

Fig. 6.101 Display of curved approach

approaches. The realization of such electronic displays and
its symbol generators was in the early nineteen-seventies
quite a challenge (see Fig. 6.101).

To improve the ease handling of the flight guidance
system, both Do 28D control columns were equipped with
sensors that recorded the control forces applied by the pilot
and fed them to the integrated flight control system as
nominal values. The control inputs in the roll axis were, as
with other Fly-by-Wire projects, defined roll rate commands
and additionally integrated to a commanded bank angle (roll
attitude hold). If the pilot did not exert forces any more, the
commanded bank angle was maintained and the aircraft flew
a constant curve, provided the nominal values in the longi-
tudinal motion were met. If the commanded roll angle was
reduced to zero, the aircraft maintained its course, as in the
case of an uncontrolled aircraft. To simplify the pilot oper-
ations, especially in turbulent atmosphere, the achieved
course was fixed by the autopilot, as soon as the commanded
roll angle fell below a predetermined tolerance value.

Similarly, the Fly-by-Wire function was realized for the
longitudinal motion. Generally, the control column force
signal was interpreted by the autopilot as pitch rate com-
mand which was integrated to a pitch attitude (pitch attitude
hold). If the control force signal went to zero, the com-
manded pitch attitude remained unchanged. This is the
standard method for control wheel steering (CWS) for
highly maneuverable aircraft, which is equivalent to the C*
method (see also Sect. 6.2.2.4).

In the case of an integrated flight control system,
according to Fig. 6.98, however, the relevant control column
force was interpreted as commanded vertical acceleration
and integrated to yield a commanded vertical speed. Once
the commanded vertical speed was achieved within specified
tolerance, the altitude reached was hold thereafter. For
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compatible boundary conditions, a smooth transition to a
spatially fixed nominal target trajectory could ensue in both
commanded altitude as well as commanded vertical speed.

In the case of an integrated flight control system, the
aerodynamic flight condition, for example, the angle of
attack, was in addition to the flight path predefined, as the
pitch attitude cannot be directly controlled by the pilot. The
pilots needed to get used to this behavior. Another phe-
nomenon was, on the other hand, accepted after a short
familiarization phase. If the flight path was flattened in a
descending flight (either automatically or by the pilot), the
flight controller reduced accordingly the thrust (see
Fig. 6.98). If the pilot commanded a nominal vertical speed
change in the direction of the descent, he was pushing the
control column. An increased vertical speed required a thrust
reduction. Because of the large induced pitching moment of
the Do 28D due to thrust changes, the pitch up moment had
to be compensated From a control engineering point of view,
this is a classical “non-minimum phase effect”, which is
considered generally difficult to control. This process is felt
by the pilot as natural and hardly noticed because the
unregulated aircraft during this maneuver behaves exactly as
the controlled.

The topic of whether a direct lift control system
(DLC) would be useful or not was interestingly and con-
troversially discussed during the early nineteen seventies. In
cooperation with Dornier, the landing flaps were equipped
with a faster actuator to realize a DLC function [52]. In the
normal mode, the flap continued to operate in the full range
up to 52° and lock in three positions as before. Since the
Do028D has had no hydraulic supply, the only feasible
solution were electromechanical actuators. A powerful
actuator was provided by Lear Siegler, resulting in an
increased speed of flap movements from 2.3°/s to 15°/s. Due
to flight safety reasons, the flap movement speeds were
limited in the range of +10° flaps. The resulting maximum
change in the lift coefficient C was in the range of 0.6. With
these values, it was possible to mostly suppress the gusts
induced vertical accelerations. At a fixed position of 10°, the
flaps generated primarily lift variations with secondary drag
changes, and at 42° primarily drag changes with less lift
changes (see also Sect. 9.2.5).

In the optimization of the integrated flight control system,
a cost functional was used with and without the influence of
DLC. With the aircraft parameters of the Do28D, a 40%
reduction in the cost functional Q resulted with DLC com-
pared to that without DLC (Fig. 6.102). This improvement
was not negligible but occurred in areas which were com-
monly not directly considered in the design. The substantial
improvement resulted with throttle activity. The flaps
responded quickly to vertical and horizontal gusts distur-
bances, and the resulting drag changes made the higher
frequency thrust changes unnecessary. The reduction of
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Fig. 6.102 Effect of direct-lift-control (DLC) on the normalized cost
function Q of an optimized controller (Q = 100%: without DLC).
Parameter k is a measure of the flap lift to drag ratio

unwanted pitch rates had the next largest influence on the
cost functional. The drag variation in the DLC system of the
Do28D was significantly more important than the lift vari-
ations. These effects could be formulated through the DLC
effectiveness, which was defined as shown in Fig. 6.102, and
varied in the range of —10 to +10 for a hypothetical aircraft
[52]. The best results were provided by a spoiler (k ~ 4)
with a reduced cost functional of 40%. Spoiler deflection led
to an increase in drag and at the same time reduction in lift.
For a typical landing flap (k ~ —3), the lift increased and at
the same time, the drag increased slightly. In this case, the
cost functional reduced to marginal 90%. Here the effort was
not worthwhile. For very large values of k the cost functional
approaches asymptotically to Q = 52%. For these values, the
lift variation is small compared to drag variation. The
behavior of spoilers (lift reduction with drag increase) was
basically advantageous over lift flaps (lift increase with drag
increase). Pure drag spoiler yielded very good results, which
are usually easier to install and less critical during failures.

When comparing steep approaches with regard to the
flight path accuracy, hardly any differences were noted with
or without DLC. In contrast, additional DLC increased
considerably the pilot and passenger comfort. Sufficient
smooth thrust activities were the most important assessment
criterion for a pilot. BGT had already learnt this lesson in
testing their thrust controller in the Boeing 707 of DLH [19].

ITB Do 28D GPS-Based Automatic
Landing (1980-1992)
The basic development of an integrated flight control system
was demonstrated and completed successfully. Starting 1976
it became increasingly difficult for BGT to acquire sufficient
contracts to maintain the aircraft and its team.

The Institute of Flight Mechanics of the Institute of
Technical Braunschweig (ITB) had addressed the research
topic of “wind and turbulence”. The former BGT Do 28D

6.3.2.2
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Skyservant well-equipped with sensors was highly suitable
for measurement of the movement of air masses. Wind, wind
shear, and turbulence were of interest to the flight mechanics
engineers as well as for meteorologists. The increase of the
wind measurement accuracy evolved as an attractive scien-
tific topic. The ITB managed to acquire contracts to lease on
daily basis the Skyservant from BGT and to gather wind and
turbulence measurement data. A challenging scientific aim
was to increase the measurement accuracy.

The objective of a wind speed measurement accuracy of
10 cm/s resulted in the requirement of a measurement
accuracy of 10 cm/s for ground speed and airspeed as well.
This specification necessitated a measurement accuracy of at
least 0.15% of the Skyservant speed of about 70 m/s during
a flight measurement campaign. Relatively quickly an
accuracy of about 1 m/sec was achieved, which was for
many anticipated tasks initially quite satisfactory. As the
aircraft was increasingly deployed by the TU-BS with the
financial support of the German Research Foundation
(Deutsche Forschungsgemeinschaft—DFG), the ownership
of the Do 28D Skyservant changed from BGT to the German
State of Lower Saxony in 1980. The outdated analog com-
puter became inadequate for the intended applications and
was replaced by a highly complex digital computer system.

To increase the measurement accuracy, methods were
available to formulate the measurement error in suitable
error models. Good results were achieved with (stationary)
Wiener filters, assuming the measurement errors to be time
invariant and constant over the period of observation. This
Wiener filter could also be realized by analog computers.
Time-varying complementary filtering by means of Kalman
filter could be implemented with the high-speed digital
computer, and thus the measurement accuracy could be
significantly improved. The Kalman filter had to be calcu-
lated in real time during the flight test. Although fast, due to
the available finite computing power, the number of esti-
mated error states had to be limited to those which were
considered essential. Despite these practical limitations in
flight tests, significant progress could be made with regard to
the measurement accuracy.

The flight path measurement methodology was further
developed towards precision positioning. With the support
of German Federal Minister for Research and Technology
(BMFT), an inertial navigation platform of the type Delco
Caroussel 4 was procured and integrated. The development
was continued, as satellite tracking with the Global Posi-
tioning System (GPS) for moving vehicles became opera-
tional from 1989. Once again with the support from BMFT,
two highly accurate satellite positioning receivers were
procured in 1987, which were developed by the Sercel
company for geodetic tasks. Under these conditions, a
positioning accuracy of less than a meter was achieved in
real time using the differential method and GPS phase

measurements. The high accuracy of differential GPS was
very susceptible to interference due to only a few satellites
being visible and the unusual low strength of the electro-
magnetic GPS signals. An excellent high precision posi-
tioning was realized through complementary filtering of
precise but interference-prone GPS signals and inertial
positioning signals with short-term high precision but
long-term drifting characteristics. In the end, the inertial
platform was calibrated with the support of satellite posi-
tioning when the GPS was reliably available.

The replacement of the previously employed microwave
landing system (MLS), the locating method SETAC and the
DLS (DME-based landing system) through a real-time dif-
ferential GPS system with phase measurement proved
comparatively easy. From the beginning of 1989, four GPS
satellites in an appropriate geometric constellation were
visible quite seldom for a period of ca. 30 min and flight
testing of curved steep approach on the basis of GPS was
made possible. During the symposium “Satellite Navigation
Methods” of the German Society of Navigation (DGON),
held in Braunschweig during July 1989, two approaches
were publicly demonstrated, namely a conventional
approach and a steep approach with curved flight path, each
with the final automatic landing. Therewith the proof was
furnished that satellite navigation has an application poten-
tial for the substitution of radio navigation methods. Since
serious doubts were raised worldwide about this demon-
stration, the flight demonstrations were again repeated dur-
ing the “First International Symposium on Real Time
Differential Applications of the Global Positioning System”
of the International Association of Institutes of Navigation in
Braunschweig, during September 1991.

Eventually, with these investigations a base had been
created for the European satellite navigation method “Gali-
leo”, currently being designed and tested. Over the following
years, intensive studies including flight tests were carried out
with the aim to prove the suitability of satellite positioning as
a substitute for the conventional, reliable but inflexible radio
navigation (VOR, DME, ILS, RADAR). The integrated
flight control system was frequently involved in these flight
tests, but it was rarely required to improve or pursue further
research.

In addition to satellite-based precision positioning, the
quality of the measurement of the air speed vector (aircraft
speed relative to the moving atmosphere) was further pur-
sued (see Fig. 6.102). Additional several sensors such as
laser anemometer had the potential to increase further the
measurement accuracy by further improving the comple-
mentary filter methods. For example, a number of mea-
surement error elements have occurred in turning flights,
which could be compensated to a large extent by assuming
that the wind velocity components to be independent of the
aircraft flight path. To calibrate the wind measurement



6 Fly-by-Wire/Light Demonstrators

121

system a turning flight was performed previously. It was
possible to measure ground speed to 10 cm/s. The achieved
high accuracy of the wind velocity component measurement
excited the interest of meteorologists and led numerous
research contracts and secured thereby funding for flight
operations. The main client was the Alfred Wegener Institute
for Polar and Marine Research (AWI). Since the Do 28D
Skyservant of TU Braunschweig was not suitable for use in
polar regions, the AWI management encouraged the Institute
of Flight Guidance TU to set up a commercial company to
implement the scientifically oriented flight measurement
methods in the polar planes of the AWI. As a part of the
technology transfer program, this company was established
in 1985 under the name Aero Data Flight Measurement
Technique, Ltd.

The precision positioning method developed by using the
Skyservant prompted Aero Data to establish a calibration
procedure for radio navigation systems. Based on the pre-
cision positioning method and the digital processing tech-
nology, the time and labor (including flight hours) for
calibration of radio navigation systems could be significantly
reduced. Aero Data developed and produced complete flight
measurement systems (Flight Calibration System), which
were delivered to the German Federal Air Traffic Control
Authority (BFS) as well as to Swiss Control. Today Aero
Data supplies about 70% of the world market with flight
inspection systems (FIS).

The close cooperation with the AWI opened the possi-
bility to take over one of its three aircraft, namely Polar 1,
which is a Do 128-6 Skyservant with PTL engines. The
necessary funding was provided by the BMFT, the German
Federal state of Lower Saxony and resources of the Institute
of Flight Guidance of the TU-BS. This aircraft was equipped
with extensive sensors, a powerful digital real-time data
processing system, and digital data recording. It was mainly
used for precise wind measurements and precision naviga-
tion. An integrated flight control system was not installed for
cost reasons. Since sufficient contracts could be acquired for
two test aircraft, both the Do 28D and the Do 128-6 were
operated jointly during 1986-1992 (Fig. 6.103).

As long as the German Armed Forces deployed Do 28D
Skyservant aircraft maintenance was not a problem. There-
after the Do 28D Skyservant had to be grounded after
24 years of successful flight test activities. The fully func-
tional equipment could only partially be retrieved for other
projects due to recertification limits. A re-registration for
automatic landing with the Do128-6 appeared illusory.
Thereby the CCV operation of the Do 28D Skyservant was
terminated. The aircraft including complete equipment is
displayed since 1992 in the Aviation Museum in Werni-
gerode (see Fig. 6.104).

Fig. 6.104 Transport of Do 28D Skyservant to the Aviation Museum,
Wernigerode

6.3.3 Dornier Do 128 TNT OLGA (1976-

1980)
Bernd Krag and Horst Wiinnenberg

6.3.3.1 Introduction

During the late nineteen sixties/early seventies, the NASA
and the US aeronautical industry were engaged with a new
generation of fighter aircraft, which was to have a whole
range of unusual properties, such as high maneuverability,
relaxed static stability, controlled flight at very high angles
of attack, and artificial damping of structural vibrations
while flying in turbulent air or close to ground (Terrain
Following). This new generation of aircraft has been called
“Control Configured Vehicles”, abbreviated simply as CCV
aircraft. Starting from the experience with Fly-by-Wire
technology, and latest findings and methods in flight control
technology, it was anticipated to arrive at aircraft configu-
rations, which were optimized for a specific mission. Flying
qualities were to be ensured through flight control
augmentation.



122

P.G. Hamel

In Germany too, this idea was pursued and appropriate
projects were initiated in the industry and research organi-
zations under the so-called ZKP program (Ziviles Kompo-
nenten Programm). Since flight testing of innovative
controller functions was risky and just a computer simulation
insufficiently conclusive, the Institute of Flight Mechanics of
DFVLR chose a third way, which offered more realism with
less risk, namely the “Dynamic Simulation in Wind Tunnel”
test technique with controllable flying models in wind tun-
nels [53].

The primary objective of this work was not the devel-
opment of new aircraft configurations, rather being mainly
concerned with appropriate controller functions (Control
Laws) for a futuristic, hypothetical Fly-by-Wire aircraft.
With this new experimental technique, the complete chain
from the sensor, control algorithm, and right up to the
actuator could be realistically investigated and optimized.
Furthermore, an interaction between several control func-
tions and their impact on the flight behavior were of interest.
In addition, answers were to be looked for to the question of
to what extent the experimentally generated results can be
applied to real aircraft.

One of these innovative control functions was focused on
so-called “Gust Alleviation” to smooth the flight in the
turbulent atmosphere. This feature was especially interesting
for smaller transport aircraft. These aircraft fly at medium
altitude with often pronounced turbulence. For this reason,
the gust alleviation was also interesting for the Dornier
company where the light transport aircraft Do 228 and Do
328 were under development. This led to launching the
jointly planned and executed technology project called
“Open Loop Gust Alleviation” (OLGA).
6.3.3.2 Dynamic Simulation in Wind Tunnel
NASA Research
Before discussing dynamic simulation aspects in wind tun-
nels, which were a precursor program for the German project
OLGA, the extensive research programs of NACA and its
successor organization NASA are briefly mentioned.
Already at the beginning of the nineteen-forties, this orga-
nization had investigated the dynamic behavior of free-flying
controllable aircraft models in wind tunnels. These models
were held in a steady flight condition. A special free flight
tunnel at NACA Langley was used for the experiments.
Results from these experiments were correlated with those
from flight tests.

This method proved to be extremely successful and was
applied to almost all new aircraft projects right up to the
nineteen fifties. The models became more and more complex
with growing demands concerning control augmented sta-
bility with movable control surfaces and rate gyros. Further,

Fig. 6.105 John P. Campbell, left, inventor of the externally blown
flap (EBF) concept, and Gerald G. Kayten, of NASA Headquarters,
pose with a generic free-flight model of an STOL configuration at the
Langley full-scale wind tunnel (Credit NASA)

the introduction of remote control made it possible to excite
the model dynamics and to perform stability analyses. This
technique was attractive for advanced configurations such as
flying wings and aircraft with delta and swept wings.

Because of the heavy demand for high-lift investigations,
the free flight technique was further developed for the large
30 x 60 ft and 40 x 80 ft full-scale tunnels at the NASA
Langley and Ames Research Centers, providing more space
to operate larger and more complex models. These models
were powered, instrumented and could be controlled by an
externally located pilot. Flight control laws could be
implemented through an external computer via cables.
Experiments with VTOL and tilt-wing aircraft were partic-
ularly successful to clarify stability problems during the
transition phase from vertical to horizontal flight (Hawker
P1127, LTV XC 142A). STOL transport aircraft configura-
tions with externally blown flaps (EBF) were also investi-
gated here for dynamic stability purposes (see Fig. 6.105).
The development risk of several aircraft projects could be
substantially reduced with this novel technique. A detailed
review of the important role of dynamically scaled free-flight
models in support of NASA’s aerospace programs can be
found in [54].

DLR Research Program BASE
Dynamic simulations in a wind tunnel with a controlled and
flexible wind tunnel model served as precursor program to
the German OLGA project. Therewith an experimental
technique was to be tested and validation procedures (Sys-
tem Identification) were to be developed for mathematical
models to describe the flight physics of the so-called BASE
project, a German acronym for gust alleviation and elastic
mode damping.

The construction of the facility for dynamic simulations
was started in 1972. The setup was dimensioned for
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operation in the 3 m low-speed wind tunnel NWB at
DFVLR in Braunschweig (“Normal Windkanal Braun-
schweig”). The core of the setup was a stable tubular steel
frame, large enough to allow free stream air flow (see
Fig. 6.106). The NWB department built a so-called “Gust
Generator” in the wind tunnel nozzle. The gusts generator
consisted of two deflectable flaps, which were driven by
electrohydraulic servos. These flaps ensured up and down
deflection of the air stream. Driven by a signal generator, the
gust generator could generate both sinusoidal gusts and real
stochastic turbulence. A flutter model of the so-called AVS
aircraft (Advanced V/STOL Strike Fighter) of the former
company MBB-UF in Ottobrunn was adopted by the Insti-
tute as a “flying aircraft”. The flexible (flutter) model
emerged from a cooperation between Boeing and the pre-
decessor of the later MBB-UF company. The AVS program
was an important transatlantic aeronautical technology pro-
gram [55].

At the Institute of Flight Mechanics, the model was
equipped with electrically driven control surfaces (ailerons,
flaps, elevator). The model could move freely around the
vertical axis. Limited pitch and roll degree of freedom and
vertical (heave) motions on the rod were made possible
through a longitudinal ball bearing. The instrumentation of
the model included rate gyros, potentiometers, and
accelerometers. A fuselage mounted vane was used to
measure the angle of attack (see Fig. 6.107). Due to the
limited space inside the model and for weight reasons, the
power supply was provided from outside via an umbilical
cable. The cables were also used for signal transmission to
and from the model.

A complete aerodynamic dataset including the effective-
ness of control surfaces was obtained from measurements in
the NWB. Similarity laws (scaling laws) had to be consid-
ered to ensure the applicability of wind tunnel generated
results to the actual aircraft. The reference angle of attack of

Fig. 6.106 Facility for dynamic simulation in wind tunnel with BASE-Model
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Fig. 6.107 BASE-Model in front of wind tunnel nozzle with gust
generator

the BASE model did not match with that of a free flight
aircraft because the model was too heavy. As a consequence,
a mechanism for “weight relief” was developed, which
pulled the model with a constant force over a cable. A force
sensor was mounted on this cable, whose signal was routed
via a controller to a servomotor. This servomotor ensured
that the force sensor measured constantly the same vertical
force, independent of the model movement. All necessary
signal processing were carried out outside the model.

The primary objective was to develop a gust alleviation
system, with which the flight in the turbulent air could be
smoothed. Sudden vertical gusts and their annoying vertical
accelerations are perceived by passengers as particularly
unpleasant. As such it was logical to measure this vertical
acceleration and feedback the same to symmetrically moving
flaps in an appropriate manner to produce a counterforce.
But such a flight controller with acceleration feedback
(Feedback Control System) responds also to accelerations
generated by pilots through control commands.

For this reasons, the so-called “disturbance compensa-
tion” procedure was chosen to avoid the influence of a gust
alleviator on the controllability of the model [56]. Taking
into account the dynamics of the entire system from the
sensor to actuator, the gust angle of attack and its rate of
change were fed to the flaps and elevator. The aim was to
minimize vertical accelerations caused by the gust along the
body stations of the model. The exact knowledge of the gust
angle of attack, being computed from the vane signal, was
important and the phase margin in the vane signal resulting
from its location far ahead of the wings had to be taken into
account. This phase margin could be used advantageously to
compensate for delays resulting from the servomotors.

Another controller for the damping of elastic vibrations
(Elastic Mode Control) was tested with the BASE model.
Thereby material fatigue of the wing and fuselage structures
could be counteracted. The symmetric aileron actuators were
fast enough to dampen the wing bending mode. The signals

Fig. 6.108 BASE-Model with canards for damping of fuselage
bending mode

from miniature accelerometers on the wing tips were directly
fed to the ailerons located close by with correct phase angles
(ILAF principle, Identically Location of Acceleration and
Force Application). Later, the BASE model was equipped
with actively controlled canards on the nose (see Fig. 6.108).
With this additional control surface, it was possible to
dampen the first fuselage bending mode. Both controllers
were successfully tested in 1974 and 1975 [57].

6.3.3.3 OLGA Project

In the nineteen seventies and eighties, a number of industrial
technology programs were carried out with the Do 128 TNT
Research aircraft (Tragfliigel Neuer Technologie), a modi-
fied Do 28 (see Fig. 6.109). These programs were sponsored
by the Ministry of Research and Technology (BMFT) and
supported the preliminary development of the Do 228 and
Do 328 regional aircraft.

One of these technological programs was devoted to
improving passenger ride comfort of regional aircraft. This
class of short haul aircraft usually fly in the lower and
therefore more turbulent part of the atmosphere. The idea
was to develop a gust alleviation system that measures the
gust before it impinges the wing and uses symmetrically
deflected ailerons as flaps to attenuate its effect on the wing
and thereby the vertical response of the aircraft.

From investigations in the United States, it became
apparent that mainly low frequencies around 0.3 Hz neces-
sitated mostly the use the airsickness bags (see Fig. 6.110).
Unfortunately, the frequency of the short period mode for
this category of aircraft is also in this frequency range of
0.3—1.0 Hz, so that an excitation of this mode could be
expected.

There was a whole series of questions that had to be
answered first, before an expensive and elaborate flight test
program could begin with the Do 128TNT research aircraft.
The successful gust alleviation experiments at DFVLR with
the BASE model provided a solid cooperative basis to
embark with Dornier on a joint technology program dubbed
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Fig. 6.109 Test aircraft Dornier Do 28 TNT (Credit Dornier)
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Fig. 6.110 Probability of becoming airsick as a function of the gust
frequency (Credit Dornier)

OLGA (Open Loop Gust Alleviation). The task of the
DFVLR was twofold; first to demonstrate the functioning of
the gust alleviation system in the dynamic simulation facility
with a TNT model, and secondly to develop the necessary
control algorithms, which could be realized later in a flight
test program.

In the year 1976, a wind tunnel model of the Do 128TNT
test vehicle was constructed for the first time at the DFVLR
Institute of Flight Mechanics using the then innovative
carbon fiber technology (mass 7 kg, see Fig. 6.111). A nose
mounted vane provided measurements of the gust angle of
attack. The ailerons deflected symmetrically served as
lift-generating flaps and the all-moving tailplane was used to
reduce pitching responses. The “flight” of the model in the
wind tunnel could be adjusted using inboard-flaps.

As in the case of BASE model, all control surfaces were
driven by electric servomotors. Besides the vanes, the
measuring equipment included rate and attitude gyroscopes.

Fig. 6.111 Wind tunnel model of TNT test aircraft in NWB (1976)

Fig. 6.112 Actuators and signal processing onboard the wind tunnel
model (1976, on the right Riidiger Karmann)

An electronics box in the fuselage contained the power
supply and signal processing unit (see Fig. 6.112).

Again, the TNT model had a weight-relieving controller
establishing a trimmed, steady flight condition at the correct
angle of attack. The steady aerodynamic parameters were
determined during the first wind tunnel tests in 1977. As the
knowledge of dynamic aerodynamic forces was important for
the correct design of the gust alleviation system, special sys-
tem identification techniques were employed to determine the
aerodynamic parameters (see Chap. 3). In two further wind
tunnel campaigns during 1978 and 1980, the Open-Loop Gust
Alleviation system was optimized and the principle was suc-
cessfully demonstrated (see Fig. 6.113) [58].

In this context, it is interesting to note that within a bilateral
cooperation between DFVLR and ONERA, France, a second
OLGA model was built and tested in the catapult free flight
facility of ONERA. In this free-flight facility the model flew
through a vertical wind field. Here too, proper functioning of
the open-loop gust alleviators could be demonstrated.
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MODEL RESPONSE IN THE WIND-TUNNEL
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Fig. 6.113 Results of wind tunnel tests (1980)

This marked the beginning of a flight test program with
the Do 128TNT research aircraft. For this purpose, the air-
craft had to be modified to enable testing of the gust alle-
viation system. A technological challenge was to replace the
mechanical aileron control via cables through rigid rods,
otherwise, the higher-frequency components of the gust
alleviation would be absorbed by the elastic cables. The
function of symmetric aileron deflection had to be integrated
into the normal aileron control with appropriate priority. In
addition, the horizontal tailplane had to be operated by a
servo to compensate for pitching. This was realized using a
servomotor acting in series with the existing trim motor of
the horizontal tailplane. A highly dynamic electro-
mechanical actuator was selected for activation of the con-
trol surfaces because electrohydraulic actuators would have
been too complex and expensive. A Cobalt-Samarium ser-
vomotor was chosen for this purpose. The motor operated a
threaded rod, which was extended and retracted. The entire
actuation system had a bandwidth of 1 Hz and was sufficient
to meet the system requirements (see Fig. 6.114).

The angle of attack sensor from an Alpha-Jet served as a
gust sensor. In addition, a corresponding digital signal pro-
cessing and operator console had to be developed and
integrated into the test vehicle (see Fig. 6.115). All
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Fig. 6.114 Installation of electromechanical actuators of the aileron
controls (1981) (Credit Bernd Krag)

additional installations in the test vehicle had to be certified
for the flight.

The ideal conditions of the OLGA wind tunnel experi-
ments could not be expected in the present case. Only certi-
fiable hardware components could be installed. To tune the
gust alleviation system a so-called “Hardware-in-the-Loop
Simulation” was built. A computer simulation of the TNT
test vehicle was coupled with the devices used for the gust

Fig. 6.115 Signal processing in the TNT test aircraft (Credit Bernd
Krag)
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alleviation. Prior to this, flight tests were performed in which
the aircraft dynamic motion was excited through control
pulses. Applying system identification methods a precise set
of aerodynamic data could be obtained, which was required
for the mathematical model of the test vehicle. In this sim-
ulation, the computational algorithms for the gust angle of
attack could be validated and the influence of various hard-
ware components on the gust alleviation effectiveness and on
the flight safety could be investigated. Among others, it had
to be ensured that in the case of a malfunction in the control
system the experimental system could be safely turned off,
without affecting the controllability of the aircraft. Thereafter,
the entire actuation system was certified for flight operation.

The first few flights were used for approval and verifi-
cation that the system engaged does not affect the flight
behavior. The first flight with the activated gust alleviation
system showed that, contrary to expectations only the wing
bending mode of 3 Hz had been excited. This was caused by
the excessive time delay between measured angle of attack
and control surface deflections. By raising the computational
cycle time from 20 to 40 Hz, and through the introduction of
a notch filter to suppress the wing bending oscillation, the
gust alleviation system showed its desired effect (see

Fig. 6.116). The desired “Wow” effect, however, failed to
appear due to the slow response of the actuators. The lower
gust frequencies around the “spitting frequency” were alle-
viated well by the system, but Dornier test pilot Dieter
Thomas objected that at higher frequencies he had a feeling
of flying over “cobblestone” [59].

A corresponding adaptation of the system to production
stage was aborted due to the involved additional costs and
also due to the lack of interest of potential customers. And so
the afflicted passengers had to wait for the latest generation
of passenger jets to experience the benefits of such a system.

Within the OLGA technology program, a complete vali-
dation chain from wind tunnel test, system identification,
Hardware-in-the-Loop Simulation, and right up to flight test
was achieved for the first time. Although the cost of dynamic
simulation in wind tunnel facility was significant, the
investments paid off, because it provided the experimental
evidence that a gust alleviation, based on the principle of
open-loop control, actually worked in practice. Familiariza-
tion with these results justified the investment from industry
to explore so far untested new technology. The OLGA
technology program constituted an excellent symbiosis of
complementary research at DLR and industrial development
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Fig. 6.116 Flight test result from TNT test aircraft (Credit Dornier)
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Fig. 6.117 TNT test aircraft and TNT wind tunnel model (1982, in
front, project manager Bernd Krag)

(Dornier) (see Fig. 6.117). Since 2012, the Do 128
TNT OLGA wind tunnel model is displayed in the Dornier
Museum at Friedrichshafen.

6.3.4 Lockheed F-104 CCV (1977-1984)
Hermann Hofer

In the year 1974, Messerschmitt Bolkow-Blohm (MBB)
started an experimental program to test the principles of
CCV technology (Control Configured Vehicles). The task
included the development and testing of an advanced
high-bandwidth, redundant Fly-by-Wire flight control sys-
tem for stabilizing an aerodynamically unstable supersonic
aircraft in the entire flight envelope.

Classical aircraft with inherent stability are designed such
that the center of gravity and the wing lift generate a nose-down
pitching moment. This behavior is required to restore the
controllability of an aircraft by the pilot even after flow sepa-
ration. The negative pitching moment, however, must be
compensated by a corresponding elevator upward deflection
resulting in a downward force. Thereby the overall aircraft lift
is reduced, and the wing lift must be increased accordingly
resulting in a significant aerodynamic drag increase.

In contrast, if the center of wing lift is located ahead of
the center of gravity, the trim force generated by the hori-
zontal tail plane now contributes directly to the overall lift.
At the same time, the aerodynamic (induced) drag is
reduced. However, such an aircraft loses its inherent stability
and can only be safely flown as a CCV configuration.

Since some of the classical stability requirements of flight
mechanics and structural dynamics have no longer to be
considered with the integration of redundant Fly-by-Wire
flight control systems, there is the possibility to design
an aircraft exclusively from the viewpoint of performance
(see also Sect. 6.1.2). Thereby significant improvements can
be achieved compared to conventional configurations:
(1) Reduction of the take-off weight by 10-20%,
(2) Reduction in the wing area by up to 35% resulting in
drag reductions and fuel savings, (3) Almost complete flutter
suppression especially when flying with variable external

Fig. 6.118 Lockheed/MBB CCV F-104

loads, (4) Enormous increase in maneuverability and agility,
and (5) Reduction of sensitivity to gusts at low altitudes.
A Lockheed F-104G was selected as a test vehicle (see
Fig. 6.118). The shifting of the total lift ahead of the center
of gravity was achieved by the integration of small auxiliary
aerodynamic surfaces (so-called Canards) behind the cock-
pit above the engine intakes (see Fig. 6.119) and additional
masses (ballast) in the aft fuselage. In the case of an emer-
gency, the ballast mass could be jettisoned to restore aircraft
controllability. The canard surfaces, structurally identical
with F-104 horizontal stabilizer, were fixed. The conven-
tional hydro-mechanical actuator was augmented through
the integration of a quadruplex Fly-by-Wire flight control
system. The main components of the FBW system were
(1) air data sensors which were mounted fourfold underneath
the fuselage behind the radome, (2) cockpit sensors for
gathering pilot inputs, (3) a quadruplex central computer for
implementing the control laws, (4) control loop electronics
for the actuators, as well as (5) LAT triplex actuators
(Hydraulic Duo Duplex) for the aileron, elevator and rudder.
In addition, the angle of attack and angle of sideslip were
measured through quadruple redundant vanes arranged
diagonally underneath the front fuselage. In the Fly-by-Wire

Fig. 6.119 CCV F-104 canards
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Fig. 6.120 CCYV triplex actuator

mode, the actuators were connected with the control linkage
via hydraulically operated clutches. In this configuration, the
aircraft was flown fully electronically using control com-
mands calculated by the central computer.

Switching between the CCV mode and normal operation
was carried out by the pilot activating a redundant
hydraulically actuated clutch. Switching mechanism and
triplex actuators were integrated into a single unit developed
and manufactured by Liebherr-Aerotechnik (LAT) (see
Fig. 6.120). The LAT triplex actuator consisted of three
actuator modules operating on the common output lever with
a pre-defined elasticity. The unit was engaged or separated
from the control linkages to the boosters of the individual
control surfaces through a redundant electrohydraulically
activated clutch. Each actuator module consisted of a
two-stage servovalve, bypass valve, linear ram and ram
position sensors. Figure 6.121 shows the actuator installa-
tion for the rudder in the vertical fin.

Uncharted technological territories were covered in this
program through the first-time application of an innovative
monitoring concept for the actuators. An electronic model of
the actuator and the servo valve were programmed in the
central computer. The desired positions computed by the
model were then compared in real time with the actually
measured values. Exceeding the set limits is interpreted as an
error and as a consequence, the affected module is switched
off.

The overall functionality is still preserved through the
remaining healthy modules. The principle of “electrical
monitoring”, replacing the hitherto complex and inflexible
hydraulic comparators, allowed the construction of compact
fault-tolerant actuators suitable for modern electronic flight
controls. Due to the lack of space, the necessary actuator
electronics required for loop closure and monitoring were

Fig. 6.121 CCV actuator integrated in the vertical fin

Fig. 6.122 F-104G CCV in flight test (Credit WTD-61)

housed in the central onboard computer. The first flight took
place on November 20, 1980, with a CCV configuration of
the F-104G, destabilized by canards. Until 1984, a total of
176 test flights were performed (see Fig. 6.122). With a
660 kg ballast in the tail section, an instability of nearly 20%
of the mean aerodynamic chord was achieved with super-
sonic speeds up to Mach 1.3 or 650 knots [60]. The flight
test results were of great benefit for the development of the
Eurofighter Typhoon as well as for the two X-31 experi-
mental programs (Sects. 6.3.6 and 6.3.8).

6.3.5 Dornier/Dassault AlphaJet DSFC

(1982-1985)
Horst Wiinnenberg

6.3.5.1 Statement of Task

During the early nineteen eighties, a military technology
program was initiated at Dornier with the objective to
increase maneuverability and operational flexibility of
combat aircraft using new control techniques. Primarily
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concerned with air-ground missions the pilot must carry out
in a very short time precise attitude and trajectory correc-
tions, when he leaves his low-level cover flight through a
“pop-up” maneuver, pulling up sharply and pursuing his
target. Through this pop-up maneuver, the exposure to the
enemy fire is minimized.

One possibility to accelerate the precise alignment of the
airplane is provided by additional direct force controls
(DFC). DFC is exerted directly at the aircraft’s center of
gravity and thereby instantaneously changing the trajectory
without altering the attitude. The normal control surfaces
(elevator, aileron, and rudder) generate moments about the
center of gravity, resulting in attitude changes which induce
the aerodynamic forces leading to desired trajectory changes.
This classical maneuvering process takes longer but can be
avoided through the use of direct force control.

These new control effectors are generally termed as
Direct Lift Control (DLC), Direct Side Force Control
(DSFC) and Drag Control (DC). They allow new operating
modes such as those depicted graphically in Fig. 6.123.
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Within a preliminary study program involving the
Dornier/Dassault Alpha Jet (see Fig. 6.124) it could be
demonstrated that using such direct force controls an
appreciable potential is available for improving the flying
qualities, thus simplifying controllability during difficult
flight phases. Therefore, Dornier was assigned by the Fed-
eral Minister of Defense (FMoD) to carry out relevant
studies to realize such a feature on an Alpha Jet prototype.
The flight test phase was to be conducted in cooperation with
the German Air Force Flight Test Center (WTD 61, formerly
E-61) and AFB LG IV (Richard Rosenberg) of the Federal
Office of Defense Technology and Procurement (BWB).

In the DFC design, the following features were to be
incorporated: (1) Realization of DLC by maneuvering flaps
on the wing, (2) Realization of DSFC by symmetrical
deflection of additional split control surfaces on the pylons,
and (3) Implementation of DC by simultaneous deflections
of the additional split control surfaces on the pylons.

In addition, to compensate for gust disturbances und
coupling effects a single-channel three-axis damper with an
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Fig. 6.123 DFC operating modes
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Fig. 6.124 Dornier/Dassault Alpha Jet

attitude hold mode was conceptualized. In a further expan-
sion phase with the German Aerospace Center (DLR), it was
planned to use this demonstrator aircraft as host for a future
in-flight simulator for research and pilot training purposes.

6.3.5.2 Program Implementation

The program was executed in several stages and the afore-
mentioned individual aspects of DFC were accomplished in
separate campaigns. Because of financial constraints, the
originally planned integration of all individual aspects of the
DFC in an experimental vehicle could not be realized.
However, in a technology program spread over several
years, a couple of aspects were investigated incorporating
flight test and simulator studies involving test pilots from the
German Air Force Flight Test Center (WTD-61). They were
assessed with regard to their operational advantages in order
to generate a reliable data base for the design of future fighter
aircraft. In particular, they pertained to:

e Design and flight testing of the effectiveness of maneu-
vering flaps for the supercritical transonic wing (TST) of
this special Alpha jet prototype (TST—Transonischer
Tragfliigel),

e Realization and flight testing of direct side force control
(DSFC) and a drag control (DC) effectors through split
flaps control on the rear part of the pylons,

e Simulator studies with the Dornier Alpha Jet
development-simulator investigating possible operational
modes of an integrated DFC system on Alpha Jet and
their operational utility, and

e Concept study Alpha Jet In-Flight Research and Training
Simulator (Project CASTOR, in cooperation with the
DLR and WTD-61).

Results and Conclusions of Direct Lift
Control

Direct Lift Control on Alpha Jet was to be implemented with
maneuvering flaps, which were designed and implemented
in the framework of a separate technology program on
transonic wing design (TST). They consisted of
leading-edge slats and trailing edge flaps. For cost reasons,
the flaps were not continuously adjustable but were preset in

6.3.5.3

Fig. 6.125 TST test aircraft with deflected maneuvering slats and
flaps

a fixed position on the ground. With this setting, the flight
tests were performed in the desired flight envelope (see
Fig. 6.125). The results provided the basis for the design of
the planned direct lift control system.

The test results, in this case, promised a sufficient effec-
tiveness for the intended application and were incorporated
in the conceptual design of the DLC system for subsequent
simulator investigations. A planned extension of this pro-
gram with automatic flap control could not be realized.

Direct Side Force and Drag Control

The direct side force control system was investigated in a
separate technology program. The necessary side control
forces were generated through small, electrohydraulically
driven split flaps, that were mounted on both sides at the rear
of the pylons (see Fig. 6.126). When deflected asymmetri-
cally, they generated lateral forces, whereas driven sym-
metrically they generated additional drag like an airbrake.
The operating modes depicted in Fig. 6.127 were possible

Fig. 6.126 Electrohydraulically driven pylon split flaps
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Fig. 6.127 Tested DSFC operating modes with pylon-split flaps

with this set-up and were selectable by the pilot. In addition,
the resulting interference moments were compensated with
the single-channel 3-axis damper with a switchable attitude
hold mode. The damper effectiveness of was also investi-
gated separately during the flight test phase.

The first flight took place on March 22, 1982. This flight
test phase, in which WTD 61 participated, served initially
the purpose of envelope opening and system optimization.
The functionality of DFSC device was demonstrated in all
operating modes (see Fig. 6.128). Above all, the operating
mode “sideslip free course change” (ny mode) provided a
noticeable improvement in the target tracking accuracy. The
operating mode “drag control” (nx-mode) was also very
effective resulting in decelerations up to 0.75 g and opened
new tactical possibilities through steeper dives with constant
speed and less intercept altitudes.

The program was continued with operational testing
including shooting approaches. This campaign was orga-
nized by the WTD-61 and was carried out during 1984 on
the shooting range at Meppen and with the multiple
target-lamps-facility GRATE in Manching, which was
developed by DLR (GRATE—Ground Attack Test Equip-
ment, see also Sect. 12.3.2).

The results of this campaign showed the basic feasibility
of a DSFC system using pylon split flaps. The results pro-
vided, however, surprising insight with respect of an oper-
ational advantage of such a device. A significant reduction of
the pilot-target error was, indeed, identified while using the
DSFC effectors, but similar positive results were achieved
while using just the 3-axis controller, when sideslipping was
allowed [61, 62].

Integrated DFC System

Once the basic feasibility of the essential components of a
DFC system on the Alpha Jet prototype was established in
the course of previous technology programs, an overall DFC
system for the Alpha Jet was designed and tested. This
included all DFC components, like direct lift control, direct

Fig. 6.128 DSFC test aircraft with deflected pylon split flaps

side force control and drag control in conjunction with a
command and stabilization controller.

The main objective of this study was to prepare a further
flight test program to provide the basic data for the design of
an appropriate system for air and ground missions with a
future combat aircraft or for the improvement of the combat
efficiency for the Alpha Jet.

In-Flight Simulator Proposal

This proposal was conceived as a joint task between Dornier,
DLR, BWB LG IV and WTD-61. It included the develop-
ment of an in-flight simulator based on the Alpha Jet with
DFC components. For this purpose, a study under the
acronym CASTOR (Combat Aircraft for Training, Opera-
tions, and Research) was submitted to the Federal Ministry
of Defense (see also Sect. 11.2). Because of changed pri-
orities in the procurement philosophy of Federal Ministry of
Defense with regard to the European Eurofighter develop-
ment, this proposal was, however, abandoned.

6.3.6 Rockwell/DASA X-31A EFM

(1990-1995)

Peter Hamel

The objective of this first transatlantic X-research program
X-31A EFM (Enhanced Fighter Maneuverability) was to
prove that an aircraft can safely maneuver in the post-stall
regime and to investigate what effects such post-stall maneu-
vers would have in an air-to-air combat mission. For this pur-
pose, the construction of a “Low Cost Demonstrator” as delta
canard configuration was envisaged, which had to be similar to
the planned European combat aircraft, as much as possible.

The prerequisite for this was the development of a highly
reliable digital Fly-by-Wire flight control system for the inte-
gration and practical testing of a thrust vector controller. The
main emphasis of the program was on the flights far beyond
maximum lift in the post-stall regime. In this flight regime, the
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lift and control surface effectiveness diminish, while the drag
increases at the same time due to flow separation. Thrust vec-
toring has then the potential to compensate for the loss of
aerodynamic control effectiveness at high angles of attack.

To save on the cost, many components and subsystems
from other aircraft programs were used, which posed some
problems during the system integration. Even minor geo-
metrical asymmetries on the fuselage nose of the two testbeds
resulted initially in different flight behavior in extreme flying
conditions. These asymmetries were eliminated by mounting
nose strakes. The vortex shedding at the forward fuselage at
high angles of attack then occurred always symmetrically at
the same point on both sides [63]. Thrust vectoring was
provided by three heat-resistant graphite composite
paddle-like vanes mounted on the airframe adjacent to the
engine exhaust nozzle (developed by MBB/DASA and pro-
duced by SGL/SIGRI). These thrust-vectoring vanes could
generate sufficiently strong combined pitching and yawing
moments in the high-angle-of-attack flight regime. In addi-
tion, besides the trailing edge wing flaps and the rudder, the
so-called canard control surfaces in the forward fuselage area
were driven actively (see Fig. 6.129). In trimmed flight, these
canard control surfaces floated freely in the wind, without
generating any moment. Thereby the actual angle of attack
during the spectacular flight maneuvers, for example at the
Paris Air Show in 1995, could be recognized very well even
by a layman.

The biggest challenge, however, was to check out the
hardware and software of the innovative digital, integrated
thrust vector control system, whereby MBB/DASA was
responsible for the flight control system and could advanta-
geously use the know-how of the digital flight control system
gathered during the F-104 CCV program [64] (see
Sect. 6.3.4). The hardware included a triplex system with a
fourth computer without CPU, which took over the function of
adigital arbitrator (Digital “Tiebreaker’) in the case of a fault.
An analog or mechanical backup system was not provided
from the very beginning. The first flight of the first X-31A

Fig. 6.129 Rockwell-MBB X-31 EFM S-N164584 (Credit NASA)

prototype (S/N 164584) took place on October 11, 1990 from
Palmdale flight test center in Rockwell California, USA, and
that with the second prototype (S/N 164585) followed on
January 19, 1991. The first flight with thrust vector control was
conducted on February 14, 1991. 108 test flights were com-
pleted up to the end of 1991, achieving 52° angle of attack.

On January 20, 1992, the two aircraft were transferred to
the NASA Dryden Flight Research Center (since 2014:
Armstrong FRC). The first flight at NASA with the 2nd pro-
totype was on April 23, 1992, with Karl-Heinz Lang as the
pilot. An angle of attack of 70° and bank angle up to 45° was
flown for the first time with the 1st prototype on September 18,
1992 (see Fig. 6.130). Modeling inaccuracies in flight physics
at increasing angles of attack necessitated corrections in the
controller software, which could be carried out expeditiously
on the advanced digital computer system without any major
complications. The Institute of Flight Mechanics of DLR at
Braunschweig (since 1999: Institute of Flight Systems),
through its methodological experience in the field of system
identification, participated successfully in the determination
and validation of flight physics models and introduced the
so-called methodology of Single or Separate Surface Excita-
tion (SSE) [65, 66]. In this process, all control surfaces were
deflected individually, in parallel with the active flight con-
troller, in order to eliminate the coupling between the indi-
vidual control surfaces that resulted from the high degree of
controller feedback. Only through such independent separate
input signals was the determination of the individual, inde-
pendent flight mechanical parameters possible.

The improvements achieved through the SSE method
becomes apparent from Figs. 6.131 and 6.132, showing as
an example the identification of the wing flap (elevator)

Fig. 6.130 X-31A EFM post-stall demonstration



134 P.G. Hamel

‘ H\““*i
(04 Se ~
Pilot Input Single Surface Excitation (SSE)
05 r T
rad
[l S S B
A DD
Cmée _,}:’E/C-
05 | : {-d‘"""‘
- oriéinal data set |
o single maneuver original data set
lata partitioning O flutter test box
'1 .5 1 ] i i
0 20 40 60 80 0 20 40 60 80
Angle-of-Attack [deg] Angle-of-Attack [deg]

Fig. 6.131 X-31A identification of the wing flap effectiveness (Credit Detlef Rohlf)

0
1frad
-01
Cig
-0.2 '
original data set
-0.3 o  single maneuver original data set
5ta partit flutter test box
| | | === PID2 update PID2 update
-04 - g : t 3 : . t
0 20 40 60 80 0 20 40 60 80
Angle-of-Attack [deg] Angle-of-Attack [deg]

Fig. 6.132 X-31A identification of lateral stability parameter (dihedral effect) (Credit Detlef Rohlf)



6 Fly-by-Wire/Light Demonstrators

135

effectiveness and of the dihedral effect respectively. The
dihedral effect parameter C,g, that is the rolling moment due
to sideslip, is an important parameter for assessment of the
lateral stability. In the case dihedral effect C,g the wind
tunnel predicted large value between 30°-45° could not be
confirmed. As another interesting result of the parameter
estimation, the hysteresis in the unsteady aerodynamic lift
force for large variations in the angle of attack could be
clearly identified by combining a variety of different flight
maneuvers (Multi-Run Evaluation of 29 pull-up/push-down
maneuvers, see Fig. 6.133 [67]).

Rolling maneuvers about the velocity vector (Velocity
Vector Roll) at 70° angle of attack were successfully per-
formed for the first time on November 6, 1992. On April 29,
1993, a spectacular maneuver with a 180° change of heading
(J-turn) at 70° angle of attack was finally flown with the
second prototype. This so-called “Herbst maneuver” was

named after the German development engineer and post stall
protagonist Wolfgang Herbst.

After the successful completion of the post-stall maneu-
verability flight tests, tactical flight testing in many air
combats, primarily against the F-18, as well as F-14, F-15
and F16 were undertaken. This tactical testing was even
more successful than the many previous ground-based
manned simulations.

Furthermore, in the year 1994, the feasibility of flying
tailless, for example without fin and rudder control by
exclusive thrust vector stabilization, was successfully
flight-tested. Through special software, gradual destabiliza-
tion of the lateral motion was achieved with the help of the
rudder and thus a quasi-tailless configuration was simulated
(see Fig. 6.134). Both at supersonic speeds (Mach num-
ber = 1.2) as well as in at low speeds, the effectiveness of
the thrust vector control and stabilization system could be
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Fig. 6.133 X-31A identification of lift hysteresis (Credit Detlef Rohlf)
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Fig. 6.134 X-31A quasi-tailless with extended airbrakes

demonstrated. = Here  the  experimental technique
GRATE/ATLAS, developed at the DLR Institute of Flight
Systems at Braunschweig, to evaluate precision flying
qualities, proved to be highly successful [68] (see also
Sect. 12.3.2). It is obvious that a tailless aircraft configura-
tions would reduce the aircraft drag, and weight as well as
the RADAR-detectability.

On January 19, 1995, after performing successful test
maneuvers the first prototype crashed while returning to the
base, whereby the German pilot Karl-Heinz Lang of the
German Air Force Flight Test Center 61 ejected safely and
parachuted to the ground. The icing on the non-heated air
data sensors was found to be the cause of the accident (see
Sect. 6.1.1 and Fig. 6.1).

After a quick inventory check, however, it was decided to
revise the flight control system and to demonstrate the
unique aircraft as planned to the professional world and the
general public at the Paris Airshow in Le Bourget during
June 1995. Thereby the second prototype completed suc-
cessfully spectacular maneuvers, and earned the title “Star of
the Paris Air Show”.

Within the EFM (Enhanced Fighter Maneuverability)
program and the Quasi-Tailless tests, the two X-31 aircraft
absolved a total of 559 test flights, and further 21 flights in
Europe for the preparation and implementation of the flight
demonstrations at the Paris Airshow 1995. The European
sovereign state Romania even drew attention on the X-31 by
bringing out a special postal stamp (see Fig. 6.135) with a
subtle indication of its famous scientist Henri Coanda
(1886-1972), to which the principle of jet deflection is
attributed (“Coanda effect”).

Three years later, the X-31 was to be revived within the
framework of the so-called VECTOR program (see
Sect. 6.3.8).
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Fig. 6.135 Romania commemorates X-31 (1994)

6.3.7 VFW 614 ATD (1996-2000)

Hartmut Griem and Hermann Hofer

6.3.7.1 Overall System

Another test demonstrator, namely the ATD (Advanced
Technologies Demonstrator) is worth mentioning. At the
national level, the German aeronautical industry had focused
on getting ready to face challenges in the field of digital
Fly-by-Wire flight control for new generations of civil air-
craft. The projected aim was to gather experience in modern
flight control systems technologies. For this purpose, during
the mid-nineties, a research project “Electronic Flight
Control System” (EFCS) was initiated, which was financially
supported by the German Federal Ministry for Research and
Technology (BMFT).

The objective of the EFCS project was development,
qualification and flight testing of a fully electronic flight
control system taking into account all certification aspects of
an operational program. The project was carried out in a
cluster under the leadership of EADS Airbus in Bremen,
with the participation of Bodenseewerk-Geritetechnik
(BGT), meanwhile Diehl Aerospace), LAT (Liebherr
Aerotechnik), and German Aerospace Center in Braun-
schweig (DLR).

The new EFCS system comprised of (1) replacement of
control columns by sidesticks for both pilots, (2) sensor
system with adequate redundancy for air and inertial data (3
times angle of attack, 3 times ADIRS (air data and inertial
reference system), (3) new flight control computer (primary
flight control unit-PFCU), (4) new actuation systems of
different technologies for elevator, aileron, rudder and
spoilers, (5) upgrading the power system to provide suffi-
cient redundancy and level of performance, including a
newly developed hydraulic power package (HPP) in the tail,
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Fig. 6.136 Second “first flight”

and (6) supplement the cockpit displays for EFCS related
elements, including installation of a primary flight display.

For this purpose, EADS Airbus brought the VFW 614,
S/N G15, obtained from Air Alsace after 3 years of opera-
tion, to an airworthy status. It was not a simple task because
the machine had been used as a spare part dummy for
ATTAS, and for training of student. The second “first flight”
of G15 (see Fig. 6.136) took place on February 28, 1996,
with Dietmar Sengespeik as the pilot, Stefan Seydel as
copilot and Bodo Knorr as flight test engineer. Thereby the
aircraft was transferred to the Airbus plant in Bremen for
conversion.

The workshare of EADS Airbus consisted primarily in
the integration of a newly developed Fly-by-Wire system,
including development the control laws. These were similar
to the proven flying qualities of Airbus A320 type aircraft in
order to support a family concept and adapted to the flight
dynamics of VFW 614. The technological focus was on
automation of the flight control law development process
using a model-based approach. EADS Airbus was respon-
sible for carrying out all Fly-by-Wire system related aircraft
modifications. In addition, EADS Airbus had to take care of
all related tasks, which were necessary for conversion of the
test vehicle and carrying out the test program. These inclu-
ded weight and energy balance, structural integrity, check
compliance of load limits, evidence of freedom from flutter
(including a complete ground vibration test), as well as proof
of reliability and safety, generation of all documents for
certification of the overall system for flight clearance,
maintenance, and aircraft operation. Finally, an emergency
exit was installed and all onboard test equipment installed
and operated. This involved flight simulators and system test
rigs (see Fig. 6.137), as well as design, construction and
integration of onboard equipment for acquisition, recording,
and display of experimental data, and airborne and
ground-based telemetry system (see Fig. 6.138). Finally, the
responsibility of implementation and analysis of laboratory,
ground and flight tests, and certifications rested on EADS
Airbus.
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Fig. 6.138 Measurement and telemetry facilities

6.3.7.2 Primary Flight Control Unit (PFCU)

The contribution of BGT was the central flight control
computer used in PFCU (primary flight control unit). It was
the heart of the system. It generates the actuator commands
for elevator, aileron, rudder and spoilers from the pilot inputs
according to the control laws, using measured air, inertial
and radar data. The PFCU interface in the overall system and
the redundancy structure are shown in Figs. 6.139 and 6.140
respectively. Therein ISM/OSM were the input/output signal
management modules that monitor the integrity of the
input/output signals. RM is the redundancy management
module that monitors the switching to alternative control
channels, and RA is the radio altitude provided by the radar
altimeter. ADIRS (Integrated air data inertial reference sys-
tem) supplies air data (airspeed, angle of attack and altitude)
and inertial reference (position and attitude) information to
the pilots’ electronic flight instrument system displays as
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well as other aircraft systems such as the engines, autopilot,
aircraft flight control system.

It is distinguished between two modes of control laws,
namely (1) Direct Laws, in which control surface deflections
are generated proportional to pilot input and (2) more
comfortable Normal Laws, in which the pilot input is
interpreted as a command to change the flight state. For
example, roll rate proportional to the pilot lateral inputs at all
airspeeds and load factor proportional to pitch input.
The PFCU took over the redundancy and fault management
of the entire control system.

Since the first flight of the A320 on February 22, 1987,
Fly-by-Wire technology had become the state of the art for

flight controls in civilian aircraft, including sidesticks as a
substitute for the classical control devices. The certification
regulations according to JAR/FAR/CS 25.1309 demand that
any error combination with catastrophic effect must be
extremely improbable. Quantitatively, 107° failures per
flight hour are interpreted as “extremely unlikely”. For flight
control systems, JAR/FAR/CS 25.671 demands furthermore
that no single failure may lead to a catastrophic effect. This
qualitative requirement complements the quantitative
requirement. The flight control system of Airbus A320 meets
the above requirements and the EFCS of the ATD too.

These demands could be fulfilled only through a system
with sufficient redundancy. Due to a high number of system
states in a complex digital system, it cannot be ruled out that
in spite of careful validation tests a design error remain
undiscovered. In the case of an identical structure of
redundant channels, these so-called generic errors would not
be detected by a fault monitoring system based on the
principle of majority rule, because all channels are then
equally erroneous. Therefore, they lead to false commands
and may lead to control surface “hardovers” and possibly to
a loss of aircraft. Even such an error should not result in the
aircraft loss. In the present case this aspect was taken into
account by a dissimilar redundant structure, that is, redun-
dant channels were pairwise structured differently. The dis-
similarity was achieved by using different processors
(Transputer T805/T400 and Power PC MPC 505) with dif-
ferent memory architectures in redundant channels.
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If a disparity occurs between the two channels of the
channel pair PFM 1, then this channel pair passivates itself.
Nevertheless, in order to maintain control capability after
this error, a second dissimilar pair PFM 2 is installed, which
will be activated by the previous error. The increase in safety
is, however, at the cost of reduction in the availability
because of the larger number of components used and leads
to a methodical as well as disciplinary extremely demanding
process for both the design teams and for the certification
authority.

PFCU was the first modular avionics cabinet for safety
critical applications. It led to reduced number of external
interfaces within the flight control and to the environment
compared to the conventional construction. As a result, it led
to a reduction in the development and unit costs (for
example cabling), as well as breakdowns and maintenance
costs. An integration of additional functions was more
readily possible due to the modular concept, for example,
autopilot functions.

The BGT tasks included several aspects such as (1) con-
ceptualization of hardware and software for PFCU, (2) de-
velopment and construction of the agreed number of devices,
(3) implementation of the software, including control laws
delivered by EADS Airbus and actuator electronics deliv-
ered by LAT, (4) test devices for functionality, (5) proof of
compatibility of all the required load conditions, (6) proof of
reliability, (7) support and guidance during aircraft ground
tests, and (8) flight tests and implementation of all changes
that may accrue based on the flight test results.

6.3.7.3 Actuators and Hydraulic Power

Supply

The work share of LAT comprised of the development,
production and certification of actuator systems for the three
primary axes using different actuator technologies. While
linear electrohydraulic drives in parallel arrangement were
envisaged for ailerons, electro-mechanical rotary actuators
with integrated signal and power electronics were used for
spoilers. All actuators for roll control were designed as smart
units with integrated electronics. The elevator and rudder
retained conventional servo actuators, powered by a central
hydraulic system. Their control loop electronics was housed
in a separate cabinet of PFCU, in the form of individual IMA
modules. The smart actuators of the roll control communi-
cated with the PFCU directly through an ARINC 429 data
bus. A comparison of different solutions was thus possible
for signal transmission and type of energy supply under the
same operating conditions.

Two major development steps were undertaken pertain-
ing to the actuator technology. One, the control loop and
monitoring function were integrated into the actuators for the
aileron (see Fig. 6.141) and spoiler drives (see Fig. 6.142).

Fig. 6.141 Aileron actuation system

Fig. 6.142 Spoiler actuation system

The technology employed herein is called “smart” and
retains the connection to the higher-level computer through a
serial data bus. Furthermore, an electro-mechanical rotary
drive, which can perform all spoiler functions, was devel-
oped as a substitute for conventional hydraulically driven
spoiler.

For the lateral and vertical control (see Figs. 6.143 and
6.144), the mechanical structure of the actuators was essen-
tially further developed, such that a higher functional density
in the hydraulic valve block and extended access possibilities
in the switching functions could be realized. The elevator
actuators were provided with an additional centering func-
tion, which permitted zeroing of the servo valve by means of
mechanical controls in the case of electrical failures. The
third hydraulic supply system required for redundancy was
provided by electrically driven power packs (see Fig. 6.145).
It was needed only for elevator and rudder actuators located
in the tail and provided a new solution of Power-by-Wire in
the form of a decentralized, local system. All newly devel-
oped components of PFCU, actuator systems, and HPP had to
undergo a rigorous qualification test program to the prove
suitability of devices for flight operations.
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Fig. 6.143 Rudder actuation system

Fig. 6.144 Elevator actuation system

6.3.7.4 Ground and Flight Tests

Accompanied by Wagner music and in the presence of the
German Federal Minister for Research and Technology, the
converted aircraft was rolled out from the Hangar through of
a cloud of steam on August 10, 1998 (see Figs. 6.146 and
6.147). After a series of ground checkouts, the third “first
flight” took place on August 13, 1999, now as ATD with the
registration number D-ASAX, with test pilot Gert Rainer
Selleske and Axel Widmann and the flight test engineer Uwe
Krome.

The test bed was thoroughly tested in 12 test flights until
October 13, 2000. Figure 6.148 shows the aircraft after
landing from one of the following flights with the first-flight
crew, accompanied by the flight test engineer Martin Léipple.

Fig. 6.146 Roll out

6.3.7.5 Results

The new control system proved to be very promising in the
ground tests. The system could be checked for all states
under the various conditions in a tight and extensive flight
test program. The errors found were rectified and system or
equipment changes were carried out where necessary.
A preliminary airworthiness certification was granted on
August 16, 1999 by the German Federal Aviation Authority.
In spite of the short duration of flight testing, the flight
controls were tested throughout the entire flight envelope
and configuration in normal as well as direct law, including
extreme conditions such as engine failures and stalls. Con-
trollability and handling qualities with the new sidesticks



6 Fly-by-Wire/Light Demonstrators

141

Fig. 6.147 Roll out with German federal minister Bernd Neumann (on
the stairs) and ATD program manager Hubertus Schmidtlein (3rd from
right)

were assessed as good in both control law modes. The EFCS
system performed as specified, including reconfigurations in
error stimulations, the correct interpretation of monitoring
thresholds, mode switching, the precise functioning of pro-
tections, such as angle of attack, airspeed, and load factor
limitations. The new EFCS system, as well as the entire
aircraft, proved robust and reliable. None of the stimulated
failures had any unacceptable impacts on system design or
functional integrity and could be eliminated easily without
major difficulties.

6.3.7.6 Impact on Future Projects

About 100 employees from the participating companies have
further qualified themselves by contributing to this chal-
lenging task and could contribute to future Airbus products
through newly acquired experiences in the development of
Fly-by-Wire flight control systems. The safety-critical issue
of secondary flight controls could be strongly anchored at
the national level through the ATD program. This was
essential for the “High Lift Center” in Bremen, which
emerged from the creative achievements in the fields of
aerodynamics, structural design, as well as wing assembly,

Fig. 6.149 Wing system test bench

Fig. 6.148 Return after successful flight test (from left, G. R. Selleske,
Martin Léipple, Uwe Krome, Klaus Dietrich Flade)

and then became the systems engineering center for the
secondary flight controls. As a consequence, EADS Airbus
Bremen took over the primary responsibility for the
hydraulic systems for all Airbus aircraft.

The data acquisition, transmission, display, and analysis
system for the ATD program was designed using mostly
commercially available components. It was highly success-
ful in terms of functionality, flexibility, and range of appli-
cations at moderate cost. A few important parts of this
concept were adopted in the ATRA (Advanced Technologies
Testing Aircraff) of DLR. Primarily, ATD served as an
efficient and proven concept to take over the responsibility
for the wing test benches of the Airbus family at Bremen
site, namely the Airbus high lift center. Meanwhile, test
benches for A380, A400M and A350 have been built and
put in operation, an impressive demonstration of top-class
technology (see Fig. 6.149) that could not have been real-
ized without the ATD/EFCS program.

BGT (today: Diehl Aerospace), which was in advance
envisaged as the supplier of SFCC (secondary flight control
computer) for the Airbus family, could consolidate its leading
position for the future Airbus family members through their

| S AIRBUS High Lift

~ R
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achievements in the ATD program. Thus, BGT could prevail
in supplying SFCC for A380, A400M, and A350. Electronics
circuits developed by BGT for PFCU are implemented in
SFCC of Airbus A340-500/600. An improved scaled-down
software for dissimilarity, derived from the PFCU develop-
ment, is implemented in A330/A340 SFCC redesign.

The technologies developed by LAT for the ATD pro-
gram are incorporated now in numerous applications in
primary and secondary flight control systems, including
Airbus A380. LAT provided for this aircraft the rotary
actuators for slat actuation as well as four spoiler actuators,
all with integrated electrical and hydraulic supply to better
survive malfunction in power supply.

As a spinoff of the ATD program, LAT was awarded a
contract to deliver the Fly-by-Wire flight control system for
the Russian regional aircraft Superjet S-100. Designed and
built by the Sukhoi, the Superjet S-100 is a twin-engine,
single-aisle, short and medium haul aircraft for 95 passen-
gers. Amid the tough international competition, Sukhoi chose
the LAT proposal, which was substantially based on the ATD
technology. The development and production contract
included the entire primary control system, the high-lift
system, the control devices, and all system computers
including flight software as an integrated package. The full
electronic flight control system contains sidesticks and rudder
pedals as cockpit control devices, the control loop and power
electronics for all electrohydraulic and electromechanical
actuators as well as flight control units for computation of
control laws. All electronics are multiple redundant and are
designed using the dissimilarity principle to protect against
generic design problems. A mechanical back-up could be
dispensed due to these system properties and the high degree
of redundancy. The Superjet Sukhoi S-100 (first flight May
19, 2008) received European type certification from EASA in
February 2012. Thereby the way was paved for its com-
mercial service not only in Russia but also worldwide.

A first step towards “more electric aircraft” was taken
through the technologies tested with ATD, a topic whose
importance is perceivable in the Boeing Dreamliner. The next
generation of aircraft starting with the regional area will be
fitted completely with Fly-by-Wire and Power-by-Wire flight
control systems. Electro-mechanical and electrohydro-static
actuators with decentralized signal and power electronics will
successively replace the hydraulic and pneumatic power
supply systems. LAT successfully participated in Airbus A
380 and A 400 M with this new generation of actuators.
Based on the smart wing concept of ATD, LAT has also
developed a standardized remote electronic unit and brought
it to production maturity. This technique is intended for flight
control systems of the next generation, where increasingly
digital data buses are used as communication medium.

The application of the latest production methods and the
use of highly integrated microprocessors allowed the

miniaturization of electronics to such an extent that they
become an integral part of the actuator. The benefits are the
increased system aptitude of the device, and at the same time
lower costs and improved reliability. Participation in the
various national aeronautics research programs with signif-
icant own resources, together with a long-term company
strategy, helped LAT to establish itself as a so-called global
player for complete aircraft systems (nose-to-tail), among
others in the field of integrated flight control systems.

The cooperation with DLR in Braunschweig (Institute of
Flight Systems) once again proved to be successful through
the exchange of information and experience between research
and industry, as in the past within the ATTAS project. DLR
contributed to the ATD program by providing measurement
and telemetry systems, 10 scientists by creating sponsorship
jobs in Bremen and Braunschweig, and by assigning test
pilots. Furthermore, it also provided an important contribu-
tion to the ATD success through pre-testing of the ATD-flight
control laws on the In-Flight Simulator ATTAS under the
so-called SAFIR program (see Sect. 9.2.6).

In summary, the two programs ATTAS (Chap. 9) and
ATD in combination with the corresponding helicopter test
demonstrators ATTHeS (Chap. 8) and FHS (Chap. 10) had
stimulated not insignificantly the development of interna-
tionally competitive products in the German aeronautical
and military industry, and thereby represents a good
investment. It also needs to be emphasized that these pro-
grams provided ample chances to acquire and retain system
capability, which is an essential prerequisite to survive in the
present days of global competition.

6.3.8 Boeing/EADS X-31 VECTOR

(1998-2003)

Peter Hamel

The highly successful post stall demonstration flights
described in Sect. 6.3.6 provided the foundation for the
German-American revival of the remaining second X-31
prototype (S/N 164585). Here, the goal was to utilize thrust
vector technologies as an integral part of the digital flight
control system for fully automatic and extremely short
landings at low approach speeds (ESTOL—Extreme Short
Take-Off and Landing). That was one of the issues because a
reduction in the approach speed and thereby in the kinetic
energy would preserve the structure and lead to a reduction
in wear and tear, also during aircraft carrier landings. It was
also the starting point of investigations pertaining to post
stall flying at MBB during the beginning of the nineteen
seventies. This concept tested with the X-31 is currently
being applied to the X-47B, an unmanned technology
demonstrator capable of launching from and landing on a
seaborne aircraft carrier.
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Fig. 6.150 Boeing-EADS X-31 VECTOR graphite composite thrust
vector deflectors (Credit www.456fis.org)

In late 1998, Boeing took over the conversion of the test
demonstrator. This included retaining the X-31A EFM thrust
vector control system, with the three heat-resistant graphite
composite paddle-like vanes mounted on the airframe adja-
cent to the engine exhaust nozzle (see Fig. 6.150). On the tip
of the fuselage nose, adopted from the Eurofighter, a
high-precision and miniaturized air data system FADS
(Flush Air Data System) was installed for precise measure-
ment of high angles of attack and sideslip (NordMicro). This
necessitated the relocation of the noseboom mounted hith-
erto underneath the fuselage to a location on the upper side.
The data from FADS were recorded, whereas the flight
control system was, however, further provided with data
from the hitherto ADS (Air Data System) installed on the
nose boom and fuselage.

In addition, a GPS-based navigation system (Inte-
griNautics) was installed, which provided an extremely
accurate aircraft position. A new autopilot was developed for
automatic landings at high angles of attack. The X-31 was
still equipped with the triplex FBW flight control system and
an additional tiebreaker computer. Analog or mechanical
emergency systems (back-up) were not available.

The so-called VECTOR-Program (Vectoring, Extremely
Short Takeoff and belonged Landing, Control and Tailless
Operation Research), was organized jointly by the US Naval
Air Systems Command (NAVAIR) and the German Federal
Office of Defense Technology and Procurement (BWB). The
integrated flight test team consisted of members from these
two organization, and those from Boeing, EADS, and DLR
Institutes of Flight Systems (up to 1999: Institute of Flight
Mechanics) and Robotics and Mechatronics. While accom-
panying the flight testing, the DLR Institute of Flight Sys-
tems had developed and validated a global flight dynamics
model valid over the entire operation envelope applying
system identification methods [69, 70].

Fig. 6.151 X-31 VECTOR in landing approach (Credit www.456fis.
org)

On February 24, 2001, the X-31 took off for its “second”
first flight (see Fig. 6.151). Up to the end of April 2001,
initial flight tests were carried out, primarily to check the
functionality of the systems, and also to familiarize the pilot
with this unusual research aircraft and FBW technology
demonstrator.

The modified X-31 completed its final flight on April 29,
2003 at the Patuxent River Naval Air Station and landed
fully automatically with an angle of attack of 24° (normal:
about 10-12°) and a touchdown speed of just 220 km/h
(normal: about 320 km/h). For this precision maneuver, a
special highly improved GPS (Global Positioning System),
the so-called IBLS (Integrity Beacon Landing System)
combined with 3 inertial platforms was necessary, which
provided an accuracy in the range of a few centimeter. From
Fig. 6.152 it is apparent that the de-rotation (Pitch Down)

Fig. 6.152 X-31 VECTOR ESTOL landing (Credit Navy Mil)
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Fig. 6.153 US-German X-31 VECTOR-Team (Deutsches Museum Oberschleilheim)

required for the touchdown takes place at the very last
moment, just about 60 cm above the ground [71-73].

Since August 2003, this extraordinary aircraft is dis-
played at the branch office of the Deutsches Museum in
OberschleiBheim, Germany, in good company with many
other interesting aircraft such as the DLR In-Flight Simu-
lator ATTAS (see Fig. 6.153).

6.3.9 Stemme S15 LAPAZ (2007-2013)
Robert Luckner

Motivated by the growing market for airborne recon-
naissance and surveillance tasks, the German aircraft man-
ufacturer Stemme AG (Strausberg) investigated the
advantage of FBW technology for its single-pilot,
single-engine, high-performance utility aircraft Stemme S15
(now called Ecarys ES15). This light aircraft with a
high-aspect ratio and a take-off mass of about 1.1 ton, that
can carry payloads of 100-300 kg, represents a
cost-effective and efficient solution for such tasks. The S15
was specifically designed for commercial applications and
certified according to FAR Part 23 (wingspan 18 m, max.
cruising speed 270 km/h, endurance 8 h can be increased by
installation of ferry tanks).

In missions where the pilot has to fly the aircraft while
simultaneously operating the payload, an Automatic Flight
Control System (AFCS) is needed or may be compulsory to
support the pilot. In extremely difficult, long endurance or
dangerous missions, Stemme’s objective was to operate the
S15 as an optionally piloted vehicle by replacing the pilot
with the AFCS and ultimately to have an unmanned aircraft,
where the cockpit space becomes available for payload. This
required an AFCS with full control authority and high
reliability.

The development, certification and production of such a
complex and safety-critical system and its software accord-
ing to the certification specifications EASA CS-23 or FAR
Part 23 at competitive cost was a major challenge. This
challenge was addressed by the LAPAZ technology project,
in which an AFCS was developed for the S15, see
Fig. 6.154 [74]. The acronym LAPAZ stands for
“Luft-Arbeits-Plattform fiir die Allgemeine Zivilluftfahrt”
(Air utility platform for the General Civil Aviation).

The LAPAZ project had three partners: Stemme as the
coordinator, Institute of Aircraft Systems (ILS), University
of Stuttgart, and Department of Flight Mechanics, Flight
Control and Aeroelasticity (FMRA), Technical University of
Berlin. Stemme provided the aircraft and was responsible for
the integration of the AFCS as well as for the execution of
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Fig. 6.154 Stemme S15-LAPAZ in flight

hardware-in-the-loop (HIL) simulator tests and flight tests.
ILS developed the fault-tolerant Fly-by-Wire flight control
computer platform for the AFCS, including all redundancy
mechanisms. FMRA developed the flight control laws, the
flight mechanical simulation model, the HIL flight simulator,
the pilot’s interface as well as a specially designed devel-
opment process for certification of the flight control law
functions and software.

The definition of a modular and scalable system archi-
tecture, the use of modern standard electronic flight control
components, and the definition of a stream-lined system
development process for the AFCS functions, hardware and
software were the key elements for success. The LAPAZ
project has successfully demonstrated and validated this
development process as well as the AFCS architecture and
functions.

Interestingly, the heads of the university institutes,
Reinhard Reichel and Robert Luckner, who had participated
as principal engineers for Diehl BGT and for EADS Airbus
respectively in the development of the Electronic Flight
Control System (EFCS) of the VFW 614 ATD (see
Sect. 6.3.7), contributed significantly to the overall success
of this project.

The mechanical flight control system links the pilot’s
control devices to control surfaces by rods and cables, see
Fig. 6.155. The AFCS commands are mechanically added
by means of electromechanical actuators. In case of a failure,
the AFCS redundancy management opens the affected clutch
or clutches. In this way any failed actuator can be isolated.
A fast decoupling function (FaD) was installed as a safety
measure that instantly disconnects all actuators from the
primary controls of the aircraft by switching off the electrical
power. The pilot can use the FaD to take over control
whenever he wants.

The AFCS was designed for high-precision flight path
control during airborne measurements and surveillance tasks
with a lateral and vertical flight path accuracy of a few
meters. Also, improved attitude stabilization for certain

Actuator for
elevator trim

(-] &,
'\I =y Rudder
Retractable Brake (optional)

landing gear (optional)
Nose wheel steering

Elevator

Fig. 6.155 S15 flight control surfaces

. A
Side Red
Inertial Data | » I S ! ——
o o
YT - M " - Elevator
CPM
Angle of Attack = | FCL 1 *  Rudder
o 0
Laser Altimeter -~ Side Blue " 2 Flaps
Navigation Data ——* | CPM ! >ESAirtyakes
o FCL o =  Throttl
] M M rottie
Weight on Wheel CPM = Propeller Speed
Turbo Control Unit}—» | | | Fet J
5 o *=  Pitch Trim
= M

Control surface -
deflections

AFCP = Automatic Flight Control Panel
CPM = Core Processing Module

FCL = Flight Control Laws
1OM = Input/ Output Medule

Fig. 6.156 Integration of FCL into the AFCS

payload sensors was provided for flights in atmospheric
turbulence.

The flight control laws (FCL) were developed with a
model-based approach, where the functions were immedi-
ately tested within a ground-based flight simulation. The
flight control law source code was automatically generated.

The FCL were integrated into the Flexible Avionics
Platform (see Fig. 6.156) developed by the ILS (see
Sect. 6.3.10).

On March 22, 2012, a major project milestone was
achieved with the first automatic landing at the airfield
Neuhardenberg, Germany using a GPS with enhanced
positioning accuracy by satellite-based augmentation
(EGNOS). Two different automatic landing modes were
implemented: 1) a motor landing mode with airbrakes in a
fixed position using thrust and elevator for approach path
control and 2) a glider-like landing mode with thrust in idle
that uses dynamic airbrake and elevator deflections to con-
trol the glide path. A complete automatic mission from
takeoff to touch-down with roll-out was flown at Strausberg
on November 23, 2012. During the flight test campaign



146

P.G. Hamel

Vertical Load Factor

-20
[db/Hz]
-30

-40

— Standard Pitch Contral
-50 — Feedback GLA (w/o Wind Measurement
= Feedforward GLA (with Wind Measurement)

-60

0.1 1.0 [Hz] 10
Frequency

Fig. 6.157 Vertical load factor spectra

more than 100 successful takeoffs and landings were per-
formed from different airfields, on grass and concrete run-
ways, and under various atmospheric conditions.

The surveillance performance was demonstrated taking
aerial photos with a fixed-mounted and non-stabilized
camera while the aircraft had to follow a scan pattern in
700 m above ground. Flight path control was extremely
precise with mean deviations in height of 0.11 m and lateral
deviations of 0.187 m. The excellent stabilization of pitch
and bank angle (rms value of 0.202° and 0.082°) provided
superb photo quality.

Figure 6.157 illustrates the influence of three different
control laws of the LAPAZ AFCS on the vertical load factor
spectra during flight in turbulence: standard pitch control
(blue), feedback gust load alleviation (GLA) (green), and
feedforward GLA (red). The GLA functions reduced the
load factor by 3 and 6 dB respectively below frequencies of
1.5 Hz (9.5 rad/s); above 1.5 Hz the load factor increases as
predicted.

DA42 MNG FBW Research Aircraft
(Since 2008)

6.3.10

Lars Peter

In 2008, development of a versatile research aircraft
platform incorporating a Fly-by-Wire system was initiated
by the Institute of Flight System Dynamics (FSD) of
Technical University of Munich (TUM) with the participa-
tion of multiple companies and institutions and supported by
the Bavarian ministry of economic affairs. After a thorough
assessment of available aircraft, the DA42 MNG (Multi
Purpose Platform New Generation) by Diamond Aircraft
Industries was selected as the basic aircraft [75]. The driving
factors for this choice were its unique restricted type cer-
tificate, available exterior nose and belly payload pods. It

Fig. 6.158 DA42 MNG FBW research aircraft

also provided for a dedicated 2.8 kW power supply for
experimental equipment. The FBW research platform was
successfully flown for the first time in September 2015
(Fig. 6.158).

High-quality reference sensors such as multiple GNSS
receivers, multiple air data booms, a navigation grade iner-
tial navigation system, laser and radar altimeters and data
links were installed as a part of specially developed versatile
flight test instrumentation (FTT). The unique feature of the
aircraft is, however, the access to every axis of the flight
control (elevator, aileron, rudder, throttles, and trim surfaces)
through an experimental FBW system for in-flight control
and guidance experiments. During the design and develop-
ment of the experimental control system, the highest
requirement was to ensure safe operation of the aircraft
under all circumstances. As in the case of all small General
Aviation aircraft, the DA42 features a purely mechanical
flight control system of pushrods for elevator and aileron
control, cables to the rudder and Bowden cables for trim
surfaces. The installed multi-stage safety system allows
testing of experimental components and functional algo-
rithms at an early developmental stage by ensuring a safe
disconnect of the digital flight control system and reversion
to manual controls following faults in the experimental
system.

The experimental FBW control system is based on elec-
tromechanical rotary actuators backdriving the existing
mechanical controls, including EECU (Electronic Engine
Control Unit) throttle levers. The primary flight control
actuators were specifically designed for the DA42. They are
fully reverse-operable, feature a dual redundant motor
winding, redundant power and control electronics, and a
single dual-stage planetary gear system with very low
backlash. While the output torque and speed of the actuators
can be limited via the motor control electronics, these
parameters can also be influenced physically through
MIL-COTS DC-DC converters. Replaceable analog
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trimming resistors enable to limit actuator rate (voltage) and
torque (maximum current) for each flight, resulting in vari-
able performance ranging from slow autopilot like dynamics
to full authority control with surface rates in excess of 60°/s.

An adjustable safety release clutch can also indepen-
dently limit the maximum transmission torque without slip
and functions as a backup disconnect mechanism in case of
mechanical failures in the drive system. Adjustable drive
internal hard stops can limit actuator travel during high
bandwidth operation to protect against high authority actu-
ator runaway scenarios.

Primary means to engage and disengage the Fly-by-Wire
control system are electromechanical clutches, designed for
safety critical applications and able to open under all load
conditions when electric power is interrupted. Multiple
independent and software-free means to disconnect power to
the clutch (and actuators) are available to all crew members,
including existing AP (Autopilot) Disconnect buttons and
emergency stop switches. The closing of the clutch is armed
electro-mechanically by the crew and executed by a safety
computer dubbed “ENSURE” if engagement conditions are
met. Based upon a qualifiable aerospace data concentrator
unit, ENSURE continuously monitors operational engage-
ment criteria, actuator operating parameters, Flight Control
Computer (FCC) operations, and predefined aircraft envel-
ope limits such as g-loads and will automatically cut system
power in reaction to violations.

For flights utilizing the experimental FBW control sys-
tem, the aircraft is typically operated by a three-person crew.
The pilot in command, located in the front left seat, serves as
safety pilot and controls the aircraft using the mechanical
center stick and control system whenever the experimental
control system is not active or needs to be disconnected.
A test or evaluation pilot occupies the front right seat, where
the mechanical control inceptor has been removed. For
pilot-in-the-loop flight test scenarios, he can use either a
removable passive spring-damper control stick to command
inputs into the FCC or utilize an active center stick with
freely programmable dynamic control loading functions.
Besides these stick inputs, a removable experimental display
combined with an autopilot mode control panel can be taken
aboard and connected either in the front or rear of the cabin.
Both pilots can engage or disconnect the FBW system using
a small cockpit control panel and monitor system operations
via LED indications. Additional experiment related infor-
mation such as controller modes, trajectories or sensor and
flight guidance information can be displayed on a smaller
glare shield mounted display or on the cockpit
Multi-Function Display (MFD).

A flight test engineer (FTE) station is located on the left
rear seat, next to a 19-inch equipment rack that replaces the

fourth cabin seat (Fig. 6.159). Besides controlling power
distribution to all flight test systems, configuring and moni-
toring sensors and other experimental equipment, the FTE
can set detailed configurations of the FBW control system,
such as selecting an individual aircraft control axis that shall
be engaged, configuring DC-trim resistors to preselect FBW
authority or select active motor windings using an extended
operation panel. The physical control panel also provides
monitoring and status lamp indications for all safety relevant
operating conditions. A much more detailed access to all
control system related information and all other sensor and
aircraft data is provided through a permanently mounted
tablet computer connected to the FTIL. Only if all engagement
criteria are met and the FBW control system operates cor-
rectly, the FTE enables its operation by the pilots.

As a part of the overall DA42 MNG research aircraft, a
hardware-in-the-loop (HIL) simulation, test-rigs, and a
ground-based full cockpit simulator were set up to test new
software. After installation in the aircraft, all functions and
control system elements will be evaluated in aircraft-in-the-
loop-simulations as final verification before flight tests
(Fig. 6.160).

Commissioning of the research aircraft and its
Fly-by-Wire control system capabilities started in 2015, after
nearly six-year technical development and installation phase.
Initial in-flight verification and validation of the control
system components and its control authority were performed
using a direct-law-control software. Confidence in system
stability and all disconnect mechanisms was built up due to
very extensive testing via aircraft-in-the-loop simulations
and some ground taxi tests, and direct law flight tests
revealed no issues. Flight controller engagement was per-
formed stepwise, by first verifying the inner loop controller
performance with preprogrammed command signals and

Fig. 6.159 Rear cabin view of FTE workstation and flight control
system electronics
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Fig. 6.160 Aircraft-in-the-Loop simulation with Ground Control
Station

then adding more advanced outer loop functionalities such
as autopilot and trajectory controllers.

Due to available pretesting capabilities with high fidelity
desktop flight dynamics simulations as well as full system
tests in HILS and AILS, developed primary flight control
algorithms performed flawless from the very beginning, not
requiring retuning of gains. Initial controller flight tests were
performed over four flights on two consecutive days, with
successful autopilot demonstration and an initial flight with
full remote control from a ground station on the very same
day. Already completed and ongoing flight campaigns cen-
tered around the development and demonstration of tech-
nologies for optionally piloted vehicles, as showcased on the
2015 Paris Airshow together with Diamond Aircraft,
including further remote control functionalities and auto-
mated waypoint flights with STANAG compliant interfaces.

The research aircraft has been shown to be particularly
useful in the demonstration of flight control technologies for
unmanned aircraft, for example, remote controlled opera-
tions via data link from a ground control station. Even fully
automated flights including automatic take-off, mission
segments, and automatic landing could be performed with-
out requiring segregated airspaces and closed airports, due to
having a safety pilot on board that can always monitor
system performance and take control if required. Overall
Fly-by-Wire flight time accrued between 2015 and 2016 was
around 50 h.

The DA42 MNG FBW research aircraft has been selected
as a demonstration platform to develop methods of com-
pliance to support certification of advanced flight controls in
General Aviation for the US Federal Aviation Administra-
tion. System technologies and controllers designed for the
DA42 MNG were successfully transferred into an electric
single-seat aircraft and an experimental digital autopilot of a
19 seat commuter aircraft and reputation gained allowed to
acquire new ongoing development contracts from UAV and
new Part 25 commercial air transport manufacturers.

6.3.11 DIAMOND DA42—FlySmart-FBW23
(2012-2015)
Reinhard Reichel

The prospective demand for point-to-point traffic
employing small aircraft is offering significant growth
potential. The associated appropriate new type of small air-
craft is expected to be of category CS23 (Class I + II) and to
be characterized as a so-called “Easily Piloted Aircraft’
(EPV), meaning an aircraft providing high safety in severe
flight conditions, for example, IMC (Instrument Meteoro-
logical Conditions), even if controlled by low level instructed
and inexperienced pilots. This requires a flight control system
providing a fully automatic/autonomous flight (a/a-mode)
from takeoff to landing. The pilot can take over control at any
time within the safe flight or route envelope. If the aircraft is
close to exceeding these safe limits, the flight control system
intervenes to avoid exceeding the safe envelope and if this is
not successful, the flight control system automatically returns
back to the a/a-mode ensuring a safe flight along a safe route
to the destination airport. While the flight envelope protection
keeps the aircraft from getting into an unsafe flight condition,
the route envelope protection keeps the aircraft from flying
into terrain, into restricted respectively controlled air space
without clearance or into bad weather areas. It also protects
the aircraft against air traffic collision or simply against
running out of fuel.

In this approach, the a/a-mode represents the basic control
mode whereas the manual control mode represents an “on
top mode”—a change of paradigm. This requires a full
authority FBW system providing full reliability of the
a/a-mode for the complete mission. It is not intended for
these systems to allow any degradation back to a so-called
“Direct Law” or even back to a mechanical backup due to
failures. Therefore, the FBW system must ensure not to
“lose” the a/a-mode with a probability higher than 10~ (1 h
mission) and Design Assurance Level (DAL) B (the regu-
lations covering these safety features are still under work by
the authorities) [76].

The design and development of a FBW system providing
the a/a-mode of an EVP is a real challenge because (1) it
represents a functionally highly integrated system, (2) no
degradation of the a/a-mode is accepted even in cases of
failures resulting in a complex redundant Fly-by-Wire
architecture, (3) highly integrated and complex redundant
FBW systems are associated with the high development and
qualification cost, and (4) The FBW system shall be applied
to lower cost category aircraft of category CS23.

To meet these challenges, the Institute of Aircraft Sys-
tems (ILS) of the University of Stuttgart developed an
avionics approach providing the potential to develop, qualify
and manufacture complex, highly integrated FBW systems
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at low cost. The approach called “Flexible Avionics Plat-
form” is characterized as follows:

¢ Flexible Platform: Any FBW system is built up as an
instance (a concrete system) of the Flexible Platform
[77].

¢ Distributed Architecture: The FBW system architecture
is a distributed one based on generic hardware modules
communicating with each other exclusively via a
redundant network (dual FlexRay arrangement).

¢ Platform-Management/Middleware: The management
of a FBW sgystem, that is, the communication, failure
detection, consolidation, and consensus generation
(replica control) within redundant modules, between non
redundant and redundant modules, redundant sensors,
redundant and non-redundant actuators, is strictly seg-
regated from any cybernetic function, for example, con-
trol law, called System-Function. The management of the
FBW system (Platform-Management) is realized as
middleware. Any module of a FBW system must be
provided with an instance of the Platform-Management.

¢ Simplex system minded Design of Control Laws: Any
System-Function is embedded in a virtually
non-redundant, non-distributed FBW architecture. Con-
sequently, System-Functions (control laws) can be
designed in a “simplex system minded way”.

¢ Platform-Management/Basic Services: Any instance of
the Platform-Management is generated by selecting
suitable Basic-Services (generic software services), spe-
cializing each Basic-Service instance, establishing data-
and control-coupling of all Basic-Service instances.

e Axx-Process: The generation of all Platform-
Management instances is performed automatically by
means of a Tool-Suite executing the Axx-Process [78].
The systems engineer starts the design building a high
level system characteristics model by means of a GUI
(Graphical User Interface). In a next step, the Tool-Suite
analyses this model and transfers it into a more detailed
model representing the software high level design. In a
consecutive step, this model is analyzed again and
transferred into the most detailed model representing the
software design result, which is transferred in a final step
into the source code of a Platform-Management instance.

e AAA-Process: The models generated by the Tool-Suite
contain all system and software characteristics of the
considered FBW system. Therefore, after design all
models are analyzed stepwise again in order to auto-
matically generate the Systems Requirements Document,
the Software Requirements Documents and the Software
Design Document in a readable format (xAx-Process).
Based on these requirements, the corresponding test
cases or test scripts are generated automatically

(xxA-Process). The development of the xAx-/
xxA-Process is still in the works. The combination of the
Axx-, XAx- and xxA-Process results in the AAA-Process,
which is Automatic design and code instantiation,
Automatic generation of requirements- and design-
documents, Automatic verification.

A big step towards the development of an EPV was fea-
sible through the research projects SAFAR (EU) and FlyS-
mart (LuFo). At the end of SAFAR, a Diamond Aircraft
DAA42 was equipped with a FBW system designed by means
of the Flexible Platform with basic System-Functions imple-
mented (see Fig. 6.161). Within the FlySmart program, the
DA42 FBW system was upgraded and all System-Functions
implemented, which were necessary for an automatic flight
including takeoff and landing (ATOL). Most of the verifica-
tion activities necessary to achieve the Permit-to-Fly were
performed at the HIL (hardware-in-the-loop) test rig in
cooperation with Aviotech GmbH. The System-Functions
were developed by the IFR (Institute of Flight Mechanics and
Flight Control of the University of Stuttgart). The flight tests
in FlySmart with the FBW system started in July 2015
in Wiener Neustadt and those with automatic takeoff and
landing in September 2015 (see Fig. 6.162). The resulting

Fig. 6.162 FlySmart Diamond DA42
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performance was considered to be satisfying, with the average
lateral and vertical deviations relative to the planned flight
path recorded to be less than 4 and 2 m respectively. The
aircraft for these programs was provided, modified, and
operated by Diamond Aircraft Industries GmbH. Other part-
ners with significant contributions to both projects were Air-
bus DS Airborne Solutions GmbH (Coordination) and SET
GmbH (Hardware).

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Hamel, P.: Challenges of Flight Systems—A View from the Past

to the Future. In German, Invited Paper, TUHH, 19 Apr 2010

. Croft, J.: Problematic Probe—Inaccurate Airspeed Readings Due

to Ice Crystals Prompted Unnecessary Dives on a United Flight,
AW&ST, pp. 32-33, May 23-June 5, 2016

. http://www historynet.com/lawrence-sperry-autopilotinventor-and-

aviation-innovator.htm

. Sutherland, J.P.: Fly-by-Wire Flight Control Systems, Joint

Meeting of Flight Mechanics and Guidance and Control Panels
of AGARD, Oslo, Norway, 3 Sept 1968

. Tomayoko, J.E.: Helmut Hoelzer’s fully electronic analog com-

puter. Annals of the History of Computing 7(3), 227-240 (1985)

. Bollay, W.: Aerodynamic stability and automatic control. Annual

Wright Brothers Lecture, December (1950)

. Milliken, W. Jr.: Dynamic stability and control research. In:

Proceedings, 3rd Anglo-American Aeronautical Conference,
Brighton (1951)

. Schmitt, V. R., Morris, J. W., Jenney G. D.: Fly-by-Wire—A

Historical and Design Perspective. SAE International (1998)

. Tomayko, J. E.: Computers take Flight: a history of NASA’s

pioneering digital fly-by-wire project. NASA SP 2000-4224
(2000)

McRuer, D., Graham, D.: A flight control century: triumphs of the
systems approach. AIAA J. Guidance Control Dyn. 27(2), 161-173
(2003)

Hamel, P.: The Birth of Sweepback—related research at
LFA-Germany. AIAA J. Aircraft 42(4), 01-813 (2005)

Meyer, H.U. (Hrsg.): Die Pfeilfliigelentwicklung in Deutschland
bis 1945, Die Deutsche Luftfahrt, Band 33, Bernard & Graefe
Verlag, ISBN 3-7637-6130-6 (2006)

White, R.J.: Investigation of lateral dynamic stability in the XB-47
airplane. J. Aeronaut. Sci. 17(3), 133-149 (1950)

Campagna, P.: Storms of Controversy: The Secret Avro Arrow
Files Revealed. Dundurn Press (2010)

Holloway, R. B. et al.: Introduction of CCV Technology Into
Airplane Design, Aircraft Design Integration and Optimization,
AGARD CP-147, Paper 24, October 1973

Morris, A.: MDO—A tool for the future. Aerogram 9(4), 19-24
(1999)
https://www.federalregister.gov/documents/2016/12/08/2016-
29431/special-conditions-bell-helicopter-textron-inc-bhti-model-
525-helicopters-interaction-of-systems-and#h-14

Tomayko, J. E.: Blind Faith: The United States Air Force and the
Development of Fly-by-Wire Technology. In: Neufeld, J. et al.
(ed.) Technology and the Air Force—A Retrospective Assessment,

CreateSpace Independent Publishing Platform, pp. 163-185
(2012)
Reerink, H.P. (ed.): BGT—Die Geschichte eines

Hochtechnologie-Unternehmens. Diehl BGT Defence GmbH &
Co. KG, Uberlingen (2006)

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Schubert H. (Ed.): Die Deutschen Senkrechtstart-Flugzeuge
EWR VJ 101C, Dornier Do 31 und VFW VAK 191B -
Historische Nachlese und Bewertung, DGLR-Bericht 2000-01,
Bonn (2000)

Campbell, L.: Project Morpheus—Flying a Test Bed for Future
Landers, 11 July 2014. https://www.rocketstem.org/2014/07/11/
project-morpheus-flying-test-bed-future-landers/

Matranga, G. J. et al.: Unconventional, Contrary, and Ugly: The
Lunar Landing Research Vehicle. NASA SP-2004-4535 (2005)
Anon.: EWR VJ 101 — Alle Varianten, Teil 1, Klassiker der
Luftfahrt,  Flug  Revue-aerokurier.  http://www.klassiker-
derluftfahrt.de. 23 May 2013

Smyth, R.: Vertikal startendes und landendes Aufkldrungs- und
Kampfflugzeug VAK191B Technologie-Trager, DGLR-Vortrag,
Hamburg, 22 June 2007

Morgan, M.: Keeping the pilot happy—the contribution of
research and development. Aeronaut. J. 75, 630-647 (1971)
Hunt, G.H.: The evolution of fly-by-wire control techniques in the
UK. Aeronaut. J. 83(821), 165-174 (1979)

Anon.: RAE Electric Hunter, FLIGHT International, pp. 1010-
1011, June 28, 1973

Warwick, G.: Fly-by-Wire Jaguar, FLIGHT International, p. 816,
12 Sept 1981

Moxon, J.: One-Eleven Trail Blazers, Flight International, pp. 32—
36. 7 Sept 1985

Mcloughlin, A.: Smart fly by light, lucas aerospace flight control
systems. Presentations at the Institution of Electrical Engineers
(IEE) and British Computer Society (1994)

Landis K. H. et al.: Advanced flight control technology achieve-
ments at Boeing helicopters. In: Tischler M. B. (ed.): Advances in
Flight Control. CRC Press, pp. 103-141 (1996)

Picirillo, A. C.: Fly-by-Wire: making the electric jet. In: NASA’s
Contributions to Aeronautics. NASA SP 2010-570 1, 631-733
(2010)

Landis, K.H., et al.: Advanced flight control technology achieve-
ments at Boeing helicopters. Int. J. Control 59(1), 263-290 (1994)
Terry, J. L. et al.: The Advanced Digital-Optical Control System
(ADOCS) User Demonstration Program, USAAVSCOM
TM-89-D-2, September 1989

Norton, W. J.: Advanced Electromechanical Actuation System
(EMAS) Flight Test, 4950th Test Wing FTR-86-4, June 1986
Linch, N.: Dream Machine—Thrust Vectoring in the F-16,
AcesAero.com (1995)

Jensen, S. C., Jenney G. D., Raymond, B., Dawson, D.: Flight test
experience with an electromechanical actuator on the F-18 systems
research aircraft. NASA TM-2000-209015 (2000)

Boris, S.: Flying Testbeds and In-Flight Simulators—An Efficient
Instrument for Joint Research within European Projects.
EU-Russia Aeronautics Research Cooperation Workshop, Mos-
cow, Russia, 20-21 Oct 2003

Belyakov, R.A., Marmain, J.: MiG—Fifty Years of Secret Aircraft
Design. Naval Institute Press, Annapolis, Maryland (1994)
Gordon, Y., Gunston, B.: Soviet X-Planes. Midland Publishing
(2000)

Gordon, Y., Komissarov, D.: Soviet and Russian Testbed Aircraft.
Hikoki Publication Ltd. (2011)

Chatrenet, D.: Use of ground-based simulators and in-flight
simulation for the development of the A320 flight control system.
In: Flight Research at Ames—Fifty Years of Development and
Validation of Aeronautical Technology, NASA SP-1998-3300,
Paper 19 (1991)

Kubo, Y. et al.: The development of FBW flight control system
and flight management system for ATIC BK117 experimental
helicopter. In: American Helicopter Society 57th Annual Forum,
Washington, DC, 9-11 May 2001


http://www.historynet.com/lawrence-sperry-autopilotinventor-and-aviation-innovator.htm
http://www.historynet.com/lawrence-sperry-autopilotinventor-and-aviation-innovator.htm
https://www.federalregister.gov/documents/2016/12/08/2016-29431/special-conditions-bell-helicopter-textron-inc-bhti-model-525-helicopters-interaction-of-systems-and#h-14
https://www.federalregister.gov/documents/2016/12/08/2016-29431/special-conditions-bell-helicopter-textron-inc-bhti-model-525-helicopters-interaction-of-systems-and#h-14
https://www.federalregister.gov/documents/2016/12/08/2016-29431/special-conditions-bell-helicopter-textron-inc-bhti-model-525-helicopters-interaction-of-systems-and#h-14
https://www.rocketstem.org/2014/07/11/project-morpheus-flying-test-bed-future-landers/
https://www.rocketstem.org/2014/07/11/project-morpheus-flying-test-bed-future-landers/
http://www.klassiker-derluftfahrt.de
http://www.klassiker-derluftfahrt.de

6 Fly-by-Wire/Light Demonstrators

151

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Metzdorff, W.: Elektro-hydraulische Stellglieder fiir die digitale
Steuerungs- und Regelungstechnik, VDI-Bericht Nr. 107 (1966)
Metzdorff, W.: Neuere Arbeiten zur Flugzeug-Primérsteuerung am
Institut fiir Flugfithrung der DFL, DFL-Mitteilungen, Heft 8,
Seiten 393-404 (1968)

Metzdorff, @ W.: Zuverldssigkeit digitaler elektronischer
Flugzeug-Primérsteuersysteme, DLR-FB 73-85 (1973)

Hobson, Engineering Proposal: Triplex Electro-hydraulic Actuator.
Report No. ED/357/2/EP-1, 25. Wolverhampton, September (1964)
Tersteegen, J.: Einbau einer digitalen elektrohydraulischen
Flugzeug-Primérsteuerung in das Forschungsschiff “Planet” zur
Langzeit-erprobung, DFVLR-IB 082-72/15, April 1972
Hartmann, U.: Ubertragungsverhalten des STOL-Flugzeuges Do
28D Skyservant, BGT TB 000D350/68 (1968)

Bohret, H., Schénzer, G.: The influence of microwave landing
systems on guidance and control. In: AGARD Guidance and Control
Panel Symposium on Night and All Weather Guidance and Control
Systems for Fixed-Wing Aircraft, Cheltenham Spa, 3-6 May
1976

Schinzer, G.: Auslegung von Autopiloten durch Zus-
tandsriickfithrung, Regelungstechnik, 26. Jahrgang, Heft 3, Seiten
75-104 (1978)

Schénzer, G.: Direct Lift Control for Flight Control and Gust
Alleviation. AGARD Guidance and Control Panel Symposium on
Guidance and Control Design Considerations for Low Altitudes
and Terminal Flight, Dayton, Ohio, October 1977

Krag, B., Subke, H.: Flugversuche im Windkanal zur Entwicklung
und Erprobung eines Bdenenabminderungssystems. DFVLR
Nachrichten, Heft 7, Seiten 561-562, Juli 1974

Chambers, J.: Modeling flight—the role of dynamically scaled
free-flight models in support of NASA’s aerospace programs.
NASA SP 2009-575 (2010)

Heumann, G. W.: Das AVS-Projekt. Deutsch-amerikanisches
Mehrzweck-VSTOL-Kampfflugzeug. FLUGREVUE 1967/4, S.
14-16

Krag, B., Subke, H.: Dynamic simulation in wind tunnels, part II.
In: 46th Meeting Flight Mechanics Panel on Flight/Ground Testing
Facilities Correlation, Valloire, June 9-13, 1975, AGARD CP 187,
Paper 5 (1975)

Hoffmann, G.: Stabilisierung, Bdenkom-pensation und Sch-
wingungsddmpfung am elastischen, beweglichen Flugzeugmodell
im Windkanal. Deutsche Luft- und Raumfahrt, DLR-FB 76-44
(1976)

Krag, B., Wiinnenberg, H.: OLGA, a gust alleviation system for
improvement of passenger comfort of general aviation aircraft.
Vortrag auf dem 12. ICAS-Congress in Miinchen, Oktober (1980)
Bohret, H., Krag, B., Skudridakis, J.: OLGA—open loop gust
alleviation system AGARD CP 384. Paper 13 (1984)

Lobert, G.: CCV Reglergestiitzte Flugzeuge, MBB-UF-Bericht, S.
84-91

Esch, P., Wiinnenberg, H.: Direct side force and drag control with
the aid of pylon split flaps. AGARD CP-262, Paper 10 (1979)
Jacob, D., Welte, D., Wiinnenberg, H.: Experimental Flight Test
Programs for improving Combat Aircraft Manoeuvrability by
Manoeuvre Flaps and Pylon Split Flaps, AGARD CP-319, Paper
10, October 1981

Pletschacher, P.: DASA/Rockwell X-31A: Auf dem Absatz kehrt,
Aerospace 1/95, S. 12-15 (1995)

Beh, H., Hofinger, G.: X-31A Control Law Design. AGARD
CP-548, Paper 13, March 1994

Hamel, P., Jategaonkar, R.: Evolution of flight vehicle system
identification. AIAA J. Aircraft 33(1), 9-28 (1996)

66. Weiss, S., Frichmelt, H., Plaetschke, E. Rohlf, D.: X-31A system
identification using single surface excitation at high angles of
attack. AIAA Paper 95-3436, August 1995

67. Rohlf, D.: Direct Update of a Global Simulation Model with
Increments via System Identification, RTO-MP-11. Paper No. 28,
March 1999

68. Bosworth, J. T., Stoliker, P. C.: The X-31A Quasi-Tailless Flight
Test Reults, NASA Technical Paper 3624 (1996)

69. Rohlf, D., Brieger, O., Grohs, T.: X-31 VECTOR System
Identification—Approach and Results, AIAA-2004-4830 (2004)

70. Rohlf, D.: Global model approach for X-31 VECTOR system
identification. J. Aircraft 42(1) (2005)

71. Huber, P.: X-31 VECTOR Technologieprogramm — Der Ritt auf
dem Strahl, Hochschule fiir Angewandte Wissenschaften Ham-
burg, 13 March 2003

72. Ross, H., Robinson, M.: X-31: 20 Jahre erfolgreiche internationale
Zusammenarbeit zwischen Deutschland und den USA,
DGLR-JT2003-053 (2003)

73. Grohs, T., Fischer, B., Heinzinger, O., Brieger, O.: X-31 VECTOR
—ESTOL to the ground—flight test results and lessons learned.
ATAA-2004-5029, August 2004

74. Luckner, R., Dalldorft, L., Reichel R.: A utility aircraft for remote
sensing missions with a high-precision automatic flight control
system. IEEE international conference on aerospace electronics
and remote sensing technology 2014 (ICARES), Yogyakarta,
Indonesia (2014)

75. http://www .fsd.mw.tum.de

76. Anon.: F3061, Standard Specification for Systems and Equipment
in Small Aircraft. ASTM Committee F44 on General Aviation
Aircraft, current edition approved August 1, 2016. Published
September 2016

77. Goerke, S., Riebeling, R., Kraus, F., Reichel, R.: Flexible platform
approach for fly-by-wire systems. IEEE/AIAA 32nd digital
avionics systems conference (DASC), pp. 2C5-1-2C5-16, 25-29
Sept 2016

78. Mueller, P., Belschner, T., Lehmann, M., Reichel, R.:
AAA-process—A New Approach to Affordable Fly-by-Wire
Systems for CS23 Aircraft, DGLR Congress 2016, Braunschweig,
Germany (2016)

Author Biography

Peter G. Hamel was the Director of the Institute of Flight Mechanics/Flight
Systems of the German Aerospace Center (DLR/DFVLR) (1971-2001). He
received his Dipl.-Ing. and Dr.-Ing. degrees in Aerospace Engineering from
the Technical University of Braunschweig in 1963 and 1968, and his SM
degree from M.LT. in 1965. From 1970 to 1971 he was Section Head of
Aeronautical Systems at Messerschmitt-Bélkow-Blohm in Hamburg. Since
1995 he is an Honorary Professor at the Technical University of Braun-
schweig and a founding member of three collaborative research centers at
the University. He was Chairman of the National Working Group on
Helicopter Technology (AKH) (1986-1994) and the appraiser for the
National Aviation Research Program (LuFo) until today. He was also the
Manager of DLR’s Rotorcraft Technology Research Program and the
German Coordinator for the former AGARD Flight Mechanics/Vehicle
Integration (FMP/FVP) Panel. He is a member of the German Society for
Aeronautics and Astronautics (DGLR) and of the American Helicopter
Society (AHS), and a Fellow of AIAA. He is the recipient of the AGARD
1993 Scientific Achievement Award, of AGARD/RTO von Karman Medal
1998, of AHS Dr. A. von Klemin Award 2001, and of the prestigious DGLR
Ludwig-Prandtl-Ring 2007.


http://www.fsd.mw.tum.de

In-Flight Simulator HFB 320 FLISI

Knut Wilhelm

Assisted by Volkmar Adam, Dietrich Hanke and
Hans-Heinz Lange

K. Wilhelm (<)
Braunschweig, Germany
e-mail: uk.wilhelm@t-online.de

© Springer International Publishing AG 2017 153
P.G. Hamel (ed.), In-Flight Simulators and Fly-by-Wire/Light Demonstrators,
DOI 10.1007/978-3-319-53997-3_7



154

K. Wilhelm

7.1 Project Kickoff

During the early nineteen sixties, variable stability aircraft
were developed and used intensively, especially in the USA,
to investigate flying qualities. Based on the positive expe-
riences with these aircraft, during the mid-nineteen sixties
the need was recognized for the development of such a
device in Germany too. Accordingly, the Institute for Flight
Mechanics of the DVL (German Aeronautical Test Estab-
lishment) in Oberpfaffenhofen (Head: Gerhard Briining)
prepared a research program, with the objective to establish
“a universally usable in-flight simulator with variable flying
qualities and programmable control characteristics”. The
initial preparatory work was performed on a Piaggio P 149D
aircraft, see Fig. 7.1, within the framework of a research
contract from the German Federal Ministry of Defense
(FMoD) (Project leader A. Pietrafs). The Piaggio P 149D
was a 4-seater training, aerobatic and liaison aircraft and a
total of 194 pieces were manufactured at the Focke-Wulf
company in Bremen under license agreement.

Initially, the concept of a variable flying qualities aircraft
was implemented only for the elevator control and tested in
flight during 1967 [1-4]. For this purpose, the control col-
umn on the right-hand side was separated from the elevator
and replaced through a control stick with an electrically
driven actuator. The stick force was provided by a simple
spring. The elevator command from the evaluation pilot was
modified by the analog computer such that different char-
acteristics in the pitch response due to elevator deflection
could be created.

The elevator was driven by an electrical servomotor
developed by the German Bodenseewerk Geritetechnik
company (BGT). The servomotor was connected to the basic
elevator control system over a push-rod through an elec-
tromagnetic clutch. The elevator could be controlled such
that the pitch response of Piaggio followed the flight char-
acteristics of a different aircraft being simulated. Eight

Fig. 7.1 Variable stability aircraft Piaggio P 149 D of DVL

different pitch response characteristics were pre-programmed
and could be selected in flight and assessed by test pilots.

The main variables of aircraft motion and of the control
system were recorded using a 20-channel onboard mea-
surement system. The data were also transmitted to a ground
station using a telemetry system. The safety pilot in the left
seat in the cockpit could at any time open the clutch by
pressing a switch on his control column, and thereby detach
the servomotor and take over the aircraft control. As an
additional security measure, an acceleration switch was
installed which operated the clutch automatically on
exceeding adjustable maximum load factor. The DVL
Piaggio P 149D was at disposal until about 1970 as the first
test aircraft for flying qualities investigations at DVL in
Oberpfaffenhofen.

While looking for a suitable test vehicle to continue this
work, the German FMoD authorized the DVL to acquire up
to December 23, 1968 and operate in future an aircraft of the
type HFB 320 Hansa Jet, together with additional data
acquisition systems and ground support equipment at the
most favorable conditions from the aircraft manufacturer
Hamburger Flugzeugbau (HFB).

On December 18, 1968, the contract for sale was signed
between HFB and the German Aeronautical Research and
Test Establishment (DFVLR) to deliver the HFB 320. The
purchase price of the HFB 320 was 2.6 million DM plus
11% VAT.

711 The HFB 320

The HFB 320 Hansa was a twin jet engine business aircraft
manufactured by Hamburger Flugzeugbau GmbH (HFB,
later renamed Messerschmitt-Bolkow-Blohm-Unterneh-
mens-bereich Hamburg—MBB-UH). The first flight of HFB
320 V1 took place on April 21, 1964. A total of two test
versions and 45 series aircraft were built, the last in the year
1980. The HFB 320 was a mid-wing aircraft with a T-tail
and two jet engines mounted on the rear fuselage. It was
characterized by 15° forward sweep wings (see Fig. 7.2).

Fig. 7.2 HFB 320 Hansa S1
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The mechanical flight control system consisted of rotating
shafts with gears and push-rods without hydraulic power.
The rudder and aileron trimming was carried out electrically,
the trimming of the horizontal stabilizer, on the other hand,
was done hydraulically. Landing flaps, leading edge slats,
and air brakes were actuated hydraulically.

The first production aircraft with the serial number 1021
and the registration D-CARA had its first flight on February
2, 1966. After the crash of the first prototype V1 during a
stall test flight in May 1965 at Torrejon (Spain), as a
replacement the first serial aircraft S1 (1021) was fitted with
a data acquisition system and deployed in the flight test
program. Upon completion of the testing and type certifi-
cation, the HFB 320 S1was purchased by DVL for research
purposes and modified later to an in-flight simulator in the
DFVLR research center at Braunschweig. The HFB 320 S1
played an essential role in aeronautical research programs on
the development and testing of new technologies and pro-
cesses. Especially emphasized were the flight test programs
carried out within the framework of Zukunfttechnik Luft
(ZTL, Future Technology in Aeronautics) and within the
cooperation with the Federal Ministry of Defense (FMoD)
and the US Air Force.

Within the framework of a medium-term program on
variable stability test aircraft VVS, (Versuchstrager Vari-
abler Stabilitdit), the suitability of this aircraft type was
attested and published in December 1969 jointly by DFVLR,
Dornier GmbH, Messerschmitt-Bolkow-Blohm GmbH, as
follows [5]:

The in-flight simulator HFB 320 Hansa should serve as research
aircraft to enable experimental work in the fields of flight sim-
ulation, flying qualities, and flight control. The interests of the
flight test center (E-61) of the German Air Force are also to be
particularly accounted for during system conception.

The aircraft HFB 320 meets particularly well the combined
requirements. The aircraft size offers enough reserves in instal-
lation space, load capacity, and power supply. Still, the aircraft
is small enough so that structural elasticity do not raise serious
problems. Being a jet aircraft, it is aerodynamically “clean”,
which simplifies the simulation of targeted properties. Consid-
ering its configuration, it is particularly suitable for the simula-
tion of horizontal takeoff combat and transport aircraft. The
conversion of an aircraft designed and built in Germany pro-
mises to be less involved and economical than that of a foreign
vehicle of similar size.

Powerful onboard system, which can be checked separately,
makes the in-flight simulator HFB 320 flexible. This includes an
electrically driven high-performance actuation system, a pro-
grammable on-board computer, a programmable controller
simulation system and a PCM measurement system with 125
channels.

The in-flight simulator HFB 320 Hansa is absolutely suitable
for addressing most of the problems mentioned in Sect. 7.2.
According to the stipulated research tasks, it should, however,
be mainly used for basic research. They would be oriented
towards the national projects being dealt with, currently MRCA.

7.1.2  The Project In-Flight Simulator

On May 25, 1969, the HFB 320 S1 was flown from Ham-
burg to DVL Oberpfaffenhofen by the pilots Gerd Puhlmann
(German Federal Aviation Authority) and V. Wilkens
(DVL) (see Figs. 7.3 and 7.4). In the same year, the con-
version of the aircraft to an in-flight simulator FLISI
(Fliegender Simulator) began as part of a contract from the
FMoD [6-8].

The first conversion pertained to an electrically driven
thrust and flap actuation system, that is, the modification of
landing flap to direct lift control (DLC) flaps. MBB-UH,
who had developed the HFB 320, was commissioned to
develop the thrust actuation system and
Messerschmitt-Boelkow-Blohm-Unternehmensbereich
Flugzeuge (MBB-UF) in Ottobrunn with the electric flap
actuation system. The integration the systems was to take
place at MBB-UH.

Fig. 7.3 HFB 320 Hansa S1 with test pilots Puhlmann and Wilkens in
Oberpfaffenhofen (May 1969)

Fig. 7.4

HFB 320 Hansa S1 at DVL in Oberpfaffenhofen
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Due to the merger of research organizations DFL, DVL
and AVA to DFVLR in 1969, research activities using air-
craft as a flying vehicle were concentrated in Braunschweig.
As a consequence, the operations pertaining to in-flight
simulation were transferred to Braunschweig. As desired by
the FMoD (RiiFo4, MinR v. Halem), the research activities
of in-flight simulation were passed on to the Institute of
Flight Mechanics (Head: Peter Hamel) Braunschweig in
April  1971. In the following years, further
application-oriented research with the in-flight simulator
HFB 320 FLISI was, therefore, pursued in Braunschweig
and evolved into a special research domain. Dietrich Hanke
from the Department of Aircraft Flight Mechanics (Head:
Knut Wilhelm) was named the project leader for further
development of the in-flight simulator HFB 320 FLISI. On
February 22, 1972, FLISI was flown from Oberpfaffenhofen
to Braunschweig by the pilots G. Puhlmann and A. Briinner
(DFVLR, Oberpfaffenhofen). Three days later FLISI was
flown by G. Puhlmann and Hans-Peter Joenck (DFVLR
Braunschweig) to Hamburg for the integration of the
developed thrust and flap system at MBB-UH.

Due to insufficient funds, important equipment compo-
nents had to be installed step by step after prolonged
financial negotiations with industry and government
authorities. Frequently, financially affordable simple and
suboptimal solutions had to be sought. To facilitate research
activities, many systems such as hydraulic power system,
measurement system, stick force simulation, operator con-
sole, and others subsystems had to be developed and inte-
grated by DFVLR. Even a self-developed analog computer
had to be used in the first flight tests. The priority was to
redefine the overall system and to address the operational
and certification issues [9].

Initially, it was intended to provide autopilot actuation
systems for the three primary controls (elevator, ailerons,
and rudder) in the HFB 320. Frequency response measure-
ments in Hamburg showed, however, that the performance
capabilities of these actuation systems were inadequate
because they were too slow and not powerful enough. While,
as a part of research on digital electro-hydraulic flight con-
trol (DEHS) [10], electro-hydraulic actuators for all primary
control axes were planned for installation in the HFB 320
aircraft by the Institute of Flight Guidance, it was decided to
use the same systems for the in-flight simulation too.
Thereby the cost and development time could be reduced.

For the research institutes in Braunschweig, it was the
first jet-powered experimental aircraft, with H.-P. Joenck as
the only trained pilot in Braunschweig. As such help had to
be sought from pilots A. Briinner from Oberpfaffenhofen and
captain G. Puhlmann from the German Federal Aviation
Authority. H.-P. Joenck had received the type rating for the
HFB 320 in the year 1972. Later followed the pilots H.-L.
Meyer (1973), who succeeded Hermann Bieger to take over

Fig. 7.5 The noseboom extended in the corridor (from left: Hermann
Bieger, “HalLu” Meyer)

the Flight Test Center at DFVLR Braunschweig in 1973, see
Fig. 7.5, and in the year 1977 Wolfgang Beduhn.

Once the HFB 320 was completely equipped as an
in-flight simulator, the test vehicle was intensively used by
DFVLR and the German aeronautical industry during the
next 6 years, that is from 1977 to 1983.

7.2 HFB 320 FLISI System Development
and Installation

7.2.1 Introduction

In-flight simulation is a special simulation technique with the
aim to provide the visual and motion cues as well as to
perform the flight tasks under realistic conditions. During the
early nineteen seventies, the technology for visual and
motion simulation for ground-based simulators was still very
limited. Pilots became quite often sick, because visual and
motion cues were not correctly reproduced. In particular, for
the development of flying qualities criteria, it was important
to minimize the influences of the lack of vision and motion
cues in the pilot assessments to arrive at reliable results. The
solution provided by in-flight simulation consists of gener-
ating the aircraft motion by a host aircraft, and then operate
the aerodynamic control surfaces using control techniques
such that the host aircraft now behaves like the target air-
craft, that is, like an aircraft being simulated. Once this is
achieved, the visual and motion cues are perfectly correlated
and the flight tasks are realistically represented. The aircraft
and controllers represent the visual and motion system
analogous to the ground-based simulator. All other functions
correspond to those of a ground-based simulation. For the
realization of this concept, a host aircraft is required, in
which a freely programmable electric (Fly-by-Wire) flight
control system is available in parallel to the basic controls.
Furthermore, independent control surfaces are required to
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control all 6 degrees of freedom. This implies direct lift
control (control of vertical motion) and a lateral force control
(control of lateral translational motion) besides the usual
aircraft control surfaces.

The in-flight simulation has to meet the following
demands that affect the flying qualities (see Fig. 7.6),
namely (1) vision, motion, accelerations, (2) aircraft
dynamics, (3) dynamics of display systems, (4) dynamics of
control systems (force/displacement characteristics), and
(5) operating units. Besides the specific hardware equipment,
realization of an in-flight simulator is also associated with a
very sophisticated control engineering task, namely design-
ing a control system capable of adapting the 6 degrees of
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Fig. 7.6 Vision and motion information in an airborne simulation
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Fig. 7.7 Overview of experimental installation

freedom of an aircraft to match the commanded dynamics of
another vehicle (see Chap. 3).

Figure 7.7 provides an overview of the experimental
equipment. These tasks were carried out during a period that
spread from 1972 to 1977. The most important system units
are elaborated in the flowing subsections. In addition, the
attention was focused on setting up those basic facilities
which were essential prerequisites for in-flight simulation,
such as ground-based simulation, model following
controller.

7.2.2  Safety Concept

The safety of the test flight is of paramount importance and
had to be guaranteed at any time. To achieve this, the fol-
lowing general requirements had be met: (1) separation of
basic and experimental systems, (2) test equipment mal-
functions should not affect the basic system, (3) basic control
as a backup for the safety pilot, (4) fast switching off of the
test system by safety pilot, (5) clear display of the operating
and failure status (6) protection against ground collision,
possibly through sufficient minimum height, and (7) known
flight sequence and trained takeover procedures. These
safety requirements were fulfilled through separation of all
the test systems and their power supplies from the basic
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aircraft systems. The rapid transition from test mode to the
normal operation was made possible for the safety pilot (left
seat) at all times. For this purpose, the controllers of the
evaluation pilot (right seat) were disconnected from the host
aircraft control system. In the flight test mode, the aircraft
was flown electrically from this side.

The primary electronic flight control system was designed
in parallel with the mechanical back-up control system and
connected to the same through link levers, magnetic clut-
ches, and overload pins. The magnetic clutches could be
operated via the mode control unit. The experimental system
could also be deactivated by the safety pilot by pressing an
“EMERGENCY OFF” button on his control column.
Simultaneously, with the control command to open the
magnetic clutches, the actuation systems were switched into
a passive state, so that the safety pilot could move basic
controls even if the magnetic clutch is blocked. However, in
such a case he had to exert an increased control force.

Additionally, a fast switching off could be achieved by
counteracting the controller movements. Applied forces
sheared the overload pins and disconnected the test system.
A spring separated the elements of the coupling device. At
the same time, a switch is operated and thereby the magnetic
clutch is disengaged. Separation of the systems was dis-
played to the pilot.

In order to provide safety against ground collision, the
flight altitude was limited to a minimum of 500 ft above
ground in experimental modes.

7.2.3  Electrical Primary Control
The controls on the right-hand side, consisting of control
column, wheel, and rudder pedals as a unit, was removed in
order to detach the electrical controls from the mechanical
basic controls for elevator, rudder, and ailerons. Instead, the
same unit with potentiometers for measuring the control
movements and with mechanical springs for reproduction of
the control forces was installed (see Sect. 7.2.8). Link levers
were built into the mechanical rods of all the primary con-
trols, through which the control surfaces could be driven
with the aid of electro-hydraulic actuators. Thereby the
safety pilot controls moved accordingly the electrical com-
mands. Thus, at any time, the safety pilot had the exact
information about all control activities and could immedi-
ately take over in the case of a failure or in safety critical
situations. The actuation systems, magnetic clutches, and
coupling rods with overload pins (see Fig. 7.8) were inte-
grated into the HFB 320 during 1972 (see Fig. 7.9).

The electro-hydraulic actuators were powered separately
by hydraulic pumps that were driven electrically. The pump
system was installed in two closed aluminum casings in the

Fig. 7.8 Two electro-hydraulic actuator systems on a board

Fig. 7.10 Cabin view: two hydraulic actuator power packs in luggage
compartment behind magnetic tape recorder, onboard computer H316
and inertial platform LN3
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luggage compartment (see Fig. 7.10). The electro-hydraulic
primary controls were commissioned in 1973.

7.24  Direct Lift Control (DLC)

The landing flap system of the HFB 320 was modified for
direct lift control applications. This work was financed
within the ZTL program “variable flying qualities aircraft”.
The development and construction were carried out by the
MBB-UF in Ottobrunn [11]. Completion and acceptance
testing took place at MBB-UH on September 21, 1971. The
installation in the HFB 320 was then performed by
MBB-UH (see also Sect. 7.2.5). Figure 7.11 shows a system
overview of the flap actuation system.

Electrical control of the flap control shaft was provided
by two identical electro-mechanical servo systems, one each
for the right and left wing, which were installed directly in
the rotational control shafts close to the hydraulic flap ser-
vos. Without excitation of servos, they would rotate with
flap actuation through the basic system. The drive, syn-
chronization, and system monitoring with an interface to the
modes operating unit BBG (Betriebsarten-Bediengerit) was
done in an electronics box (see Sect. 7.2.11).

For the DLC operation, the landing flap setting speed was
increased from 2.5°/s to 10°/s in order to meet the in-flight
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Fig. 7.11 Overview of landing flap actuation system

simulation requirements. For this purpose, the hydraulic
throttle was adjusted by an electrically actuated bypass
valve. The range of landing flap deflection was up to 40°.

7.2.,5 Thrust Actuation System

The overall thrust actuation system is illustrated in Fig. 7.12.
For the electrical control of the engines, a parallel connection
to the servomotors was created near the engines, which was
carried over flexball cables. The servomotors were manu-
factured by the Labinal company.

A gearbox with separating clutch (magnetic tooth and
friction clutch) was installed ahead of the servomotor to
switch on and off the system. As the engine pressure ratio
(EPR) corresponds directly to the thrust generated by the
engine, it was commanded as electric input for the engines,
instead of the fuel control unit (FCU) position. The mea-
sured EPR from the basic aircraft system was available as
feedback variable. The friction clutch was rated such that the
clutch could be pushed over by the basic throttle levers, even
in the event of magnetic gear malfunction. During the sys-
tem acceptance tests, however, it turned out that the pilot
forces were too high to override the blocked system. To
solve this problem, the throttle levers were extremely elon-
gated (three times long) to enable the required torque (see
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Fig. 7.13). For the in-flight simulation, an additional thrust
lever was incorporated in the cockpit, through which the test
pilot could command a simulated engine model.

During the tests, it was observed that the engines could be
drawn below the flight idle position, due to the flexibility in
the flexball cables from the servo to the engine. To prevent
this, a magnetically operable stop was introduced, which
could be activated by the safety pilots for the test. Its posi-
tion was displayed in the cockpit.

The acceptance tests of the installation of the electrical
flap, the electrical thrust, and the electro-hydraulic actuation
system, as well as the additional electrical power supply
system, took place in the years of 1972 and 1973 at
MBB-UH [12-14].

7.2.6  Auto-Trim System

An automatic elevator trim is an important function that is
required in the in-flight simulation mode. Trim changes
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during the simulation phase in the model can lead to steady
elevator deflections of the host aircraft. In the event of an
emergency takeover by the safety pilot, the elevator would
abruptly fall back to the old trim condition and thus cause a
jump in the control column of the safety pilot and a hefty
aircraft motion. The auto-trim system trims the aircraft
automatically by adjusting the elevator hinge moment to
zero. Thus, the transition back to the host aircraft is suffi-
ciently smooth.

The auto-trim system was developed and integrated into
the HFB 320 FLISI by the DFVLR [15, 16]. For this pur-
pose, the electric trim system of the aircraft was modified.
The elevator hinge moment or rod force was measured by a
piezoelectric sensor mounted on the push rod from the ele-
vator to the electro-hydraulic actuator. It was fed to the host
trim coupler through a low pass filter that supplied corre-
sponding trim pulses to the trim motor till the rod force was
reduced to zero.

The value of the hinge moment was displayed on the
cockpit instrument panel of the safety pilot, so that the
proper functioning could be monitored. For safety reasons, a
maximum manageable mistrim was defined, which was
determined from flight tests. The auto-trim system was shut
down automatically, if the mistrim exceeded a pre-defined
duration.

7.2.7  Spoiler DLC

In the framework of a cooperative flight test program with
MBB-UH on the application of DLC on commercial air-
planes, it was decided to investigate the application of wing
spoilers instead of the landing flaps for direct lift control. In
the case of spoilers the lift increase leads to a reduction in
drag whereas in the case of landing flaps a drag increase is
induced. Under the ZKP program “Flight Guidance”,
MBB-UH was commissioned with the development and
installation of an appropriate system. The basic spoiler

Fig. 7.14 HFB 320 with DLC spoilers

surfaces were enlarged to increase the effectiveness. Wind
tunnel tests were conducted at DVFLR in Braunschweig to
determine the spoiler efficiency [17]. The system was flight
tested in 1977 (see Fig. 7.14, [18]). Unfortunately it turned
out that the spoilers produced unacceptable vibrations,
although they were perforated and as such no further
attempts to use them for the intended purpose were
undertaken.

7.2.8 Pilot’s Control Unit and Model Trimming
A complete HFB 320 control station was purchased from
MBB-UH and converted to an experimental device for
in-flight simulation applications [19]. As all control parts,
such as control column, wheel, and pedals, could be easily
mounted on a chassis, it was relatively easy to install
adjustable spring packets for control forces and poten-
tiometers to measure the control movements. Figure 7.15
shows the overall system. For the investigations pertaining
to DLC, a thumbwheel was mounted on the control wheel to
command directly the DLC flaps. Thereby the flight trajec-
tory could be controlled directly (see Fig. 7.16) without

Fig. 7.15 Experimental flight control station
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Fig. 7.16 Thumb wheel controller for direct lift control (DLC)

pitch commands. To trim the model equations in the onboard
computer, a box with trim potentiometers was developed for
all three control axes and installed in the cockpit for oper-
ation by the test pilot.

7.2.9 Side Arm Operating Unit

For several investigations on Fly-by-Wire flight control (see
Sect. 7.3) a side arm controller (sidegrip) unit was used. The
sidegrip controller for pitch, roll, and yaw control was
attached to the test pilot side (see Fig. 7.17). The sidegrip
units were developed within the research project “digital
electrical flight control”. The two sided handle was inte-
grated on the seat for the left and right hand. It was used for
the first time in 1973 on the HFB 320 [20].

7.2.10 Flight Test Instrumentation

The flight test instrumentation included cockpit displays,
which were driven by the onboard computer. They displayed
the motion variables of the model which were computed
onboard. For this purpose the following display systems
were integrated in the instrument panel on the right-hand
side (see Fig. 7.18): (1) artificial horizon with ILS and Flight
Director display (Primary Flight Display), (2) cross-pointer
instrument (test specific, see also later Fig. 7.41), (3) trim
indicator, (4) engine pressure ratio (EPR) indicator and
(5) coincidence indicator of actuator and surface positions.
In the middle, at the top of the instrument panels, a slot was
provided for an autopilot control unit.

Fig. 7.17 Sidegrip operating unit for pitch and roll control (“HalLu”
Meyer in cockpit)

7.2.11 Mode Control Unit BBG
The mode control unit (BBG) was a key element of the
in-flight simulator. The system was designed, developed,
and integrated by DFVLR in 1972 [8].

The BBG provided the interface between the pilot, flight
test engineer, and the overall system. It consisted of a
switch-board (processing logic signals) and the control
buttons with button lights indicating the status of the control
equipment. The individual actuation systems and subsystems

Fig. 7.18 Instrument panel and test pilot station on the right with
primary flight display
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Fig. 7.19 Operator console with mode control

could be selected via push buttons (indicator WHITE). After
selection, error signals were checked. If errors were not
encountered, the system indicated a readiness to activate the
actuation systems (indicator YELLOW). Altogether, the
control systems were provided for elevator (HRS), ailerons
(QRS), rudder (SRS), flaps (LKS), and thrust (SS). Fur-
thermore, the subsystems could be activated for elevator
trim (HRT), control column (PPS), and onboard computer
(BR). When errors occurred, a warning lamp was activated
and switching on the corresponding system was prevented.
In the other case with no system errors, all selected systems
could be switched on by pressing the OPERATION button
(indicator GREEN). The systems could also be operated and
switched on individually. On encountering errors during the
operation, the state was displayed in the cockpit by a red,
flashing light. Normally, the unit was operated from the
cockpit. For ground tests, it could also be operated from the
cabin. The BBG electronic unit with an operating panel was
located in the cabin (see Fig. 7.19), and another panel for the
pilots was located in the middle console in the cockpit.

In addition, a row of lamps was provided for each pilot
on the upper edge of the instrument panels, which clearly
displayed the system state. The display indicated which side
of the control mode was active (Basic or FBW), the transi-
tion state to and from the simulation, and a warning in the
case of failures (see Fig. 7.18).

7.2.12 Onboard Computer

Onboard Analog Computer
After taking over the HFB 320 FLISI by DFVLR in
Braunschweig, flight tests were carried out with the deliv-
ered actuation systems (electrically controlled landing flaps
and engine thrust).

Analog computer modules were used to control the flap
as a function of elevator deflection and for speed control.

The computer modules were installed on the left side of the
control panel in the cabin, next to the mode control panel
(see Fig. 7.20). The control computation was carried out via
connectors, as it was common in analog computing.

Onboard Digital Computer

During 1973 a Honeywell H316 digital computer was
installed in the HFB 320 and tested under the “digital
electric hydraulic flight control system (DEHS)” program. It
became available for in-flight simulation purposes. The rack
mounted H316 was a commercial 16-bit minicomputer, that
was specifically developed for data processing applications
by Honeywell in 1969. The computer was installed on shock
mounts in the cabin on right-hand side (see Fig. 7.21).

Fig. 7.20 Analog computer components (on the left close to operator
console)

Fig. 7.21 Digital onboard computer Honeywell H316
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7.2.13 Data Acquisition and Sensor System

A large number of measured flight state and system variables
was necessary for in-flight simulation purposes. The acqui-
sition of these data was carried out by separate experimental
sensor systems. The following variables were measured:
(1) control surface deflections by potentiometers, (2) actua-
tor positions by potentiometers, (3) computer generated
positioning commands, (4) system state variables as logical
signals provided by the system, (5) attitude angles using a
3-axis gyro, (6) angular rates by a 3-axis rate gyro, (7) linear
accelerations using 3-axis accelerometer, (8) navigation and
ILS data, (9) true and indicated airspeeds, and (10) angle of
attack and angle of sideslip.

A Dornier flight log was used to measure the air-flow
directions, that are angles of attack and sideslip. The flight
log also provided the measurement of true airspeed (TAS) by
means of a small propeller (see Fig. 7.22). The flight log was
very sensitive to rain and icing, and could not be used under
adverse weather conditions. Therefore, an additional angle
of attack vane was mounted on the nose boom (see
Fig. 7.23). Later, the angle of attack vane was lost through
flutter, due to frequency neighborhood between the vane
dynamics and the noseboom oscillation (10 Hz). It was
therefore replaced later on by an improved Dornier flight log
(see Fig. 7.24).

7.2.14 Antennas

In addition to the antennas for navigation, landing approach,
and communication with air traffic control, a telemetry
antenna was installed for transmitting measured data and for
communication. A special antenna of the microwave landing
system TALAR (Tactical Landing Approach RADAR) was

Fig. 7.22 Noseboom with Dornier flight log

Fig. 7.23 Flight log with angle of attack vane

Fig. 7.24 Improved version of Dornier flight log

installed in the fuselage in the aircraft nose which was used
for flight testing of steep noise abatement approaches (see
Sect. 7.3.4).

7.2.15 Data Recording

The data were recorded onboard in digital form using an
analog magnetic tape (Ampex) (see Fig. 7.25). The magnetic
tape served also to load the programs on the onboard com-
puter. The recording included all measurements as well as
system and program specific data.

The sampling rate varied depending on the frequency
content of the measured variables. The master clock rate was
100 ms. That was the highest possible rate. Slowly varying
data were recorded at a multiple of the basic clock rate.
A total of 79 measurements and 77 system parameters were
digitally recorded onboard. 18 measured variables could be
transmitted via telemetry to the ground station and recorded
there in analog form.
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Fig. 7.25 Onboard magnetic tape recorder

7.2.16 Control Concept for In-Flight Simulation

Besides the special hardware equipment (Fly-by-Wire), the
control concept and the digital real-time program are crucial
for in-flight simulations [21]. Moreover, program and data
interfaces must be provided such that the user functions
could be implemented easily and safely. Furthermore, their
realization and flight testing by an operating team should be
possible more or less routinely.

The following requirements were imposed on the control
concept: (1) simulation of the aircraft dynamics in 6 degrees
of freedom in real-time, (2) unified control law structure for
all applications, (3) simple and easily understandable opti-
mization criteria, (4) parameter insensitivity, and (5) digital
controller. The sequence of generating the control system
software program consisted of modeling, control law design
with optimization, check-out with a nonlinear ground-based
simulation, up to in-flight evaluation.

The approach used for the in-flight simulation develop-
ment was based on the model description, control law design
with Riccati optimization, testing of all functions in the
ground-based simulator, and a final testing under real flight
conditions. The controller design program provided the
matrix coefficients for the model and for the forward and
feedback loops of the controller on punched cards, which
were read by a hybrid computer EAI Pacer 600. The simu-
lation of the HFB 320 dynamics on the Pacer 600 was
nonlinear, including non-linear effects of the actuation sys-
tems, such as backlash and hysteresis. The controller was

re-optimized accounting for the nonlinearities. After that the
program was implemented and compiled in the program-
ming language of the onboard computer H316 (FORTRAN
IV and Assembler) and finally transferred to the onboard
computer by means of magnetic tape.

For verification of the control accuracy, step and doublet
input signals were provided. The model and host aircraft
responses were transmitted via telemetry, so that changes
were possible even during the flight.

To fulfill the aforementioned demands, a model following
controller was chosen with an explicit model representation
and full state vector feedback (multivariable controller). The
advantage of the explicit model following is that the con-
troller can be optimized independent of the model charac-
teristics and does not have to be changed for various models
of different aircraft that may be tested. The actuator outputs,
as well as the aircraft and model responses, were used as
state variables. An integral term in the controller caused the
stationary deviations to converge to zero.

7.2.17 Controller Optimization

A computational method for optimization was developed
that involved on one hand the Riccati optimization with
squared integral criteria and on the other hand permitted
shifting the poles of the closed loop system to the desired
locations applying a pole placement method [22]. The
optimization was performed assuming a linear control sys-
tem. The controller was subsequently re-optimized in con-
junction with the HFB 320 nonlinear real-time ground-based
simulation and ultimately adjusted based on flight test
results.

7.2.18 Development of Real-Time Onboard
Computer Programs

The programming of the model following controller was
prescribed by the Honeywell H316 onboard computer. It
was connected to the data acquisition and actuation systems
through special interfaces. The H316 was a 16-bit word
length processor with a core memory of 8 KB. A floating
point arithmetic operation was not supported. All arithmetic
operations had to be performed with the basic functions, that
is with fixed point arithmetic, because programmed
floating-point arithmetic could not meet the requirements of
computational speed.

Specific program requirements resulted from the low
computational power of the four-year-old and already out-
dated computer. In order to meet the computational time
requirements, the complete model and controller calculation
were performed in a 16-bit, scaled number representation.
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For the calculation of model equations, double precision
representation in 32-bit had to be adopted. Special limita-
tions were also posed by the accuracy of the analog/digital
converters, which worked with 12-bit resolution. That means
a division of the signal by 1:2048, positive and negative.

The program sequence was controlled by interrupts
generated with a real-time clock (RTC). This allowed to
comply strictly with the time frames for the model and in
particular the discrete controller program.

The execution of various program parts can be described
as follows: the data acquisition and the fly-by-wire program
were executed on every 2nd pulse of the master clock run-
ning at 10 ms clock. The actual controller program accepted
every 100 ms a new data set and processed these in 26 ms to
a new set of control variables which were outputted at a
defined time point. Once the computations of controller
program were completed, the remaining time was utilized to
drive the displays in the cockpit as well as to generate
automatic control commands, such as steps and doublets. In
addition, to minimize the nonlinear effect in the control
systems, special functions were programmed for hysteresis
and backlash compensations.
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7.2.19 Controller Performance in Flight Test

The assessment of the model following quality was carried
out by comparison of responses from model and host aircraft
excited by step and doublet inputs. A typical example of the
achieved controller quality is given in Fig. 7.26 which
compares the airspeed, pitch attitude and pitch rate responses
between the model (large Airbus-type transport aircraft) and
the HFB 320 host aircraft due to step function inputs. The
time histories are in good agreement. The slight deviations
are indicated by the white areas shown.

7.2.20 Ground-Based Simulations

With the start of the project work in 1972, a 100 V vacuum
tube EAI analog computer was employed for simulation
investigations. This machine was replaced in 1972 through a
hybrid computer EAI PACER 600, see Fig. 7.27. The hybrid
computer consists of an analog and a digital computer where
all potentiometers of the analog computer were set by the
digital system. The Pacer 600 was used for nonlinear
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