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Preface

The “Smart Structures” technology offers extremely attractive advantages in the design, development and operation of
aerospace structures. A structure which is capable of sensing its environment and responding to it appropriately will be miles
ahead of passive structures whose performance is limited by constant material constraints.

In the field of sensors, mainly for structural fault detection and health monitoring, progress has already advanced to industrial
applications which will give great relief to aircraft maintenance operations. The next application we will probably see is related to
vibration suppression which was already investigated during the “Active Control Technology” efforts a few years ago.

The papers which are collected in this report give an excellent overview of the state-of-the-art as well as specific detailed
descriptions of specific applications.

Preéface

Les technologies des “structures intelligentes” offrent des avantages trés attrayants pour fa conception, le développement et la
mise en ocuvre des structures aérospatiales. Une structure qui est capable d’appréhender son milieu et d’y répondre d'une fagon
appropri€e devancera facilement les structures passives, dont les performances sont limitées par des contraintes permanentes
de matériaux.

Dans le domaine des capteurs, principalement pour la détection de défauts et le contrile de I'intégrité des matériaux, les progrés
réalisés ont déja permis des applications industrielles qui doivent servir 4 alléger les procédures de maintenance des avions. La
prochaine application prévisible concerne I'élimination des vibrations, lequel sujet a déja fait Fobjet de recherches dans le cadre
des activités du Panel relatives a la “Conception automatique généralisée” (CAG) il y a quelques années,

Les communications réunies dans ce rapport donnent un excellent apergu de I'état de I'art dans ce domaine, ainsi que des
descriptions détaillées de certaines applications.

L. Chesta
Chairman
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Technical Evaluation Report

R.F. O’Connell
19462 Citronia Street
Northridge
California 91324
United States

INTRODUCTION

The technology referred to by the terms “Smart Structures”,
“Smart Materials”, “Intelligent Structures”, etc, is one which
has generated a great deal of interest in the Structures/Ma-
terials communities in recent years. The concept of a structure
with the capability of sensing and automatically responding to
its environment is one which offers the potential of extremely
attractive advantages in the design, development and oper-
ation of aerospace structures. As with most state of the art
advances, these advantages will not be achieved without a
great deal of painstaking research and development. This
emerging discipline combines, as do many other recent tech-
nologies, elements of many of the traditional disciplines
involved in the design and development of aerospace vehicles.
The implementation of Smart Structures technologies will, in
fact, involve the close co-operation of nearly all the disci-
plines currently involved in the design/development activity.
In view of this, the Structures and Materials Panel of AGARD
conducted the Specialists’ Meeting on Smart Structures for
Aircraft and Spacecraft reported herein.

CONTENT OF PRESENTATIONS

Session I:  State of the Art and Future of Smart Structures
in Aerospace

Of the seven papers presented in this session, three were over-
view presentations giving an assessment of the present state of
the art and future applications of Smart Structures
technology, and some of the short term and long term benefits
to be derived. In addition, a number of problem areas were
examined and the requirements for progressing the discipline
were discussed.

One paper described the use of piezoceramics in the active
control of helicopter rotors and blades, and concludes that a
factor of 10 increase in the reaction force capability of the
material is needed.

Three papers concentrated on spacecraft issues, One dis-
cussed the use of adaptive structures in the shape control and
vibration control of spacecraft. Another outlined a planned
test of a sensor on a spacecraft to detect laser, rf and x-ray
related events. The third provided an insight into the pro-
blems of excitation, modal identification and sensor location
in space structures.

Session II:  Sensors and Actuators

Of the nine papers presented in this session, three dealt with
fibre optic sensing techniques used in the monitoring of com-
posite structures. Strain monitoring, temperature monitoring
and impact damage monitoring of structural systems were
described. Two of the papers addressed the use of fibre optic
techniques in monitoring the cure condition of composite

by

G.R. Tomlinson
University of Manchester
Department of Engineering Dynamics
Simon Building, Oxford Road
Manchester M13 9PL
United Kingdom

materials. One of these also included electrical, acoustic and
viscosity sensors for monitoring the processing of composite
materials, and indicated that the water content of these ma-
terials could be monitored in service.

Two papers discussed the use of piezoelectric and electro-
strictive materials as sensors and actuators, primarily for
vibration control and active damping. One paper evplored the
use of polymenc gels for electromechanical transduction,
although it appeared that at the present none meets the
requirements.

Two of the papers in this session dealt with the use of shape
memory alloys for adaptive control surfaces and actuators,
and illuminated some of the difficulties such as response time
encountered in the use of these materials.

Session III:  Structural Defect Detection

The first of the five papers presented in this session gave an
overview of the subject of structural defect detection, begin-
ning with a description of current methods. The requirements
for future systems were then discussed, along with a road map
detailing the means of meeting these requirements with Smart
Structures.

Three papers dic~ussed the techniques of structural health
monitoring of composite structures using embedded fibre
optic sensors. The present status of these sensors was
explained, together with the requirements of further develop-
ment. Two of these papers described relevant test programs,
and one paper included a description of an optical fibre with
an electrostrictive coating performing as an integrated sen-
sor/actuator.

One paper dealt with the use of neural networks in health
monitoring. The architecture of a network to detect structural
faults in terms of input strain data was described, and the pro-
cess of enabling the network to “learn” to recognise the strain
patterns of the relevant structural faults was outlined. An
example was given, showing a neural network developed from
finite element simulations of a series of mathematically simu-
lated structural faults, being successfully applied to
experimental data for accurate fault location.

Session IV:  Smart Technology Control System

One paper presented an overview of Smart Structures
research at the USAF Wright Laboratory pertaining to sen-
sory structures, multi-functional structures and active
structures. The current state of the art, potential for the use of
Smart Structures and technology needs in this area was also
discussed. Another paper gave a general summary of the
status of active control technology and the state of the art of
predicting loads caused by flight control changes.
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Three papers addressed the use of Smart Structures tech-
nology in the conirol of space systems. One presentation
described the use of adaptive space structures for shape con-
trol and vibration control, and the second discussed the
equations of motion of multibody space systems and related
control applications. The third paper described an exper-
iment using piezoelectric sensors and actuators to augment
the damping of an elastomechanical system.

The remaining five papers covered a variety of subjects. One
paper examined the use of active control of nose landing gear
damping characteristics of an aircraft to improve ride quality.
Another discussed the development of an algorithm for an
adaptive digital filter used in vibration control. A third
described ground and flight tests using fibre optic strain sen-
sors. One paper discussed the use of distributed sensors and
actuators for mode control in superflight air vehicles and the
related control algorithms; another examined the use of finite
element representations of piezoelectric devices and shape
memory alloys.

ROUND TABLE DISCUSSIONS
The round table was composed of:
L. Chesta Alenia, IT

O. Sensburg MBB-DASA, GE
J.Kaprzcynski  IAR,NRC, CA
E. Crawley MIT, US

B. Wada JPL,US

W. Schmidt MBB-DASA, GE

A. Janizewski EOARD, US Air Force, US
R.F O'Connell  Evaluator
G.R. Tomlinson Evaluator

The discussions were prefaced by introductory remarks by
the evaluators giving a brief summary of the presentations and
reviewing the various applications of Smart Structures tech-
nology covered by the presentations. The potential pay-offs
were cited, along with some of the deficiencies and problem
areas to be addressed. One aspect which received attention
was the difference between the difficulties associated with
spacecraft and aircraft. In aircraft the load paths are more dif-
ficult to identify than in the case of spacecraft. In addition, the
actuation forces required for control of vibration/position in
spacecraft are in general lower, making the application of
Smart Materials more attractive for control purposes. This
led to the view that Smart Materials had several current limit-
ations in relation to aircraft applications such as low actuation
forces and low response times (for shape memory alloys). It
was likely that the first real applications for Smart technology
would be in Health Monitoring of aircraft structures. The ad-
vances being made in data processing using techniques such
as Neural Networks meant that fault patterns could be rapidly
deduced from different types of Smart sensors and the analy-
sis carried out on dedicated small computers.

The financial input required to drive the Smart technology
forward had to be project driven and there was a general feel-
ing that more applications were required in order to ensure
the research advances being made resulted in an effective
technology transfer to industry.

ASSESSMENT OF PRESENTATIONS

The presentations were generally of high quality, and served
to provide an excellent guide to the status, scope and future of
Smart Structures technology. The overview papers were very
good, and gave a comprehensive view of the discipline. The
projections of future applications and pay-offs were particu-
larly useful. The descriptions of the deficiencies, problems
and needs were also excellent. It would appear that more
attention could have been given to the means by which pro-
gress in the technology could be accomplished in order to
achieve the long term benefits.

The papers directed to more specialised subjects were like-
wise of high quality, and in general seemed to cover the topics
adequately. In most cases, deficiencies in the presently avail-
able materials were noted, and the required improvements
identified. Again, the means of achieving these improvements
are areas in which further efforts are necessary.

RECOMMENDATIONS

In achieving the projected pay-offs resulting from Smart
Structures, very significant cost and weight are anticipated. If
this is to be the case, a great dcal of attention must be given to
the reliability of the systems. The failure modes of such sys-
tems must be identified, and must be mirimised to the greatest
possible extent. In the case of heaiili monitoring applications,
the objective is to reduce inspections on both new and
repaired structures and thereby reduce maintenance costs.
Similarly, the use of Smart Structures to improve performance
and/or to reduce structural weight implies that the combined
structural systems have a reliability commensurate with that
of the unaugmented structure. The failure of such systems to
perform the intended function has serious safety implications,
and the combined structure/sensor/actuator/controller sys-
tems must be treated in the same context as present material
systems. A related consideration will be that of convincing the
various regulatory agencies of the safety of these systems.

While this is a formidable task, it should also be kept in mind
that the development of Smart Structures must proceed as
rapidly as possible. The current political and economic con-
straints dictate a very limited number of new vehicle designs,
both in spacecraft and aircraft. One obvious implication of
this is that, if the technology is not sufficiently mature for
inclusion in a particular design effort, it may be many years
before such an opportunity presents itself again.

In view of this, it is recommended that Workshop activity be
formulated to:

1. provide a roadmap of the various applications in terms of
the time frame in order that these applications might be
sufficiently mature for inclusion in a new design,

2. propose, insofar as is possible, the means of achieving this
design readiness,

3. identify projected aerospace design efforts which could
benefit from such applications, including the estimated
time the applications would be required, and

4, determine to what extent any chronological imcompat-
ibilities could be corrected.

[ SURP. SH—
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SMART STRUCTURES
A TECHNOLOGY FOR NEXT GENERATION AIRCRAFT

by

W. Schmidt and Chr. Boller
Deutsche Aerospace
Military Aircraft Division
P.O.Box 80 11 60
8000 Munich 80
Germany

SUMMARY

Performance of aircraft structures has progressed in a sequence of steps during the past. Since
composite materials have gained broad application because of significant technological improvement
it is timely to look for the next step in improvement of aircraft performance. It is very likely that
this step is related to smart structures technology. Smart structures technology is able to meet
various aircraft design objectives such as improved military aircraft effectiveness through improved
aircraft capabilities and reduced life cycle cost or reduced direct operating cost of civil aircraft
through improvement in performance, fuel consumption and aircraft maintainability. Active/adaptive
structures, structure health monitoring and structure integrated avionics are the three areas which
are felt to be the areas where smart structures technology is most benefical. Ways for cooperation
between various engineering and natural sciences, being a major driving force for the success of
smart structures, are described as well as some laboratory scale experiments which have been
recently performed. It is felt that an increased effort of engineers in various fields towards
realization of smart structures can be a new rewarding challenge for the aircraft industry in
developing next generation aircraft.

ABBREVIATIONS

CFRP  Carbon Fibre Reinforced Polymer
DASA Deutsche Aerospace

DOC  Direct Operating Cost

LCC Life Cycle Cost

NDT  Non Destructive Testing

INTRODUCTION

The performance of aircraft structures during the past century has progressed in a sequence of
steps which were mainly due to a change in applied material (Fig.1). Starting from wood, cloth and
wires as fundamental structural materials, metals - and here especially aluminium alloys - were soon
identified in a second step to provide higher strength and environmental stability. The continuous
need for light weight construction and the ability to tailor strength of components according to
structural needs led to fibre reinforced polymer composites, which can be considered as the third step
in aircraft structure performance development.

b7
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Fig. 1 Trend of Airframe Performance

Each of these steps starts at some degree of development and during the time further improvements
are achieved until development is close to a saturation point. This incident is then the verge to the
next step in aircraft performance developement when considering materials applied.

Composite materials have gained increased applicability in aircraft structures because of improved
strength, manufacturing technology and cost. Even though further improvement can be expected it
is certainly not wrong to assume that composite materials are close to their saturation point in
technological development. It is therefore timely to consider the next technological step in airframe
performance which is very likely to be smart structures.

Various definitions of smart structures were given in the past where a definition by Breitbach [1]
has been widely accepted in and outside Germany. According to this definition the evolutionary
process of smart (synonyms are: adaptive, multifunctional, intelligent, etc.) structures (Fig.2) started
with a structure being subjected to external disturbances and responding in a passive way. Such a
structure is defined to become active as soon as it is able to recognize these external disturbances
by specific, mainly monofunctional sensors and depending on the severity and consequences of the
disturbances the sensor signals can be transmitted to a controller which processes and generates
signals in real time allowing the structure to respond actively by use of an actuator.

externsl
distwedances response
- structure ——

ionel
extemnal
disrorbosces respons
o -
contralier nctestors and sensers
muktifumetionsl

Fig. 2 Smart Structures Technology - Evolutionary Process
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Sensor, controller and actuator, key elements of an active structure, which do not all three have
to be present in one system, are nowadays available as extrinsic elements and functions. Examples
for sensors include strain gauges, load cells, thermocouples etc. while the actuators applied are based
on electrical heating, motors or hydraulic systems. Contro'lers are mainly electric circuits and
electronic elements including often human control. Examples for systems which include all three key
elements and being commercially available are cooling and heating systems, automatic gears, deicing
systems for aircraft or active shock absorbers.

A structure is defined to be smart when sensor, actuator and possibly even controller become an
integral part - or in other words an intrinsic function - of the structure or structural material
respectively. The integration of sensing and actuating functions has already become reality when
considering smart materials such as piezoelectric ceramics and polymers, shape memory materials,
electrorheological fluids or magnetostrictive materials. When considering future material development
organically modified ceramics, nanostructures or generally materials modified on a molecular basis
are included. The final vision is that future structural materials will sense their condition themselves
and will be able to react with the help of a controlling process where the controlling process being
based on advanced electronics and data processing techniques will usually still not be an integral part
of the structure from a materials point of view.

Smart structures technology was mainly initiated for spacecraft applications. Whithin the past few
years areas such as military aircraft, helicopters and commercial aircraft have also started to explore
the benefits of this technology for their purposes. Other technical areas with major interest in smart
structures are automobiles, civil engineering including power plants and medicine.

That smart materials and structures have gained large interest not only in North-America and
Japan shows the following list of activities within Deutsche Aerospace (DASA):

Daimler- Benz Research Smart/Adaptive Materials (Piezoelectrics,

(DASA Lab.) Shape Memory Alloys, Advanced/Smart
Composites); Sensor Technology

DASA Military Aircraft Smart Structures (Aircraft Health and Usage Monitoring,
Active/Adaptive Structures, Structure-Integrated Avion-
ics)

DASA Space Systems Control and Simulation Algorithms

Eurocopter Deutschland Active Rotor Blade Control

Various cooperations and contacts with universities and research centers have been established
where DLR, the German Aeronautical Establishment is playing a major initiative role in Germany.

The following paragraphs describe how smart structures technology can meet aircraft design
objectives and what strategies are pursued in view of next generation aircraft.

AIRCRAFT DESIGN OBJECTIVES

Aircraft design objectives differ significantly depending on the aircraft configurations considered.
Subsonic transport aircraft are designed for economy, military aircraft for agility, helicopters for

i )
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these aircraft configurations is however minimization of cost.

A lot of thought has been and is still spent on technological improvement which main aircraft
configurations demand [2]. A summary of these demands combined with the impact of smart

vertical flight and super- and hypersonic transport aircraft for speed. An objective common to all of
structures technology is given in the folowing for military and commerical aircraft.

Military Aircraft
Military aircraft effectiveness is best defined in terms of life cycle cost (LCC). The objective is
improved survivability which is achieved by development of the aircraft’s capabilities and availabil-
ity. Major development work in aircraft’s capabilities is focussed on:
- improvement of system performance

- better range

- better manoeuvrability and

- better sensor capability
where smart structures technology can significantly influence the latter three aspects.

Aircraft’s availability can be increased by improvements in:

- reliability
- maintainability and

- ease of tum-round
where the aspects of reliability and maintainability are those being most significantly influenced

by smart structures technology.
Life cycle cost, the term to express military aircraft effectiveness can be divided into two major

parts:
- acquisition cost and

- operational cost.
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Fig. 3
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Fig.3 shows an example of a life cycle cost breakdown for a typical military aircraft assuming 25
years in service. For existing aircraft types these cost values are known to the aircraft operator. When
a new aircraft or technology is introduced, the operator will therefore compare the new life cycle cost
(LCC,,,) with the actual (LCC,,,.) which will lead him to three major possibilities only being
accepted when the following conditions are fullfilled:
1.) LCC,,. < LCC_...
No decrease in technological capabilities or availability.
2.) LCC,. = LCC,..

There must be at least an improvement in technological capabilities or availability with
no decrease in the other.

3.) LCC,,, > LCC\m

Outstanding improvement in technological capabilities and/or availability, possibly even
tailored to the needs and wishes of the operator.

Retumning to smart structures technology, in-flight health monitoring systems is a good example to
show how this technology can affect LCC (Fig.4).

OFF - FLIGHT INSPECTION

IN-Flight

=0
e S

Insp./Repair Ratio : > 5 [Event/Event)
Insp./Repair : 0.11 [MH/MH]

IN - FLIGHT INSPECTION

""/w} IN-Flight

ECTION »‘| PERMANENT INSPECTION PERMA
m m OFF-Flight

Vi

Fig. 4 Improved Availability through Automated
In-Flight Structure Monitoring

Health monitoring of aircraft is the major part of aircraft inspection. To prevent the aircraft from
critical damage inspection is performed in fixed intervals. Work is mainly done manually using hand
held equipment. Aircraft operation is only accepted to be economical when repair is identified in less
than 1 out of 5 inspections (Inspection/Repair Ratio: >5). The average manpower cost for inspection
of an aircraft is approximately 11% of the manpower cost required for repair. This inspection cost
can be reduced with a health monitoring system, especially when the cost for the system is less than
the actual inspection cost relative to the capabilities of the health monitoring system. When health
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monitoring can even be performed during flight or in-service further benefits arise such as better
availability and on condition maintenance. As inspection is now permanently performed, the
inspection to repair ratio mentioned before goes up to a very large value (mathematically to infinity),
which is not a measure of improved security but a measure of having taken full advantage of the
aircraft’s technical availability and therefore a measure for economy. More quantitative values on
aircraft maintenance cost are given in [3].

Commercial Aircraft

Major objectives for commercial/competitive air transport is to meet operational requirements of

- safety

- environment

- punctuality and
- comfort.

These requirements have to be met in conjunction with minimization of direct operating cost
(DOC). Similar to LCC mentioned before DOC is composed of aircraft production and aircraft
operational cost. Fig. 5 is a compilation of competitive air transport demands for continuous
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Fig. 5 Competitive Air Transport Demands Continuous Improvement in...

improvements in various cost driving areas which was set up by a team effort of the European
aircraft industry and the Commission of the European Community [2]. When looking for areas where
smart structures technology could contribute to reduce cost *Performance and Fuel Consumption’ and
’Aircraft Maintainability’ are the areas of significant influence. A reduction in aircraft production cost
or aircraft price by using smart structures technology is not likely to be expected.

Within large aircraft manufacturing industries (e.g. Airbus Industries) a lot of thought has been
spent on how improved technology can reduce DOC of a commercial aircraft. Fig. 6 shows a typical
DOC breakdown using 1987 cost for an Airbus A320 on a 500 nm trip. Smart structures technology
can significantly influence aspects such as 'Reduced Maintenance’, "Fuel Savings’ and *Reduced
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Fig. 6 How improved technology can reduce the direct operating cost (DOC) of a

commerical aircraft. (Chart shows a typical DOC breakdown (using 1987
costs) for an Airbus A-320 on a 500 n mi trip.)
Source: Airbus Industrie

Crew Team’ which in all is close to 50% of DOC and therefore worth to be considered. A selection
of examples how to achieve this will therefore be given in the following.

THE SMART STRUCTURES CHALLENGE

Smart structures are still at a very initial stage of their development. Various concepts have been
and are still proposed for performing large research programs in North-America, Japan and Europe
and a lot of laboratory research work is going on which has especially shown first results in the area
of spacecraft application. Within the following paragraphs some ideas are described on how smart
structures technology can be introduced to next generation aircraft and possibly even become
benefical to existing ones.

Possible Smart Structures Applications in_Aircraft

When considering smart structures and materials application in aircraft a large number of areas
can be identified. Fig. 7 is a compilation of various applications starting from cabin noise reduction
and ending up with structure-integrated avionics and processing all major data in a central data
processing unit.

When trying to group these different areas three major topics can be identified:

- Active/Adaptive-Structures applied to cabin noise reduction, vibration and flutter
suppression of engines, wings and fin, variation in wing geometries for optimized
aerodynamical behaviour including automated positioning of flaps and slats.

- Aircraft (Structures, Engine, Systems and Equipment) Health Monitoring Systems, able

to detect, localise and validate deterioration due to fatigue, corrosion, impacts,
mishandling, wear, temperature or other environmental conditions.
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- Styructure-Integrated Avionics which includes integration of existing antennas into
aircraft structures improving aerodynamic behaviour, avoiding additional antenna
housing and possibly even making use of the antennas’ stiffness for structural purposes.

Fig. 7  Areas of Application of Smart Structures and Materials in Aircraft

These three topics have also been the focal points when smart structures research work started
within Deutsche Aerospace Military Aircraft. (Fig.8).
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Fig. 8 DASA Mil. Aircraft Smart Structures Activities

From ongoing research and development work problems common to these different topics were
identified and are used as links for ongoing and future research work. Examples of such links
includes improvement of piezoelectric sensors’ and actuators’ potential or advanced signal processing
when thinking of active structures and structure health monitoring or sensor networks, structure
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integrated antennas and sensors, or camouflage of electronic systems when thinking of links between
structure health monitoring and structure-integrated avionics. These links can be consolidated by
studying and possibly integrating solutions dealt within areas usually not included into engineering
science such as biomechanics. Following this strategy is felt to be a suitable way how to achieve the
objective of developing applicable smart structures even leading in the end to a "smart aircraft".

Another view which exhibits that the three topics structure health monitoring, active structures and
structure-integrated avionics are highly interacting when considering smart structures technology is
shown in Fig.9.
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Fig. 9  Smart Structures Technology in Aircraft

Starting from a variety of problems still to be solved within aircraft design links can be drawn to
smart structure systems which themselves are linked to a broad spectrum of smart structures and
materials technology. It can be seen that investment into sensing, processing and actuation
technology, the three elements of smart structures technology, can be beneficial for more than one
system. It further proves that strong links between system development and smart structures
technology can be advantageous for system development in short term.

As smart structures is not limited to structural engineering, areas such as materials science,
electronics and sensors, actuators and control algorithms, computer science, NDT, dynamics, etc.
have to be included in addition to the links already mentioned before. Fig. 10 gives two examples
on how to establish interacting teams for development of smart structures. Only successful
cooperation between people, sciences, companies/institutions and nations can lead to valuable smart
structures.
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Laboratory Scale Examples

As smart structures development is still at a laboratory stage some examples and ideas are
described where work is actually going on within Deutsche Aerospace.

Active/Adaptive Structures

Active/adaptive structures technology solves structural problems which cannot be handled by
passive metallic or even optimized composite structures. It is strongly dependent on development and
performance of smart materials and its potential can only fully be explored when used as an
integrated design element from the initial stage of product design.

Actual research work is concentrated on two areas, shape control and active vibration damping.
Fig. 11 shows an example for active vibration damping. A cantilever beam made of carbon fibre
reinforced polymer (CFRP) was selected and equiped with an accelerometer (sensor) and an actuator
made of piezoelectric ceramics. Sensor signals were fed into the signal generator which generated
the signal for the actuator. The test objective was to look at the control process, bonding of the
actuators and the actuator performance. The result shows that damping is significantly increased
when using the piezoeletric actuator with control.
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Another example which is more related to shape control is based on use of shape memory alloys.
Fig. 12 shows an example where a wire made of shape memory alloys has been wound around a bar.
This solution on which Daimler-Benz Research DASA Central Laboratories holds a patent allows
to introduce torsion and could be used for rotor blade control or flaps positioning.

Metal or Composite

Rotorblade

Fig. 12 SMA - Torsionbar

Structure Health Monitorin;

Much effort has been spent in the past to obtain information on the actual condition (health) of
aircraft structures. Based on strain gauges and flight parameters load sequences were determined
allowing to estimate fatigue damage accumulated. Structure health monitoring systems of the next
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generation which will be based on smart structures technology will allow on-condition and in-situ
monitoring of damage resulting from

- impacts (especially in fibre reinforced polymers)
- corrosion

- fatigue and

- mishandling including misrepair.

Parameters to be monitored can be strain, vibration modes or acoustic emission. A broader view
on health monitoring systems is given in [3].

Monitoring of engineering structures is conventionally performed in a way that sensors are bonded
on the structure’s surface. Strains, vibrations, acoustic waves etc. resulting from structural behaviour
and being changed because of structural damage are measured. When using smart materials sensors
can become an integral part of the material. This has the advantage that sensors are better protected
against environmental effects and that their stiffness can contribute to the structural stiffness. They
have to be low cost because repairability of such integrated sensors is more or less excluded.
Furthermore a much higher amount of sensors than required have to be included into the structure
allowing graceful degradation of the sensors during the structure’s service life. Fig. 13 shows an
example for conventional and smart health monitoring when including the sensor functions into a

composite material.

Conventional Smart

AN
TN =

Sensor e.y. Sensing Fibres ———

Sensor is attached to material Sensor is integral part of the material

Fig. 13 Composites Health Monitoring

Structure health monitoring does however not just consist of integrating sensors into the structure.
It also includes application of advanced/smart sensors with intelligent signal preprocessing using the
most recent development in microelectronics and advanced data processing as well as visualisation.
This allows to handle large quantities of data which is the case when monitoring large structures such
as a composite wing. Fig. 14 illustrates such a strategy which is actually been followed within DASA
for composite parts under impact loading. At this stage plates of simple geometric shape with low
cost piezoelectric sensors still bonded onto the plate’s surface are impact tested. Future research work
aims at integrating the sensor function into the material, testing structural components and
establishing data processing and visualisation tools which shall finally lead to an applicable structure
health monitoring system for aircraft components.
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CFRP-Plate with Sensors

Fig. 14 Structure Health Monitoring Using Network Based on Piezoelectric Sensors

CONCLUSIONS

During the last ten years enormous achievements have been gained in minimization of sensors
and actuators. Small light weight powerful computers are installed in flying vehicles now which
allow onboard real time assessment of flight parameters, loads, stresses etc.. Optimal control laws
with minimal control force requirements are applied and will offer large weight reduction benefits.

Regarding next generation aircraft the following conclusions can be drawn:

B There is a significant potential to improve military effectiveness and to reduce LCC as
well as DOC of civil aircraft by application of smart structures and materials
technology.

B Active control technologies together with aeroelastic tailoring, structural and damping
combined with smart materials applied in the design process will lead to active/adaptive
structures yielding much lighter design.

@ Structure health monitoring based on smart structures technology will support
development towards automated in-situ monitoring of damage even on-board the aircraft
and in-flight. This will allow to reduce maintenance cost, improve operational capability
and availability and even lead to lighter design because of better knowledge of structural
damage behaviour.

B Aircraft will benefit from structure-integrated avionics including weight and volume
savings, improved aerodynamics, reduced signature and possible 4 IT coverage.

Altogether cooperation between people, sciences, companies/institutions and nations is a major
driving force for development of smart structures. Smart structures’ success heavily depends on it.
Development of this technology has just started and the increased effort of engineers in all fields will
be a new rewarding challenge for the aircraft industry.
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SUMMARY

The precise pointing / shape control needs of future space
systems coupled with a 10 - 20 year life requirement and
very stringent limitation on system weight has motivated
a new approach in control system design. This approach,
referred to as "adaptive structures,” exploits recent
breakthroughs in advanced composite materials, sensors
and actuators, and intelligent control concepts to provide
an integrated structure / controller.

1. INTRODUCTION

Dynamics and control of flexible space structures has been
an area of active research for the past 15 years. For a
period of time, the impetus for this work was based on the
perceived need for relatively large spacecraft, either
deployed or assembled in space, requiring precise pointing
or shape control. These Large Space Structure (LSS)
missions fell in two broad, overlapping categories. First,

Figure t Conceptual Design of Space Based Laser

the large optical systems, such as Space Based Laser (see
Figure 1), were characterized by a relatively stiff
structure up to a few tens of meters in diameter. Their
need to obtain precise performance from large optics,
which must be rapidly retargeted and operated in the
presence of sevare on-board disturbances, causes the most
demanding controls / structures interactions (CSI). On the
other hand, large space antenna systems, such as Space
Based Radar (SBR) and Large Deployable Reflector,
consisted of a flexible structure up to 100 meters in size
[1,2]. Figure 2 shows a conceptual design of a corporate
fed SBR. All the proposed concepts required the spacecraft
to be packaged for launch and unfolded once in orbit. The
dynamics of the unfolding process and shape determination
/ control of the large antenna were a primary concemn.

Figure 2 A Phased Array Corporate Fed SBR Concept

Thus, the dynamics and control requirements were driven
by proposed systems; many of which were very large in
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size, and due to the cost of putting mass into orbit
weighed as little as possible, thus making them inherently
flexible. Furthermore, many of these missions called for
very precise pointing and shape control, often in the
presence of severe on-board or environmentally induced
disturbances resulting in severe controls / structures
interaction. It was recognized that a solution to this
problem was well beyond the existing state-of-the-art in
vibration and shape control resulting in sustained National
Aeronautics and Space Administration (NASA) and
Department of Defense (DoD) funded LSS technology

development programs.

By the mid to late 1980s it had become apparent that
many of the perceived near-term DoD system applications
of the LSS technology such as, SBR, had failed to
materialize. However, the need for increased precision
from existing surveillance and commaunication satellite
platforms provided a new near-term outlet for LSS
technology. These satellitcs do not require a global
application of vibration suppression to the entire
structure. Instead, the vibration concerns are localized to
specific spacecraft components. Most of the modeling and
control algorithms developed for LSS are applicable to
these smaller satellites. Unfortunately, their smaller size
and limited power availability puts a severe limitation on
the allowable weight and power of the vibration control
system. Also in the Strategic Defense Initiative
Organization (SDIO) arena, the recent change in mission
architecture has shifted the focus away from larger Directed
Energy Weapon systems. The new architecture, referred to
as Global Protection Against Limited Strikes (GPALS)
utilizes a large number of small space-based autonomous
surveillance and defensive satellites. These satellites are
required to react quickly and perform optimally after
remaining dormant for an extended period of time. None
of these elements will receive scheduled maintenance and
are expected to operate over a 10-15 year life with
minimal ground support. The need for health and threat
monitoring combined with static / dynamic structural
control for such systems has been described by Obal and
Sater in a recent paper [3]. This requires the development
of an autonomous on-board control and health monitoring
system that continuously monitors spacecraft health,
detects the threat environment and evaluates its impact on
the satellite; observes significant changes in key
performance parameters, and autonomously reconfigures to
compensate for these changes. Finally, the weight
penalty imposed by the health monitoring and vibration
control system is of particular concern for the near-term
SDIO systems, where the system weight plays a crucial
role in determining the feasibility of the concept.

The United States Air Force (USAF) in cooperation with
SDIO has developed an adaptive structures approach for
this application. A number of recently developed
technologies combine to enable the adaptive structures
approach. These include advances in high modulus
composite materials, resulting in lightweight, yet stiff,

thermally stable structures; sensors and actuators,
including distributed fiber optic sensors, piezoelectric
sensors/actuators embedded inside the layers of the
composite structure, and shape memory alloy actuators;
and intelligent control concepts, including neural networks
for autonomous system identification, rapid failure
detection, and control system reconfiguration.

This paper traces the development of vibration
suppression technology from a USAF perspective, leading
to the joint SDIO/USAF adaptive structures program.

2. BACKGROUND

In the early to mid 1970s, some of the initial work in
LSS vibration suppression relied on the application of
existing methodologies (developed for aircraft flutter
suppression) to spacecraft with a rigid central hub and
light, flexible appendages. Often the spacecraft was
treated as rigid for the purpose of attitude control system
design. Subsequently, the performance of the resulting
controller was evaluated in the presence of structural
flexibility. If necessary, the controller was then
appropriately modified to account for the flexible modes.
Typically, there was sufficient separation between the
control system bandwidth and the first flexible mode so
that their interaction could be safely ignored.

When the notion of large antenna and power generation
satellites was introduced, it was quickly realized that such
systems were inherently flexible and could not be modeled
as a rigid hub with flexible appendages. This resulted in a
flurry of papers out of which the well recognized
characteristics of LSS took form, namely, (i) an
inherently flexible structure with a large number of lightly
damped, closely spaced structural modes; (ii) stringent
vibration suppression and shape control requirements
resulting in a controller bandwidth which includes a
significant number of flexible modes; (iii) frequency, and
to a greater extent mode shapes, of the higher modes not
accurately known, and; (iv) typically, the structure is
packaged into a compact form for launch and unfolded into
its operational form once in orbit . Further details are
provided in references [4,5).

By the mid 1970s, the volume of research in this field had
grown to the point of requiring a specialized conference.
Recognizing this need, Prof. Leonard Meirovitch of
Virginia Polytechnic Institute and State University chaired
a Symposium on Dynamics and Control of Large Flexible
Spacecraft in June 1977 [6]. This biennial symposium
remains a popular watering hole for researchers active in
this field. Also, in 1977 The Charles Stark Draper
Laboratory (CSDL) conducted a state-of-the-art assessment
of passive and active suppression of vibration for
precision space structures [7). The results of this
assessment showed that the achievable damping of 1 to
3% was insufficient to meet the needs of the proposed
systems [8).
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Table 1. ACOSS Program Summary (Strunce and Carman [7])

Company Control Theory Control Design & Analysis Experiments
Control Sampling Phenomena Digital Control
Dynamics | Stability Digital Implementation
Convair Model Error Sensitivity MESS Flyswatter Plate
Suppression (MESS) Disturbance Accommodation (IR&D)
Draper Reduced-Order Modeling Structural Damping Augmentation Beam (IR&D)
Reduced-Order Controller Modern Modal Control (MMC)
Output Feedback SDA/MMC, Acuwator Synthesis
Sensor/Actuator Placement Disturbance Rejection
Optimal Slewing Maneuvers Sensor/Actuator Placemant
High Resolution System Identification | Optimal Slewing Maneuvers
High Resolution System Identification
Honeywell | System Identification Singular Values
Hughes Electronic damping Electronic Damping Hollow Cylinder
Lockheed | Low Authority Control (LAC) LAC, HAC, LAC/HAC Mini-Beam,Maxi-Beam
High Authority Control (HAC) Frequency Shaping Vertical Pipe
Modal Cost Analysis (MCA) System Identification Circular Plate
Wheel (frame)
Toysat, POC
TRW Stability Ensuring Methodology Stability Ensuring Methodology Plate (IR&D)
System Identification System Identification
Adaptive Control

This study motivated the Defense Advanced Research
Projects Agency (DARPA) to initiate the Active Control
of Space Structures (ACOSS) program in 1979. The
objectives of this focused program were to develop a
unified technology base in structural dynamics and control
for precision LSS and to demonstrate this technology
through simulations and proof-of-concept ground
experiments [8]. Up to eight research teams were funded
under ACOSS at various times starting in late 1978 and
ending in 1982 when this program was prematurely
terminated. Table 1,which is from a 1983 paper by
Strunce and Carman [8] summarizes the accomplishments
of ACOSS. A number of today's well known vibration
suppression techniques were developed and refined at this
time, such as, Model Error Sensitivity Suppression
(MESS), Low Authority Control (LAC), High Authority
Control (HAC), and the combined HAC/LAC technique.
Also, to assess the performance, sensitivity, and hardware
requirements of various active structural control
techniques, the CSDL developed two finite element
evaluation models. First, a low order model of a 10-
member tetrahedral structure [9] and second, a simplified
optical system with associated performance measures and

(i

tolerances [10] were commonly known as Draper Models
#1 and #2, respectively. The Draper Model #2 (shown in
Figure 3) was the first systematic attempt to create an
unclassified detailed model of an optical system and it was
extensively used in literature over the next few years. In
addition, under ACOSS and company Independent
Research and Development (IR&D) funding, a number of
simple proof-of-concept experiments on beams and plates
were also successfully performed. Unfortunately, the
planned experiments on three-dimensional structures
were abandoned due to the early termination of the
program. In spite of its early termination, the ACOSS
program was responsible for focussing the LSS
technology development towards precision space structures
and it had a major impact on the scope and direction of the
research which followed.

Running concurrently with the ACOSS program were the
NASA funded activities in Large Space Systems
Technology (LSST). This program looked at the
technology needs of systems considered near-term at that
point, such as, large antennas and space platforms (1].
Much of this work was documented in proceedings of the
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Figure3 Draper Model #2

NASA sponsored annual workshops held at the NASA
Langley Research Center starting in 1979 [11-15]. With
the focus on large antenna applications, NASA selected a
number of deployable structural concepts for further study.
Starting in 1979, two of these concepts, the wrap-rib [16]
and the hoop/column [17], were selected for a design and
development program with a 100-meter diameter class of
application in mind. The program ended in 1985 with
technology readiness ground demonstration experiments.
A 15-meter hoop-column antenna structure, capable of
deployment / stow cycles, was developed and used for
static / dynamic tests and to assess the active control
requirements.

After the end of the ACOSS program, the focus of
Department of Defense (DoD) and NASA funded follow-
on efforts slowly shifted to hardware demonstrations. In
1983, taking off from where ACOSS finished, both the
Air Force Astronautics Laboratory (AFAL) and the Air
Force Flight Dynamics Laboratory initiated a number of
hardware programs to demonstrate active and passive
damping methodologies on simplified three dimensional
test beds. Large angle retargeting of flexible structures
was selected by AFAL and CSDL for a systematic
methodology development and hardware demonstration
program. An experimental structure consisting of a rigid
hub with four flexible appendages, supported on an air
bearing was developed [18,19]. Figure 4 shows the final
configuration of this experiment. A number of sensing
and actuation components such as cold gas thrusters,
proof-mass actuators, hub torquer, and distributed
piezoelectric film actuators were used to demonstrate
spacecraft retargeting with vibration suppression. It is
interesting to note that large angle retargeting continues to

s

be an area of active research to this day. See Reference 20
for a recent survey of ground-based experiments in this
field.

Experiments like those on the AFAL/CSDL structure and
other NASA / DoD facilities [21,22] in the mid 1980s
were essential for the gradual progression in the
development of LSS technology. However, these
experiments concentrated on methodology demonstration
with little concern about the weight and power
requirements or about the space survivability of the
resulting control system. In fact, in many such
experiments, the control actuators outweighed the
structure they were controlling! The same was true for the
associated control electronics and computers. Thus, at
this point, aithough the control methodology had been
developed and demonstrated and could be considered ready
for application, the control hardware was at least 5-10
years away from reaching maturity.

Figure 4 AFAL/CSDL Large Angle Retargeting
Experiment

Cooperation between NASA and DoD has continued with
the long-term goal of developing and demonstrating
controls - structure interaction technology for the next
generation of precision space structures. To this end, a
number of realistic, complementary, three dimensional
test-beds have been developed at the participating NASA
and AF resecarch centers. Since 1990, the two
organizations have a joint Guest Investigator (GI)
Program for the ground demonstration and validation of
emerging structures and controls technology. Five
contracts covering a broad spectrum of CSI issues have
been awarded and the experimental demonstrations are on-
going at three NASA /AF experimental facilities. One of
these facilities, located at the Phillips Laboratory, is the
Advanced Space Structure Technology Research
Experiments (ASTREX) test bed.  Central to the
ASTREX facility is a three-axis large-angle retargeting

o e




-

capability and a powerful real-time control computer. The
experimental structure consists of a dynamically scaled
model of a three-mirror space-based laser beam expander.
The current configuration of this experiment is shown in
Figure 5. For further details on this facility, see Ref.
23.

Figure 5 Current Configuration of the ASTREX Testbed

Also, since 1986, NASA and DoD have jointly sponsored
the Controls / Structures Interaction Technology
conference to promote timely dissemation of technical
information [24-26].

3. ADAPTIVE STRUCTURES

In addition to the long-term requirements of precision
large space structures, the new SDIO GPALS architecture
imposed performance and reliability constraints on near-
term systems which were beyond existing state-of-the-art.
None of the space based assets in the GPALS architecture
will receive scheduled maintenance. The vibration
suppression system aboard these satellites will be required
to autonomously track changes in the system dynamics
and retune itself to deliver the required performance. These
changes in system dynamics could come from many
causes: inherent uncertainties in the knowledge of plant
dynamics; gradual changes due to outgassing and ageing
of the structure; sudden damage to the structure due to a
threat environment; and/or changes in the components of
the control system itself, such as, degradation or failures
in one or more sensor / actuator. As an example of
environmentally induced changes in system dynamics,
Figure 6 shows the transfer functions for a relatively
small, stiff composite structure (the structure is part of
ACTEX flight experiment described later). These
transfer functions, taken at room temperature before and
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after the structure was thermally cycled, show
approximately 5% change in the modal frequency.
Changes in system dynamics and the associated
degradation in controller performance will be the rule
rather than an exception. As a solution to this problem,
the SDIO Materials and Structures (M&S) Program has
proposed an adaptive structures approach that combines
health and environmental monitoring with static and

dynamic structural control [3].
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Figure 6 Effect of Thermal Cycling on the Modal
Characteristics of ACTEX Flight Structure

The SDIO M & S program has adopted a new concept for
Adaptive Structures (for details see Reference 3 by Obal
and Sater). Different types of sensors, either embedded in
or attached to certain structures, are used for several
functions, such as, structural health monitoring for
identification, status, and propagation of cracks; threat and
natural environment measurements; and monitoring of
system states. The sensory information obtained from
measurements and subsystem diagnostics is processed and
stored. This information, in conjunction with actuators,
can be used for static shape control or active vibration
suppression. Applications of this technology are only
now becoming achievable as a result of developments in
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microprocessors and miniature sensors / actuators. Thus
lightweight, miniaturized sensors and actuators, health
monitoring and intelligent control software, along with
advanced composite materials form the cornerstones of the
adaptive structures approach. Each of these will be
discussed in more detail later. A pictorial representation
of the M & S adaptive structures concept is reproduced

here in figure 7 (from Reference 3).
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Figure 7 SDIO M & S Concept for Adaptive Structures

Although adaptive structures offer some very attractive
features for these complex, autonomous systems, there
still are many issues to be resolved. Some of these issues
will be discussed in the sections that follow. Finally, in
order for system designers to accept this technology, it
must be minimally intrusive to the design in terms of
weight, power, and reliability. These are some of the
issues being addressed under the joint SDIO/USAF

program.

3.1 Advanced Composites

As discussed earlier, the proposed near-term systems call
for high precision from the structure. Not only must the
structure be designed stiff to minimize unwanted
distortions; it must also, in certain applications, provide
accurate static alignment between specific points. In
addition, these accuracies have to be maintained over long
exposures to large variations in temperature, vacuum, and
radiation. These requiren:c.:ts may apply to the entire
structure or only to seleciwed components, such as an
optical bench where boresight alignment between sensors
and line-of-sight jitter are of prime importance. A number
of structural design concepts have been developed to
address these requirements (see Reference 27 for an
excellent description of some of these concepts and
issues). Of course structural design and proper material
selection go hand in hand. The availability of advanced

composites has provided the structural designer with a
very powerful tool. For example, with proper choice of
graphite fiber and orientation of the various layers, one
can literally tailor the properties of the resulting structure.
Thus desirable properties such as light-weight, high-
stiffness, thermal stability, low outgassing, good thermal
conductivity, high-temperature resistance, high corrosion
resistance, etc. could be traded to produce an optimized
structure. Graphite fiber reinforced polymer composites
(FRPC) such as graphite thermosets and graphite
thermoplastics along with metal-matrix and carbon-carbon
composites form a class of promising materials for
spacecraft applications. However, graphite thermosets
have continued to be by far most popular for such
applications.

A graphite fiber reinforced polymer composite and
graphite-reinforced aluminium are expected to, and indeed
do, outperform their respective unreinforced matrix
polymer and matrix "monolithic” aluminium in terms of
strength and elastic properties. A simple comparison of
composite properties to reinforcements alone is not
meaningful for graphitic fibers which have tensile strength
and modulus in excess of the composite, but are brittle
and deficient in compression. High modulus graphite
fiber, followed by pyrolytic graphite, most nearly
approaches the extremes in tensile modulus and theoretical
maximum strength of the single crystal. The degree to
which fibers can approach this theoretical limit is
determined by the purity of the fiber, presence of
contaminants, and proper aligning of planes in filaments.
Impurities affect the statistical variation in strength
properties of filaments through the creation of flaw sites.
The future availability of synthetic fibers promises to
eliminate these contaminants. Typical fibers in use today
include T-300, AS-4, IM-7, GY-70, P-75 and P-100.
Fiber types are those predominantly derived from
polyacrylonitrile (PAN) or pitch precursors.

The most common thermosetting resins are epoxies,
bismaleimides and polyimides with epoxies being the
most widely used in spacecraft. Thermal allowable is the
main distinguishing feature among these thermosets.
Two pelvmeric resins attracting a lot of attention because
of impr. "ed resistance to matrix cracking (from solar
thermocycling) and possessing very low outgassing
characteristics are polycyanate resin and
polyetheretherketone (PEEK) resin. Polycyanates are
thermosets and PEEK is a thermoplastic. Peak
temperature for processing of graphite/PEEK composites
is 390° C, far above that of graphite/epoxy thermosets.

Graphite-thermoset composites have been widely used in
military and commercial satellites. Their applications
have progressed from limited use in component and
subsystem designs to various structural applications.
These applications include antenna support structure,
waveguide and multihor feed support tower and parabolic
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reflectors [28]. With the popularity of advanced
composites as the material of choice for the construction
of spacecraft, it became possible to embed the vibration
suppression and health monitoring sensors/actuators
within the layers of the composite material. This
provides a truly integrated, survivable control system.
However, this new demand of transducer embedability
imposes an additional constraint during the composite
material selection. Since the embedded transducer has to
survive the composite processing, the peak processing
temperature should be kept low enough to not impact the
transducer performance. Recent attempts to embed piezo
ceramic actuators into graphite/PEEK composites were
unsuccessful. The high processing temperature of the
peek thermoplastic depoled the actuators resulting in a
significant loss in actuation capability. On the positive
side, piezo ceramic transducers have been successfully
encapsulated in a variety of graphite-thermosets, including
polycyanates.

3.2 Integrated Sensors and Actuators

Integrated sensors and actuators are very important
components of an adaptive structure. Thus, the weight
and power requirements of these transducers is of prime
importance. The impact of excessive sensor and actuator
weight became apparent in the mid 1980s. This and other
factors resulted in shifting the focus from high authority
point devices, such as proof-mass actuators and reaction
wheels, to a search for devices which can provide
distributed sensing and control.

Bailey and Hubbard [29] investigated the use of
piezoelectric distributed actuators for structural damping
augmentation. The piezoelectric material used was a
PVF; film bonded directly onto the structure. The PVF,
actuator was shown to provide a high level of damping at
low vibration levels, however, its low authority made it
impractical for most applications [30]. Crawley and de
Luis [31] compared a variety of piezoelectric materials for
possible use as actuators. A number of factors were used
in the comparison, including embedability in composites,
ratio of strain to applied voltage, and a performance
criteria derived by maximizing the actuator effectiveness.
The superiority of piezoelectric ceramics over other
piezoelectric materials such as polymer film was
conclusively demonstrated by this comparison.
Concurrently, Hanagud, Obal and Meyyappa [32]
investigated the use of piezo ceramic sensors and actuators
for active damping of a cantilevered beam. A procedure to
quantify the effects of active damping was developed and
experimentally verified. It was through the effort of these
and other investigators that the feasibility of this
important technology was demonstrated.

In 1988, in an attempt to advance the technology of
lightweight composite structures with embedded control
systems from bench-scale proof-of-concept demonstrations
to closer to actual applications in space, the USAF
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Phillips Laboratory (PL) in cooperation with SDIO,
initiated the ACESA (Advanced Composites with
Embedded Sensors and Actuators) program.  Overall
goals for the program included design, fabrication, and
demonstration of composite components containing
embedded sensors and actuators. A variety of sensing and
actuation mechanisms were evalvzted, including fiber
optic, strain gauge, piezoelectric and electro restrictive
ceramics, and shape memory alloys [33, 34]. This
evaluation led to the selection of piezoelectric ceramics for
sensors and actuators. Factors such as extreme strain
sensitivity, ability to use simple drive electronics, and
relative maturity of the basic technology led to this
selection. A number of practical issues such as sensor /
actuator encapsulation techniques, procedure for embedding
the encapsulated devices in graphite epoxy composite
structures, and the effect of thermal/vacuum and
mechanical loading on the resuiting structure were studied.
System level demonstration of the technology was
recently performed using the ASTREX facility. For this
purpose, the three 17-ft long, 5-in diameter composite
tubes comprising the secondary mirror support metering
truss were targeted for active control. Equivalent active
composite members tubes (with flattened sides to facilitate
embedding of flat piezo ceramic wafers) and supporting
control electronics were fabricated and integrated into the
testbed. Figure 8 shows the layout of a string of actuators
including colocated and nearly colocated sensors. As
shown, these encapsulated strings were embedded in
flattened sections along the length of the tube on all four

Figure 8 Layout of Embedded Piezo Ceramic Sensors
and Actuators used on ASTREX Structure

sides. These sensor/actuator strings can be paired in
various ways to provide radial, axial, or tangential control
of the tube. Transfer functions taken with realistic
sustained disturbances located near the secondary mirror
showed a dramatic reduction in the magnitude of targeted
structural modes. In many cases, the modes were
overdamped by the control system. A representative set of
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Figure 9 Representative Transfer Function of a Sensor /
Actuator pair with Active Controller OFF and ON

transfer functions with active control OFF (Open Loop)
and ON (Closed Loop) are shown in Figure 9.

Although a number of very important practical issues
related to embedded sensors and actuators were addressed in
the ACESA program, little or no importance was placed
on the size or the power requirements of the associated
electronics. Current SDIO near-term systems have
extremely stringent constraints on power and weight, thus
requiring significant reduction in active vibration system
weight and power requirements. Also the option of
embedding sensors and actuators will not be available in
every application. This could be due either to the
incompatibility of the sensors / actuators with processing
temperatures of the selected structural material, or the
requirement of retrofitting an existing structure. For these
reasons, a concept for a space-durable modular patch is
being developed. The paich integrates sensing, actuation,
and control / power conditioning electronics into a self
contained package that can be either bonded to or embedded
within the structure [35). The match box size patch will

be designed to interface directly with the spacecraft power
system (unregulated 28 volt power), require less than 10
watts to operate, and have minimal external interface
requirements. An individual patch could be used to
provide local vibration suppression or made to work with
other patches in a global manner. It is anticipated that the
modular control patch will reduce the weight and volume
of the control system by up to 90% compared to current
technology. Figure 10 shows a leading concept for the
paich currently under consideration. This concept uses a
multichip module, consisting of a custom ASIC with
analog input conditioning and compensator electronics,
and a high voltage drive amplifier. Overall dimensions of
the chip which will contain all necessary power
conditioning and control electronics are expected to be
within 3.3 cm X 1.7 cm. Design and fabrication of the
multichip module is expected to begin in early 1993.

Figure 10 A Concept for Modular Control Patch Using
Piezo Ceramic Sensor / Actuator and Multichip Module

3.3 Intelligent Control

As mentioned earlier, the long life and minimal ground
support requiremerts of the GPALS and other near-term
spacecraft require the development of an on-board health
monitoring and autonomous control system. Such a
system should be capable of autonomously monitoring
the health of the satellite subsystems, the threat
environment and its impact on the satellite, and detect any
significant changes in key performance parameters. These




changes could be gradual due to aging of the spacecraft
structure or mechanical components, or sudden due to
threat (either natural or hostile) induced damage to
components. The components of the control system
itself, such as sensors or actuators could demonstrate
degradation in performance. The objective of the on-board
intelligent controller is to identify changes in key
performance parameters, determine the source of the
change if possible, and retune / reconfigure the control
system. This should return the control system to full
performance, or if that is not possible, to a graceful
degradation in performance.

Research in intelligent control for precision space
structures is progressing along a number of
complementary paths; two of these are described here. de
Luis et al [36] investigated highly distributed actuator,
sensor, and processor networks integrated with the
structure. This approach makes a large number of sensors
and actuators available to the control system designer. It
also allows implementing distributed control logic with
the computational load shared among a number of
distributed processors. In such a control architecture, the
failure of an individual sensor or actuator becomes much
less critical to the overall performance, providing a degree
of fault tolerance.

More recently, work has also started in the use of neural
networks for autonomous system identification along with
rapid failure detection and control system reconfiguration
(37, 38]. Hyland used a neural controller consisting of
two blocks: a system replicator block, which
autonomously builds a model of the plant with no prior
information; and a control adaptor network which adapts
the system dynamic compensation to produce the desired
closed loop response. Preliminary experiments in system
identification and control have produced encouraging
results. However, on-going investigations have barely
scratched the surface and much more work has to be done
before the true potential of this technology can be
assessed. With this in mind, in 1991 PL initiated a
focussed program in neural network controller
methodology development, proof-of-concept experiments,
and system level demonstrations.

4. TECHNOLOGY DEMONSTRATION
EXPERIMENTS

Finally, ground based and on-orbit technology
demonstration experiments form an important component
of the overall adaptive structures effort. The long-term
survivability and fault tolerance of any emerging
technology, like adaptive structures, to space environment
must be adequately demonstrated before it can be
considered mature for applications in operational space
systems. Many of the space environmental effects such as
thermal cycling, vacuum, and radiation can largely be
simulated in ground based test chambers. However, in
order to access the long-term effects of simultaneous

exposure t0 a combination of environmental effects, on-
orbit experiments become necessary. A series of generic
technology demonstration and specific technology
application experiments are on-going. The testing phase
of each experiment includes ground based functional,
performance, and environmental tests, followed by
extended on-orbit demonstrations.

The Advanced Control Technology Experiment (ACTEX)
has been designed to demonstrate active vibration
suppression using embedded piezo ceramic actuators, a
technology developed under the ACESA program. This
experiment is scheduled to fly as a secondary payload on a
DoD satellite in 1994, The test structure consists of a
cantilevered graphite epoxy tripod with embedded piezo
ceramics, approximately 60 cm X 30 cm X 25 cm in size
(see figure 11). It is designed to be externally mounted on
the payload deck of a host satellite and will thus be
exposed unprotected to the rigors of space environment.
The structure is well instrumented with accelerometers and
thermistors in order to determine the dynamics of the
structure and evaluate the performance of the control
system over a wide range of orbital environments and over
a long orbital life. Orbital life of 2-3 years is anticipated.
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Figure 11 Forward View of the ACTEX Tripod Structure
Showing the Location of Various Instrumentation

Besides conducting on-orbit structural characterization and
vibration suppression experiments, the structure is
equipped with a mechanism to change the dynamics of the
tripod by stiffening a set of flexures. This changes the
frequency of the first two modes by 10% and 20%
respectively. This capability will be used to demonstrate
the ability of the control system to adapt to significant
changes in system dynamics, an important requirement
for future systems.
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Figure 12 shows the effect of active damping measured on
the tripod structure. Typically, as expected, damping
between 10% to 20% has been observed for the targeted
modes.
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spacecraft, is the cryocooler itself [3]. Cryocooler
generated vibrations can reach the sensor focal plane array
through two alternate paths: first, the cryocooler cold
finger is in thermal contact with the sensor focal array via
a copper strap, which can also provide a path for
vibrations; second, the common structure to which both
the cryocooler and the sensor ar¢ mounted also serves as a
path for transmitting vibrations.

Although a number of approaches existed to reduce the
effect of the latter, cold finger bourne vibrations could
only be reduced using a compliant thermal strap at the
cost of additional thermal load on the cryocooler.
Recently the Jet Propulsion Laboratory (JPL), under
SDIO M&S funding, demonstrated a novel method for
reducing these vibrations. Small sections of curved, thin
piezo ceramic actuators are bonded onto the root of the
cold finger, which is at room temperature during
operation. It is anticipated that these actuators will reduce
the lateral vibrations of the cold finger by a factor of 2 to
5 in the 0 to 200 Hz range. Based on this approach, a
flight experiment is currently under fabrication at JPL.
See Figure 13 for a schematic of the experiment.
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Figure 12 Typical Open Loop and Closed Loop Transfer ,
Functions Measured on the ACTEX Tripod Structure
_— Flexures
ACTEX was planned and executed as a low cost flight

experiment with minimal redundancy, quality assurance
and documentation. It was felt that low cost and rapid
turnaround were essential for sustained funding for such an
experiment. The entire design, fabrication, and ground
testing of the experiment was successfully completed over
a 1-year period ending in July 1992.

Whereas the ACTEX experiment will demonstrate the
maturity of generic adaptive structures technology, two
other experiments are investigating specific applications.
Sensor jitter has always been a matter of grave concem for
optical surveillance systems and GPALS space assets are
no exception. Typically, Stirling cycle cryocoolers are
used to keep the infrared space surveillance sensors at their
operating temperature. Unfortunately in many cases, one
of the leading sources of jitter, given a quiescent

Figure 13 A Schematic of Cryocooler Cold Finger
Vibration Suppression Experiment

An alternate approach for vibration reduction is also
demonstrated on this experiment. The cryocooler is
mounted on three low voltage piezo stacks, equally spaced
120° apart. Thus the entire cryocooler can be rotated to
keep the tip of the cold finger from moving. The
experiment is scheduled to fly on a British technology
demonstration satellite in late 1993 or carly 1994 to
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obtain space durability data in a high radiation
environment. It will demonstrate an important
technology for GPALS systems where cryocooler induced
vibrations may lead to increased sensor jitter.

Besides cryocoolers, another major source of spacecraft
line-of-sight jitter is the solar array system. The solar
array vibrations can be caused either by stepper motors
used in array drive, or by satellite housekeeping activities
such as attitude control thruster firings. Under the SDIO
funded Advanced Materials Applications to Space
Structures (AMASS) program, structurally integral active
and passive vibration damping techniques are being
applied to a representative yoke-type solar array support
system. Again, active damping is provided via embedded
piezo ceramic sensor/actuator technology developed under
the ACESA program. In this case, the solar array yoke
struts have been constructed using graphite-polycyanate.
As mentioned earlier, this new thermoset resin exhibits
lower outgassing and higher resistance to microcracking
than other thermosets. Viscoelastic passive damping
materials have been used to provide over 10% of critical
damping in the joint between the solar array drive
assembly and the spacecraft bus. Three different
viscoelastic materials had to be used to provide the desired
damping over a temperature range of 30 to 120°F. A
schematic of the passively damped solar array drive
assembly and the actively damped solar array yoke is
shown in Figure 14.

PASSIVE DAMPED
SOLAR ARRAY DRIVE
ASSEMBLY (SADA}

SN TECHNOLOGY

TRANSFER

=

ACTIVE DAMPED AMASS ON SDI
SOLAR ARRAY APPLICATION SPACECRAFT
SUPPORT STRUCTURE

Figure 14 Application of Active and Passive Vibration
Damping Technology to a Solar Array Drive System

The vibration suppression hardware developed under
AMASS is currently undergoing extensive testing in a
laboratory environment. These experiments have
conclusively demonstrated the maturity of this technology

for flight application. A number of options for on-orbit
demonstration of the technology are being explored.

Finally, a number of new adaptive structures technology
application experiments are under consideration. In one
such application, a precision optical bench is proposed for
development. This bench will use high modulus advanced
composites with co-cured viscoelastic damping to provide
a stiff, yet damped surface for mounting optical sensors.
The entire optical platform will then be mounted on active
isolation mounts to isolate it from spacecraft bus bourne
vibrations.

5. CONCLUSIONS

The preceding sections of this paper have surveyed the
development of vibration suppression technology for large
space structures, leading to the joint SDIO/USAF adaptive
structures program. This adaptive structures approach
provides a mechanism for autonomous on-orbit health and
threat monitoring combined with static / dynamic
structural control; an important requirement for many
future systems. It is anticipated that future work will
continue to focus on application of this important
technology to DoD systems.
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SUMMARY

A modal analysis study, representing one of
the anticipated "Cooperative Spacecraft
Structural Dynamics Experiments on the NASA
Langley CSI Evolutionary Model”, has been
carried out as a sub-task under the
NASA/DLR collaboration in dynamics and con-
trol of large space systems. The CSI evolu-
tionary testbed (CEM) is designed for the
development of Controls-Structures Inter-
action (CSI) technology to improve space
science platform pointing. For orbiting
space structures like large flexible
trusses, new identification challenges
arise due to their specific dynamic charac-
teristics (low frequencies and high modal
density) on the one hand, and the limited
possibilities of exciting such structures
and measuring their responses on orbit on
the other. The main objective of this study
was to investigate the modal identification
potential of several different types of
forcing functions that could possibly be
realized with on-board excitation equipment
using a8 minimum number of exciter loca-
tions as well as response locations. These
locations were defined in an analytical
test prediction process used to study the
implications of measuring and analysing the
responses thus produced. It turned out that
broadband excitation is needed for a
general modal survey, but if only certain
modes are of particular interest, combina-
tions of exponentially decaying sine func-
tions provide favourable excitation con-
ditions as they allow to concentrate the
available energy on the modes being of
special interest. From a practical point-
of-view structural nonlinearities as well
as noisy measurements make the analysis
more difficult, especially in the low fre-
quency range and when the modes are closely
spaced,

1. INTRODUCTION

Future space missions will require new
methodology for controlling space struc-
tures. The challenge lies in their com-
plexity, extreme flexibility, size, :nd
accuracy requirements. Optics of large
space telescopes will have to be assembled
in orbit and kept focused and pointed,
science platforms will contain several
instruments and antennas which must be
pointed independently, while each of the
instruments is affecting the performance of
each other, and any space station will be

K.B. Elliott
NASA Langley Research Center
Mail Stop 230
Hampton VA23665-5225
United States

extremely flexible and will have subsystems
which are sensitive to motion or vibration
and are subject to a variety of disturban-
ces.

As a consequence spacecraft structural
dynamics, with its heavy impact on space-
craft control, has become a topic of in-
creasing importance in the recent years.
This increasing importance is a result of
the need for reliable analytical structural
models for pointing precision, flight path
control, vibration reduction, structural
dynamic analysis, control system design and
health monitoring.

While spacecrafts launched to date undergo
excessive testing, including system identi-
fication studies to improve their mathe-
matical models, often using full flight
hardware, for large space structures on-
orbit testing in their subsequent assembly
stages will become necessary [1,2]. These
structures will be characterized by low
mass, high flexibility, high modal density,
low natural frequencies, nonlinearities and
low damping. Due to the zero-g environment,
rigid-body motions will interact with
flexible body motions of the structure.
Reduced "controllability”, as the excita-
tion is limited to only certain forcing
functions as well as exciter locations,
a confined "observability", due to the
limited number of sensors resulting from
weight and cost considerations, are the
problems dynamicists will have to cope with
[3]. Disturbances arising, for example,
from changes in temperature will allow only
certain restricted time windows for data
acquisition [4)]).

and

2. CURRENT RESEARCH WORK

The subject of on-orbit testing of space
structures is being considered by several
programs. The Controls-Structures Inter-
action (CSI) program [5]) is a focused tech-
nology program that is examining ways to
improve spacecraft stability and pointing
performance., The program is examining three
areas: spacecraft structure and controller
design, spacecraft ground testing, and
flight verification.

The Dynamic Scale Model Technology (DSMT)
[(6) concentrates on research to adapt the
use of scale models, which are currently
used in aircraft and have been used in

several large launch vehicles, as a tech-
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nology to support large spacecraft ground
verification.

Perhaps the most amount of work on on-orbit
testing has been performed in relation to
the Space Station Freedom (SSF). NASA is
planning an on-orbit modal test of Space
Station Freedom, termed the "Space Station
Structural Characterization Experiment"
(SSSCE) [7), which would consist of a
series of modal tests on the evolving space
station structure. Results from the experi-
ment could be used to correlate analytical
models and to evaluate modeling and testing
methods for large space structures. Some
work has already been done comparing modal
identification techniques {8], selecting
suitable techniques like the polyreference
method {9) and the Eigenvalue Realization
Algorithm (ERA) [10), and adapting these
methods for this particalur problem.
Blelloch et al. [11] have developed a Modal
Test Simulation (MTSIM) software tool to
simulate on-orbit testing of Space Station
Freedom using an SSF finite element model.
The structure is assumed to be excited by
reaction control system jet firings using
random and modulated random forcing func-
tions. Specific work has been done by Kim
[12] and Kim et al. [13] designing random
excitation individually for each configura-
tion of the SSF which could be used with a
free-decay time-domain technique for the
on-orbit modal identification.

Efficient sensor placement for on-orbit
modal identification as well as mode-order
reduction, taking into account that the
structure will be assembled sequentially or
even modified after vears of operation, is
discussed by Kammer et al. [14]. The
authors propose to select a limited number
of dynamically important target modes using
the amount of mass in each mode shape
participating in each of the six rigid body
directions (effective mass) as the main
criterion. As the effective mass is identi-
cally zero for free-free systems a Graig-
Bampton representation (see [{14])) is gene-
rated by constraining the sequentially
assembled structure at the actuator loca-
tions and the interface points to the next
phase. Fixed interface modes are computed
and ranked according to their importance
using a measure called "effective excita-
tion mass". The sensor placement problem is
approached from the standpoint of the esti-
mation theory.

A simulated on-orbit modal test has been
performed on the JPL Precision Truss by
Chen et al. [15], using active members as
the excitation source. The authors point
out that active members, as opposed to
reaction jet facilities or momentum wheels,
would not considerably increase the weight
and volume of the spacecraft. Only elastic
motions would be excited, thus decoupling
rigid-body dynamics from the modes of
interest, which often are the flexible
ones. Their results indicate that such a
test can produce as good or even better
modal parameters as those obtained using
conventional excitation technigques.

3. OBJECTIVES OF THIS STUDY

The NASA LaRC CSI Evolutionary Model (CEM)
[16] offers the opportunity to study and
solve some problems of the on-orbit identi-
fication sub-technology task. The struc-
ture, shown in Fig., 1, is a double-cruci-
form truss (about 16 m long) with two
vertical towers. It was designed to study
problems related to multi-sensor space
platforms.

The study reported here focuses on the in-
vestigation of the modal identification
potential of different types of forcing
functions and the development of excitation
functions which will allow the concentra-
tion of the available energy into one, two,
or several selected target modes by tuning
the frequency content of one or more
exciter forces to the corresponding mode
frequencies. The forces may be applied by
reaction jets, momentum wheels, or internal
force producing devices. The target fre-
guencies are initially taken from a mathe-
matical structural model. As these frequen-
cies do not necessarily coincide with the
real-life frequencies of the structure, the
effects of a frequency mismatch and the
possibilities of a frequency updating are
considered.

4. DESCRIPTION OF THE CSI EVOLUTIONARY
MODEL TESTBED

NASA Langley’s CSI Evolutionary Model Phase
0 is a testbed for the development of CSI
technology to improve space science plat-
form pointing. The evolutionary nature of
this testbed permits the study of global
line-of-sight pointing in phases 0 and 1,
whereas multi-payload pointing systems will
be studied beginning with phase 2.

The CEM has been designed to possess dyna-
mic properties typical of spacecraft plat-
forms proposed for remote sensing and
communications. As such, unwanted inter-
actions between sensor pointing control
systems and the flexible body dynamics of
the platform can be qualitatively assessed.
Figure 1 shows the phase 0 version struc-
tural platform consisting of a long truss-—
bus and several appendages with varying
degrees of flexibility. The truss-bus is
constructed from 62 0.3 m cubical bays.
Four horizontal appendages consist of 10
bays each. Two vertical towers consist of
11 bays and four bays, respectively. The
truss is made from aluminum tubes and node
balls. Threaded steel rods connect the
tubes to the node balls. In addition to the
truss, the structure contains a reflector,
which had been included to simulate large
appendages typical for space platforms. The
reflector is a 5 m diameter ribbed struc-
ture with a flat mirror at its center.

A low-powered laser is mounted to the
eleven bay vertical tower such that the
beam reflects upon the reflector’s mirrored
surface. The beam reflection is measured by
a photo-diode array attached directly above
the reflector at the ceiling. This laser-
reflector~detector system enables the glo-
bal line-of-sight pointing to be measured.

The structure is suspended by two cables.
These cables are attached to two support
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points in the ceiling of the test facility.
The primary suspension cables are yoked
such that four points on the CEM are con-
nected to the suspension system. Two linear
extension springs are attached near the
ceiling to reduce the effect of the suspen-
sion system on the CEM flexible body dyna-
mics.

Several different types of sensors and
actuators are available for use with the
CEM testbed for both control and system
identification (ID). The primary sensors
are accelerometers. Two types of accelero-
meters are available: 18 servo accelero-
meters which can be used for low-itrequency
system ID, and a total of 195 piezo-film
accelerometers for acceleration measure-
ments above 1 Hz. A maximum of 16 air
thrusters at 8 locations can be used to
excite the structure. They are operated in
pairs (forming together an "exciter") to
insure pure translational forces when
mounted on opposite sides of a truss bay.
Each thruster produces a peak load of 10 N.

5. TEST PROGRAM

The test program was characterized by the
variants of the excitation conditions.
Three fundamentally different types of
forcing functions were applied using the
air thrusters as exciters:

- band-limited random noise
- impulse
- sum of exponentially decaying sinusoids

Random Excitation

This type of excitation was characterized
by a uniform distribution of energy over
the frequency range of interest. Four pairs
of air thrusters were selected to simul-
taneously apply an uncorrelated excitation
to the structure. The band-limited random
excitation spectrum was defined by a con-
stant power spectral density between the
lower and upper frequencies of interest. In
this case, the lower and upper cut-off fre-
quencies were chosen to be 0.04 and 10 Hz,
respectively. The CEM analytical model was
used to size the magnitude of the excita-
tion at a level that would keep the struc-
ture’s response within predifined safety
limits. For averaging purposes, the test
was repeated 20 times resulting in approxi-
mately 1 hour of testing time.

Impulse Excitation

Impulse excitation was applied to the
structure using each of the four thruster
pairs, individually. The impulse was
defined by its magnitude and duration.
These parameters were chosen to produce an
impulse with sufficient energy over the
frequency range of interest (0-10 Hz). Five
test runs, at each of the exciter loca-
tions, were performed for averaging purpo-
ses. The duration of each test was about
160 seconds.

Exponentially Decaying Sinusoidal
Excitation

This is a selective type of transient exci-
tation which may be tuned to particular
modes of special interest. It is defined by
a sum of exponentially decaying sinusoids:

a, t

n
pit) = ¥ py;* e ® % sin (2nf t), (1)
i=1

with p; = initial amplitude of component i
£, = frequency of component i
o, = decay.rate of component i
n = number of components (target

frequencies)

The frequencies of the exponentially
decaying sinusoids refer to the selected
target flexible-body modes of vibration,
predicted with the CEM finite element model
and eventually updated using the prelimi-
nary data analysis results of the
preceeding excitation cases.

This type of excitation was applied to the
structure using each of the thruster pairs
separately. For each excitation location,
the excitation frequencies, f;, were chosen
to coincide with the estimated eigenfre-
quencies of the selected modes. As in the
impulse excitation case, each test was
repeated five times for averaging purposes.

To study the effect of a mismatch of the
excitation frequencies with the true struc-
tural eigenfrequencies, two additional
tests were performed at a single excitation
location. In the first test, the excitation
frequencies were detuned a small amount,
whereas, in the second test, the excitation
frequencies were detuned a considerably
larger amount.

The choice of the decay rates, o, , must
take into account both the modal damping
properties of the test article and the data
acquisition requirements with regard to
leakage effects. From the latter point of
view it is desirable to have high values of
«; to ensure & quick decay of the response
amplitudes. On the other hand, a low decay
rate is desirable to put a maximum of exci-
tation energy into the structure. By way of
an analytical simulation it was found out
that 1 percent is a reasonable order of
magnitude. The duration of each test was
approximately 160 seconds.

Figure 2 gives a graphical representation
of the frequency contents of the three
types of forcing functions descibed above.
The random excitation, in Fig. 2a, is
characterized by a constant power spectral
density between the upper and lower fre-
quency bounds. The impulse excitation, Fig.
2b, shows a loss of power when approaching
the upper frequency bound. The characteris-
tic peaks in the third function, Fig. 2c¢c,
which corresponds to the decaying sinusoi-
dal excitation, show the concentration of
energy at the frequencies of interest.
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6. ANALYTICAL TEST PREDICTIONS

The existing NASTRAN finite-element model
of the CEM has been used for the pre-test
analysis. Although this model does not
predict the CEM dynamics exactly, there is
a reasonably good agreement below S Hz and
for several global modes above S5 Hz.

The FEM, shown in Fig. 3, has about 650
grid points with almost 4000 degrees-of-
freedom. The model contains about 1600 bar
elements, representing the truss structure,
some rod elements, representing the suppor-
ting cables, about 100 plate elements,
modeling parts of the reflector and the
thrusters, about 40 spring elements,
modeling the air supply hose stiffness, and
some concentrated masses. Eighty-six modes
were predicted below 50 Hz. Thirty-six of
these modes are below 10 Hz. An example
plot of the first truss-bus Z-axis bending
mode is shown in Fig. 4.

Selection of Target Modes

Since the object of this work was to study
excitation techniques and not to completely
identify the CEM, the frequency range of
interest was confined to below 10 Hz. Of
the thirty-six modes below 10 Hz, twelve
can be considered "global". For this study,
a "global" mode is a mode which exhibits
most of its motion in the truss or reflec-
tor. Table 1 lists all predicted frequen-
cies below 10 Hz. The "global" modes are
marked with an asterisk. These twelve
"global” modes were chosen as the target
modes.

Selection of Response Locations

A simple iterative procedure was used to
select and minimize the number of response
locations. The procedure began with
defining a primary set of locations from
which the final set was chosen in order to
achieve a sufficient level cf mode shape
observability.

The primary response location set was
generated by analyzing the target mode
shapes and identifying the locations of the
maximum displacements on the truss-bus and
appendages. Sixteen locations were identi-
fied using this method. Additionally, eight
locations on the reflector were added to
the primary set; four locations were evenly
spaced at the ends of the ribs, and four
locations were located next to the mirror.
Two additional locations were picked at the
branching points of the two suspension
cables. These locations were included to
provide information on the suspension cable
modes. As a final addition, the driving
point locations were also chosen. In
sunmary, the primary location set consisted
of 24 tri-axial response locations and 4
uni-axial drive-point response locations.
These locations are shown in Pig. 5,

Once the primary response location set was
identified, the response locations were
fine-tuned through the following procedure.
Pirst, a PEM substructure was constructed
using Guyan reduction and the primary loca-
tion set as the master degrees-of-freedom.
Next, the mode shapes for this reduced
model were computed and compared with the
original model’s mode shapes using the

Modal Assurance Criterion (MAC) [17]. Per-
fectly correlated mode shapes have a MAC
value of 1 while uncorrelated shapes have a
MAC value of 0. By iterating on the sensor
location (modifying locations and recom-
puting/correlating the reduced model’s mode
shapes), a target MAC value of 0.95 was
achieved for all the target modes.

Selection of Exciter Locations

An attempt was made to minimize the number
of exciters needed to properly excite the
target modes. For that purpose forced
responses were computed for all of the se-
lected response locations and given excita-
tion functions at any of the available 8
exciter locations. From this data, mode
indicator functions and power spectra [17])
were computed. The mode indicator function
(MIF) provides a tool to detect and locate,
by frequency, normal modes of vibration.
The power spectrum (or significance func-
tion, SIF, which is the square root of the
power spectrum, normalized to its maximum
value) indicates how strong a mode is exci-
ted. The combination of these two tools
provides a means for assessing each exciter
location’s contribution to exciting the
target modes. By comparing MIF and SIF
functions, redundant exciters may be
systematically eliminated.

MIFs and SIFs were calculated for all load
cases and compared in detail. For example,
the upper part of Fig. 6 shows an overlay
of the MIFs computed using an impulse exci-
tation applied, separately, to all of the
available eight exciter locations. The
lower part of Fig. 6 shows the remaining
MIFs after systematically eliminating four
exciters. Apart from the frequency ranges
around 8 Hz and around 9.5 Hz, the plots
illustrate that, despite the elimination of
four exciters, all the dominant modes were
excited.

The SIFs show the same trend with the added
information that none of the exciter loca-
tions excites the modes well in the fre-
quency band of 8 Hz to 9.5 Hz.

A summary of the modes which can be excited
by any one of the selected exciters is
given in Table 1. A "Y" indicates that the
mode is excitable, and a "-" means not
excitable. The positions of the selected
exciters 1, 2, 6 and 7 and the respective
force directions are shown in Fig. 5.

Prediction of Test Results

Two typical examples of calculated respon-
segs are given in Fig. 7. The curves dis-
played in the two plots are totally diffe-
rent, although they refer to the same
response location. This is due to the dif-
ferent types of excitation forces which
were used to excite the structure. In the
first case, an impulse was used. A rela-
tively small amount of energy is put into
the structure due to the short duration of
the impulse. This results in a low excita-
tion level (see left curve). In the second
case the decaying sine type of excitation
had been employed. The three target fre-
quencies 1.5 Hz, 1.9 Hz and 4 Hz were
chosen to construct the forcing function.
The a;, were set to 1 percent. As can be
seen easily from the second curve the

T = - # e maF eoma W,
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response amplitudes are much higher and the
decay rate is much lower compared to the
first one. This accounts for a clearly
improved excitation of the target
frequencies.

7. TBST RESULTS

once the test program was completed, the
test data were available in the form of
time histories. These time histories were
post-processed into frequency response
functions. The frequency response functions
were then analyzed using a combination of
direct parameter, complex exponential, and
polyreference techniques [17]) to derive
modal parameters and mode shapes. In the
following discussion the random excitation
case will be used to present a general
analysis of the structure. This will be
followed by a comparison of the excitations
in determining the modal parameters of the
target modes. The discussion ends with an
analysis of the effect of frequency mis-
match using the decaying-sine excitation.

Using the multi-point random excitation
(all four exciters active), mode indicator
and significance functions were computed.
These functions are shown in Fig. 8. In
general, four effects are illustrated in
these plots:

1) The structure has a high modal density
in the analysis frequency range. This is
illustrated by the number of peaks in
the MIF plot.

2) There appears to be a significant amount
of noise below 1 Hz. This is indicated
by the rising "noise floor" below 1 Hz
in the MIF plot.

3) The multiple peaks, which are grouped
around a single frequency in the MIF,
may indicate nonlinearities.

4) The differences in the number of peaks
between the MIF and SIF plots show that
only a low number of modes were excited
well enough for an easy identification.

A general identification was performed
using the random excitation data. The
results are given in Table 2. This table
presents the modal parameters of the
existing analytical model, the identified
modal parameters, the relative differences
between the test and analysis frequencies,
and a short description of the mode shapes.
The identification of the rigid body modes
(eigenfrequencies below 1 Hz) was difficult
due to noisy measurements. However, most of
the noise could be attributed to the piezo-
film sensors which do not produce reliable
signals below 1 Hz. By using the servo-
accelerometers alone, which have good re-
sponse down to DC, the rigid body modal
parameters could be estimated. The funda-
mental flexible modes at 1.47, 1.74 and
1.88 Hz, as well as a few higher “truss”
modes, could be identified easily. These
modes also correlated very well with the
analytical model. In contrast modes with
significant reflector motion were not
easily identified, and they did not corre-
late well with the analytical model. Two
fundamental "reflector” modes, "Y-bending"
and "umbrella mode”, have no representation
in the finite element model. On the other
hand a number of analytical "reflector”
modes could not be identified. This might
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be a consequence of inadequate excitation
of the reflector.

The identification results corresponding to
the target modes using the three different
excitations can be described as follows:
The identified frequencies do not differ
very much between the excitation cases.
This indicates that there is sufficient
energy provided by any of the excitations
to estimate frequencies. However, the
damping and mode shape estimates do differ.
In general, the estimated damping is higher
for the random excitation case. This is
most likely caused by the signal proces-
sing, required to eliminate leakage in the
frequency response computation {17]. The
random excitation case also required the
longest test and post-processing time
because of the larger number of averages
required to obtain a satifactory confidence
on the frequency response function. The
best mode shape estimates of the target
modes were produced using the decaying sine
data. The improved mode shapes can be
attributed to the concentration of excita-
tion energy at these target modes. In both
the random and the impulse excitation cases
the excitation energy is spread evenly over
the frequency range, while the decaying
sine excitation attempted to concentrate
the energy around the target modes. How-
ever, the decaying sine excitation produces
better target mode information at the
expense of the non-target modes.

It should be noted that the test and pro-
cessing time for both the impulse excita-
tion and the decaying sine excitation did
not differ. However, the impulse excitation
case produced data sets that were more
inconsistent (different identification
results depending on the shaker location)
than the decaying sine excitation. This may
be attributed to nonlinearities which were
much more detrimental to the analysis in
the impulse tests than in the decaying sine
and random tests. Another reason might be a
lower signal-to-noise ratio for the impulse
data due to the lower level of relevant
energy input to the structure.

The final test involved the analysis of the
effect of a frequency mismatch between
excitation and modal frequency in the
decaying sine excitation. Four target fre-
quencies were used to generate an excita-
tion: 1.51, 1.91, 5.38 and 8.37 Hz. These
frequencies were then detuned by 5 and 20
percent, respectively. Auto-power spectra
of these three excitations (marked with
"1, "2", and "3") as well as of the cor-
responding driving point responses are
shown in Fig. 9. The frequency shifts cause
the excitation level to vary considerably
for certain target frequencies as can be
seen from the horizontal arrows marking the
values of the response spectra at the
target frequencies. The considerable drop
of the response amplitudes due to the fre-
quency mismatch generally will adversely
effect the identification result. In fact,
the third bending mode at 8.4 Hz could not
be identified any more after a frequency
shift of 20 percent.
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CONCLUSIONS

The following conclusions can be drawn from
the work performed:

1)

2)

3)

4)

5)

Forcing functions which consist of
exponentially decaying sinusoids proved
to be favourable excitations for the
identification of a limited number of
target modes. No repetition for avera-
ging purposes is needed, leading to a
considerable reduction in testing time
compared to random excitation testing.

Frequency mismatches due to modeling
errors do not significantly influence
the identification results at a level
less then 5 percent. However, higher
frequency shifts could prevent a
successful identification. Therefore, a
pre-test using broad-band excitation for
the determination of realistic eigenfre-
quency and damping values may be useful.

Identification results may be poor for
the structural components which can not
be excited directly.

The method used to select a suitable set
of sensor locations was both straight-
forward and effective.

Noisy measurements as well as structural
nonlinearities obviously, but not
surprisingly, may cause identification
problems.

ACKNOWLEDGEMENTS

The research summarized in this paper was
conducted under the NASA/DLR collaboration
in dynamics and control of large space
systems. The authors wish to thank the NASA
Langley Research Center for the test
execution and a very good cooperation.

9.

REFERENCES

1.

Hanks, B.R. and Pinson, L.D., "Large
Space Structures Raise Testing Challen-
ges”, American Institude of Aeronautics
and Astronautics (AIAA), October 1983,
pp 34-40

Denman, E.D. et al, "Identification of
Large Space Structures On Orbit", ASCE
Report, AFRPL TR-86-054, New York, NY,
September 1986

Schenk, A., Pappa, R.S., "Practical
Aspects of On-Orbit Modal ldentifica-
tion Using Pree-Decay Data", Proc. of
the Int. ESA Conference on "Spacecraft
Structures and Mechanical Testing",
Noordwijk, The Netherlands, 24-26 April
1991, (EAS 8P-321, October 1991)

Pappa R.S8., "ldentification for Large
Space Structures”, Proc. of the 8th
Int. Modal Analysis Conference,
Kissimmee, FL, Jan. 29 -~ Peb. 1, 1990,
Vol. 1, pp 15-24

"Controls-Structures Interaction -

A New Approach to Spacecraft Design",
NASA Headquarters, Materials and Struc-
tures Division, Office of Aeronautics,
Bxploration, and Technology, washing-
ton, DC 20546, Rev. 8/90

10.

11.

12.

13.

14.

16.

. Chen, J.-Ch. and Fanson, J.L.,

Hanks B.R. and Gilbert M.G., "Research
on the Structural Dynamics and Control
of Flexible Spacecraft", Presented at
the International Forum on Aeroelasti-
city and Structural Dynamics, Aachen,
Germany, June 5, 1991, pp 265-274

Cooper P.A. and Johnson J.W., "Space
Station Freedom On-Orbit Modal Identi-
fication Experiment - An Update",
Presented at the 2nd USAF/NASA Workshop
on System Identification and Health
Monitoring of Precision Space Struc-
tures, Pasadena, Ca, March 1990,

pp 683-714

Juang J.-N. and Pappa R.S., "A Compara-
tive Overview of Modal Testing and Sys~
tem Identification for Control of
Structures”, Shock and Vibration
Digest, Vol. 20, No. 6, June 1988,

pp 4-15

Vold H., Kundrat J., Rocklin G.T. and
Russell R., "A Multi-Input Modal Esti-
mation Algorithm for Mini-Computers"®,
SAE International Congress & Exposi-
tion, Detroit, Michigan, February 1992

Juang J.-N. and Pappa R.S.,"An Eigen-
system Realization Algorithm (ERA) for
Modal Parameter Identification”", JPL
Workshop on Identification of Flexible
Space Structures, San Diego, CA,

June 1984

Blelloch P., Engelhardt C., Hunt D. L.,
“Simulation of On-Orbit Modal Tests of
Large Space Structures", Kissimmee, FL,
Jan. 29 - Feb. 1, 1990, vol. 2,

pp 926-932

Kim H.M., "System Identification for
Large Space Structures”", Ph.D. Thesis,
The University of Texas, Austin, TX,
Dec. 1988, 156 p.

Kim H.M. and Doiron H.H., "Random Exci-
tation for On-Orbit Modal Identifica-
tion of Large Space Structures",
Presented at the International Forum on
Aeroelasticity and Structural Dynamics,
Aachen, Germany, June 5, 1991,

pp 223-230

Kammer, D.C. and Triller, M.J.,
"Efficient Sensor Placement for On-
Orbit Identification of Sequentially
Assembled Large Space Structures", Int.
Journ. of Analytical and Experimental
Modal Analysis", vol. 7, No. 2, April
1992, pp 95-109

"On-Or-
bit vibration Testing for Space Struc-
tures”, Proc. of the 40th Congress of

the Int. Astronautical Federation, Oct.
7-13, 1989, Malaga, Spain, (IAF-89-333)

Belvin, W.K., Elliott, K.B., Bruner,

A., Sulla, J. and Bailey, J., "The LaRC
C81 Phase-0 Evolutionary Model Testbed
- Design and Experimental Results”,

Proceedings of the 4th Annual NASA/DOD
C8I Conference, Orlando, FL, Nov. 1990,
WL-TR-91-3103, January 1991, pp 553-567

I-DEAS Test User’s Guide, Level VI,
8DRC, 1990




e M tews e e B S R e A ta e e

[PPSO

e gy

NASA Langley’s CSI evolutionary

Pigure 3. Finite element model of NASA
Langley’s CS8I evolutionary model

4-7
RANDOM

a)
10" 10° 10!
IMPULSE

b)
10" 10° 10°
TRANSIENTS

c)
107 10° 10!

" FREQUENCY /HZ

Figure 2. Schematic spectral representation
of the exciter forcing functions
a) random, b) impulse, c) expo-
nentially decaying sinuscids

FREQU,: 1,7382 HZ

&

Pigure 4. Typical analytical mocde shape
calculated with the CEM finite
element model
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MODE FREQUENCY PAIR OF THRUSTERS
NO. [HZ] 1 2 6 7
1 0.147 Y - - Y
2 0.149 Y - - Y
3 0.155 Y - - Y
4 0.730 - - - b4
5 0.748 - Y - -
6 0.874 - - Y -
7 > 1.473 Y - - -
8 * 1,738 - Y - -
9 * 1.882 Y - - -
10 2,294 Y - - -
11 2.535 - - Y -
12 2.829 - Y - -
: 13 3.419 - - - Y
Thruster 1 & Tri-Axial Struct Cell Accelerometer ig g:ggg - - - z
@ Used for the System ID Study 16 4.008 Y - - -
17 » 4.032 - - Y -
Figure 5. Locations of tri-axial accelero- 18 4.201 Y - - -
meters and selected pairs of 19 * 4.391 - Y - =
thrusters 20 5.028 Y Y Y Y
21 5.034 Y Y Y Y
22 * 5.498 Y - - -
23 6.178 - Y - -
INDICATORFUNCT LON 24 + 6.229 - - Y =
1 25 » 6.471 - - - Y
26 * 6.670 - - - Y
27 * 7.372 - Y - -
28 * 8.291 - - Y -
29 * 8.405 Y - - -
30 8.450 - - - Y
31 8.823 - - Y -
32 8.922 - - - Y
33 8.966 Y - - -
o 34 9.215 - Y - -
35 9.527 Y - - -
! 36 9.834 - - Y -
*) Modes of special interest
Y) Mode can be excited
Table 1. Modes of special interest and the

ability to excite them with the
selected pairs of thrusters

—= FREQUENCY/Hz

Figure 6. Calculated MIFs for impulse exci-
tation applied to all available
eight exciter locations (upper
plot) and four selected exciters
(lower plot)

-3
7 . Y (10 “m) RESPONSE TO EXPONENTIALLY

DECAYING SINUSOIDAL EXCITATION

-3
Y (107"m) RESPONSE TO IMPULSE EXCITATION

e e S =y + J — — - —r—

100 0 —— TIME/sec 100

{ —e=  TIME/secC

figure 7. Cslculated rosgonsol at a certain response location using a) impulse,
b) exponentially decaying sinusoidal excitation
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AUTO SPECTRA

—— —r— —r 3
1) NO MISMATCH 3
2) 5 PERCENT MISMATCH
E:;g»l 3) 20 PERLENT MISMATCH |
j=—2

DRIV!LG POINT ]
— EXCITER FORCE

10

1078

1076

0

6 8
—= FREQUENCY/Hz

7 8 9 10
—e= FREQUENCY/Hz
Figure 9. Effect of a frequency mismatch on
Pigure 8. Indicator and significance func- the identification potential of
tions for the multi-point random expouentially decaying sinusoidal
excitation test excitation

ANALYTICAL MODEL RANDOM TEST FREQUENCY DESCRIPTION

FREQUENCY DAMPING FREQUENCY DAMP. DIFFERENCE OF THE IDENTIFIED MODE SHAPE

[HZ] (%] [(BZ] (%) [%]

0.147 5.7 0.167 4.0 -12,0 RIGIB BODY X-TRANSLATION

0.149 1.5 0.162 4.4 -8.0 RIGID BODY Y-TRANSLATION

0.155 7.5 0.182 5.5 -14.6 RIGID BODY Z-ROTATION

0.730 0.7 0.730 1.0 0.7 RIGIB BODY Y-ROTATION

0.748 0.7 0.748 1.0 0.4 RIGID BODY 2-TRANSLATION

0.874 0.2 0.901 0.4 -3.1 RIGID BODY X-ROTATION

1.473 0.2 1.506 0.2 -2,2 TRUSS X-TORSION

1.738 0.3 1.733 0.4 0.3 TRUSS 1ST 2-BENDING

1.883 0.3 1.908 0.4 -1.3 TRUSS 1ST Y-BENDING

----- —— 2.782 1.6 ——— REFLECTOR Y-BENDING

2.839 0.1 3.180 0.5 -10.7 REFLECTOR X-BENDING

3.419 0.1 3.228 0.4 SUSPENSION CABLE X-BENDING

3.486 0.1 3.234 0.3 LINEAR COMB. OF CORRESP. FE-MODES
----- —— 3.409 0.4 - REFLECTOR UMBRELLA-MODE

4.032 0.1 4.070 0.3 -0.9 TRUSS 2ND Y-BENDING

4.392 0.1 4.381 0.5 0.3 TRUSS 2ND Z-BENDING

5.501 0.1 5.376 0.7 2.3 REFLECTOR TORSIONAL MODE

6.179 0.1 6.001 0.9 3,0 REFL. UMBRELLA-MODE 1)

6.231 0.1 7.160 0.7 -13.0 REFLECTOR Y-BENDING 1)

6.471 0.1 6.207 0.3 4.2 HORIZONTAL APPENDAGES X-BENDING
6.670 0.1 6.739 0.2 -1.,0 TOWER X-BENDING

7.372 0.1 7.368 0.4 0.1 TRUSS 3RD 2-BENDING

8.368 0.1 8.293 0.3 -0.8 TRUSS 3RD Y-BENDING

8.456 0.1 8.870 0.4 -4.7 REFLECTOR X-BENDING 1)

8.966 0.1 9.188 0.2 -2.4 TRUSS AND APPEND. LOCAL BENDING

1) REFLECTOR’S RIBBED STRUCTURE MOVING OUT-OF-PHASE VS. MIRROR AT ITS CENTER

Table 2. Comparison of the modal parameters identified using random excitation and those of

the existing analytical model
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Smart Materials for Helicopter Rotor Active Control

H. Strehlow, H. Rapp

Deutschland GmbH
P.0.Box 801140
8000 Miinchen 80, Germany

SUMMARY

A major improvement of helicopter performance and
comfort can be achieved by the implementation of rotor
active control technology (RACT). Especially the intro-
duction of individual blade control (IBC) is a subject of
current research activities. But the breakthrough of this
technology is still missing due to the lack of appropriate
rotating blade actuation systems. Smart materials may
open a new possibility for the realisation of rotor active
control.

A survey of current hydraulic individual blade actuation
systems shows that these are very complicated and heavy.
Blade actuation by smart materials offers the chance for
an electrical system integrated into the blade itself. A
study of different blade actuation systems shows that in
principle there is the possibility of achieving this goal.
But, today the available materials are not ready for real
"smart” applications. The preferred materials - piezo-
ceramics - show a too low tension strength and very low
active strains. Therefore, at this time the only feasible
blade actuation system for individual blade control seems
to be a hinged flap at the outer third of a rotor blade. This
flap can be controlled by a smart (piezoelectric) actuator.
Estimations have shown that such a system will work in
the desired way.

LIST OF SYMBOLS

C; stiffness coefficients, N/mm®
S,  compliance coefficients, mm’/N

€ piezoelectric coefficients, N/Vmm

d; piezoelectric strain coefficient, mm/V
E, electric field, V/mm

a, thermoelastic coefficient, N/mm°K

A cross section area, m*

Cys  aerodynamic coefficient

D modal damping

El bending stiffness, Nm®

generalized blade inertia, kgm®

rotor radius, m

voltage, V

temperature difference, K

RS~

gain
blade semichord, chord, mm
generalized blade damping, Nms
lever amm length, mm

length, width and thickness, mm
distance of piezo layers, mm
geometrical dimensions, mm

end deflection of a bar, mm

thermal coefficient of expansion, 1/K
end deflection angle (slope) of a bar
longitudinal strain

lock oumber

w had [

"#'@f{

shear strain

longitudinal stress, N/mm*

shear stress, N/mm*

twisting, deflection angle

fundamental blade natural frequency, 1/s
generalized coordinate

slope of the fundamental bending mode
nominal rotor speed, 1/s

equivalent blade lead-lag deflection

ubscript:

structure without piezoceramic material
electrical

Neck

piezoceramic material

lead-Iag bending

1. INTRODUCTION
One of the most recent trends and promising concepts is
the incorporation of smart materials technology in the
construction of the next generation rotary-wing aircraft.
There are three areas where smart materials are likely to
play an important role for future aircraft:
- Rotorcraft Health & Usage Monitoring,
* System Monitoring,
» Vibration Signature,
- Blade Shape Control,
- Rotor Active Control,
« Blade Impedance Control,
« Individual Blade Control.
The development of reliable low cost health and usage
monitoring systems (HUMS) for helicopters requires
appropriate small mechanical (micro) sensors and soph-
isticated electronics signal processing. "Smart sensors” -
a combination of miniaturized sensors and integrated
circuits - offer a very attractive potential for system
monitoring and vibration signature.
The performance of modem helicopters has been
improved by special aerodynamic profiles. A further
optimization may be possible by blade shape control. For
instance the dynamic stall flutter behaviour of the
retreating blade may be changed by modifying the blade
profile. Smart materials offer the chance to realize such
advanced concepts.
The realisation of helicopter rotor active control concepts
is a challenge for the helicopter engineers for a long time.
The application of servo-hydraulic actuation systems has
posed many technical problems especially when active
blade control in the rotating system is required.
Int!ilpqermnltsohtuxlbilhymdyueptmd
which has been performed at Eurocopter Deutschiand
GmbH (BCD). The goal was to find out potential appli-
cations of smast materials actuation systems for helicopter
rotor active control.
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Control
Rod

Tailored Blade Neck

Hingeless Rotor with Elastomeric
Pitch Bearings

Elastomeric
; Damping

Flexbeam

Bearingless Rotor with
Control Rod

Elastomeric
Damper

Torque
Tube

Flexbeam

Layer

Bearingless Rotor with
Torque Tube

Fig. 1: Modem Rotor Systems

2. ROTOR CONCEPTS AND SMART
ACTUATION

The proper integration of smart materials technology in
modem helicopter rotor concepts is the key for the design
of efficient, simple and reliable rotor actuation systems.
Before this difficult task can be attacked some details of
modem main rotor designs are presented and different
goals of rotor active control technology are listed. Finally
the most promising rotor blade control concept is
identified and important requirements for the envisaged
realigation by smart materials are noted.

2.1 Hingeless and Bearingless Rotors - State-of-the-
Art

In the last two decades the application of composite and
elastomeric materials has had the most beneficial impact
on the design of new helicopter rotor systems. These new
materials have made it feasible to develop and manu-
facture advanced rotor systems of reduced complexity by
eliminating partly or totally conventional blade root
hinges and bearings. Figure 1 shows the main components
of modem rotor systems.

'l‘heywnnbeducussedshortlyforbetmundemmdmg

the needs and expectations of helicopter engineers on

smart materials. The soft inplane hingeless and bearing-
less rotor concepts (Figure 1) can be characterized in the
following way:

Hingeless rotor system: The flapwise and chordwise
bending motions of the rigidly attached composite
blades are facilitated by elastic deformations of the
blade neck. Blade pitch control is achieved by using
elastomeric pitch bearings and conveantional pitch root
control linkages in the rotating system. For adequate
lead-lag blade damping a mechanical damping device
is provided. (Note: Fig. 1 left, the fluid damper is not
shown).

Bearingless rotor system: The elimination of all blade
mhmwmawdﬁwdm
posite flexbeam which accomplishes both bending and
torsional biade motions. The pitch control forces
spplied to the pushrods ase transmitted as torsional
moment to the outer part of the biade via a stiff control

rod and tube, respectively. For adequate blade lead-lag

damping a viscoelastic shear damper is implemented

using elastomeric materials with a high loss factor.
Both the hingeless and the bearingless rotor systems are
equipped with a conventional swashplate and hydraulic
actuation systems for primary flight control tasks.
The three rotor designs, shown in Figure 1, were devel-
oped by MBB - now Burocopter Deutschland (ECD).
They are more fully discussed in Ref. 1 to 3. A com-
prehensive review of bearingless main rotor (BMR)
technologies in Europe and the USA is given in Ref. 4.
There it is stated that the main goal of this new rotor
concept is simplicity because of the favourable implica-
tions for rotor system weight, cost, reliability and main-
tainability. Figure 2 shows the ECD’s BMR-design which
was successfully flight tested on a BO108 prototype

hehcopter

Fig. 2: Bearingless Main Rotor on an ECD-BO108

2.2 The "Ideal” Smart Rotor - Prospect

Thus, modem rotor hubs loose their bearings - concluded
in Ref. 4 - by using composite and elastomeric materials.
Butmammme?keeuﬂyuawodahop
rotorcraft dynamics and acroelasticity (Ref. §) the fol-
lowing two questions are posed:

"Can smart materials make helicopters better?"

Or: "How can we make the rotor betser?"




Due 10 Ref. 5, the "ideal" smart rotor concept could
look like Fig. 3.

Distributed Trailing Edge
/ Control Elements
Eliminate Torque Tube,
Eliminate Actuators Lag Damper

Eliminate Swashplate
Fig. 3: Smart Helicopter Rotor

The smart rotor has lost both the bearings and the control
linkages. The conventional collective and cyclic blade
controls through a swashplate and hydraulic actuators in
the fixed system are replaced by "smart” blade trailing
edge flap actuation in the rotating system. This control
concept is principally able to fulfil all needs coming from
the flight mechanics (primary rotor flight control) and the
aeromechanics (servo-aeroelastic blade controls).

The following Table 1 collects the most typical design
characteristics of the three rotor concepts discussed 5o far.

Table 1: Design characteristics of rotor concepts

eliminated eliminated|
elimi lIel' : edl
elastomeric Fehmmatedl
damper

i swashplate, |eliminat
i i pitch hom,
control links control tube

The "ideal" rotor concept is a very ambitious concept of
the future and currently studied mainly by research
institutes (Georgia Tech, USA, for instance, see Ref. 6).

2.3 Individual Blade Control - Status

The activities of the helicopter industry in Furope as well
asinthe USA are concentrated on concepts which promise
major improvements of helicopter performance and
comfort by implementation of rotor active control tech-
nologies (RACT). They do not have the replacement of
the conventional flight control systems with swashplate
actuation as their near term goal. Especiaily the intro-
duction of individual blade control (IBC) with limited
suthority is subject of imtensive research activities
worldwide.

In a research programme started in 1989 between BECD
and HFW (Heuaschel Flugreug Wetke) a full scale IBC
system was implemented at the BO105 helicopter and
flight tested successfully, Ref. 7 and 8. This system uses
servo-hydrutic pitch link actuators inthe rotating system.

5-3

The actuators replace the conventional pitch link rods of
the BO105 hingeless rotor system, whereas the collective
and cyclic control is fully maintained.

The control authority of the IBC actuators was limited to
10.4° pitch displacement at the blade root due to safety
congsideration. A separate hydraulic power supply was
installed in the fixed system. Thus, both a hydraulic and
an electrical slipring are needed for the power and control
signal transfer between the rotating and the non-rotating
system. Figure 4 reveals some more details of the
HFW-IBC concept. This system is currently prepared for
full scale open loop tests in the NASA Ames 40 by 80 ft
wind tunnel.

Fig. 4: Individual Blade Control System at a BO105
Rotor

The HFW system is the most spectacular attempt to realize
hydraulic driven individual blade actuation concepts.
Other activities are reported in the literature with
emphasis on model rotor research activities. But the
breakthrough of the IBC technology is still missing due
to the lack of simple and reliable rotating blade actuation
systems.

2.4 Smart Rotor Blade Actuation - Goals

Rotor active control technology (RACT) has a broad
scope. The interest of ECD is concentrated on the
development of technologies that may have impact on the
expansion of the flight envelope of the next generation
belicopters, see Ref. 7 to 9. An overview of the various
RACT-goals is given in Fig. 5 using rotating induced
strain actuation systems (smart materials).

In Figure 5 two different blade control concepts are
shown:

Blade Impedance Control: The capability of changing the
blade stiffness, damping and mass characteristics by
using fully integrated smart composite structures is a
very demanding task. The realisation of a rotor with
varisble bub stiffness (tuning of biade flap bending
natural frequency) or introduction of artificial blade
lead-lag damping for providing adequate aerome-
chanical stability margins of soft inplane rotor systems
may be achieved solely by smart blade neck or blade
sttachment bending actuators.
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Blade-Impedance Control for
- Artifical Damping

- Frequency Tuning
Solution:

Blade Neck Actuators

Individua! Blade Control for

- Vibration/Noise
Reduction

- Stall Futter Suppression

- Lift Optimization

- Primary Flight Control
(without Swashplate)

Solution:

Blade Torslonal Actuators
Active Blade Twist

Active Flaps

Fig. 5: Rotor active control technology - Goals

Individual Blade Control: Controlling the lift distribution
of each blade individually by actively changing the
torsional deflections and flap of the blade respectively
offers the possibilities to control and optimize the lift
distribution and to suppress aeroelastic biade oscilla-
tions by stability augmentation and disturbance rejec-
tion feedback controllers. Since a smart IBC-system
cannot be realized by a simple replacement of the
existing rotating pitch link rods, new concepts have to
be developed. In principle the smart IBC may be
accomplished by designing

« blade neck torsional actuators (hingeless rotors),

« active control rods (bearingless rotors),

« fully integrated smart structures for distributed
blade torsional control,

« smart blade flap actuation systems for blade

For helicopter rotor active control by smart materials the

IBC-conceptisjudged to be more efficient than the "plain”

impedance control concept. The active control of the blade

aerodynamic load distribution by relative small torsional
deflections results in high control forces. Smart

IBC-concepts are studied in Ref. 5 and Ref. 10to 13. The

principle and possibilities of smart impedance control

applied to flexible structures are outlined in Ref. 14. An
overview of the current and planned European activities

is gathered in Ref. 15.

In this paper the feasibility of a smart IBC-system for
servo-aeroelastic rotor blade control purposes is investi-
gated. This system should be adaptable to ECD's hinge-
Jess or bearingless rotors and should allow the
investigation of means for rotor performance enhance-
ments, stall flutter and comfort improvement
by vibration and noise control. In addition improving the
acromechanical stability with respect to ground and air
resonance should be possible using active biade lead-lag
damping sugmentation or active equivalent pitch-lead
coupling.
The following requirements are used as guidelines in the
feasibility study:

Active biade torsional deflection: (1 + 2)°

(st radial position 0.7 R),

Active blade flap deflection: +(4 + 6)°
(10%-flap at outboard position).

Active blade modal damping augmentation; 2%
(lead-lag bending mode).

Actuator bandwidth needed: up to 100Hz.

3. SMART MATERIALS FOR HELICOPTER
APPLICATIONS

Helicopter applications require special properties of the
used smart materials. Especially for the individual blade
control, the materials have to react very quickly to reach
the necessary actuator bandwidth. Purthermore the
materials have to endure the strains of the structure where
the smart materials are bonded to. In the following, the
available smart materials and the possible candidates for
helicopter blade actuation systems are reviewed.

3.1 Available Smart Materials

The research on smart materials has just begun. So there
is an increasing number of candidate materials and
material systems which may be suited for smart structure
actuators. Some of these are

Piezopolymers,

Piezoceramics,

Electrostrictive ceramics,

Magnetostrictive rare earth alloys,

Shape memory alloys.
Each of these materials has its special properties and with
this its most suited field of application. Piezoelectric
materials and the magnetostrictive rare earth alloys are of
special interest for actuators in a helicopter rotor system.
These materials show a high potential of inducing forces
into structures, and they allow the moderate control
frequencies (up to 100 Hz), needed for helicopter rotor
active control.

Shape memory alloys actually show high stiffness too and
a larger active strain than and magneto-
strictive materials, but due to the necessity of heating up
the material the dynamic response frequency is much
lower. Therefore, these materials can only be used for
quasi-static applications. Purthermore, their active strain

| S —
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cannot be controlled exactly, because the temperature-
strain characteristic is very steep and tbe accurate con-
trolling of the temperature within one degree is very
difficult.

Electrostrictive materials are similar to the piezoceramic
materials, but their active strains are smaller. They are not
further considered.

The magnetostrictive rare earth alloys show a high stiff-
ness and a rather large active strain. These materials are
controlled by a magnetic field, which must be created by
acoil and an electrical current. Magnetostrictive materials
are expensive and as they always need the magnetic coil
such systems are heavy.

For these reasons, the most favourable candidate material
for the use as actuator in the helicopter rotor seems to be
the piezoceramic material. This is because of the relative
high stiffness (Young’s modulus) and resulting from this
due to the capacity ofinducing high forces. Unfortunately,
the active strain of the material when subjected to an
electrical field is rather small. Today, the maximum
piezoelectric strain for an electrical field of 1000 V/mm
is about 0.5%o in the 3-direction and 0.25% in the 1- or
2-direction, respectively.

Piezopolymers have a much lower stiffness, but a higher
active strain and better strength properties. Further
investigations must show, whether these materials can be
used as actuator materials, t0o.

At the horizon there is coming up a new class of piezo-
electric materials, made from a gel. It is expected that
these materials have better properties than the piezo-
ceramics. The im piezoelectric strain coefficients
will be a factor of 10 higher than those of piezoceramics.
Therefore, in the following piezoceramic material is
considered to be the smart material for helicopter rotor
active control.

3.2 Piezoceramic Materials

Piezoceramic materialsinduce anelectrical voltage if they
are subjected to mechanical strains. On the other hand, if
a voltage is applied at two opposite sides of the material,
it reacts with mechanical deformation. This behaviour is
knownas piezoelectric effect and it can be used for sensors
and actuators equally. This attracts special attention to
these materials for control applications.

3.2.1 Material Law

Piezoceramics can be considered as ic material
like a composite unidirectional laminate. In a plane
perpendicular to the orientation of the piezoceramic, ithas
even isotropic properties (transversely isotropic material
in the plane 1.2 of Fig. 6). The constitutive equation of
such a material is given by Equation 1.

b4
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In this equation the influence of an applied electrical field
E, is shown by the coefficients ¢;. One can see that these
electrical strains act like thermal strains with one differ-
ence: For orthotropic material there is no temperature
induced shear deformation. However, the piezoelectric
material shows such shear deformation if an electrical
field E, or E, is applied. For structural mechanics this is
no difficulty, as orthotropy is a special case of anisotropy,
and anisotropic materials show shear strains due to
temperature, too. Therefore every theory which can
handle thermal strains and anisotropic materials is suited
to describe the behaviour of a piezoceramic material as
an actuator. Of course, also the interaction of piezo-
ceramic materials and other materials can be investigated.
By substituting a new coefficient b, for the sum of the

thermal and the piezoelectric strains
P,' [0 0 e] (a;
bz 0 0 €y E a,
bg 0 0 e !
AT = sHE|+Blar @
b‘ 0 e 0 E’ 0 ( )
b es 0 0“7 10
5] Lo o o] L0
and writing these new coefficients b, as a function of the
piczoelectric and thermal coefficients

i 1
b= AT eyEytay, b= AT enE, +ay,

1
ba'z‘f‘uzv bs"zl-r"‘uEv be=0 Q)
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a pew ondinary thermoelastic material equation for
anisotropic materials is given which can be used in any
structural analysis (e.g. the classical lamination theory):

o, (Cy Cp Cs 0 O 0 e
o C, C, Cs 0 O 0 iy
ol |Cs Cs Cx 0 0O 0 iy
*1=slo o o0 ¢, © 0 -
T “ Yas
0 0 0 0 C, 0
T Tax
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5]
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55 AT 4
b |2 @
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h-b.~

Herewith, the effect of the piezoceramic material in
combination with any other material can be investigated.
Sometimes the material equation written in terms of
stresses is useful. In such an equation, the thermal and the
piezoelectric strains are included explicitly.

(&] [Su S S O O 07fc]
&l [S2 Su S O O Offc
&| |Ss Ss Ss O O Ofjo,
w0 0 0 5, 0 o’
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(Y] L0 0 0 0 0 S| %

[0 0 dy] [ Oy |

I

1

0 0 dullp |4 o|ar. ®)

0 45 O 0

4, o o™ |o

0 0 o [ 0]

i3 equation shows two different types of piezoelectric

strains:

1. Ifanelectric field E, is applied the material reacts with
longitudinal strain €,, &, and &, This deformation
behaviour can be compared directly to the thermal
expansion.

2. If an electrical field E, or E, is applied, the material
reacts with shear strain v,, and 7y,, respectively. For
onthotropic materials, there is no corresponding ther-
mal deformation, but anisotropic materials have such
a form of thermal deformation. So, with respect to the
piezoelectric deformation, these materials have to be
considered as anisotropic.

For the use as actuator in helicopser rotor blades both types

of piezoelectric effects are investigated, regardiess of the

possibility of realisation. Further details on piezoelectric

materials are given in Ref. 16 and 17.

3.2.2 Material Data

Typical data of piezoceramic material are shown in the

following table:
Young'’s modulus in 1-direction: 66000 N/mm’,
Young’s modulus in 2-direction: 66000 N/mm’,
Young’s modulus in 3-direction: 55000 N/mm’,
Shear modulus in 12-direction: 26000 N/mm?®,
Compression strength: 600 N/mm?,
Tension strength: 80 N/mm’,
Piezoelectric strain coefficient dy;: -2.5 107 mm/V,
Piezoelectric strain coefficient dy: 5.0 107 mm/V,
Piezoelectric strain coefficient d;s: 8.0 107 mm/V.

With a reasonable maximum electrical field of
1000 V/mm the maximum active piezoelectrical strain &z
is 0.25 %o and 0.50 %o respectively, the maximum shear
strain is 0.80 %e.

4. ROTOR ACTIVE CONTROL BY SMART
MATERIALS - FUNDAMENTALS

The application of strain induced piezoceramic blade
actuation systems can be accomplished in different ways.
Of course, the smartest way is a full integration of the
actuator into the blade itself. For the feasibility study
simplified induced strain actuation models of beam- or
plate-like composite structures for bending and torsion
are needed. Therefore in this section the mechanics of
strain induced actuators ideally bonded on (composite)
bars and plates are given and the formulas for estimating
the strain induced deformation are derived. A similar but
more sophisticated approach is used in Ref. 18 to 20.

4.1 Bending of Bars by Piezoceramics

One application of piezoceramic material is the bending
of bars or plates. Figure 7 shows asection of a rectangular
bar (the rotor blade can be considered as a bar). The top
and bottom side is covered with piezoelectric material. If
an electrical field is applied to the piezo plates in such a
manner that the top plate reacts with extension and the
bottom plate reacts with contraction, the shown bending
strains are induced to the bar.

o ’ "\ esuling Bending Siran Diskbution
N Plazoslectric Strain (Contraciion)

Fig. 7: Bending of a rectangular bar

If the bar with the length / is built in at one end, the

deformation w and the deflection angle p at the other end
can be calculated by the formula:
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Herein El, denoies the bending stiffness of the bar without
the piezo plates while EI, denotes the bending stiffness
of the two piezo plates itself. The piezoelectric strain g,
follows from the piezoelectric strain coefficient d;, and
the applied electric field E,:

e =dy ks o

If the bending stiffness of the bar is small compared to the
stiffness of the piezo plates, the Equations 6 simplify to

’ 21
weren  P=jer ®

4.2 Torsion of Bars by Piezoceramics

Generation of twist in a bar by piezoceramics is more
complicated. Twisting of a bar can be achieved by
inducing shear deformation on the surfaces of the bar
according to Fig. 8.

Fig. 8: Torsion of a rectangular bar

If the stiffness of a rectangular bar is neglected and shear
strain is introduced only at the upper and the lower face
of the bar, the twisting angle can be calculated by

l
0= I'Yx- ®)

Because of ignoring the torsional stiffness of the bar,
Equation 9 represents an upper bound of the real twisting
angle.

From Equation 5 one can see, that piezoceramic material
is able to create shear deformations directly by means of
the electric field E, and E, in combination with the
piezoelectric strain coefficient d,;. However, for practical
applications this effect cannot be used. The piezoelectric
effect will be destroyed, if large electrical fields £, or E,
are applied (depolarisation). Therefore, shear deforma-
tion has to be generated by use of the longitudinal strain
&,, &, and ¢, created by the electrical field E,.
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0, =0y =1

Fig. 9: Normal and shear stresses

From Figure 9 it can be seen, that for a pure state of shear
stress the principal stresses in the directions I and II are
tension and compression of the same magnitude. If only
one of these normal stresses is present (e.g. the tension
stress o, the compression stress o, shall be zero), shear
stresses exist too, but together with normal stresses. The
stresses can be derived from Mohr’s circle. For most
applications, the additional normal stresses do not matter.
So, shear deformation can be generated if it is possible to
introduce a longitudinal strain in the 45° direction
(Fig. 10).

Fig. 10: Torsion of a rectangular bar by longitudinal
strains

The maximum twisting angle (under ignoring of the
torsional stiffness of the bar) then can be calculated with
T=Es'

1
0= Exs. (10)

4.3 Active Rotor Blade Control by Piezoceramic
Actuator/Sensor-Systems

The application of the piezoceramic bending and torsion
actuators foran active rotor blade feedback control system
is in principal straightforward and best explained for a
hingeless rotor system. For this rotor system a simple
collocated blade neck actuator/sensor arrangement can be
used for both bending and torsion, as shown by the
following two examples:
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Active lead-lag blade damping: The bonding of piezo-
ceramic materials on both sides of the blade neck allows
the active generation of bending strains and moments
according to Fig. 7. The complete control system with
the actuators/sensors is presentedin Fig. 11. In this case
a robust integral feedback controller may be used for
lead-lag damping augmentation. The benefits of this
control concept are described in Ref. 21 for example.

Voltage

Fig. 11: Active blade neck bending for lead-lag damp-
ing augmentation (principle)

Individual blade control: The use of "directional” bonded
piezoceramic materials (antisymmetric angle-ply
"laminate”) in the blade neck area provides the means
for generating torsional deflections according to
Fig. 10. The control concept with the smart
actuator/sensor-system is shown in Fig. 12.

Plezosleckic - Actuaiors *1*  (Top) RSN

Conrll  Orientedat 48 |  he-oos,
o — i
Voltage Controb Serwor Signel
Ampifier Procsesing

Fig. 12: Active blade neck twisting for IBC (principle)

It should be noted that the design of the feedback con-
troller, the selection of (smart) sensors, the data pro-
cessing system and the layout of the high voltage
amplifier was not subject of the feasibility study. This
work has to be done later if appropriate blade actuation
systems are actually designed.

S. SMART ROTOR BLADE ACTUATION -
FEASIBILITY STUDY

The feasibility of smart rotor blade actuation is investi-
gated now for the hingeless and bearingless rotor systems.
The design parameters are oriented on ECD’s rotor bub
designs presented at the beginning, see Fig. 1.

5.1 Generation of Damping and Twist at the Blade
Neck

"Strain induced blade neck actuators are in principle well

suited for hingeless rotors to (1.) increase the modal
lead-lag damping of the fundamental inplane blade
bending mode and to (2.) generate torsional inputs for
individual blade control. The rotor data used in the
following two subsections are similar to the data of the
Tiger hingeless main rotor presented in Fig. 13. More
information related to this soft inplane fibre elastomeric
13 m diameter rotor with a fluid blade damper to prevent

ground and air resonance can be found in Ref. 1.

Fig. 13: Hingeless fibre-elastomeric main rotor

For applications in the blade neck section, the smart
material must sustain the strain level in that area. Typical
strain levels are 3 to 7 %o. Actual piezoceramics cannot
endure such strains in tension. Prestressing the material
may improve such situation, but it will bardly solve it. For
future applications, the tension strength of such materials
has to be improved.

5.1.1 Bending the Blade Neck

The bending actuation of the blade neck is achieved by
surface bonded piezoceramics (Fig. 14) on both sides and
appropriate voltage control.

Plezoceramic
Blade neck
Fig. 14: Rotor blade with piezoceramic lead-lag bend-

ing actuator
The problem of modal damping augmentation by piezo-
electric actuators has been extensively investigated in the

literature. InRef. 18 adynamic beam modelis analytically
derived using simple rate feedback. In order to apply this




theory to the blade damping problem some definitions are
given. The blade modal damping of the fundamental blade
lead-lag bending mode is defined by

D‘=—2@. (1)
Herein ax, d; and /; denote the blade natural frequency,
the generalized damping and the generalized inertia
respectively. The corresponding blade modal deflection
is determined by
u(r,£) =0 r)-n() (12)
with the mode shape ®; - normalized to 1 m blade tip
deflection - and the generalized coordinate 1. With these
definitions the estimation of the generalized blade
damping at the actuator saturation limits reads as
d= Come: 1
¢ O, 1+%’i

ZEIW ’ ’
. . @) Oc ). (13)

The bending stiffness of the blade neck and the actuators
are denoted as Ely and El, respectively. The later is
approximated by

1
El, =3 tyt,yE,, (14)

where 1, and hy denote the width and height of the blade
neck, 1, describes the thickness of the piezo plates.

The maximum generalized blade lead-lag amplitude is
estimated by the equivalent rigid body angular deflection
(amplitude §) about an equivalent hinge with the offset a

. R-a)
Momas ="

The mode shape - deflection, slope, curvature - of the
Tiger blade at nominal rotor speed is presented in Fig. 15.
As can be seen the piezoceramic blade neck actuators are
optimally attached in regions with high slope. In Table 2
all numerical data are collected which are needed for the
estimation of the active lead-lag damping capacity of
smart piezoceramic blade neck actuation.

Table 2: Tiger data for active lead-lag modal damping
augmentation

8.  (R=Rotorradius) (15)

Mean blade neck bending stiffness El; : 2.2-10° Nm?
Slope of 1" bending mode

at neck beginning (r =0.65m) @ : 0.046

at aeck end (7 = 1.20m) @ :0.145
Generalized blade inertia I, :164kgm’
1* natural bending frequency o :2381/s
Rotor radius R :65m
Equivalent hinge offset g :091m
Width of blade neck ty :0.110m
Height of blade neck ky :0.060m
Thickness of piezo plate t, :0001m
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Fig. 15: Modal data of the lead-lag bending mode of a
hingeless rotor blade (Fundamental frequency: 3.8 Hz
at 100% rotor speed)

The calculated maximum active blade modal damping
values are plotted in Fig. 16 for different lead-lag blade
amplitudes. Obviously the envisaged damping augmen-
tation of 2% cannot be achieved by this simple arrange-
ment. A multilayered actuation system may improve the
situation but was not further investigated due to the
general limitations of piezoceramics bonded at high

strained blade necks.
25 Y Y H
Note: F lo blade
e 2 \ ot saturation Design
AmpRude
.0\ =
18
\ .
\ 7
1 \\ %
i 0s ,\‘ — 'é
1%
° 0 02 04 06 08 1 12 14 18 18
Equivalent Lead-lag Amplitude, Degrese
Fig. 16: Active blade lead-lag damping augmentation
versus amplitude
$.1.2 Twisting the Blade Neck

The application of "directional” attached piezoceramics
in the blade neck (Fig. 17) is studied next in more detail.
Object of this investigation is to have a measure for the
maximum torsional deformation, one can reach with the
use of piezoceramic material.
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Plezoceramic
Blade neck

Fig. 17: Rotor blade with piezoceramic twisting actua-
tor

For a typical piezoceramic material with the material data
givenin 3.2.2, the maximum twisting angle for a bar with
athickness of 60 mm (see later, Fig. 23) can be calculated
according to Equation 10 to about 0.24 */m. This value is
valid if the torsional stiffness of the bar itself i3 neglected
and when one succeeds todirect all the piezoelectric strain
(0.25 %o) into the 45° direction. In reality not all the
piezoelectric strain can be directed into the 45° direction.
Additionally, the torsional stiffness restrains the defor-
mation, so that the real twisting angle always will be less.
The behaviour of piezoceramic material in the 1-2 plane
is isotropic, this means, the strains in all directions in this
plane are the same. To direct these strains in the 45°
direction, different methods exist.

Methods for Inducing Shear Strain

One method suggested in Ref. 10 is to attach the piezo
strips only partially to the blade neck (Fig. 18 and 19).
With that, the stiffness in direction of the bonding line is
partially decoupled from the stiffness perpendicular to the
bonding line. In the direction of the bonding line the full
stiffness is effective while perpendicular to this axis the
effective stiffness depends from the ratio strip width to
bonding width r/s. For a ratio of zero the stiffnesses are
fully decoupled, the more realistic ratio of 0.5 yields a
stiffness ratio of the same value.

Piezo-strips with bonding line

Base material (rotor blade neck)
Fig. 18: Piezo strips, partially bonded, oriented under
45°

Plezo-strips Base material (roter biade neck)
Fig. 19: Partially bonded piezo strips

These partially bonded piezo strips are a more academical
solution, because they will cause trouble when loaded
dynamically. Another solution is that one shown in
Figure 20. The piezo strips are bonded over the whole area
tothe blade neck, but they cover only a part of the available
area,

Base material (rotor blade neck)
Fig. 20: Blade neck partially covered with piezo strips
Again, the strips are bonded under an angle of 45° to
induce torsion. This method is good with respect to

strength, but it has a poor efficiency.

A better possibility is the use of piezoceramics, sand-
wiched between two layers of unidirectional high
modulus laminates (Fig. 21). These laminates nearly
totally restrain the strain of the piezoceramics in the fiber
direction, but do not have a remarkable influence per-
pendicular to that direction.

A
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Base material (rotor biade neck)

Fig. 21: Piezo strips sandwiched between two unidirec-
tional layers

In this case, the piezoceramics and the unidirectional
layers are bonded together over the whole area, the
unidirectional layers have an orientation angle of 45° with
respect to the blade axis. A disadvantage is a significant
amount of coupling between axial force and torsion due
to the angle of 45°.

The last very interesting solution is shown in Figure 22.
In this case the shear deformation mode of the piezo-
ceramic material is used. Though this effect cannot be
used today for such an application, it is presented here to
show the potential the materials have.

Piezo material

Base material (rotor biade neok)
Fig. 22: Torsion induced by shear deformation
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Active Twist Precaiculations

All investigations are done by using the classical lami-
nation theory (Ref. 22). Figure 23 shows a typical lami-
nate of a rotor blade neck with applied piezoceramic
material. The given dimensions are valid for the Tiger (in
brackets for an advanced BO105) rotor blade.
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Fig. 23: Blade neck laminate

The twisting angle is calculated from the laminate stiff-
ness matrix. For the laminate from Figure 23 and partially
bonded piezo strips (r/s=0.5, Fig. 19) the twisting angle
versus the thickness of the piezoceramic layer is shown
in Figure 24. The maximum twisting angle which can be
achieved with this configuration is about 0.041°/m for the
Tiger rotor blade (0.053°/m for the advanced BO108
blade). Compared with the maximum possible twisting
angle of 0.24°/m and 0.32°/m respectively (following
from Equation 10) the efficiency of this configuration is
very low.
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Fig. 24: Twisting angle versus thickness of piezo-
ceramic layer
Figure 24 shows a maximum of the twisting angle. Due
to the increasing stiffness of the piezo layer the twisting
angle increases with increasing the thickness of the piezo
layer, up to a maximum angle. Further increasing of the
piezo thickness results in a decrease of the twisting angle
because the increasing effective distance of the piezo
layers prevails over the increasing stiffness. Due to
Equation 10this results in adecrease of the twisting angle.
From this follows that for a specific configuration
(laminate lay-up and geometry) a maximum twisting
angle exist.

. ion 4
(Ref. 23) are particularly useful fordlecnlcuhﬂonofdn
twisting angle. With such tools the most efficient con-
figuration of laminates and piezoceramics can be found
very easy.
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Active Twist Optimization

Objective of the current investigation is to determine the
maximum twisting angle which can be reached with the
available materials. The basis is the neck of the Tiger and
the BO105 rotor blade (similar to Figure 23). A laminate
with the thickness and the torsional stiffness of the real
rotor blade neck is covered by layers of piezoceramic
material. In the following investigations the laminate data
of Table 3 are used.

Table 3: Laminate material data

Young’s | Youngs | Shear |Poisson’s
odulus 1]Modulus 2|Modulus| Ratio
N/mm’ | N/mm* | N/mm® -
*
11600 4400 0.27

|GFRP, 13700 | 13700 | 12900 | o057
+45°
CFRP- 16500 | 16500 | 34400 | o0.78
HT, +45°

'UHM,

CFRP- J 420000 | 3700 | 3100 | o036
%

The necessary thickness of the piezoceramic layers ¢,,,,
and the resulting maximum twisting angle 0, are
determined for each of the following variants:

Variant 1: Piezo strips partially bonded (r/s=0.5)
Variant 2: Blade neck partially covered

Variant 3: Piezo strips sandwiched between CFRP-UD
Variant 4: Shear deformation

During the optimization procedure, the torsional stiffness
of the laminate is held constant. This is necessary, as the
piezoceramic material has a relatively high Young's
modulus and therefore it has an influence on the stiffness
which cannot be neglected. Constant torsional stiffness
can be achieved by simultaneously changing the thick-
nesses of the individual laminate layers together with the
thickness of the piezo layer. Strength constraints are not
considered in this investigation. The results are shown in
Table 4.

Table 4: Maximum twisting angles of a rotor blade

Variant 1 2 3 4

L. ‘/m § 0.07 | 0.02 | 025 | 042
o |mMmf 60 | 74 | 32 | 65
cuie D | - - 29 -

L - */m § 0.05 | 0.01 | 022 | 0.34
| P mm{j 9.1 113 ] 44 | 136
ton MM | - - 59 -

All twisting angles are very low, compared to the angles,
necessary for rotor active control. For the required 12°
blade twist at 0.7R an induced blade neck twist of about
12°/m is necessary for both blades. Especially the first
two variants (partially bonded and partially covered) have
a very low efficiency conceming twisting due the
piezoelectric effect. Better is Variant 3. With moderate
thicknesses nearly 0.2 °/m twisting angle can be achieved.

BO105

Tiger
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The best efficiency shows Variant 4. However, at the
present time the use of the piezoceramic shear deforma-
tion cannot be used. But the result shows, that in principle
there is a potential, which is desirable to use. Furthermore,
this method has the advantage of not inducing any
coupling between tension and torsion. All other variants
show a large amount of such coupling due to the artificial
anisotropy of the piezoceramics, which cannot be
neglected.

The results reveal that in principle inducing twist by
means of piezoceramics will work. But there are some
difficulties which prevent the application of these
materials for this application. First, the tension strength
is too low for the application of piezoceramics in the rotor
blade neck section. As mentioned, the strain level is about
3 to 7%, but the piezoceramic tension strength is only
1%so. Second, the maximum twisting angle obtainable with
the current piezoceramics is much lower than the required
angleof2°. So, at this time the application of piezoceramic
material at the neck of a rotor blade is not possible. For
this application especially the tension strength of this
material has to be improved by at least a factor of ten.

5.2 Generation of Twist through a Control Rod

Ifitis possible to decouple the torsion and the longitudinal
strain, the strength requirement for current piezoceramic
materials can be fulfilled. One possibility is to apply the
piezoceramics at special control rods, which are loaded
mainly in torsion. This concept seems to be especially
suited for bearingless rotors. Figure 25 shows an experi-
mental bearingless main rotor with a control rod, which
was successfully flight tested on ECD’s BO105 heli-
copter. Further details of this 9.80 m diameter rotor can
be found in Ref. 2 and Ref. 4,

e B ,ﬁ #ag i S

Fig. 25: Bearingless main rotor at a MBB BO105

The blade - control rod arrangement with piezoceramic
material is shown symbolically in Fig. 26. The control rod
is designed as a relatively stiff torsion tube with flexible
bending couplings on both ends. Thus the rods are mainly
loaded in torsion, there are only minor bending and
centrifugal stresses present.

The torsional angle 0 for a circular tube with the radius r
and the length ! under pure shear deformation is given by

l

Similar to Equation 9 and 10 twisting can be achieved too
by a longitudinal strain €,,; under an angle of 45° to the
tube axis:

1
0="tg. a7

This equation describes the maximum obtainable twisting
angle of a circular tube when neglecting its torsional
rigidity. With a maximum piezoelectric strain of 0.25%0
and a medium tube radius of 18 mm this yields a twisting
angle of 0.8°/m. For real control tubes, this value will be
lower due to the tube torsional stiffness.

From Table 4 it was concluded that the piezoceramic
material sandwiched between CFRP-HM unidirectional
laminate and oriented under 45° has the best deformation
efficiency. Therefore, this configuration is further
investigated for the control tube. Figure 27 shows the
cross section of such a tube.

CFRP-HT-Laminate CFRP-HM-Laminate

Plezooeramic Material
Pig. 27: Cross Section of a Control Tube
The twisting angles which can be reached with this
configuration are shown in Figure 28. With reasonable
thicknesses of the piezoceramic and the CFRP-HM layer,
angles up to 0.2°/m can be obtained.
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Fig. 28: Twisting Angles of a Control Tube

Though this value is small compared to the desirable value
of 2°/m, new materials (e.g. piezo-gels) let hope that in
the next future larger twisting angles can be reached.
Moreover, due to the pure torsion load, the strength
criteria of the piezoceramic materials if fulfilled. There-
fore the active control rod is likely to become realizable.
In addition the active control rod can also be used for
improving the blade lead-lag damping by using "position”
feedback of the blade lead-lag motion:

where a negative control gain X ,; (pitch-lead coupling) is
stabilizing. The resulting active blade lead-lag damping
can be estimated by the following formula (derived in
Ref. 25):

D‘=—§-——. 3 (19)

Hereinv, B, @; and Q denote the blade lock number, the
elastic flap angle, the first lead-lag bending frequency and
the nominal rotor speed respectively. Already small gains
(K,;=-0.1...-0.2) are effective to augment the blade
lead-lag damping significantly if the rotor operates under
high thrust conditions (B, > 0). The design of improved
feedback control laws for stabilizing soft inplane rotor
systems by individual blade control has recently found
strong interest in the helicopter community.

5.3 Genersting Blade Lift and Twist by Active Flaps

Another method to achieve individual blade control by
piezoceramic materials for both hingeless and bearingless
rotors is the design of smart active blade flaps at the outer
third of the rotor blade (Fig. 29)

e =
——

Fig. 29: Rotor bjade with flap
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Up to now helicopter rotor blade control by active flaps
uonlyexoep!ionallyapplwdduetodnuckofappmpmw
actuation systems. The high g-level due to centrifugal
forces at the blade outer part (above 100g) poses extreme
practical problems for servo-hydraulic controlled blade
flaps. This situation may now be changed by using smart
blade flap actuation.

In the following, the feasibility of both a smart flap and a
servo-flap with a smart bending actuator is investigated.

5.3.1 Smart Blade Flap

The aim of the smart piezoceramic blade flap is the
realisation of a simple and efficient IBC system without
additional hinges or linkages, see Fig. 3. Such a system
can be adapted to different control tasks by using con-
tinuous multiple control elements distributed along the
blade.

Fig. 30: Trailing edge flap

A simple solution for a smart flap is to enlarge the blade
trailing edge to a flap. For such a flap of constant thickness
the deflection angle due to the piezoelectric strain can be
calculated very simple, if the stiffness of the flap and the
aerodynamic loads are neglected:

1

Notethattlnsanglemonlyhalfofthenpanglevalue
(vompare Equation 8). With an active piezoelectric strain
of 0.25 %o (chapter 3.2) the maximum deflection angle
for a 10%-flap with a depth of 1=30 mm (BO108 blade,
chord: 300mm) and a distance between the piezo plates
of h=1 mm can be calculated to 0.42 degree. This is much
too less, compared to the desirable 6°. Therefore at this
time the "smart” trailing edge flap cannot be realized for
a helicopter rotor active control system.

The investigations in Ref. 5 of a more elaborated smart
blade/flap come to the same negative conclusion: the
realisation of smart rotor blade flaps with current piezo-
ceramic matetial is not possible.

8.3.2 Servo Flap with Smart Actuator

Another concept to by-pass the high strain requirements
of smart flaps is the active flap with piezo-actuator. This
concept is investigated in detail in Ref. 12, using &
piezoceramic bending-actuator for control of a hinged
flap. A similar flap design is studied in Ref. 11, too.
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The hinged flap, suggested in Ref. 12 is shownin Fig. 31.
Here large flap deflections can be reached by a hinged
flap and a mechanism, which transfers the motion of the
piezoelectric bar to the flap.

DO ANOD IADOOBIAMNDONNN
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Fig. 31: Hinged flap

In this case the flap deflection angle 3 is a function of the
tip deflection w of the piezoelectric bar and the length d
of the lever arm. With the geometry, given in Fig. 31 the
following linearized relation between the flap angle 5 and
the tip deflection w of the piezoelectric bar exists:

8=!. @1
Neglecung first the flap aerodynamics the tip deflection
w is solely determined by the piezo-bending actuator.

Using Equation 6 the active flap angle 8 can be easily
derived:

€. (no airloads) 22)

Here the assumptions and notations conceming the
bending actuator are the same as in Equation 6 and Fig. 7.
For simplicity the two bending stiffnesses of the bar EJ,’
and the piezo plates E,’ are related to the width of the
servo-flap. The parameter A is the mean distance of the
two piezo plates, compare Fig. 31.

A more realistic flap angle estimation has to consider the
effect of the aerodynamic flap hinge moment M, (the
prime is carried on M,’ to denote the application to unit
flap width). Thus the tip deflection w in Equation 21 is
determined by the piezo-elastic loads of the actuator and
the acrodynamic loads of the flap. Using the procedure of
Ref. 12 the following formula can be derived for the
piezo-controlled flap angle:

ﬂ"

The aerodynamic flap hinge moment coefficient M,” may

beduivedﬁomqudm.dyimunprudbleaemdy
namics (see Ref. 12):

My =pV'b'Cyy @)

Here p is the air density, b the blade semichord, V a
reference (design) velocity at 0.7R and C,; is a non-di-
mensional aerodynamic coefficient of the flap. Fora 10%
flap this coefficient assumes the value

C,5=0.01768, (25)
For the feasibility study the following simplifications are
in order:

El/=0 and EI’'~E 5h’ (26)

where 1, is the thickness of the piezo-plates.
The "optimal” flap design, that means the flap with the
highest possible flap angle 5, depends primarily on the
lever amm length d which determines the kinematic angle
amplification. The optimal lever arm length can be
evaluated from Equation 23. This results in

! ’ 2M; 1
d,’ =% E-E-:Z @n

‘The corregponding flap angle is given by
3El
5,, = § M, €y, (28)

These two design equations now allow to check the
feasibility of active flaps for both the advanced BO108
blade and the Tiger blade. The reachable flap deflection
angle § is independent of the bar height. With the data of
Table 5 and the material data given before, Fig. 32 shows
the optimal deflection angle 3 which can be reached with
different lengths of the piezoelectric actuator (Equ. 28).

Table 5: Flap Design Data
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Fig. 32: Optimal deflection angle 3, versus relative
actuator length
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From Fig. 32 follows that an actuator length of ! =0.4¢c
is sufficient to get a deflection angle § of about +6°. The
lever arm length, necessary for this deflection angle
depends on the length of the piezo bar as well. Fig. 33
showsthe optimal lever length d versus the actuatorlength
for two different values of i at the actuator saturation
limit.
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Fig. 33: Optimal lever arm length d,,, versus relative
actuator length

For a value of A = 1 mm which means, that the two piezo
plates, each 1 mm thick, are bonded together directly, and
an actuator length ! =0.4c the optimal lever arm length
is about 53 mm and 13 mm for the Tiger and BO108 rotor
blade respectively. These values seem to be feasible.
Thus, the hinged servo flap with piezo actuationis capable
to generate angles of 16° and may be the solution for future
IBC-systems. Of course, the practical design may
encounter great problems and the necessary hinges may
introduce a new unwanted complexity into the rotor
design that could "destroy” all the benefits of modem
hingeless and bearingless rotor systems.

6. CONCLUSIONS

Smart materials offer the possibility of realizing heli-
copter rotor active control by electrical systems, which
can be integrated into the rotor blade. It is shown that in
principle strain induced actuation systems will work in
the desired way. But at the present time the available
materials are not ready for really "smart” helicopter rotor
blade actuation systems.

The piezoceramics have a very low tension strength, so
that they cannot be applied in areas where a high strain
level occurs. An increase of the strength by a factor of 10
is necessary if these materials should be applied at the
neck of hingeless rotor blades. To reach the twisting
angles, necessary for individual blade control, the
piezoelectric active strains have to be increased by a factor
of at least 10, too. This is valid for both blade neck
(hingeless rotors) and control rod (bearingless rotors)
torsional actuation.

Also, smart flaps at the outer third of rotor biade cannot
be realized at this time due to the very low active strain
of the piezoceramics. The only way in getting higher
deflection angles of flaps is to use hinged flaps. With a
proper geometry such flaps can reach sufficient deflection
angles, when controlled by a smart actoator (e.g. piezo-
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ceramic bending bar). For the next future this seems to be
the most promising way to realize individual blade control
for helicopters.

A real breakthrough of rotor active control technology
(RACT) by strain induced smart blade actuation systems
has to be postponed until better smart materials are
available. But in the meantime even the current active
materials seem to have a potential which the belicopter
engineers may apply with benefit to the next generation
of belicopter rotor systems.
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SUMMARY

The paper presents a topical review of a decade of work
toward the development of intelligent structures; i.e.
structures with highly distributed actuators, sensors and
processors. The background and status of the research
in this area are covered, as are the evolution of the
technology components: strain actuators, acceleration
and strain sensors, processors and signal conditioning
and control algorithms. The results of several system
level experimental implementations are presented, as
are the challenges for further development.

INTRODUCTION

The objective of this article is to present an overview
and assessment of the technology leading to the
development of intelligent structures. Intelligent
structures are those which incorporate actuators and
sensors that are highly integrated into the structure and
have structural functionality, as well as highly
integrated control logic, signal conditioning and power
amplification electronics. Such actuating, sensing, and
signal processing elements are incorporated into a
structure for the purpose of influencing its states or
characteristics (mechanical, thermal, optical, chemical,
electrical or magnetic). For example, a mechanically
intelligent structure is capable of altering both its
mechanical states (its position or velocity) or its
mechanical characteristics (its stiffness or damping).

Definition of Intelligent Structures

Intelligent structures are a subset of a much larger field
of research, as shown in Figure 1 [Ref. 43). Those
structures which have actuators distributed throughout
them are defined as adaptive. Definitive examples of
such adaptive structures are conventional aircraft wings
with articulated leading and trailing edge control
surfaces, and robotic systems with articulated members.
More advanced examples in current research include
highly articulated adaptive space cranes.

The subset of structures which have sensors distributed
throughout them are referred to as sensory. These
structures have sensors which might detect
displacements, straing or other mechanical states or
properties, electromagnetic states or properties,
temperature or heat flow, or the presence or
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accumulation of damage. Applications of this
technology might include damage detection in long life
civil engineering structures, or in devices which are
stored for long periods but must always be ready for
action, such as solid rocket motors.

The overlap of structures which contain actuators and
sensors, and those which implicitly contain a closed-
loop control system linking the actuators and sensors,
are referred to as controlled structures. Any structure
whose properties or states can be influenced by the
presence of a closed-loop control system are included in
this category. A subset of controlled-structures are
active structures. Active structures are distinguished
from controlled structures by highly distributed
actuators which have structural functionality and are
part of the load bearing system.

Intelligent structures are a subset of active structures
which have highly distributed actuator and sensor
systems with structural functionality and, in addition,
distributed control functions and computing
architecture. To date, such intelligent structures have
not been built. The realization of intelligent structures is
a goal which has motivated this technology assessment.

Development Background

There are three historical trends which have combined
to establish the potential feasibility of intelligent
structures. The first is a transition to laminated
materials. In the past, structures were built up out of
large pieces of monolithic material which were
machined, forged, or formed to a final structural shape,
making it difficult to imagine the incorporation of
active elements. However, in the past thirty years a
transition to laminated material technology has
occurred. Laminated materials, which are built up from
smaller conmstitutive elements, allow for the easy
incorporation of active elements within the built up
structural form.

Exploitation of the off diagonal terms in the material
constitutive relations is a second trend which enables
intelligent structures at this time. The full constitutive
relations of a material include characterizations of its
mechanical, optical, electromagnetic, chemical,
physical and thermal properties. Nominally, researchers
have focused only on block diagonal terms. For
example, those interested in exploiting a material for its
structural benefits have focused only on the mechanical
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characterization, and those interested in exploiting its
electrical properties have focused on the electrical
characterization. However, much gain can be made by
exploiting the off block diagonal terms in the
constitutive relations, which for example, couple the
mechanical and electrical properties. The
characterization and exploitation of these off diagonal
material constitutive relations has led to much of the
progress in the creation of intelligent structures.

The third, and perhaps most obvious advance comes in
the electrical engineering and computer science
disciplines. These include the development of micro-
electronics, bus architectures, switching circuitry, and
fiber optic technology. Also central to the emergence of
intelligent structures is the development of information
processing, artificial intelligence and control
disciplines. The sum of these three developing
technologies (the transition to laminated materials, the
exploitation of the off-diagonal terms in material
constitutive relations, and the advances in micro
electronics) has created the enabling infrastructure in
which intelligent structures can develop.

CRITICAL COMPONENT TECHNOLOGIES

There are four component technologies critical to the
evolution of intelligent structures and their application
to devices. These four component technologies are:
actuators for intelligent structures; sensory elements;
control methodologies and algorithms; and controller
architecture and implementation hardware. The
remainder of this study will focus on these four
component technologies, and their use in several typical
intelligent structure applications.

Actuators for Intelligent Structures

Actuators for intelligent structures must be capable of
being highly distributed and influencing the mechanical
states of the structure. The ideal mechanical actuator
would directly convert electrical inputs into strain or
displacement in the host structure. Its primary
performance parameters include its maximum
achievable stroke or strain, stiffness, and bandwidth,
Secondary performance parameters include linearity,
temperature sensitivity, strength and density. These
properties will be assessed and compared for several
types of strain actuators. In addition, the availability of
each actuator type will be considered [Ref. 14],
Currently, many types of strain actuators are available,
including piezoceramics, piezoelectric films,
electrostrictives and shape memory alloys.

The principal actuating mechanism of strain actuators is
referred to as actuation strain. Actuation strain is the
strain which is controllable and not due to stress.
Actuation strains are produced by a variety of
phenomena, with the most common but least
controllable being temperature and moisture absorption,
Other examples, which are less common but more
useful for active control, include piezoelectricity,
electrostriction, magnetostriction, and the shape
memory effect. The latter four phenomena are desirable

actuating mechanisms since they directly convert
electrical signals into actuation strain.

ing. The actuation strain enters
into the constitutive relations in the same manner as do
commonly modeled thermal strains. The constitutive
relations dictate that the total strain in the actuator
material is the sum of the mechanical strain induced by
the stress, plus the controllable actuation strain. Once
the strain is induced in the actuator, it must be
converted to strain in the host structure. The strain in
the host structure can be found from a number of
different assumptions about the local strain deformation
field. The simplest assumption for a surface mounted
actuator is that of uniform strain in the actuation
material, and linearly distributed strain throughout the
host structure. Such a model is not very exact, but is
useful for obtaining simple figures of merit by which
actuators can be compared. The most useful and general
mc fel is the Bernoulli-Euler-Kirchoff assumption, in
which the strain is linearly distributed throughout the
actuator and host structure regardless of whether the
actuator is surface mounted or embedded. Such
modeling has been found useful for beams, plates and
shell-like structures [Refs. 9, 10].

If there is concern about the ability of the actuator to
transfer the strain through a bonding layer, a shear lag
analysis of the bonding layer can be performed. The
principle result of this analysis is the identification of
the shear lag parameter, which must be kept small to
allow for efficient transfer of strain to the host structure
[Ref. 37]). The most general model is one which
includes local shearing of the host structure.
Fortunately, Saint Venant’s principle makes such a
detailed model unnecessary for predicting the overall
deformation of strain actuated structures, However,
such an analysis is necessary for accurately predicting
the strain field near and around active elements. Once
the constitutive relations of the actuator, the assumed
local strain deformation field, and the imposition of
equilibrium are found, the influence of the strain
actuator on the host structure can be calculated. Such
models had been derived for embedded actuators as
well as actuators in plates and shells.

The simple uniform strain model produces a useful
figure of merit for comparing the effectiveness of
various actuation materials. This model predicts that the
strain induced in the host structure is proportional to the
product of the actuation strain, which can be
commanded in the actuation material, and the reciprocal
of one plus the stiffness ratio (stiffness of the structure
to that of the actuator). This latter term is an impedance
matching effect which simply indicates that the stiffness
of the actuator must be comparable to the stiffness of
the structure for effective strain transfer.

Comparison _of Commercially Available Strain
Actuators. Commercially available strain actuating
materials are listed in Table 1. There are four broad
classes of materials which can create actuation strains.
The first two columns represent two material classes (a
piezoceramic and a polymer film) which use the
piezoelectric effect. Piezoelectricity can be thought of
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as an interaction of the electrical field imposed upon the
material with electrical monopoles in the material itself.
When an electric field is applied, the monopoles are
pulled in the appropriate direction, straining the
material and creating a strain in the direction of the
field. This fundamental relation of piezoelectricity
between field and strain is linear to first order [Ref. 12].
The third column represents a material which creates
actuation strain through electrostriction, which can be
thought of as an interaction between the electric field
and electric dipoles in the material which is inherently
non-linear [Ref. 5]. The fourth column is a
magnetostrictor, which represents a coupling between
an applied magnetic field and magnetic dipoles in the
material and is also inherently non-linear. The absence
of magnetic monopoles explains the absence of the
fourth effect, which would be the interaction between
magnetic fields and magnetic monopoles in the
material. Shape memory is a qualitatively different
effect, in which the application of electrical current
causes heating in the material, and associated with the
heating is a phase change, and strain. In some materials
the strain associated with phase changes can be
recovered when the material cools, which is called the
shape memory effect [Refs. 4, 27]. Many of the actuator
materials can be embedded as discrete devices [Ref.
10], foils or fibers [Ref. 44].

All four of the material classes listed fulfill the basic
strain actuator requirement of converting electrical
inputs to strain in the material. A PZT is a common lead
zirconate titanate piezoceramic material having a
maximum actuation strain on the order of 1000 micro
strain. PVDF is a polymer piezoelectric film which can
produce about 700 microstrain, and PMN is a lead
based electrostrictor which can create about a 1000
micro strain. Terfenol, a rare earth magnetic-like
material, can create about 2000 microstrain at its non-
linear maximum. And, nitinol (a nickel titanium alloy)
can create up to 20,000 microstrain or 2% strain.

As seen in Table 1, the modulus of each materials is
comparable to that of structural materials with the
exception of the PVDF film, which has a significantly
lower modulus. The next row in the table indicates the
approximate strain which can be induced on the surface
of an aluminum beam whose thickness is 10 times the
thickness of the actuation material. This value indicates
the range of strain which can be created in the host
structure and is on the order of 3 to 500 micro strain
with commercially available piezoelectric,
electrostrictive, and magnetostrictive materials. In
contrast, as much as 0.8% strain can be induced by the
nitinol. However, the bandwidth of the nitinol is much
lower than the other strain actuators because of the
necessity to introduce heat into the material and
especially because of the time constants associated with
the removal of heat by cooling. The trade which must
therefore be made is one of strain authority versus
bandwidth. The piezoelectrics and electrostrictives have
quite high bandwidths, effectively beyond the
frequency range of structural and acoustic control
applications. Terfenol has a moderate bandwidth
because of the difficulty of creating a rapidly changing
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magnetic field to stimulate the magnetostrictive
effective.

Sensory Elements

Sensory elements of intelligent structures must be
capable of being highly distributed and sensing the
mechanical states of the structure. The ideal sensor for a
intelligent structure converts strain or displacement (or
their temporal derivatives) directly into electrical
outputs. The primary functional requirements for such
sensors are their sensitivity to the strain or
displacement, or their time derivatives, spatial
resolution and bandwidth. Secondary requirements
(which again might have to be compromised in order to
reach primary requirements) include the transverse
sensitivity, the temperature sensitivity, linearity and
hysteresis, electromagnetic compatibility, and size of
sensor packaging. Unlike actuators, which are so large
and bulky that they have to be explicitly accommodated
in the built up laminates, it is desirable to make sensors
small that they can fit into intralaminar or otherwise
unobtrusive positions.

isms. There are two generally types of
sensors which can be used in intelligent structures,
since they do not require an external reference. These
are acceleration and strain sensors. Acceleration, of
course, is measured against an inertial reference frame.
Current technology allows the acquisition of integrated
circuit chip-based accelerometers. These have been
fabricated using silicon cantilever structures with
piezoelectric capacitive, and electron tunneling
detection mechanisms. Accelerometers are packaged in
a way which allows them to be embedded in a structure
or highly distributed over its surface. The output of the
acceleration can be integrated once or twice in a high
bypass manner to provide an inertial velocity or
displacement at the point of measurements.
Accelerometers are capable of making measurements
over wide frequency ranges, including nearly quasi-
static.

The alternative sensing scheme is to measure the strain
or strain rate in the structure (or the deflection or
velocity of one point relative to another). Strain can be
sensed at a point in the structure or averaged over a
larger finite area in order to yield some particularly
desirable output with the assistance of a weighting
function [Refs. 35, 31, 6, 28, 8]. Weighting functions
can be chosen such that the output has frequency
transfer function characteristics which are more
desirable and unobtainable from temporal filtering of
discrete point signals. The phase and amplitude
characteristics of weighted discrete point signals are
intimately related through the Bode integral theorem.,
However, because an area averaging sensor can be
thought of as a device which can sense incoming strain
waves before they reach the center point of the sensor,
the device can in fact appear to be noncausal and thus
violate the causality assumptions of the Bode integral
theorem. This allows distributed strain sensors to have
highly desirable roll-off characteristics with none of the
associated undesirable phase loss. Note that such
weighting functions can be applied to the output of any
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sensing device, including fiber optic sensors, and does
not rely on a shaped piezoelectric strain gauge sensor.

Two common weighting methods are modal sensors
and discrete shaped sensors [Refs. 24, 26, 25]. Modal
Sensors use sensitivity weighting functions which are
distributed in such a way as to mimic the strain pattern
in one of the structural modes. Therefore, modal sensors
may be very senmsitive to one mode, and through
orthogonality, be relatively insensitive to other modes.
The frequency domain output is therefore concentrated
in bandwidths associated with particular modes of the
system.

An altemnative to modal sensing is discrete shaped
sensing, in which sensors cover a finite section of the
structure [Ref. 2). By using relatively simple weighting
functions, such as triangular weighting or the Bartlett
Window, discrete sensors can be made to roll-off
rapidly in frequency, effectively acting as a low pass
filter.

. Current commercially
available sensing devices are listed in Table 2.
Available sensing devices, which can be embedded in
host structures, include traditional foil gauges,
semiconductor strain gauges, embedded fiber optics,
piezoelectric films and piezoceramics. Foil and
semiconductor gauges rely on a change in resistivity
associated with strain for their fundamental operation.
Piezoelectric and piezoceramic devices use the
piezoelectric effect which constitutes the coupling
between the strain field and the voltage observed at the
leads of the device. Fiber optic strain gauges rely on
interferemetric effects to cause the optical output of the
fiber to change with the strain [Refs. 42, 40]). The
sensitivities, indicated in Table 2, range from
approximately 30 volts per strain for the foil gauges,
through 10- volts per strain for the semiconductors, to
104 volts per strain for the piezoelectric and
piezoceramic gauges. Fiber optics have a fundamentally
different relationship between the output and
measurement which is expressed in degrees per strain
(fiber optics produce roughly 109 degrees per strain).
The bandwidths of almost all the devices extend over
the range of conventional structural control.

Considering that commercially available strain gauges
are comparable in terms of their primary functional
requirements of sensitivity, localization, and bandwidth,
the choice of which to use in intelligent structures must
be based on the secondary considerations. These
considerations includes embeddability (which
eliminates the soft piezoelectric films), the ability to
introduce weighting functions, and electromagnetic
compatibility issues (which generally reduce the
attractiveness of foil gauges). In the associated
electronics, which must be incorporated in order to
extract the strain signals, the last consideration tends to
prejudice against the fiber optics. The remaining
preferable strain sensors are therefore likely to be
derivatives of the semiconductor based or piezoceramic
devices, unless the signal conditioning electronics
associated with embedded optics can be made smali
enough to accommodate wide spread distribution

throughout a structure. Note that the sensitivities listed
in Table 2 are made for reasonable excitation voltage,
gauge length, and sensor thickness assumptions needed
to place the various strain sensors into a common
format.

Actuator-Sensor Synthesis. With certain types of
actuators and sensors a level of synthesis can be
achieved in which the same device can be used for both
actuation and sensing [Ref. 19]. Shape memory alloy
fibers have been used in this application, as have
piezoelectrics. In the case of piezoelectrics, the
embedded material is modeled by combining the
actuator and sensor constitutive relations. In this
configuration, the piezoelectric can be considered a
generalized transformer between the structural states
(stress and strain) and the electrical states (charge and
voltage) [Ref. 18]. By making use of the properties of
generalized transformers, the same device can be used
as both an actuator and sensor through a technique
referred to as simultaneous actuation and sensing, or
sensuation [Ref. 13, 1]. Typical sensuating circuits
compare the charge which appears across a reference
capacitor with the charge which appears across the
piezoelectric. Nominally, the difference corresponds to
the strain in the piezoelectric. Signal conditioning
circuits can be designed to return either the strain or the
strain rate as an output signal. This scheme operates
essentially by using a mechanical capacitor as an
estimator to estimate part of the electrical states.
Sensuation is advantageous for active control
application since the actuator and sensor are a perfectly
collocated pair.

Another form of actuator-sensor synthesis is the
appropriate selection of actuators and sensors to
simplify the structural control problem. In choosing a
control scheme for a structure one can, in principle,
select any form of actuator (i.e. applied force, applied
moment or applied distributed strain) and any form of
sensor (i.e. displacement, velocity or acceleration,
slope, slope rate or acceleration, or strain, strain rate or
acceleration). However, it may be that there is an
optimal combination of these nine possible sensor
outputs and three possible generalized force inputs
which simplifies the structural control problem.

In order to examine this issue by example, the tip
displacement of a cantilever beam was controlled by a
discrete moment actuator at 1/10 the length of the beam
from the root (which simulates the influence of a strain
actuator over the region from the root to 1/10 of the
length). The beam was modeled by assumed
displacement finite elements and it was assumed that all
of the displacement and rotations at the nodes were
available as sensor outputs. Linear quadratic regulator
theory was then applied, and the feedback from the
nodal displacements and rotations to the discrete
moment actuator was computed. By making use of the
assumed displacement functions within the element, the
continuous spatially distributed feedback gain function
(or kernel) from displacement and displacement rate to
the actuator can be calculated, The function shows no
regular pattern of displacement feedback. When the
displacement feedback function is twice integrated to

- ———

R S e . A o7

- ———— et e e




s e

produce the equivalent strain feedback function, a much
more regular pattern appears, diminishing
approximately exponentiaily from root to tip. In another
example, the optimal output feedback was calculated
for the sinusoidal flexural modes in an infinite beam for
distributed moment actuators. It was found that if
transverse inertial velocity and strain were measured,
the optimal output feedback for flexural waves of a
uniform structure (assuming uniform weighting
functions of the error) were exactly collocated. The
simplicity of the strain feedback functions to strain
actuation in these cases could imply that strain is a more
natural input and output than displacement and force,
and is certainly more easily achieved in a distributed
manner for real structural forms.

Control Methodologies and Algorithms

The real intelligence of intelligent structures stems from
their highly distributed control functionality. There are
three levels of control methodology and algorithm
design which must be considered for intelligent
structures. These three levels are local control, global
algorithmic control and higher cognitive functions. The
objectives of local control are to add damping and/or
absorb energy and minimize residual displacements.
The objectives of global algorithmic control are to
stabilize the structure, control shapes, and reject
disturbances. In the future, controllers with higher
cognitive functions will have objectives such as system
identification, identification and diagnosis of
component failures, the ability to reconfigure and adapt
after failures, and eventually to learn [Ref. 411.

In the desxgn
of local or low authonty control, the principle issue is
how to design the best controller, considering that
hundreds or thousands of actuators and sensors may be
distributed throughout the structure [Ref. 3]. Further, it
may be desirable to use local connections to introduce
some fevel of control (or add some damping) into the
structure before attempting to close global feedback
loops with large numbers of actuators and sensors. Here
the choicc of idcal local control is quite obvious. Perfect
focal control is accomplished by simulating the
conditions of matched termination, so that all of the
impinging energy is absorbed by the controller [Ref.
33]. However, simulating conditions of matched
termination requires actuation and sensing of all
independent cross sectional variables, which is usually
not feasible in a structural controller. For example, in
the case of a flexural wave such matched termination
would require sensing of displacement and rotation, and
actuating of moment and sheer at a point.

For the case of a system with a single output, the
optimal compensator is found by matching the
impedance of the compensator to the reciprocal of the
complex conjugate of the dereverberated frequency
transfer function [Refs. 29, 30]. The dereverberated
transfer function of a structure at the observation point
is obtained by ignoring the effects of reflections from
discontinuities in the boundaries in the far field. This
can be obtained by smoothing or averaging the
normally calculated frequency transfer function of the
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structure. In a limited number of cases, such
dereverberated transfer functions can also be calculated

from wave propagation theory.

Unfortunately, the optimal single-input single-output
compensator is unachievable because the resulting
transfer function is usually non-causal. Therefore, it is
necessary to use the best causal approximation.
Approximations can match the amplitude and/or phase
of the non-causal compensator over some specified
frequency range, but not over the entire frequency range
of interest. The exact procedure is to determine the
transfer function from actuator to sensor, dereverberate
the transfer function, and approximate the
dereverberated function with a causal approximation.

Optimal Global (High-Authority) Control, While local
control is useful for adding damping and low-authority
control, giobal or high-authority control must be
utilized for objectives such as disturbance rejection,
shape control, and stabilization of the structure. In the
design of global controllers, one issue is how to
establish a control architecture for structures with a
large number of actuators and sensors. There are two
limiting cases. The first is a completely centralized
controller in which the signals from all the sensors are
fed through the structure to a centralized processor. The
control inputs are then computed and fed back
throughout the entire structure to the distributed
actuators. The second is a completely decentralized
design, which is essentially the same as the local control
already discussed. The centralized design would have
the best performance, but would be computationally
inefficient. A single centralized processor would have
to process signals at rates corresponding to the highest
mode being controlled, and would have to read all of
the inputs and calculate all of the outputs for the entire
system. Obviously, such huge computational
requirements (typically on the order of 100x100 to
1000x1000 at speeds of 1000 Hz) cannot be met, even
with dedicated real time control computers (capable of
computations on the order of 10x10 to 30x30 at roughly
a 1000 Hz).

As a secondary consideration, the centralized scheme
requires the passage of many relatively low level
electrical signals, all the way from the original sensor to
the centralized processing area. Thus the centralized
scheme lacks both computational efficiency and
consistently high signal-to-noise ratios. On the other
hand, the decentralized scheme lacks good
performance. And, although localized control can be
used to add damping and reduce residuals, it cannot, in
general, produce the type of performance achievable
when information is fed back to actuators all over the
structure. Therefore a compromise must be made
between the two approaches. One such compromise is
to use a scheme, midway between a completely
centralized and completely decentralized control, which
is referred to as a hierarchic or multi-level control
architecture [Refs. 20, 21]. In this scheme there would
be two levels of control, a centralized controller for
overall performance and distributed processing for local
control. Such a structure would be divided into finite
control elements with local processors providing local
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control using measurements made within the element
and actuators within the element. An average
representation of the shape within each element would
then be passed on to the global processor for providing
global high-authority control. This division of the
control function into local and global control has been
found to be quite practical, and from an engineering
perspective completely reproduces the performance of a
truly centralized structural controller.

Controller Architecture and Implementation
Hardware

The presence of actuators and sensors and highly
distributed control functionality throughout the
structure implies that there must be a distributed
computing architecture. The functional requirements for
such a computing architecture include a bus
architecture, an interconnection scheme, and a
distributed processing arrangement. The bus
architecture should be chosen to yield a high
transmission rate of data in convenient (probably
digital) form throughout the structure. The
interconnections must be suitable for connecting a
(potentially) large number of devices, actuators,
sensors, and processors with the least degradation of
structural integrity. If the actuators and sensors are
embedded within the structure, the interconnections
also should be embedded within the structure in order to
avoid the necessity of running the electrical connections
through otherwise structurally important plies. Finally,
the processing requires that the functionality, which
includes signal conditioning, amplification, D/A and
A/D conversion, and digital computation be distributed
throughout the structure. Secondary requirements
include minimizing electrical magnetic interference,
maintaining the mechanical strength and longevity of
the structure and of the electronics components, and
thermal and chemical compatibility of electronic
components within the host structure.

Bus Architecture. Selection of the bus architecture will
strongly reflect the hierarchic control architecture
chosen. Typically structures will have distributed
actuators and sensors which report (probably analog
signals) to a local processor where the local control is
calculated. These local processors then communicate
over (probably digital) busses to the global processor.
Trade studies have shown that distribution and
embedding of a digital bus interface can simplify the
overall interconnections in systems with more that 20 or
30 sensors and/or actuators [Ref. 45]. Thus a relatively
small number of actuators and sensors move the design
toward one of a bus architecture.

jon, The next
question which is: are there embeddable processors
which can perform the functions of the local controller?
Here we only have to look at commercially available
single-chip microprocessors, such as the Intel
87C196KB. This processor has a central processing
unit, A/D, D/A, sample and hold functions,
multiplexors, a serial port, high speed digital
input/output, and 16K of memory on a single chip. This
commercially available device operates at 12 mega Hz

and integrates nearly all of the electronic functionality
required to implement local processing for a hierarchic
controller. With 16 bit precision, 10 inputs and 10
outputs, this device can perform the calculations for an
LQR controller at 3 kilohertz. Alternatively, for a ten-
state LQG controller, it can perform these calculations
at 1000 Hz. Thus the capabilities needed for the local
processors are clearly achievable within the state-of-
the-art.

The last question which must be answered is: can such
micro-devices be embedded within a structural
laminate? The issues here are: whether the device will
survive the temperature and pressure cycles of the
curing process; and whether it can survive the
periodically applied strain fields of the operational
environment as well as the temperature and humidity
conditions of general operation. A preliminary
investigation of this subject finds that the embedding of
micro-devices is feasible within common structural
laminates [Ref. 46]. Electronic devices without
protective packaging have been embedded and cured in
laminated test coupons. These coupons were subjected
to quasi-static loads, and the first ply failure occurred at
nearly 8,500 microstrain and subsequent ply damage
was recordes up to nearly 13,000 microstrain. The
electronic devices continued to function normally all
the way to failure of the test coupon. Embedded, but
chemically, electrically and mechanically isolated
integrated circuits have been shown to function up to
the breaking point of typical graphite epoxy laminates,
The remaining challenges in this area are: the
robustification of the electrical contacts on to and off of
the device, which are subject to fatigue loading; the
design for the long term temperature and hermicity
environments; and the design of the signal and power
conditioning electronics to minimize the heat
dissipation into the structure.

APPLICATIONS FOR INTELLIGENT
STRUCTURES

A wide variety of applications exist for intclligent
structures technologies [Ref. 37]. These include
aeroelastic control and maneuver enhancement,
reduction of vibrations and structure borne noise [Refs,
17, 32), jitter reduction in precision pointing systems
[Ref. 15], shape control of plates [Refs. 22, 38], trusses
and lifting surfaces, isolation of offending machinery
and sensitive instruments, and robotic control [Ref. 39].

Despite the fact that truly intelligent structures have not
yet been built, a number of experimental
implementations of intelligent structures component
technologies have been built and demonstrated.
Particularly, many researchers have investigated
applications of distributed actuators and sensors and
advance control algorithms. What is lacking to date is
the distribution of the control and processing, but these
parts of the technology are expected to evolve in time.
Four examples found in the recent literature are
discussed below: the aeroservoelastic control of a lifting
surface, precision control of a truss, seismic and control
of a building, and control of radiated sound.




In the first example, a typical high performance aircraft-
like wing was built out of a graphite epoxy laminate
with piezoelectric actuators distributed over 71% of its
surfaces [Ref. 23]. The actuators were arranged into
three banks which consisted of the vertical columns
shown in Figure 2. The actuators were wired so as to
induce bending in the laminate. Three tip displacements
were used for displacement feedback. The controller
implemented was a reduced order, 14 state, LQG
controller. The control objective was gust disturbance
rejection and flutter suppression.

Shown in Figure 3 are the analytically predicted and
experimentally measured open and closed loop control.
As can be seen, the DC response of the structure was
reduced by almost 10db, which corresponds to
approximately a factor of three stiffening in the
structure due to the application of the closed-loop
control. The first mode was virtually eliminated from
dynamic consideration, being reduced 30 db from an
already present 1% damping. The second mode, which
was torsional, was less strongly influenced, with a 10db
reduction. This was due to the fact that this mode was
less controllable than the first or third mode. The third
mode achieved a 20 db reduction. Overall the RMS
response in bandwidth up to 100 hertz was reduced by
about 15.4 db. This is an example of the relatively high
gain control which can be introduced into a structure,
and is probably the largest control authority which has
yet been reported on a structural test article in
experimental implementation,

The second example of a prototypical intelligent
structure is the "dial-a-strut” or locally controlled strut,
which is part of a precision control truss experiment
(Figure 4) [Ref. 7]. In this case, the structure contains
two active piezoelectric struts. Each strut has a
collocated displacement and force feedback. By making
measurements of the collocated displacement and force,
the localized optimal impedance matching described
earlier can be implemented. The control objective of
this experiment was disturbance rejection of on board
machinery noise, which would be typical of the need to
reduce the jitter in a interferemetric spacecraft. Figure 5
shows typical transfer functions (open-loop and closed
loop) for one, and two of the dial-a-struts. By
comparing the open-loop and two strut closed-loop
response, it can be seen that the first and second
structural modes were significantly modified. Both the
first and second mode response was reduced by 40 db.
Note however that in this case the initial structural
damping was quite light (roughly a few tenths of a
percent). Thus the local collocated approximation to the
optimal non-causal controller is seen to achieve good
performance in a realistic structural configuration.

The seismic control of buildings is a considerably larger
scale application of intelligent structures. Experiments
were performed on a model building with a simulated
earthquake disturbance (Figure 6) [Ref. 36]. Control
was effected by an active shear brace incorporated into
the structure. Five transverse accelerometers were used
to monitor the control response of the structure, and two
of them were used for feedback control. The control
objective was to minimized building acceleration in
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response to the disturbance from a simulated large
earthquake. Figure 7 shows the building excitation with
and without the control system. As a result of the closed
loop control, the damping factor was increased from
nearly zero to twenty percent in the first three modes,
with significant reduction in the low frequency
component.

The final example considers the reduction of sound
radiated into a room or aircraft cabin by active control
of the plate and shell-like members which form the
walls. To simulate this situation, a rectangular plate was
placed inside a test chamber [Ref. 7]. The plate was
controlled by three piezoceramic actuators placed as
shown in Figure 8. Two PVDF piezoelectric film
sensors were used to measure the vibration of the plate.
The excitation source was an electromagnetic shaker
which drove the plate at a known frequency
corresponding to, for example, the excitation of an
aircraft cabin wall from the rotation of the propeller
outside the wall at a known RPM. In these cases,
adaptive LMS algorithms are likely candidates for the
control scheme. These schemes make use of knowledge
of the frequency at which the primary excitation is
occurring. The control objective in this example was
narrow band reduction of the radiated far field noise.
Figure 9 shows the radiated sound pressure level for the
open-loop case, and the cases of one-piezoceramic
actuator with one-sensor, and two piezoelectric
actuators with two sensors. As can be seen from the
diagram on the left, the radiated sound pressure level
was reduced by about 30 db. The figure on the right
indicates that this was achieved by principally reducing
the response of the three-one mode, which
corresponded to the frequency of the excitation source.

These four examples are but a few of the cases in which
investigators throughout the world are now applying
distributed actuation and sensing to a wide variety of
control problems. It is encouraging that these early
experiments show not only the feasibility of intelligent
structures application, but remarkably good agreement
between theory and experimental results as well. Of
course, further experimentation is necessary to establish
the technological limitations as well as the feasibility of
distributing the processing and control architectures.

STATE-OF-THE-ART AND FUTURE NEEDS

Currently, all of the technologies needed for cost-
effective application of intelligent structures have not
been sufficiently developed. There are a number of
difficult problems which remain. Some of the more
important of these problems are discussed below.

ials. In order to truly achieve the
desirable level of control for many structural
applications, actuation materials which have 3 to 10
times larger strain than those currently commercially
available must be developed. Or materials should be
developed similar to shape memory alloys, but with
much higher bandwidth than those currently available.
Alternatively, innovative uses of currently available
materials, such as complex electrode patters which offer
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higher strains in piezoelectric devices, need to be
investigated.

i . There is a great deal of work to be
done in the design and the optimization of sensors to
alleviate such problems as spillover, and to focus
control effort on the bandwidths of interest through
selective observability of the structure.

Inherently Structural Control Algorithms. Much of the
theoretical work done for controlled structures has been
by control theoreticians who view the structure as an
already discretized matrix system. However, structures
are inherently distributed parameter systems and
experience has shown that gains are made by
considering this inherent distribution, as well as the
inherent bandedness of structures in their parametrized
form.

Distributed Control, The proper distribution of control
between a lower level and a higher level systems is still
a subject which needs to be developed more
completely, so that stability is guaranteed while
performance is maintained.
Power_Conditioning and Switching. Although it is
conceivable that signal level electronics can be highly
distributed through a system, power conditioning and
switching requires dissipation of some amount of
energy. In order to make a feasible system, this power
conditioning and switching must be done in a way
which minimizes the local heat load on the structure, so
that the system can be embedded without thermally
degrading the material.

. Here the challenge is to take
commercially available electronic components and
develop innovative packaging techniques in which the
interconnections to the silicon devices are structurally
robust, so that these devices can survive the strain and
fatigue environments of typical structures.

. The presence of
active elements (actuators, sensors and processors)
impact the host structure by increasing the mass of the
system and interfering with the load path, and
potentially introducing new structural discontinuities
which must be accommodated. This may potentially
change the fatigue and fracture toughness
characteristics of host material.

Hermicity of Embedded Components. The requirements
for military electronic micro-devices are dominated by
the need to keep the ambient chemical and humidity
environment away from electrically active surfaces.
Once these devices are embedded in a laminate, the
challenge becomes to isolate their surfaces from both
the ionic contamination of the structural matrix material
and from the chemical and humidity environment of the
ambient conditions, which can leak into the host
material via the pathways created by the electrical
connections.

Manuf blity. Reliabili { Repairability. T}
implementation question include: What is the difficulty
of manufacturing intelligent structures, what is their in
service liability, and how difficult is it (if possible at

all) to repair such materials in service? Such issues will
obviously have to be addressed before a widespread
application of this technology is possible.

ANTICIPATED RESEARCH AND
DEVELOPMENT

In the near future, it is expected that wide spread
application of the current technology (the present
generation of actuators, sensors, processors and control
methods) will occur. In addition, near term
improvements are expected in these areas. The breadth
of application of this technology is expected to not only
span the acrospace industry, but become widespread in
the home construction, automotive, and machine tool
industries as well.

In the more distant future, the evolution of a new
physical-biological technology is anticipated. This
technology will have two trends which are
complementary. First the introduction of intelligence
into the physical world, by the application of a machine
electronic intelligence to otherwise unintelligent
devices. Secondly the introduction of life into
engineering application, i.e. the application of
biological processes to the solution of engineering
problems. One might envision, for example, that the
engineering schools of the future will have in addition
to their existing departments of civil, mechanical,
electrical and aeronautical engineering, a department of
applied biological engineering. Much as the steam
engine drove the technology of the 19th century and
electronics drove the technology of the 20th century,
one can envision that the application of biological
concepts to engineering will drive the technology of the
21st century. Engineering will cease to be the
application of only the physical sciences for the
betterment of mankind, and become the application of
all science, including both the physical and life
sciences, for the betterment of humanity.
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Table 1.  Comparison of strain sensors

PZT G-1195 PVDF PMN TERFENOL DZ NITINOL
hx:::g‘::n piezoceramic piezo film electrostrictor magnetostrictor sal;:,;;e
:;:‘r:fn 1000 700 1000 2000 20000
) 4 (m),
E, Msi 9 0.3 17 7 5
*
:‘:;:;n 350 10 500 580 8500 (a)
bandwidth high high high moderate low

* for a sheet of actuator bonded to aluminum beam (ts/ta=10) in bending
assuming AC value of A

(m) = martensite (a) = austenite

Table2.  Comparison of actuation strain materials

foil® semiconductor® fiberb piezo film ¢ piezoceramic ¢

sensitivity 30V/e 1000V  108°%  10%Vie  2x104Vie

localization, 4 gog 0.03 004 <004 .04
. DC- DC - ~DC- ~0.1Hz- ~0.1 Hz -
bandwidth acoustic acoustic acoustic GHz GHz
a) 10 V excitation
b) 0.04 in interferometer gauge length
¢) 0.001 in sensor thickness
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Figure 1. Intelligent Structures as a subset of active and controlled structures [Ref. 43]
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Figure 2.  Active aeroservoelastic wing [Ref. 23]
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Experimental Result

Comparison of the analytical prediction and experimental results of the open
(solid) and closed loop (dashed) for bench top testing of the active wing
[Ref. 23]

Precision truss with dial-a-strut [Ref 16]
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Figure 5. Open loop (dotted) vs. closed loop for one (dashed) and two (solid) Dial-a-
Struts [Ref 16]

Figure 6. Building model for controlled seismic response [Ref 36]
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Figure 9. Spatial distribution and frequency content of radiated sound with no control
and two arrangements of control actuators and sensors [Ref 7]
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The Satellite Attack Warning and Assessment Flight Experiment (SAWAFE)

Michael Obal, Bill Saylor, Hugh S. Murray, Martin R. Sweet, Dan Holden and Calvin Moss
SDIO/TNI
The Pentagon
Washington, DC 20301-7100
USA

1. SUMMARY

A program to develop an advanced satellite health
and status monitoring subsystem for detecting
and discriminating hostile threats is described.
The threats considered are laser, radio frequency
and x-rays. The subsystem uses lightweight
electronics and sensors that are imbedded in the
satellite structure to minimize the integration
impact on the host satellite. The novel sensor
materials are described. The first of a series of
flight experiments is also described.

2, INTRODUCTION

To accomplish the mission of GPALS in a cost
effective manner will require real time mission
monitoring and control capabilities beyond what
is currently available. Essential to this task may
be the requirement for sophisticated on orbit
health and diagnostics systems that can supply
real time higher order processed information on
the status of each satellite element. This
information would then provide the national
command authorities with a continuous estimate
of the weapon system's effectiveness.

One critical area of on orbit health monitoring is
the identification and warning of tampering or
attack on constellation satellite elements. As
satellites in the constellation fail, the nature of the
failur> must quickly be determined. If analysis
of the failure indicates tampering or attack, the
constellation damage can be minimized by
initiation of appropriate actions. Timely
identification of tampering and attack may also
provide early warning of a ballistic missile attack.
The validity of attack threats to space assets is
currently a major debate within the threat
definition community given today's rapidly
evolving global political environment. Though
not the purpose of the paper to enter into this
debate, it is the hypothesis that the proliferation
of commercial lasers, sophisticated RF sources
and nuclear technology make such threats to
space assets in the next decade probable. Given
this evolving threat environment, demonstrating

~,

to the SDIO space system programs that a reliable
threat detection subsystem can be developed that
will enhance the overall cost effectiveness of
constellation management is of value,

Concepts involving attack warming for satellites
have evolved over a number of years as the
tactical and strategic military value of satellite
surveillance and communication systems has
increased. One Air Force project known as the
Satellite On-orbit Attack Reporting System
(SOARS) examined many aspects of satellite
attack warning but, due to funding issues, is
currently undergoing a reexamination of the
original program goals. The SOARS system was
not intended for SDIO type space assets since its
sensors and support avionics were not
constrained to meet the minimum required weight
and power goals.

The Satellite Attack Warning and Assessment
Flight Experiment (SAWAFE) is an SDIO/TNI
funded project that will develop and demonstrate
this particular critical component of a viable on-
orbit health monitoring system. The technology
goals are to define the nature of an attack (where,
what physical means, intensity, etc.), provide
awareness of tampering with the space platform
or its primary sensors, and provide collateral
information for failure analysis. Though similar
to SOARS, SAWAFE aims to demonstrate a
variety of new technologies such as "smart or
sensory skins" to meet the required minimum
weight and power goals. Of particular concern
relevant to space assets is the ability to detect
radio-frequency, laser and nuclear attacks against
the satellite.

The approach taken in the SAWAFE program is
to design a system that minimizes impact on the
host satellite through the use of miniature sensors
and low power and mass sensor conditioning and
processing avionics. To achieve minimum
system weight and power goals, all portions of a
"typical" satellite structure were examined for
sensor surface area and avionics volume. Aftera
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variety of trades, the area selected was the outer
surface structure of the satellite which usually
consists of aluminum honeycomb sandwich
panels with protective multilayer insulation. The
term "smart or sensory skin" is used to define
such an external structural member that not only
carries load and provides thermal protection, but
contains within it's volume a variety of sensors
and avionics. Embedding the sensors into the
volume thickness of a typical panel rather than as
an additional avionic component provides a
variety of system advantages such as: reduced
avionic subsystem container parasitic weight, the
elimination of antenna deployment mechanisms,
decreased satellite response settling time during
high slew rate maneuvers by reduced antenna
appendages, and easier packing of multiple
satellites in a launch vehicle.

Some of the design and development issues
identified in using a sensory skin concept are: the
EMI interaction between the widely differing
sensors and supporting avionics, the thermal
control and balance of the panel and as well as
the overall system, the survivability of the
sensors and avionics during launch when the
panel is experiencing maximum load, sensor
degradation in the space environment, and
definition of a ground maintenance and test
concept prior to launch. The SAWAFE program
is a flight test intensive research prozram
developed to investigate these issues.

The first generation SAWAFE is scheduled for a
FY1994 launch on the US Air Force Space Test
Program STEP 3 mission and will concentrate on
demonstrating the space survivability and
operability of "smart skin" laser, x-ray and RF
sensors. The hardware will consist of an
integrally mounted panel with embedded sensors
and a separate electronics box used to control the
experiments and collect data for transmission to
the ground. The experiment will be an
autonomous, high data rate payload that operates
completely independently of the spacecraft
computer. The sensor panel itself will be a
structural member of the STEP 3 satellite.

During the mission, RF, laser, and x-ray sensor
experiments will be conducted to measure sensor
backgrounds in space and validate the sensor
performance goals. The demonstration of data
fusion and advanced signal extraction techniques
will initially occur on tlgme ground.

The SAWAFE system will draw heavily on other
DoD/DOE-funded technology development.
SAWAEFE represents a significant advance in
embedding a broadband RF antenna into a
structural component of a spacecraft. The laser
detector technology is the first space application
of laser detectors developed for tactical DoD
systems. The x-ray detector is an outgrowth of
the advanced technology development for nuclear
detonation, detection, and characterization. The
use of fiber optic or CCD arrays, surface-
mounted on a spacecraft to detect and characterize
the x-ray fluence from a nuclear detonation,
represents the next generation of detector
technology. An attack recognition processor
(ARP) is an extension of the adaptive event
classification hardware and software being
developed for FORTE and other programs.

Extensive ground testing will be used to
characterize the response of the sensors,
individually and as a system, to known ground
sources. However, the trans-ionospheric
propagation of event signals, the on-orbit
material and functional performance of the
sensors, and the operation of the ARP during
flight can not be validated during ground testing.

The research and development products from the
SAWAEFE laser, RF, and x-ray sensors and the
ARP will feed into the design of attack warning
and assessment (AWA) technology for
operational systems. The information from
SAWAEE will also be useful to other space
programs for characterizing the space
background environment.

3. SENSOR TECHNOLOGIES

At the start of the SAWAFE program, a critical
review of sensor technologies was undertaken.
Based on existing technologies and development
programs in place, additional sensor development
was necessary to meet the programmatic goals.
The following sections describe the sensor
technologies that were chosen for development.

3.1 Laser Sensor Subsystem

3.1.1 Advantages of polymer film detectors
The need for a laser attack warning sensor that
can be attached to, or integrated with, the
spacecraft skin and thus minimize intrusion on
the spacecraft suggests the use of a pyroelectric
polymer film as an infrared laser detector. A
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polymer such as polyvinyldenefluoride (PVDF)
1s available in very large pieces (on the order of 1
mA2) and in thicknesses from less than 10
microns up to 1 mm. The variety of available
sizes, shapes, and thicknesses of the primary
detector medium allows for considerable
flexibility in choosing detector responsitivity and
placement on the spacecraft surface. The film
can be attached to curved surfaces; large aperture
detectors can be fabricated for wide coverage;
arbitrary shapes can be formed to take advantage
of available surfaces; and because of simple
fabrication procedures, several detectors can be
positioned at different orientations over the
spacecraft skin to obtain angle of arrival
information. The polymer detector has been
shown to be resistant to ultraviolet and ionizing
radiation.

Pyroelectric polymers have lower pyroelectric
activity coefficients than ceramic and crystalline
materials; however, voltage responsitivities and
detectivities equivalent to those of traditional
materials can be achieved with polymers by using
large areas and very thin detectors. Pyroelectrics
are primarily transient radiation detectors. Their
responses are greatly attenuated for temporal
variations slower than the thermal ume constant
of the detector. Excellent rejection of low
frequency variations in background radiation is
achieved because of the low frequency
attenuation. In space, where radiative losses
dominate the thermal time constant, the thermal
time constant is quite long, so that the frequency
response covers a reasonably wide range. The
high frequency cutoff of the pyroelectric
response depends upon the detector capacitance
and load resistance.

3.1.2 Comparison of thermal detectors

Thermal detectors such as pyroelectrics are
inherently much less sensitive than
photoconductive detectors. Thermal detectors,
however, have a broad spectral response; they
require very little power for operation; they are
rugged, survivable, and easy to fabricate. The
objectives of the SAWAFE system are to provide
a non-intrusive sensor system and to provide a
thermal sensor system with substantially
improved performance compared to other thermal
sensor systems. These objectives are

accomplished by using pyroelectric polymers and

solid-state/metal thermocouple junctions (Si/Au)
to obtain good sensitivity and wide frequency
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response. Figure 1 compares the polymer/solid-
state thermocouples with a low mass Type-K
thermocouple junction previously developed for
attack waning. For continuous wave (CW)
response, the SAWAFE sensor is significantly
more sensitive than the low mass Type K
junctions, due to the larger Seebeck coefficient in
the semiconductor/metal junction.

The polymer detector unit provides high transient
responsitivity at input frequencies in the kilohertz
range. The high rate is due to the extremely low
mass heat capacity of the thin film and this rate is
many times faster than that of a low mass
thermocouple.

3.1.3 SAWAFE laser sensor concept

For an integrated skin sensor, multiple layer
coatings can be deposited on the polymer to
provide selective absorption at specific
wavelengths of approximately quarter-wave
layers of titania, alumina, and nickel. Figure 2 is
an example of a typical mounting for a flight
experiment. Different combinations of coatings
show absorption peaks over a wide range of
infrared wavelengths (Figure 3). Several of
these coated polymer detectors were exposed on
the STS-46 Space Shuttle EOIM-3 atomic
oxygen test in July, 1992 to verify survivability
of the polymer and coatings in low earth orbit.
With coatings and electrodes, a polymer detector
is approximately 10 microns thick. Electronics
for preamplification is provided by surface
mounted packages on flexible printed circuit
board substrates to maintain conformability.

B
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Figure 1. Comparison of polymer and solid state thermoplastics with low mass type-K thermocouple junction.
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3.1.4 STEP-3 detectors

The STEP-3 flight is a near term test of
SAWAEFE laser sensor capabilities. The STEP-3
sensor system will be made of seven detectors.
Five sensors consist of small disks of PVDF film
on printed circuit boards (PCB) with surface-
mount preamplifiers on the inner surface. Three
of the disks will be covered with discrete
interference filters to select specific wavelengths.
One disk will be a broadband absorber, and one
disk will be shielded from optical inputs to
provide common mode rejection of nonoptical
stimulation. The remaining two detectors will be
Si/Au thermocouples to provide CW response
indication. This modular detector approach
allows for placing the detectors on the test panel
wherever space is available, and to allow for
testing the basic capability of the polymer sensor
system using standard filters. Figure 4isa
schematic of the STEP 3 laser detector system.

3.2 RF Sensor Subsystem

The requirements for the RF threat sensor
subsystem demand that it functions as a modern
electronic support measures (ESM) system and
yet be contained within the skin of the spacecraft.
The resulting geometric configuration, mass,
power, and environmental constraints for a
minimum impact on spacecraft applications are
significantly different from most ESM
implementations. The signal environment is also
quite different from conventional applications.

The need for broadband frequency coverage, at
least one decade per antenna, with as wide as
possible a field of view leads to the use of multi-
arm spiral antennas. Because of thickness
constraints on the integrated sensor panel, a
resonant cavity design was not selected. The
antenna must also be mounted on the
electromagnetic exterior of the spacecraft with the
choice of mounting substrate used based on a
trade-off among mechanical, thermal , and
electromagnetic properties. For example, high
dielectric constant materials that would enhance
antenna performance when used in thick enough
configurations impose a significant mass penalty.
For the STEP-3 flight experiment, the available
space is limited to an 8 inch by 11 inch area.

The antenna design is placed on the surface of the
substrate through the use of either adhesives,
physical vapor deposition, or chemical vapor
deposition processes. Depending on the material

used, the exterior surface of the antenna may also
require protection from atomic oxygen attack.
Because of spacecraft charging phenomena, the
antenna must have a resistive coating to allow for
a continual charge bleedoff.

The technologies used in the receiver must be
able to be miniaturized and reduced in power
consumption for them to be further developed for
spacecraft "smart skin" applications. The
receiver used for the STEP-3 flight experiment is
a compressive design which (Figure 5) includes
several wide band receiver channels with detector
circuits for pulse parameter estimation. Digital
logic in the receiver estimates the parameters of
the signal. The data are then used by the attack
recognition processor to perform the signal
characterization.

3.3 X-.ray Sensor Subsystem

The purpose of the nuclear detonation (NUDET)
detector in the satellite attack warning and
assessment suite of sensors is to detect a NUDET
that poses a threat to a satellite element or
constellation area, and to determine the dose
received by the particular host spacecraft.

Several detector types have been considered for
the SAWAFE program. Silicon photodiodes
have high sensitivity, small size, good linearity,
provide fast signal timing for geolocation, and
are moderately radiation hard. However, they
are sensitive to electrostatic discharge and
charged particles, they must be operated in a
coincidence mode to prevent false alarms, and
require multiple sensors with filters to measure
the x-ray spectrum. The combination of
scintillators and photodiodes also provides a
detectors technology with good linearity, small
size, and high sensitivity. However, it has a
slow rise time (when used with an inorganic
scintillator), is sensitive to electrostatic discharge
and charged particles, requires multiple filters for
spectral measurements, and requires multiple
detectors for false alarm rate reduction. "High Z"
sensors (e.g., CdTe, Hgl2, GaAs) share similar
advantages and disadvantages. Thermal-based
sensors (microcalorimeters) offer very high
sensitivity and energy resolution, but require
cooling to very low temperatures and have slow
rise times.
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The two technologies being developed under the
SAWAFE program are charge-coupled detectors
(CCDs) and fiber optics. The CCDs offer long
term potential for a skin-mounted sensor that
provides a direction vector to the source, high
energy resolution, and can be implemented in a
geometry that protects the sensor from radiation
damage. However, the CCDs require cooling to
-500 C and have a relatively slow response to
multiple events.

Two types of fiber optics have been developed.
Glass darkening fibers that have changes in their
optical transmission properties when exposed to
x-ray radiation are used in conjunction with light
emitting diodes (LEDS) to measure received
dose. The darkening occurs on the order of a
few microseconds and the recovery time can be
adjusted from microseconds to years as a
function of the chemical composition of the fiber.
The scintillation fiber is based on the same
principle as an ordinary scintillator sensor but
with important differences due to the geometry.
The scintillating fiber is on the exterior of the
spacecraft and the readout electronics can be on
the inside of the spacecraft.

On the STEP-3 flight experiment, both darkening
and scintillating fibers will be mounted on the
surface of the RF antenna on the exterior of the
sensor panel. (Figure 6) The fiber optics must
be protected from atomic oxygen attack and
spacecraft discharge with a coating thin enough
to not attenuate the x-ray signals. The coating
cannot be a highly conductive material, such as
vapor deposited aluminum, because it will be
placed over the RF antenna.

4. STEP-3 MISSION

The STEP-3 mission is a U.S. Air Force Space
Test Program flight to provide a platform for
several technology demonstration experiments.
The satellite used as host platform is a small
TRW/DSI satellite that will be launched from a
Pegasus into low earth orbit between 30 to 60
degrees inclination. The SAWAFE hardware
flown on this mission consists of an exterior
panel (Figure 7) with embedded sensors and an
internal avionics box that will run the
experiments, collect data, and interface with the
STEP-3 spacecraft computer.

4.1 Experiment Objectives

The primary objectives of the SAWAFE
hardware and software on the STEP-3 mission
are to demonstrate the functional operation and
space survivability of the three sensor types,
laser, RF, and x-ray, when mounted on an
exterior spacecraft panel in low earth orbit.
(Figure 8) Experiments will be conducted to
measure the performance of the sensors and
prototype signal detection circuitry. The sensors
will collect significant amounts of data during the
mission that will be used to characterize the
natural and man-made background signals.

The sensors will each collect data for an entire
orbit. Statistics will be generated to determine
the signal background as a function of orbit
location, time of day, and time of year. This
information provides a basis for designing the
follow-on SAWAFE systems. Other calibration
experiments will also be performed to measure
the absolute performance of the sensors in space
as a function of time.

For most experiments, data from the sensor will
be written into the FIFO (first in, first out)
buffers on the instrument subsystem and
transferred to the SAWAFE processor and solid-
state data recorder (SSDR). At the start of the
experiment, the raw data will be collected and
passed through the ground station to the
experimenters. The raw data will be used to
generate signal identification algorithms that will
distinguish among natural and man-made
background signals and simulated threat signals.

4.2 Panel Design

The panel with the embedded SAWAFE sensors
has three design objectives. First, the panel is to
be a structural, load-bearing member of the host
spacecraft. Second, the SAWAFE panel will
have the various sensors mounted in a realistic
configuration that is representative of potential
applications of the developed technologies.
Third, the panel design will have minimal impact
on the spacecraft thermal or mass balance
properties.

The final panel design and sensor layout
represents a compromise among the design
goals, the sensor mounting requirements, and the
available space. The panel consists of a layer of
Lockheed high thermal performance (HTP)
insulation which is a rigid, composite fiber,
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ceramic insulation material based on the tiles
developed for the Shuttle Transportation System.
The HTP material has low density and dielectric
constant.

The substrate is mounted on a 0.032 inch thick
piece of aluminum plate that has dimensions of
approximately 9 inches by 12 inches. The HTP
is 8.0 inches by 10.25 inches. The HTP is
attached to the aluminum plate with a layer of
RTV adhesive, a layer of NOMEX felt for strain
isolation, and another layer of RTV adhesive.

(Figure 9)

The laser sensors are each contained within an
aluminum sleeve approximately 1.25 inches in
diameter. The HTP has holes machined in a
pattern for the laser sensors and the laser sensors
are epoxied into the holes. Because of the limited
area, some of the laser sensors are placed
between the arms of the spiral RF antenna.
(Figure 10) Testing has shown that there is
negligible impact on the antenna electromagnetic
characteristics with this mounting configuration.
The two-arm, spiral antenna for the STEP-3
panel will be attached to the surface of the HTP.
The scintillating fiber and the darkening fiber will
be wound into single layers and attached to the
surface of the antenna with adhesive. By placing
the laser sensors around the outside of the panel,
fiber optics lengths of several meters (scintillating
fiber) and approximately one hundred meters
(darkening fiber) are used. The fibers are
susceptible to atomic oxygen attack and several
protective coatings are being tested to determine
their applicability. These coatings must be
opaque (to block stray light from adding noise to
the detector circuits) and can not be highly
conductive - or the underlying RF antenna will be
shielded.

4.3 Avionics Design
The avionics design is centered around a high
speed, 32-bit RISC (reduced instruction set
computer) processor that gives the STEP-3
SAWAFE a significant processing capability (10
MIPS). The avionics is designed to be
completely autonomous and does not require any
intervention for experiment control.
The SAWAFE CPU (central processing unit)
communicates with the spacecraft CPU over a
MIL-STD-1553B serial interface. The SAWAFE
receives a single 28 VDC connection from the
spacecraft; all internal power control is done by

the SAWAFE CPU. The CPU will
autonomously cycle through various sensor
experiments, record subsystem sensor data in its
own 32 Mbyte SSDR, process raw data as
appropriate and inform the spacecraft of
experiment completion.

There are five separate experiments on the STEP-
3 mission and, because of power and telemetry
considerations, the experimental power will be
cycled on and off numerous times during the
mission life. The SAWAFE CPU includes 64
kbyte of PROM that contains a compressed form
of the real time operating system (RTOS). There
is also 1 Mbyte of non-volatile EEPROM and 1
Mbyte of SRAM. When the spacecraft controller
supples 28 VDC to SAWAFE, the SAWAFE
CPU initiates a "cold boot", checks the status of
the EEPROM, transfers and decompresses the
RTOS kernel from PROM to EEPROM (if
necessary), and performs state-of-health checks
on all of the sensor subsystems.

When the hardware and software are online and
operational, SAWAFE will receive the
commands that have been passed up from the
experimenters through the ground station. The
transmitted commands will cause SAWAFE to
execute any of a number of separate or integrated
sensor experiments.

The mechanical design of the avionics system is
based on a "slice” architecture. (Figure 11) Each
slice approximately 10 inches by 9 inches by 1
inch thick and is comprised of an exterior metal
frame and two PCBs. The frame provides
structural support and thermal dissipation for the
PCBs. Each slice has two mounting bolts that
are used to transfer heat to the mounting plate and
to attach the slice to the mounting plate. Each
slice includes a connector for the 32 bit processor
global bus, power, and ground connections.
Each sensor subsystem is built into one or more
slices. A complete avionics box is formed when
the slices for that flight experiment are placed
together, end plates are attached, and bolts are
run from one end to the other.

This design allows for rapid prototyping and
fabrication of flight experiment components.
Individual subsystems can be removed or added
without requiring mechanical or electrical
redesign.
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Figure 11. SAWAFE avionics subsystem concept.
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5. FUTURE EXPERIMENTS

The primary purpose of the first SAWAFE is to
demonstrate the functionality and space durability
of the skin-embedded sensors and to collect
background and performance data. The next
flight experiment will be designed to use more
advanced panel construction techniques and to
incorporate advances in electronic
miniaturization. (Figure 12)

The panel will be representative of state-of-the-art
designs for multilayer composites with embedded
power and signal wires. This type of panel may
be made in either a conformal or flat
configuration. The laser, RF, and x-ray sensors
embedded in the panel will be advanced versions
of the sensors flown on STEP-3.

The sensor electronic circuitry, analog and
digital, used for amplification, detection and
discrimination of the sensor signal will be

incorporated into specially designed components.
Single application specific integrated circuits
(ASICs) have already been made with multiple
analog channels of preamplifiers, amplifiers, and
peak-hold circuitry. Field programmable gate
arrays (FPGAs) have also been used to place a
corresponding number of digital detection circuits
onto a single integrated circuit. Based on the
success of the first (discrete component version)
SAWAEE detection electronics, the necessary
ASICs and FPGA s will be designed and
fabricated. Flexible PCBs will be used as a
mounting substrate and the entire assembly will
be embedded in the panel. The miniaturized
electronics will draw power from the embedded
power lines and communicate over the embedded
signal wires. Because of the experimental nature
of the next flight e nt, the experiment
controller and SSDR will be packaged into a
single "slice” that may be attached to the back of
the panel, or may be mounted separately in the
spacecraft.

The third flight experiment in the program will be
the demonstration of a fully operational
technology. The attack recognition processor
will be miniaturized and embedded in the panels
along with the rest of the electronics and sensors.
The only memory in the system will be the
memory required to perform the attack warning
and assessment mission in real time. The
processor will have a bus connection that is
compauble with the host spacecraft. The
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experimental plan for this flight will include the
real time demonstration of signal detection, signal
characterization, and threat assessment.

6. SUMMARY

The effectiveness of a future SDIO large
constellation of surveillance and interceptor
platforms may be dependent on a timely and
accurate system for on orbit health monitoring
capability. One critical component of such a
capability will be autonomous attack warning and
assessment. The technology used to implement
this function must be easily integrated into the
space platforms with minimal cost, schedule, and
spacecraft integration impact. The SAWAFE
program will develop and demonstrate these
technologies through a series of autonomous
flight experiments. The first SAWAFE payload
on the STEP-3 mission will concentrate on
demonstrating the functional performance of the
"smart skin" in a space environment, and
measuring the natural and man-made signal
background for each sensor type. Follow-on
flight experiments will demonstrate the functional
performance of an operational attack warning and
assessment system using miniaturized electronics
embedded in prototype spacecraft structures.
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Abstract.

The sensor technology to be used in smart structures
must be compatible both operationally and
mechanically with the material and the functional
specification of the smart structure system. Fibre
optic sensors are particularly attractive since they are
mechanically robust and flexible. This paper will
present an overview of work which has been carried
out within the University of Strathclyde concering
the development of fibre optic sensing techniques for
use in structural monitoring applications for
composite material systems.

1. Introduction.

During the last decade a considerable expansion has
been seen in rescarch effort directed towards the
development of smart structures and materials. The
realisation of these systems requires a cross
disciplinary understanding of aspects from mechanical
engineering, system control, sensing, actuation and
signal processing. The aim of this effort is the
realisation of structures which will perform their own
health and performance monitoring functions. A
structure might issue a warning if a fault is
discovered which it is unable to deal with or
alternatively the structure might alter the shape or
stiffness of its component members in order to damp
out mechanical vibrations which are outwith the
normal operating conditions of the structure. The
applications of this technology are wide ranging from
civil engineering through industries such as the
petrochemical industry to aerospace and defence. The
smart approach to system design offers the potential
of improved process yield, safer working and
operating conditions through the use of real time
structural monitoring, increased efficiency by
minimising component down time and performance
improvements with associated cost reduction through
weight minimisation as over engineering is
eliminated. Much of the interest in smart materials
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has been driven from the peeds of the aerospace
industries. In particular the use of high performance
composite materials in critical areas requires that
these materials must be made to be reliable, and that
they are seen to be reliable over the wide range of in
service operating conditions. The adoption of these
new materials in key areas has been relatively slow
due to the fact that it has not been possible to have an
in service indication of the health of these
components. The development of the smart
technology was seen as being a vehicle whereby these
new materials could be effectively incorporated into
primary structures since a real time up date of their
state of health could be provided via the use of an
embedded sensor network. This paper will review the
work related to the development of these sensors
within the University of Strathclyde. Within the
university a considerable body of expertise has been
established in the areas of fibre sensing and optical
component development. Here the discussion will be
restricted to the area of optical sensing methods for
structural monitoring in composite materials.

2. Structural Monitoring in Composite Materials.

The first concerted effort undertaken within the
university to examine the possibility of using optical
fibre sensors to perform structural integrity
measurements in composite materials was performed
under a collaborative research programme OSTIC
(Optical Sensing Technologies for Intelligent
Composites)'. This program was in fact the first
European programme to focus collaborativi research
onto this issue. The sensing aims of the programme
were to demonstrate a quasi-distributed dynamic
strain measurement within a8 composite material and
secondly to implement a measurement scheme which,
with the use of a single sensing fibre, would permit
the simultaneous recovery of two quasi-static
measurands (temperature and strain) to be achieved.
The implementation of a quasi-distributed strain
measurement was undertaken by the project
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managers, Bertin et Cie., who developed & scheme
based upon a coherence multiplexed polarimeter. This
system will be described in full detail elsewhere in
this meeting®. The University of Strathclyde was
responsible for the latter investigation. Both of these
sensing schemes were to be considered as a possible
means for determining the state of cure of a Carbon
Fibre Reinforced Plastic (CFRP) or Glass Fibre
Reinforced Plastic (GFRP) structure by measuring
the secondary effects (temperature and strain
changes).

2.1 Simultaneous Measurement of Two Variables.

Optical fibres have stimulated considerable interest in
their use as sensors due to their high sensitivity to a
wide number of measurands, their immunity to
electromagnetic interference, their capability for
making distributed measurements and also because of
their capacity for information transfer. These sensors
are particularly attractive to users of composite
materials due to their ability to withstand the dynamic
range of strain excursion (up to 2%) which might be
placed on a high performance composite component.
The inherent sensitivity of optical fibre sensors to a
wide range of measurands has been a key factor in
their success. It is also true however that this
sensitivity has inhibited their deployment in a large
number of areas. In particular, under conditions
where it is necessary to perform slowly varying or
quasi-static measurements it is often the case that
more than one measurand can influence the output of
the optical sensor at the same time. At best this leads
to a reduction in the measurement sensitivity and at
worst this can cause a total corruption of the
recovered data. During the early stages of the OSTIC
programme a decision was made to address this
particular issue. For the composite material needs the
most appropriate measurement was felt to be an
integrated measurement of temperature and strain
variations. To this aim a target specification of
simultaneous recovery with a resolution of 5 C and
100 e was proposed.

Simultaneous recovery of information from two
variables can be achieved by making two
measurements on a single sensing fibre using two
different approaches which have different sensitivities
to the measurands of interest. In the present
experiment the fibre was interrogated with a dual
mode sensing scheme and a polarimeter. Investigation
of these schemes had revealed that, for certain types
of fibres, the relative sensitivities to temperature and
strain changes were sufficiently differeat for
measurements to be made which would allow these

two variables to be discriminated. The implementation
of the sensing scheme was as follows.

The sensitivity of the sensing fibre to changes in
temperature and strain were first of all established
independently of each other for both measurement
techniques. This allowed the sensor to be represented
in matrix form thus,

Adpy,
Ad’DUAL

®por  YrpoL Ae
= 0y

®pua pua| AT

where o,por, ®puaLs Oreor a0d oppua. rEpresent the
individual strain and temperature sensitivities of the
two sensing schemes, A¢ represents the phase
changes seen by the dual mode and polarimetric
signals, Ae¢ and AT are the applied strain and
temperature changes. Provided that it is possible to
invert this matrix, measurements of the total phase
changes of the dual moded and the polarimeter signals
can be used to uniquely specify changes in
temperature and strain. Experimental data showing
recovered temperature and strain variations for an
unembedded sensing length of fibre is presented in
Figure 1. Data recovery with an accuracy of
approximately 10 u¢ and 2 C was achieved over the
entire measurement cycle’. This sensing scheme was
further evaluated in an embedded system: a section of
fibre was embedded in a unidirectional CFRP
composite coupon 320 mm by 25 mm by 55 mm.
This coupon was subjected to a three point loading
with simultaneous thermal cycling and the recovered
data is displayed in Figure 2. The recovered
temperature and strain information in this experiment
was less accurate than in the unembedded situation,
accuracies of arourd 35-50 pe and 5 C was
achieved’. A number of reasons account for this
discrepancy.

Batch to batch variations in the manufacture of the
elliptical core fibre lead to variations in the
sensitivities of both the polarimetric and dual moded
sensing schemes. In the embedded system
experiments, the sensitivities of the dual mode and
polarimetric sensor were slightly different from the
fibre used in the unembedded case. In particular the
dual moded sensing scheme was found to be less
sensitive to applied strain. The difference in these
sensitivities was found to influence the conditioning
of the fibre characteristic matrix making data
recovery more difficult. In addition to this, the
sensing length was shorter than in the previous case
in order to be compatible with the maximum
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permissable sample length. This has the effect of
reducing the influence of the temperature changes and
therefore this information is more difficult to recover.
Thirdly, in order to perform the thermal cycling a
heating coil was wrapped around the CFRP coupon
and the coupon heated to around 100 C and left until
isothermally stable. The coupon was then allowed to
cool and a three point bending load applied. The glass
transition temperature of the matrix resin used in the
CFRP structure lies typically in the region of 130 C
and consequently the modulus of the resin at elevated
temperatures could be approximately half of its room
temperature value. This leads to inaccurate strain
transfer to the fibre during the initial stages of the
cooling cycle.

These preliminary measurements of the embedded
sensor performance indicate that it is possible to
implement this form of sensor in an embedded
configuration. Given the magnitude of the systematic
errors associated with the experiment a reasonable
agreement between the optical measurements and the
reference data has been achieved. Future
developments of this sensing scheme will take place
around the implementation of an all fibre version of
the sensor. It is expected that this will improve the
reliability of the sensor and ease the deployment
difficulties.

2.2 Multimode Fibre Optic Sensor Using Artificial
Neural Networks.

Currently under progress within the Optoelectronics
division is a project which involves the use of an
artificial neural network to relate the changes in the
speckle pattern at the output of a multimoded fibre to
the strain applied to the fibre. The project aim is to
identify an optimum technique for presenting the
speckle pattern image to the input layer of the
network, choosing the optimum layer number and
nodes in the hidden layer and selecting an ouput layer
to best represent the strain value. Absolute strain
measurements of up to several hundred micro-strain
using such multimode sensors with ANN processing
are attainable.

Increasingly it is becoming possible to use Artificial
Neural Networks (ANN's) in complex pattern
recogaition. The strain sensor described in the present
section is one such problem. Light intensity patterns
produced at the output of a multimoded optical fibre
are complex in nature due to the interference of the
many modes which propagate down the fibre length.
Small strains exerted on the fibre will change its
physical properties, such as length and refractive

index, and hence alter the characteristics of the light
as it travels along the fibre length’. These effects
result in an alteration of the complex modal
interference pattern at the fibre output’. A typical
example of such a pattern is displayed in Figure 3. It
is possible to produce unique patterns at the fibre
output over a wide range of strain conditions and use
the neural network as a means of relating a specific
strain with a given pattem. This allows the
construction of a simple yet effective strain sensor.
The basic system under investigation consists of three
blocks:a multimode fibre acting as a sensor; a digital
signal processing of output pattern after acquisition
and finally a neural network as the interface between
the pattern and a strain value.

In order that repeatable strain measurements could be
made, a multi-mode fibre was epoxy bonded to the
surface of a cantilever beam which was then deflected
giving strain value in the region off 0-300ue. The
patterns produced at the output of the fibre were then
stored on a SUN work-station by means of a video
camera and frame grabber. The pattens were
processed using several digital signal processing
techniques to simplify the resultant pattern thus
enabling easier training of the neural network.

The neural network simulator used in this project was
the Aspirin/Migraines packap=®. This package utilises
a Generalised Delta Rule with back propagation’.
Various neural network configurations are currently
under investigation. Initially strain was output in
binary format, this technique was used in work
carried out by Grossman et.al. on a few moded
sensor system®. Results obtained thus far indicate that
the multimoded sensor system is more effective than
the dual moded system giving a much improved
sensitivity and range. This is due to the increased
complexity of the modal patterns. Training of the
ANN has varied in duration between a few minutes
for some of the smaller networks up to a maximum
of about one hour for the larger ones. Full details and
results of this work will be published in the near
future.

2.3 Impact Damage Detection and Location Using
Optical Fibres,

Another line of investigation recently pursued at
Strathclyde involves building an opticai fibre sensor
system capable of locating and detecting the
magnitude of an impact occurring on a composite
panel. The first phase of this activity has been
concemed with designing a system for determining
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impact location which operates by timing the arrival
of impact generated acoustic waves at a sensor array.
Electrically passive sensors have been targeted as of
interest, and this has involved the use of multimode
optical fibres as sensors. The acoustic sensitivity of
such fibres, guiding coherent optical radiation, is well
known®,

Initially optical fibres were surface mounted along the
edges of a metal panel. A multimode directional
coupler was used to divide the optical power equally
between two fibre sensors. The sensor outputs i.e.
the speckle patterns were monitored by
photoreceivers, one receiver dedicated to each sensor.
The signals at the receiver outputs were then
electronically processed to measure the difference in
arrival times at the sensors, and from this a simple
calculation yielded the impact origin. Using this
relatively crude sensor, impacts of a few tenths of a
Joule could be located with a resolution of +/-Scm.
This project is currently in progress, but a more
suitable fibre optic sensor system is now being
evaluated. The design criteria are that the sensor
must be lead-insensitive, demonstrate high sensitivity
and dynamic range, and have a wide frequency
response. Detailed results of this project will be
presented elsewhere.

3. Cure Monitoring.

A key component to the development of smart
structures based on thermoplastic epoxy resin based
composite systems is a means of determining the cure
state of these materials. As structural designs become
more complex and material requirements for
improved high temperature properties increase, the
need for closer structural monitoring and control of
the fabrication process is essential. Current practices
rely heavily upon measurements of temperature and
pressure conditions during the curing cycle of
materials in order to ensure that the composite
material structure is being sufficiently well cured.
Batch to batch variations and changes in resin
chemistry during storage can lead to components
being held at high temperature for excessively long
periods of time in order to guarantee that cure has
been achieved. This can represent a considerable
energy loss. There is clearly a need for a means of
readily establishing the cure state of a composite
structure, whether this be during the curing process
or as a ‘go:no go' test on a key element of the
structure at the end of the manufacturing process. In
order (o achieve these aims measurement techniques
as diverse as dielectric absorption®’, acoustic
propagation'®, rheometry'' and optical attenuation'?

have been investigated. Some of these measurement
schemes are currently under development within the
university however the present discussion is
concerned only with techniques which are based on
optical fibre sensors. One such method based on a
means whereby the refractive index of the material
might be accurately determined is currently under
investigation.

During the curing process, epoxy resin based systems
go through chemical changes which are reflected in
changes in the refractive index of the material. If this
change can be detected then in principal the cure state
of the material can be determined. Optical
measurement techniques which make use of this
phenomena to induce a loss in the throughput of the
optical signal as the index of the curing medium
changes have been developed. While these
measurements have been shown to be effective to
some degree, they have considerable weaknesses.
Being intensity based the resolution of the
measurement is limited to the minimum resolvable
change in intensity, it is also subject to influence from
other loss mechanisms such as micro bending or
down lead effects. Furthermore, the greater part of
the index change takes place during the gelation phase
of the epoxy system therefore during the latter stages,
or during the post cure, the index changes are small.
The resolution offered by the intensity based schemes
is insufficient to indicate these changes.

Means of measurement of refractive index which can
be made sensitive to index changes of 10° are
currently being developed within the Optoelectronics
group at the university'>. These techniques are also
under investigation with a view to applying these
methods to cure monitoring'®.

3.1 Cure Monitor Operation.

The basic geometry of the device is as indicated in
Figure 4. A high index overlay waveguide is
evanescently coupled to a polished optical fibre.
Efficient coupling between the optical fibre the
overlay waveguide is achieved when the index of the
kighest order mode of the overlay waveguide (close
to cut off) is matched to that of the fibre core. This
condition can be realised by tuning any of the overlay
waveguide parameters (thickness, index or operational
wavelength). Under resonance conditions strong
power transfer takes place between the fibre and the
overlay waveguide (a typical trace of the transmission
characteristics as a function of input wavelength is
displayed in Figure 5). In addition to the above
parameters it can be shown that the resonance
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position is also a strong function of the index of the
superstrate surrounding the overlay guide. Variations
in this index have produced changes in the resonance
centre wavelength of greater than 100 nm" and in
principle this can be extended to around 500 nm with
appropriate choices of materials. Making use of this
property allows the refractive index of a material to
be determined with accuracies of better than 107,
This approach offers the potential of monitoring the
index of a curing resin based system. Although the
present systems under investigation use cumbersome
polished biock technology, this is simply a means of
facilitating the device development. The construction
of these devices could be readily implemented with
vacuum deposition of high index films onto D-type
fibre. There remains however certain problems to be
addressed before this measurement technique can be
directly applied to the problem of measurement of
cure state of composite material structures.

As the composite material undergoes the processing
of the cure cycle, the refractive index of the resin
systems changes from around 1.52 to 1.58 between
the uncured and cured states. The refractive index
measurement technique based on coupling to an
overlay guide is effective only for superstrate indices
which are lower than the effective index of the fibre
core (1.45). A means must therefor be found of
increasing the usable range of measurable indices.
Several approaches to this problem are possible,
including the manufacture of these devices using
fibres of an alternative structure (for example
Fluoride). In work being carried out at present, a thin
film of low index material is deposited onto the
overlay waveguide in order to buffer the overlay
guide from the effect of the superstrate material.

A layer of high index (n =1.8) was mounted onto a
side polished block and polished to a thickness of
approximately 30 um. The tuning of the resonance
positions as a function of overlay index measured for
both the TE and TM polarisation states, these are
displayed in Figure 6. A layer of CaF, of
approximately 700 nm, corresponding to the
evanescent field penetration depth was then deposited
upon the overlay layer and the wavelength tunability
measurements repeated, these measurements are also
displayed in Figvre 6. Examination of this figure
shows clearly that the deposition of this film has
extended the range of overlay indices during which
the resonance position is tunable. Only when the
superstrate index value exceeds 1.5 is lossy behaviour
observed. Up until this value the resonance peaks are
clearly discenable. While the extension of the

measurement range does not extend to that required
for cure measurements of current resins used in
composite manufacture it is expected that a further
increase can be achieved with the use of thicker
layers. The layer thickness used at present represents
approximately one penetration depth thickness, where
the evanescent field strength falls to 1/e of its original
value. It was not expected that much buffering effect
would be observed for thickness of less than this
value. Increasing the thickness of the low index layer
should emphasise the buffering effect, up until the
point where the superstrate index has no effect at all.
It is not yet clear how much of an increase in
operational range this will ultimately allow. A
theoretical and experimental investigation are
currently underway in order to determine this.

4. Conclusions.

This paper has reviewed work carried out within the
Optoelectronics Division of the University of
Strathclyde concerning the development of techniques
suitable for structural monitoring of composite
material systems. The work carried out to date has
spanned a number of key areas within the smart
structure concept, impact damage detection and
location, measurement of quasi static parameters and
material monitoring during manufacture. The results
obtained to date represent the beginnings of the inter
disciplinary collaboration that are necessary for the
success of the smart structures technology. Future
research will further develop this interdisciplinary
cooperation with closer collaboration between
constituent areas such as sensing, chemistry and
signal processing. In order to close the loop and
provide the necessary feedback to implement a truly
smart structure, future research programmes will
require closer intoraction with control and actuation
centres. Some preliminary work is already under way
in this area coordinated by the Smart Structures
Research Institute. Future research programmes will
also target alternative smart systems for civil
engineering applications. These areas will provide a
valusble proving ground for the technology without
having the high cost and high risk that is associated
with development of primary components for the
aerospace industry.

Acknowledgem