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Abstract. Recent trends show an increasing need for prognostics and lifetime
estimations for damage critical structures in various industries. Military aviation is a
major application area for Structural Health Monitoring (SHM) systems. Out of
numerous SHM approaches being under investigation, sensor-based Acousto
Ultrasonics (AU) systems which use guided waves for damage detection have great
potential of meeting the future needs of autonomous life prognostics. Besides the
technical development and integration of such systems, ways for the aeronautical
certification are explored.

The reliability of SHM systems is a key issue for certification. Common
understanding for assessing the performance and reliability in terms of damage
detection is needed. Therefore the Probability of Detection (POD) is a major
indicator. Existing approaches used in the field of Non Destructive Testing (NDT)
based on testing are not fully applicable to POD assessments due to restricted test
efforts. Simulation based assessments will help to minimise the test effort to an
acceptable scope. Simulation techniques need basic knowledge of wave propagation
physics, material properties of monitored structures and influencing parameters.
Detailed validation of the simulation techniques tools is necessary to satisfy the
certification issues.

This paper presents reliability aspects in the context of sensor-based AU
systems. Several influencing parameters on system reliability are investigated.
Effects of sensor integration, environmental conditions and guided wave modes on
detection reliability are considered.
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1. Introduction

SHM systems in military aircraft are in operatiam everal years and more sophisticated
systems are developed. The system capabilities bhaea enlarged from simple usage
monitoring to modern fatigue and damage monitofibg Nowadays technologies like
Prognostic Health Management, Integrated VehiclaltHeManagement and Integrated
System Health Management are based on SHM datpramile various capabilities for in-
service solutions in order to maximize the secumyailability and mission success. In-
flight monitoring, onboard data processing, headtbsessment and prognostics are
important capabilities for future unmanned aircrsystems and support online mission
management.

During the past years several damage detectioeragsare developed. Next to the
simple automatization of a non-destructive methibdse systems provide data for modern
prognostic health management systems. Still, aakes of development is the Verification
& Validation (V&V) method leading to the qualifiaah and certification, where reliability
of SHM systems is a key issue. As a major perfogaandicator, the POD is playing an
important role during the certification. Due to neodl airframe design principles, like
damage tolerance design, reliable monitoring oineéef damage sizes is required and needs
to be certified.

2. Comparison between SHM and NDE

In course of validating the performance of sensseld SHM systems, the POD is essential
information. Reliable statements about the suceedamage detection are necessary. Only
that way, the economical use of SHM systems isiplesdn order to provide a universal
assessment for certificating sensor-based SHM mmgstéhe term POD requires an exact
definition.

In the past, POD was already relevant for evalgaiDT methods being used for
manual maintenance activities. In conventional N&sBessments, POD is a function of
damage size. As exemplary shown in figure 2.1,RB¥-curve (solid line) is computed
based on experimental hit/miss data (black dotigo Aonfidence limits (dashed lines) are
depicted, which confine the most likely area in evhithe true POD might be. For
calculating a statistically reliable POD curveagge number of samples and consequently a
lot of test effort is required.
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Figure2.1: Conventional POD curve for NDI assessment [5]



The performance of a NDT system is commonly comei@s acceptable, when there is a
95% confidence to detect at least 90% of damag@®%9P0OD). This 90/95 limit is
confirmed as an adequate validation argument khduNASA and military papers about
NDT [5, 6].

Sensor-based SHM systems being partly integratdd mrcraft structural
components provide similar outputs as manual NDThods (e.g. hit or miss, damage
sizes). Therefore, NDT performance assessmentsoa®dered as useful reference when
defining the term POD for sensor-based SHM systems.

However, additional requirements have to be taketo iaccount. From the
economical point of view, it is necessary to rediest efforts whereas the number of
samples does not decrease. Model assisted perfoenaasessments have great potential to
satisfy this requirement.

From the technical point of view, an autonomousteysmight produce invalid
data. In the case of sensor-based SHM systemépuhalifferent system outputs depicted
in table 2.1 have to be regarded [3].

Damage pr esent No damage pr esent
Damage indicated True-Positive (TP) = HIT False-Positive (FP) = FALSALL
No damage False-Negative (FN) = MISS True-Negative (TN)

Table 2.1: Possible system outcomes [3]

Sensor-based SHM systems use a criterion for tfieation of damage. This criterion is a
threshold value referring to allowable signal daviass before damage is indicated. Since
the chance of a hit can be increased at the expdresigher false call rate, this threshold
value is a compromise. The POD shall satisfy th®@®0mit (see figure 2.2) whereas the
False Positive rate provides a 95% confidencettietchance of false calls is below 10%
(10/95 FP rate, see figure 2.3).
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Figure 2.2: Exemplary probability density function Figure 2.3: Exemplary probability density function
for detection rate for false calls
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Binomial approaches serve to determine the confieldrounds. The confidence intervals
according to Clopper and Pearson are considereti@guate hence they depend on the
sample size and can be related to the binomiatilalision. The confidence intervals as
described above shall be calculated separateldiffarent damage sizes. This is because
large damages are more likely to be detected thaadl ones. Since a large number of
samples might contain numerous different damagessielassification of sizes shall be
performed. Each size class shall at least con@isaPhples. For theoretically satisfying the
90/95 criterion according to Clopper and Pears®ris out of 29 trials are necessary. The
resolution of the POD curve is further dependingt@number of size classes [2].

From a global point of view, the POD definition BHze applicable to all sensor-
based SHM systems providing either binary (hit/dniss quantitative (size, position)
outputs. The POD definition shall further not bmited to Acousto Ultrasonics.
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3. Overview Boundary Conditions

Structural components face several changing camditivhich affect the behavior of

ultrasonic wave propagation. Static influences blssembly conditions, or strains due to
pre-loads of a structure (e.g. wing attachment)vai as dynamic influences such as
vibrations or changing loading conditions (e.g. marers, variable fuel mass) have to be
taken into account [11].

4. Environmental Conditions - Requirement Definition

SHM systems typically consist of several componentstalled in different locations
within the aircraft. All components of the measuesinsystem have to remain functional
during the useful life of an aircraft. In order guarantee operational functionality, the
different components have to be tested in advancerding to their field of application.
These tests have to be done for each single compseparately as well as for the whole
system.

Aircraft, especially military aircraft, operate wrd harsh environmental and
application conditions. An overview of these partareeand standards for development of
a specification and certification tests is illugddiin [7], [8] and [9].

In the first step, the overall requirements of §t¢M system are defined according to type
and field of application of the aircraft. A summanfythis process is illustrated in figure 4.1.

Standard « > Scenario

RTCA DO-160F J Civil Transport Aircraft
RTCA DO-178B Military Aircraft
MIL-STD-810G . Helicopter
Requirement

-50to +85 °C
up to 70 000ft MSL
18 g acceleration

Figure4.1: Requirements of a SHM System

A summary of typical requirement areas/topics adiogy to [7] for airborne equipment is
illustrated below:

* Temperature and Altitude * Power Input

» Temperature Variation * Voltage Spike

e Humidity * Audio Frequency Conducted

» Operational Shocks and Crash Safety Susceptibility

* Vibration * Induced Signal Susceptibility

* Explosive Atmosphere * Radio Frequency Susceptibility
» Waterproofness » Emission of Radio Frequency Energy
* Fluids Susceptibility * Lightning

* Sand and Dust * lcing

* Fungus Resistance » Electrostatic Discharge (ESD)
» Salt Fog * Fire and Flammability.

* Magnetic Effect



Besides the definition of requirements due to aftctype and field of application, the
specific installation location of the SHM equipmenithin the aircraft is affecting the
performance of the SHM system. It has to be disistged between equipment which is
installed in a temperature and pressure contr@lfed inside the aircraft and an area outside
the aircraft, which is exposed to the surroundiregtiier conditions as well as to in-service
equipment used during aircraft operation (e.g.ategifluids, jet fuel, etc.) [7].

For qualification of the SHM system the requirensectnnot be investigated
separately. During aircraft operation, there isaalsv a combination between different
effects. A typical example is increased temperatvitle mechanical loading during or after
temperature test.

For certification of airborne equipment all necegsaeircumstances have to be
identified and tested in advance. A large numbecafpon tests (basic level structural
tests) has to be tested to investigate the diffeedfects separately as well as in
combination. This process is expensive and timeswming due to the large number of
requirements.

Considering the high number of physical parametyapon testing becomes very
costly, especially if the interaction of the diiat parameters has to be taken into account.
For evaluation of all the parameters the modelsts3iPOD (MAPOD) approach is very
promising. MAPOD uses amongst others physical nsottesimulate the wave propagation
within the structure. The validated model can bedu® decrease the experimental effort,
especially considering the interaction betweereddht effects.

5. Overview physics and tests

For military aircraft operations the Acousto Ulmags (AU) Method is a promising
approach to monitor the structural health of theraft.

The AU Method utilizes piezoelectric transducerkjol are permanently applied to
the structural component. These transducers genguaded waves, propagating within the
boundaries of the structure. These waves showdeghitivity to structural damages of the
component. By comparing a pre-recorded baselineabigithout damage with a current
measurement, the signal deviations can be useetéondine if damage has occurred or not.
A flowchart describing the process of damage dieteds illustrated in figure 5.1.

If damage has occurred to the structural comporleatpropagating waves interact
with the damage and changes in the received sicgralbe recognized (e.g. amplitude
reduction, phase shift and mode transformatione Pphysical behaviour of the guided
waves is used to identify the defect utilizing algons like Damage Index, Ellipse
Method, Time of Flight, etc.

If the system has detected damage, parametersitikeand location can be used to
define the severity of the defect. This data camitiessed during aircraft operation to draw
conclusions on the structural health of the aitciMfssion planning as well as maintenance
planning can be adapted based on current healih dat
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Guided waves show a high sensitivity to physicahpeeters (compare [10, 11, 12]):

* Material of the structural component ¢ Sensor integration
 Shape and geometry of the structural Loading of structure [11]

component * Assembly state of structure
* Environmental conditions [12] * Actuation Frequency/Amplitude [10, 12]
e Damage size / type [10, 11] Wave Mode [10, 12]

Considering the whole SHM system, not only physgatameters influence the damage
detection capabilities. Also reliable algorithmsdasystem components are necessary to
evaluate the wave signals to achieve sufficientatprdetection performance.

For exemplary illustration of the effects of envinoental conditions, the following
paragraph is focused on the effect of temperataréhe wave propagation. Figure 5.2
shows influence of temperature on the symmetita&nb-Wave-Mode propagating within
a flat composite plate.

The test setup consists of a 3 mm quasi-isotropmmposite plate with surface
bonded PZT-Transducers. The composite plate isetieladbm 20 to 60 °C in steps of 5
degree in a humidity and pressure controlled oVée.signals are generated during heating
utilizing the pitch-catch method (one transducewes as actuator, another transducer as
sensor). It can be observed that propagation speg@mplitude of the symmetrig-Blode
is decreasing with increasing temperature due t@ngimg material properties of the
composite laminate. Regarding typical damage deteetigorithms like Damage Index or
Ellipse Method, the change of the signal signifttamnfluences the damage detection
capabilities. For in field application compensatitgchniques becomes inevitable to
guarantee stable and reliable measurements.
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Figure5.2: Propagation of the,3.amb Wave Mode with increasing temperature [12]

The choice of adequate baseline data and deteionnait allowable instants of time when
damage monitoring can be performed is an essdasklwith regard to future applications
of such systems.

That means, the baseline data for AU measuremhbatkrepresent the condition of
the structure during later damage monitoring aisteaas possible. Changing conditions
shall be taken into account by post-processingeosagr data, e.g. by applying compen-
sating curves.

6. Summary

Damage detection systems based on Acousto Ultiesamethod, which use guided waves
for damage detection have great potential of mgetie future needs of autonomous life
prognostics. Certification and qualification of gerformance are key issues for the future
usage of damage detection systems. In this papaireenent areas and typical influencing
parameters on damage detection capability are sheci Model assisted POD (MAPQOD) is
assumed to be an approach for efficient certiticatiValidation of basic physical models to
simulate the wave propagation within the structar@ mayor issue for future developments
and certifications.
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