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Abstract: Prognostic health manageméRHM) provides systerstakeholdershe abiity

to anticipate problems and address them in a planned, rather than unscheduled, manner.
PHM technologycreates models afxpectedsystem operationand usevariances from
predicted performanceto indicae abnormalities and futurdailures. The models
described in this paper are based on the
( PRo H) oisa dat&deriMed solution combining pattern recognition algorithms with
principles from statistics and sigAadocessing to create models of expected system
performanceusing available sensors and data sources. P&phes these models to
determine and repogystem healtrstates.In the presence of degrading or unexpected
conditions, PRoHtreates fault mode signatures tlaantify failure modes and correctiv

action. PRoH has been designed to overcome obsiatlibiting application of PHM
technology. It is independent of detailed system knowledge, makes accurate decisions
using data available from existing sensors and sources, and interfacesuweht
logistics systemslt has been testeth challenging environments including aircraft
engines, rotorcraft, wheeled vehicles, navigation equipment, oil produstidpower

plants In all cases the algorithms have been able to detect prolelersr thancurrent
methodologies anith timeto permit corrective action prior to actual system failure.

Key Words: Anomaly detection; conditichased maintenance; datarived models;
fault analysis; failure modes; prognostics; system health management



Prognostic Health Management

System integratorgperators and original equipment manufacturers, are looking for ways

to increasesystemavailability, improvesystemreliability and reduce the cost efstem
operations. Maintenance strategies argrating to Seng-Respond Logistics and
Condition Based MaintenanceThey represent efforts to shift tirleased scheduled
maintenance to preventive and predictive approaches based on evidence of need and to
reduce the logistics

footprint and response A Benefiti Increased system availability

time and are projectd i fewer unscheduled service interruptions

to reduce Total Cost of i early notification of potential failures, enabling planned
; ; response

anershlp WTIe 1 faster repair time associated with fixing minor problems

Increasing System T reduced potential for loss of service, equipment or life

availability. Projected

benefits are shown ir A Benefiti Reduced cost of operations
Figure 1. However i reduced cost of problem identification and repair
their successful use T smaller spares inventory and redundant equipment

. - I faster return to service
requ_'res the ability to T identification of faulty sensors rather than failing systems
monitor the health of i fewer maintenance actions with no fault found
the system provide T reduced probability of catastrophic failure
early  detection of i enabler of condition-based maintenance

|

abnornal  conditions, presentation of trending data for continuous system
identify ~ failing  or analysis and improvement

degrading component: Figure 1. Benefits of Enhanced Maintenance Strategies
and recommend the

correctremedial action in time to avogkrvice interruptionsr catastrophic failure.

In recent years, prognostic systems have emerged as a key enabler for efficient
systemlevel maintenance andifd-cycle cost reductionPrognostic health management
(PHM) provides the ability for system operators and maintenance personnel to anticipate
problems while they are small and to address them in a planned, rather than unscheduled,
manner. Through accueaforecasting of system performance, PHM systems can answer
the questions:

1 Is the system in a healthy operating state?

1 Are there early indicators of a larger failure to follow?

1 What actions should be taken by the maintenance support staff?

1 Has the systerheen restored to its normal operating state?
PHM systemsprovide the ability to monitor system health status, detect abnormal
conditions, perform fault mode analysis, interface with logistics and maintenance
systems, and ensure that the system is retuimedrvice in a healthy state. Prognostic
analysis concepts provide the foundation by which system performance can be evaluated
during use and impact due to unexpected events reduced. By identifying current system
health states, detecting noptimal opeating conditions, and predicting future failures,
prognostic systems enable procedures to be developed that will mitigate the impact of
failures and maximize system availability.



Early Warning of Component Major
Potential Fault Failure Failure

A

" ~

-Identify Failing Component -Prevent Major Failure
-Predict Useful Life -Reduce Maintenance Costs
-Recommend Maintenance Procedures -Improve System Availability
-Determine Impact on Other Components - Enhance Safety

-Minimize False Alarms

Figure 2. The Prognostic Paradigm

Figure2 shows therognostic paradignBystems in proper working ordelitreer new or
from recentlycompleted maintenance, are installed and deeraady for use. Over
time, due to normal degradation ordperatioml activities, faults are introduced into the
system Left undetectedsmall faults will eventually lead tesysten failure which has the
potential to result in reduceavailability, service interruptioor catastrophic failurelhe
objective of PHM is to identify potential problems while they are small, permitting
planned response and preventing catastrophic failure.

PHM is a complex, multistage process. AMepictedin Figure 3, it begins with
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") Health Analysis/Status

" FaultAnalysis/Isolation

m

", Impact/Recommendations
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\_—", Health Management
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" Return to Service

Figure 3: The PHM Process
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information fromsensors and data sourcethat can be used to describe the health state
of the engine. These data are used to perforengme health state analysiggeportthe
current health state and detect abnormal conditions that indicateptioral, degrading

or failure modes of operationg-ault analysiscombines the health management failure
signatures with fault modes, reasoners, and historic engine data to detémsmimost
likely cause of the abnormal condition. Timapact of the abnormal condition is
determined andecommendationsmade to the control computer or the operations and
maintenance staff. Aealth managementdecision is made regarding the actiorbt®
implemented. The result is that the abnormal condition is resolved in a timely and
accurate manner and the engineetsirned to servicein the correct state of operations.

Health state analysis systems use models to determine normal behaviariandes

from model predication to identify abnormal conditioBystem Healthis measured by

the extent of degradation or deviation from an expected normal conditiodeahhy

System is one that is performing consistent with its expected normal opgratin
parameters. Variances from normal or expected system characteristics are measures of
system degradation and precursors of future events.

PHM system early warning angredictiontechnologiesare classified into two major
categorieg physicsbased solubns and datalerived solutions.Physicsbased methods
assume that an accurate mathematical model of the phghmalcteristics of theystem

or its componentsan be coseffectively developed, validated and maintained. These
methods use residuals amafures, where the residuals are the outcomes of consistency
checks between the sensed measurements of a real system and the outputs of a
mathematical model. The premise is that the residuals are large in the presence of
malfunctions, and small in the peagxe of normal disturbances, noise and modeling
errors. Statistical techniques are used to define thresholds to detect the presence of faults.
The modelbased approach is applicable in situations where accurate mathematical
models have been (or can be) stwacted from first principles and can be maintained in a
costeffective manner.

Early efforts at applying PHM were based on physical models. These models are
difficult to create and maintain. Moreover, physical models are often created by the

system maufacturer and protected by them as containing trade secrets. Recent studies
into the effectiveness of physical models as predictive tools have concluded they can
identify, at most, 70% of potential systems problems

Data Derived PHM Predictive Technology

Dataderived approaches use statistical and learning techniques from the theory of pattern
recognition and statistid® model system performance using routinely monitored system
operating data (e.g., power, vibration, temperature, pressure, oil debresntsuand
voltages). In these applications, measured input/output data is the major source for
gaining a deeper understanding of the system degradation behavior. These range from
multivariate statistical to blaekox methods based on neural networksplgieal models,
self-organizing feature maps, signal analysis and fuzzybaked system&Vhile often

not considered as accurate as phyb&sed models, aladerived systems work well
where physical models are unavailable or cost prohibitive and wheiieimum set of
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data is available from which to determine system stagmmne of the benefits of data
derived systems include:

Legacy systems using existing sensors and data soubeda derived PHM systenase
softwarebasedand can create models of rmoal or expected operations frodata
captured fromexisting sensors and sourceblo new equipment or changes in system
configuration are required. Therefore, PHM analysis can be provided for systems where
physical models do not exist or cannot be eagigated but where application of PHM
technology can have a positive impact on system availability and cost of operations.

Minimum Domain Knowledge Physicsbased models require detailed knowledge of the
design and implementation of the system being moEik In many cases, this
knowledge is proprietary to the system manufacturer and is not available to developers of
PHM systems. Datderived systems have the ability to discover the physical
relationships among system elements and to create modelsxpefcted system
performance with only information from available data sources.

Individual System Models Over time, systems will change their performance
characteristics Often they will do so in a manner that remairithin an acceptable range

for busines operationgeven though they vary from an ideal or pristine systddata
derived technologprovides the ability tereate models of individual systemsing data
acquired from that systeandto adapt to changes in acceptable health state parameters
Individual system models can be created that reflect individual performance
characteristics. The definition of expected or acceptablelifi@n for different systems.

EnhancedMaintenanceSupport When a system requires maintenance (scheduled or
unscleduled), adataderivedcomparison of its current health state to its acceptable state
helps identifies anomalies that should be addressed by the maintenance Dsttdf
derived systems have the ability to accept data from multiple sourcé®#&oth systms,
management systems, test celtsjdentify the most likely cause of the problem and the
recommended remedial actioData derived technologies have the abilttgifferentiate
between sensor failures and system failures, helping the maintenahte fstafis onthe
malfunctioning component Prior to returning a system to service,data derived
comparison ofthe systemscurrent health state to its acceptable state can iglentif
potential problems overlooked or introduced during the maintenancesproce

Interface with Existing and Planned Maintenance Systeata derived solutions,
because they depend are structured to optimize the acquisition and processing of data
from the system being monitored, have the ability to interface seamlessly witldataer

based systems used for maintenance and logistics management. Standards compliant
data structures (e.g., MIMOSA) or Applications Program Interfaces that provide access to
industryaccepted data organizations (e.g., SQL, XML) provide the ability her t
information resulting from the data derived health state analysis algorithms to be easily
integrated with other maintenance and logistics systems to form -ftetive eneto-

end PHM system.

Pattern Recognition of Healthi Optimized Data Derived Techology

Pattern Recognition of Healtl?RoH)is a dataderived approach that applies stochastic
methods, pattern recognition and signal processing to form an analysis system that can
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perform continuous assessment of system performance in dynamic and icedstra
environments. The PRoH paradigm is based on the fact that the laws of physics bind state
parameters in complex systems. PRoH discovers the stochastic relationships that can be
used to estimate the value of a system state parameter in terms of theethatates of

other parameters both at the current time and in times past. This approach creates a
model that represents the physical interaction of the components of the system based on
available sensor and data source parameters. In a faulty or digoauhtion, a physical
adjustment occurs within the system and the measured and derived values tend to differ.
These differences provide sensitive measures of the health of the system and can be used
to assess system health state, performance, degradatgroblem source.

PRoH is not a threshold or Aredlined systel
system performance is not based simply on the values of a single sensor or group of
sensors at a specific interval in time. ThresHmded systemsletect individual

parameters outside of an expected range but they are poor predictors of overall system

heal t h. A threshold system can be showing
actually degrading.

Application of the PRoHlataderived paradgm begins with the identification of data
sources and parameters that can be made available for system model development. Data
derived technologies have significant benefits when applied to current system operations
or emerging technologyTheyrequireonly information derived from the system sensors

and are not dependent on proprietaygtemdesign dataThey are independent of the
placement or number of sensors and rely only on available Ttla¢y. adapt easily to

system changes, enabling the models teflect actualsystem characteristics and
acceptable levels of behaviofhey are inexpensive to create and operdtee same
technology can be applied to rémhe analysis or ground based analy3isey adapt as

the design of theystem ossensor selémn and placement evolves.

Data analysis begins witlanunderstanding of the relationships among the.data
Understandinghese relationshipprovides insight into the configuration of the hkea
state analysis algorithm&his analysis also results in tle selection of the specific
parameters to be used in the heslidite analysisharacterizing them as environmental,
healthrelated or

both
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selected parameters, the algorithms create a set ofime@m multivariate transfer
function models (TFMs) of the system being monitored under a variety of expected
environmetal and operating conditions. Each data parameter is expressed as a function
of the values of the other data parameters at the current time and at times past.

When TFM estimation is complete, a modelbase has been established that contains TFMs
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Figure 5: Detecting Abnormalities

for all variables of interest for many different operational conditions and states. Each
TFM for each parameter is associated with the sets of normalized values and the time
laggedperiodt-1, t-2, t3... for which it is validSee Figure 5.

A failure precursois defined as a system state or event itha¢presentative of a future
system failure. The precursor could be a degrading;optimal or anomalous system
behavior. Itis indicatedby a change in a measurable variable that can be associated with
subsequet system degradation and ultimately failure. PRoH applies transfer function
modelsthat applypast data values (for a specified number of time periods) and the
relationshipsamong the sensor data values to predict the data values for the next time
intervd. Residuals computed by comparing the predicted values to the actual values are
used to determine the system health state by detecting variances from expected system
performance. PRoH begins with the —-—

hypothesis that tF W lga [ | Zookwgm heal t hyo
and then applie statistical processes t(yy '\ g
detect variances that are indicators | o
system degradation and precursors o el T AT
future problem In a system operating ; ' !
normally (Figure 6), the measured and ) o

derived values will coincide. In the Figure 6: Normal Health State
presence of a faulty or degraded coiodit

the measured and derived values differ.



The differences between predicted ar-
actual parameter values are used
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residuals and the failing system or component. The algorithms examine the values and
relationships computed by the predict process to isolate the source of amsnality.

Action to be taken in the presence of a degraded or failing system may be a function of
the severity of the failure mode, the remaining useful life, and the impact on the present
and future missions. A failure mode might be considerdtate@ anacceptable measure

of tolerancdf a specificsystemfunction or period of performanaan be initiated and/or
completed without negative impact due to the failing compon&hé maintenance
systens can be notified of the potential failure so that plangépair or replacement can

occur within
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The result can
be presented

.

to an online Source
System’ a Notification
monitoring Figure 8: Identifying the Problem Source

console or a
data base for further action.

Applications and Examples
PRoH technology can be applied to any system that meets the following criteria:

1 Sensor data (continuous or snapshot) is available for the system being monitored

1 Normal or expected operating conditions can be defined

1 Detection of small abnormalities can result in corrective action

1 Early warning of potential failures results in significant benefit in terms of
availability, cost savings or cost avoidance.

The following examples show the application of the same PRoH pargahgviding
PHM technology to several different healttate analysis and fault modggnature
problems.



Example: Aircraft Propulsion

The Problem: One of the most significant elements of improving aircraft safety and
reliability is the ability to .o==—vm— e i
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assessment oéngine health p e S e
staus leading to early Figure9: PRoH Detects Engine Abnormalities
identification of propulsion

system failurescan havea significant and immediate impact on aircraft safety and
reduction of accidents. Using data from several enginmanufacturers, PRoH has
consistently reported abnormalities in engine performance characteristics before they
were detected by current means. Additionally, failure mode signatures created by PRoH
have successfully identified engine seal failures on ipleltengines even though the
specific failure point was not instrumented to detect this type of failure

Figure 9 showsnine sorties obneaircraft/ engine combination over a period of several
weeks. PRoH detects abnormal conditions after Sortie 2vandt suggest that the
engine be inspected after Sortie 3. The engine was not evaluated until Sortie 9, at which
time it had sustained significant damage. Had the early warning ability of PRoH
technology been available, the cost of repair andobsewice time would have been
decreasedThe ability to monitor system performance in real timeboardor off-board

the aircraft and to provide alerts with respect to degrading conditions and reduced
performancehas a positive effect on aircraft availabilityreliability and cost of
operations.

Aircraft Electronics

The Problem Prognostic technology hdseenappliedinitially to electremechanical
systems which typically degrade over time and are ofteningliumented for external
data collectionApplying PHM technology to electronic systems presents a separate set
of challenges. Yet, the benefits of PHM predictive analysis apply equally to electronic
systems as they do to electreechanical systems.

Electronic system&ave not historically been well strumented to enable performance

monitoring in an operational environmeritistrumentation datthat might be used in a
prognostic analysis of an electronic- system
In Test (BIT) sequence or software procegsand is not always retained or externally

available. Electronic systems have a tendency to fail more abruptly than mechanical
components and wear and damage in electronics systems is comparatively more difficult
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