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Disclaimer 
This report was prepared as an account of work sponsored by an agency of the United 
States Government.  Neither the United States Government nor any agency thereof, nor 
any of their employees, makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or otherwise does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof.  The views and the opinions of the 
authors expressed herein do not necessarily state or reflect those of the United States 
Government or any agency thereof. 
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Abstract 
Power generators are concerned with the maintenance costs associated with the advanced 
turbines that they are purchasing.  Since these machines do not have fully established 
operation and maintenance (O&M) track records, power generators face financial risk 
due to uncertain future maintenance costs.  This risk is of particular concern, as the 
electricity industry transitions to a competitive business environment in which 
unexpected O&M costs cannot be passed through to consumers.  
 
These concerns have accelerated the need for intelligent software-based diagnostic 
systems that can monitor the health of a combustion turbine in real time and provide 
valuable information on the machine’s performance to its owner/operators.  Such systems 
would interpret sensor and instrument outputs, correlate them to the machine's condition, 
provide interpretative analyses, forward projections of servicing intervals, estimate 
remaining component life, and identify faults.  
 
EPRI, Impact Technologies, Boyce Engineering, and Progress Energy have teamed to 
develop a suite of intelligent software tools integrated with a diagnostic monitoring 
platform that will, in real time, interpret data to assess the “total health” of combustion 
turbines.  The Combustion Turbine Health Management System (CTHM) will consist of 
a series of dynamic link library (DLL) programs residing on a diagnostic monitoring 
platform that accepts turbine health data from existing monitoring instrumentation.   
 
The CTHM system will be a significant improvement over currently available techniques 
for turbine monitoring and diagnostics.  CTHM will interpret sensor and instrument 
outputs, correlate them to a machine's condition, provide interpretative analyses, project 
servicing intervals, and estimate remaining component life.  In addition, it will enable 
real-time anomaly detection and diagnostics of performance and mechanical faults, 
enabling power producers to more accurately predict critical component remaining useful 
life and turbine degradation.   
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Executive Summary 
Introduction 
Power producers are justifiably concerned with the maintenance costs associated with the 
advanced combustion turbines (CTs) they are purchasing today.  While more efficient 
and environmentally clean than previous models, some advanced CT models do not have 
fully established operation and maintenance (O&M) track records.  And without accurate 
information upon which to base maintenance decisions, optimizing system life while 
minimizing costs can be extremely difficult for operators.  As a result, power producers 
face financial risk due to uncertain future maintenance costs and turbine life. (In most 
cases, CT owners need 25 to 30 years of reliable service to justify the cost.)  This risk is 
of particular concern in today’s increasingly competitive business environment in which 
reserve margins are shrinking and unexpected O&M costs usually cannot be passed 
through to consumers.  
 
These concerns have accelerated the need for intelligent software-based diagnostic 
systems that can monitor the health of a CT in real time and provide owners and 
operators with valuable information on machine performance.  While commercial 
systems—ranging from time-history database/display systems to model-specific 
operation/performance monitoring systems—are available, they have limited diagnostic 
capability and their results typically require expert interpretation.  To date, neither CT 
manufacturers nor owners have developed a comprehensive diagnostic monitoring 
system, primarily because of the cost and the need for historical data from many units 
operating over the entire commercial operating spectrum. 
 
To meet this need, the Department of Energy selected EPRI to lead the development of a 
comprehensive suite of intelligent diagnostic tools for assessing the total health of CTs.  
The resulting Combustion Turbine Health Management (CTHM) system will improve the 
RAM of CTs in simple-cycle and combined-cycle configurations. 
 
The CTHM system will be a significant improvement over currently available techniques 
for turbine monitoring and diagnostics. CTHM will interpret sensor and instrument 
outputs, correlate them to a machine's condition, provide interpretative analyses, project 
servicing intervals, and estimate remaining component life.  In addition, it will enable 
real-time anomaly detection and diagnostics of performance and mechanical faults, 
enabling power producers to more accurately predict critical component remaining useful 
life and turbine degradation.   

Project Objective 
The objective of the proposed project is to develop new monitoring techniques for CT 
power generation in simple or combined-cycle configurations aimed at improving 
reliability, availability and maintainability (RAM) and overall performance/capacity 

6 



DOE/EPRI Combustion Turbine Diagnostic Heath Monitoring Project – Semiannual Report 
Report Period – October 1, 2001 to March 31, 2002 
Contact Number – DE-FC26-01NT41233 

factor.  The project team will develop advanced, probabilistic and artificially intelligent 
performance and mechanical fault diagnostics algorithms, sensor validation and recovery 
modules, as well as prognostics for maintenance-intensive CT areas.  The objective stated 
above will be achieved via the following tasks: 

 
Task 1:  Sensor validation, recovery virtual sensor module 
Task 2:  CT/CC performance diagnosis and prognostics 
Task 3:  CT/CC combustion process diagnostics 
Task 4:  CT/CC stall detection and surge margin risk assessment 
Task 5: CT/CC mechanical anomaly detection and fault pattern diagnostics  
Task 6: CT/CC life limiting component prognostics 
Task 7:  CT/CC database management and health management integration 
Task 8:  Field validation  
Task 9:  Project management and reporting 

Conferences and Publications 

A Kick-off Meeting with DOE was held in Pittsburgh, PA on December 17, 2001.  EPRI, 
Impact Technologies, Boyce Engineering, and Progress Energy were represented at the 
meeting.  During the meeting the potential of this technology along with the program 
details were presented to DOE.  The progress to date was accessed and found satisfactory 
by the DOE personnel.  Suggestions by DOE personnel with regard to the program 
approach well received and have been incorporated in the program. 
 
EPRI attended the "Next Generation Turbine and Condition Monitoring Conference" held 
at Galveston Texas on February 25- 27, 2002. EPRI presented a program summary at this 
conference.  

Status  
Work to date has focused on the development of the sensor validation module, as well as 
on data gathering and analysis.  EPRI is also in the process of finding ways to interface 
CTHM diagnostic modules with common power plant data management systems, such as 
PI Historian and ORAP-Link.  
 
During the past period of performance, effort was placed on customizing and 
implementing a generic sensor validation/fault detection architecture within an 
engineering core for software demonstration.  Additional effort was placed on the 
specific model-based and signal processing-based algorithms that can easily be applied to 
various CT configurations and data sets.  Once specific data sets are provided for the GE 
Frame 7F CT selected, the module can be “trained” to monitor all of the sensors in the 
data set. 
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Approach 
Introduction 
Power generators are concerned with the maintenance costs associated with the advanced 
turbines that they are purchasing.  Since these machines do not have fully established 
operation and maintenance (O&M) track records, power generators face financial risk 
due to uncertain future maintenance costs.  This risk is of particular concern, as the 
electricity industry transitions to a competitive business environment in which 
unexpected O&M costs cannot be passed through to consumers.  
 
These concerns have accelerated the need for intelligent software-based diagnostic 
systems that can monitor the health of a combustion turbine in real time and provide 
valuable information on the machine’s performance to its owner/operators.  Such systems 
would interpret sensor and instrument outputs, correlate them to the machine's condition, 
provide interpretative analyses, forward projections of servicing intervals, estimate 
remaining component life, and identify faults.  
 
EPRI, Impact Technologies, Boyce Engineering, and Progress Energy have teamed to 
develop a suite of intelligent software tools integrated with a diagnostic monitoring 
platform that will, in real time, interpret data to assess the “total health” of combustion 
turbines.  The Combustion Turbine Health Management System (CTHM) will consist of 
a series of dynamic link library (DLL) programs residing on a diagnostic monitoring 
platform that accepts turbine health data from existing monitoring instrumentation.   
 
The CTHM system will be a significant improvement over currently available techniques 
for turbine monitoring and diagnostics.  CTHM will interpret sensor and instrument 
outputs, correlate them to a machine's condition, provide interpretative analyses, project 
servicing intervals, and estimate remaining component life.  In addition, it will enable 
real-time anomaly detection and diagnostics of performance and mechanical faults, 
enabling power producers to more accurately predict critical component remaining useful 
life and turbine degradation.   

Program Goals, Research Objectives and Project Objectives 
The goal of this proposed project is to improve the reliability, availability and 
maintainability (RAM) and overall performance/capacity factor of combustion turbines 
by developing advanced health monitoring and management techniques.  The objective is 
to develop a suite of intelligent software tools integrated with a diagnostic monitoring 
platform that will, in real time, interpret data to assess the “total health” of combustion 
turbines.  
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Methodology 
The project team will apply and adapt know-how developed under prior 
DOD/Navy/NASA programs aimed at advanced health monitoring of aviation gas 
turbines.  The project team will develop advanced probabilistic and artificially intelligent 
performance and mechanical fault diagnostics algorithms, sensory validation and 
recovery modules, and prognostics for maintenance-intensive CT areas.   

Description of the Technology 
The Combustion Turbine Health Management System (CTHM) will consist of a series of 
dynamic link library (DLL) programs residing on a diagnostic monitoring platform that 
accepts turbine health data from existing monitoring instrumentation.  The real-time 
CTHM application algorithms proposed are intended to produce a comprehensive array 
of intelligent tools for assessing the “total health” of a combustion turbine, both 
mechanically and thermodynamically.  CTHM includes the integration of real-time 
anomaly detection and diagnostics of performance and mechanical faults in addition to 
the prediction of critical component remaining useful life and turbine degradation.    
 
Advanced signal processing algorithms utilizing correlation and coherence detection are 
combined with artificial intelligence and model-based algorithms to provide 
comprehensive coverage of the critical CT failure modes of interest.  Prognostic 
algorithms have also been developed that accept diagnostic system results, model-based 
remaining useful life predictions, operating/maintenance histories and historical RAM 
data to provide real-time predictions on reliability and degraded performance of key CT 
components.  Through proper utilization of these health management technologies, timely 
decisions can be made regarding unit operation and maintenance practices. 
 
The neural network algorithm operates by comparing the physical relationships between 
signals as determined from either a baseline empirical model or computer model of the 
turbine’s performance parameters.  The fuzzy logic based sensor validation continuously 
checks the “normal” bands (membership functions) associated with each sensor signal at 
the current operating condition.  When a signal goes outside these membership functions, 
while others remain within, an anomaly is detected associated with those specific sensors.   
Finally, signal correlation and special digital filters are used to determine if even small 
levels of noise are present on a particular signal.   These approaches are implemented in 
parallel and then combined in a probabilistic data fusion process that determines the final 
confidence levels that a particular sensor has either failed or has suspect operation.    
 
The integration of prognostic technologies within existing diagnostic systems begins with 
validated sensor information on the engine being fed directly into the diagnostic 
algorithms for fault detection/isolation and classification.  The ability of an enhanced 
diagnostic system to fuse information from multiple diagnostic sources together to 
provide a more confident diagnosis is emphasized along with a system's ability to 
estimate confidence and severity levels associated with a particular diagnosis.  In a 
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parallel mode, the validated sensor data and real-time current/past diagnostic information 
is utilized by the prognostic modules to predict future time-to-failure, failure rates and/or 
degraded engine condition (i.e., vibration alarm limits, performance margins, etc.).  The 
prognostic modules will utilize physics-based, stochastic models taking into account 
randomness in operation profiles, extreme operating events and component forcing.  In 
addition, the diagnostic results will be combined with past history information to train 
real-time algorithms (such as neural networks or real-time probabilistic models) to 
continuously update the projections on remaining life.  The specific approaches and 
algorithms for determining these component prognostic results are described in this 
proposal. 
 
Once predictions of time-to-failure or degraded condition are determined with associated 
confidence bounds, the prognostic failure distribution projections can be used in a risk-
based analysis to optimize the time for performing specific maintenance tasks.  A process 
which examines the expected value between performing maintenance on an engine or 
component at the next opportunity (therefore reducing risk but at a cost of doing the 
maintenance) versus delaying maintenance action (potential continued increased risk but 
delaying maintenance cost) can be used for this purpose.  
 
The difference in risk between the two maintenance or operating scenarios and associated 
consequential and fixed costs can then be used to optimize the maintenance intervals or 
alter operational plans.  As key aspect of the proposed technical approach, this project 
will tap a unique resource of engine fault data developed under the Navy and Air Force 
with its resulting diagnostic knowledge base.  This test cell engine fault data is 
unavailable for heavy frame machines and will require many machine-operating years to 
duplicate.  The project substantially reduces its development costs and subsequent field 
validation by using experts and limited land-based CT data to modify the existing flight 
engine diagnostic database. 

Anticipated Benefits 
There is a great opportunity for power generation combustion turbines to become more 
reliable, operationally available and economically maintained through the use of 
enhanced diagnostic and prognostic strategies such as those presented in this proposal.  
The development and integration of enhanced diagnostic and prognostic algorithms that 
can predict, within a specified confidence bound, time-to-failure of critical engine 
components can provide many benefits including: 
 

• Reduced overall life cycle costs of engines from installation to retirement.  
• Ability to optimize maintenance intervals for specific engines or fleets of engines 

and prioritization of tasks to be performed during the planned maintenance events.  
• Increased up-time/availability of all engines within a fleet.  
• Provides engineering justification for scheduling maintenance actions with 

corresponding economic benefits clearly identifiable.  
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• Improved safety associated with operating and maintaining combustion turbine 
engines. 

 
The maintenance outage factors for the F/FA frame and the mature frame technology are 
significantly divergent, with CT core systems being the primary drivers with outage 
factors of 10.074% and 5.080%, respectively.  The core combustion turbine system 
problems can be attributed to new-design introduction centered on inherent design flaws, 
manufacturing/assembly problems, and the combustion system.  These design break-in 
issues will eventually be supplanted by service-imposed mechanical/electrical 
degradation and outage assembly problems.  Diagnostic monitoring as an integral 
component of a proactive maintenance program should certainly meet mature fleet RAM 
performance.  By avoidance of serious damage and improved maintenance scheduling, 
2% availability points are achievable. 
 
For each 500 MW combined cycle, this improvement represents 72,000 MWhr valued at 
$3M per year.  For a 100 unit combined cycle fleet, or approximately half of the 30 GW 
new generation projected, a $300M per year cost-avoidance savings appears achievable.   
DOE has long played an essential role in bringing high performance CTs with its 
enabling metallurgy into the U.S. generation mix.  The higher performance and fuel 
savings certainly offset the higher maintenance costs when compared to conventional 
CTs.  Yet concerns exist about the overall RAM capability of the fleet in light of 
shrinking reserve margins and higher gas prices.  With DOE and EPRI, important 
maintenance engineering and management tools can be delivered on a timely basis that 
would otherwise take an additional 5 years to deliver.  
 
These tools would be made available to all CT operators regardless of their EPRI 
membership status and direct contributions.  Since all operators routinely calculate life 
consumption and perform hot section NDE, the introduction of new and improved 
validated methods will readily find acceptance with plant engineers and maintenance 
planners.  Training courses and software maintenance fees would further support the 
expanded application and periodic necessary updating.  
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Discussion 
Sensor Validation Module Developments 
An integrated model-based and signal processing-based sensor validation architecture is 
currently being implemented for the GE Frame 7F industrial gas turbine.  Within this 
architecture, generic signal processing-based algorithms are fused with the output from a 
“data-driven” model-based approach to provide high confidence in the signal’s validity.  
To obtain the desired accuracy required from the model-based output, “data driven” 
models are being implemented for both steady state and transient operating regimes of 
the Frame 7F.  Based on the FFT (Fast Fourier Transform) of the CT speed signal and the 
speed signal’s derivative, a mode detect algorithm is used as input to adjust the 
appropriate level of sensitivity in the membership function that “reasons” the validity of 
the signal.  The specific data-driven, adaptable models and signal processing techniques 
that are selected based on the detected CT operating mode are described next. 
 

 
Figure 1 - CT Operating Mode Detection 

An important aspect of the sensor validation architecture shown in Figure 1 is dependent 
on a robust CT operating mode detection feature for selecting the appropriate models to 
be utilized in the model-based fault detection process.  This approach allows for more 
accurate assessments of sensor signals during all modes of CT operation experienced.  
Two algorithms are used for detecting the CT operating mode, which are then further 
classified into more specific categories including steady state, start, shut down, etc.  An 
example output from the FFT portion of the mode detection algorithm is given in Figure 
2.  A “moving” window of 60 data points is utilized in the calculation of the FFT. 
 

12 



DOE/EPRI Combustion Turbine Diagnostic Heath Monitoring Project – Semiannual Report 
Report Period – October 1, 2001 to March 31, 2002 
Contact Number – DE-FC26-01NT41233 

 
Figure 2 - Steady-State, Data Driven CT Modeling Approach 

The data-driven, steady-state modeling approach implemented for the CT gas path 
parameters utilizes a standard back-propagation neural network that works in conjunction 
with the mode detection algorithm.  When a steady state operating mode is detected, 
neural networks trained from steady state performance data are exercised to get the 
expected correlation among the key CT gas path parameters.  The direct measurements 
are then compared to this expected model-based estimate to determine the signal’s health.  
A complete set of steady state CT operating data is required to train the networks 
properly.  An example of one of the NN architectures is shown in Figure 3.  Each CT gas 
path sensor was assigned its own NN with a minimum of 2 highly correlated input 
parameters used to obtain lowest error between the NN and the training file. 
 
The development of a complete engine signature curve approach to data driven engine 
modeling and performance error pattern determination is given in [Roemer, et al, 1999].  
This approach allows for assessing engine performance shifts for potentially very small 
percentage shifts over a wide range of engine speeds.  After the initial filtering process 
that passes only pseudo steady state data through, variations in environmental conditions 
encountered are removed through referring the data to standard day (ISO) conditions.   
The next step centers (or normalizes) the data based on the regression of the steady state 
data, from which a statistical analysis can be performed.  Standard statistical tests are 
automatically performed on the coefficients of 1st thru 6th order polynomials to determine 
their statistical significance, ensuring the best possible non-linear fit.  The end results are 
signature curves such as that shown in Figure 4.   The signature curve approach can also 
be extended to account for significant cross term influences for a particular performance 
parameter if necessary.  A multi-predictor approach is generally not required for those 
parameters selected for this analysis. 
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Figure 3 - Steady-State NN Model for Gas Path Parameters 

A standard T-Test for assessing the confidence that a new set of data has shifted away 
from an original baseline set of data was implemented as shown below. 
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Figure 4 - Transient, Data Driven CT Modeling Approach 

In order to improve the accuracy of model-based sensor validation process during start-up 

f 
l 

 

ts is 

and shut-down conditions, a Jacobian-based, data driven modeling method is being 
implemented.  The technique has been employed to accurately predict model-based 
estimates of the key CT gas path parameters encountered during transient operation o
gas turbines.  In implementing this method, multiple Jacobian matrices (matrix of partia
derivatives relating one parameter to all other parameters) are developed for specific CT 
operating modes based on a priori transient state data.  When a particular transient regime
is detected from the mode detection algorithm, the algorithm automatically selects the 
appropriate Jacobian matrix needed for predicting the next point.  A basic functional 
description of this approximate physical modeling approach utilizing transient data se
given below. 
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This approach is based on the approximation of an exact physical model of the form 

If we expand this equation about a particular operating point A and only utilize the linear 

shown below, where the dependent variable y is a function of potentially several 
independent variables x, which can also be a function of time. 

)),(( ttxfy =  

portion of the Taylor series expansion, we get the following approximate model.    
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Which can be further expressed as a generalized function of another variable x as shown 
below. 
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If all of the gas path parameter data is sampled at a consistent rate, you can develop a 
f robust prediction for the next value of the function by using a weighted combination o
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Where the matrix of partial derivatives is known as the Jacobian (as shown below) and is 

uring 
developed for various engine operation conditions.  The Jacobians can either be 
developed a priori and stored for subsequent selection/processing or developed d
initial CT baseline testing and stored as developed.  
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The main advantage of this approximate transient modeling approach is that it is highly 

ber of 
 

igures 5 and 6 below show some results from this generic transient modeling approach 

ement 

data-driven in the sense that no knowledge about the CT configuration is required.  The 
baseline Jacobian’s are defined for a range of transient modes (startup, slow/fast 
acceleration, slow/fast deceleration) and it has been shown that a manageable num
Jacobian’s can be sufficient for the large number of definable transient categories, though
large quantities of transient state data is required to verify this to be the case for different 
CT applications. 
 
F
described.  Specifically, Figure 5 shows a comparison of some actual gas turbine 
transient data along with the predictions based on the previously predicted measur
based on the model (i.e. doesn’t utilize the previous direct measurement).  Although this 
particular transient is rather mild, a clear improvement in accuracy is observed when 
compared to the steady state model 
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Figure 5 - Comparison of Transient Model with SS Model and Actual Data 

Figure 6 illustrates the results comparing the same basic transient model and associated 
Jacobians as shown in Figure 5, with the difference being the “Model 2” prediction 
utilizes the actual previous measurement of the predicted quantity T2. 

 
Figure 6 - Comparison of Transient Models with Actual Data 

Signal Processing Based Algorithms 
The signal processing-based techniques being employed in the module include a “tuned” 
digital filtering algorithm and signal auto and cross correlation modules.  The “tuned” 
engine signal digital filtering serves to screen the low frequency component of the 
sensor’s signals (containing the relevant engine information), and allows any highly 
transient signal components which are greater than the highest transient expected from 
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the CT to be passed through and isolated.  A good signal will contain very little high 
frequency components greater than the response time of the engine, and therefore by 
monitoring the standard deviation of a filtered signal, a valuable diagnostic feature for 
assessing the health of the sensor is obtained.   
 
The metric used to determine the presence of an anomaly in the signal is the standard 
deviation of the signal segment being examined.  After filtering, the noisy signal will 
contain a standard deviation, which is an order of magnitude greater than that of the clean 
signal.  This provides a clear distinction for detection of signal anomalies, which manifest 
themselves by a rapid change in magnitude. 

To analyze the relationship between signals rather than each signal separately, a modified 
cross correlation function of the form given below is utilized for the windowed, time-
domain signals based on the sampling frequency and the number of seconds of data 
desired for the correlation calculation.   

∑
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Both the High Pass Filter and Correlation techniques have some initialization attributes 
that are defined in an initialization file such as sampling frequency, window size, etc.  
This initialization file is easily tuned to a particular test cell application. 

CT Sensor Validation Architecture - Simulated Results 
The fusion of the signal processing-based and model-based approaches being 
implemented under this program have already produced good results based on simulated 
data files.  The development is now at the point where GE Frame 7F data can be used to 
customize the module.  Some of the results associated with a fuel flow intermittent 
“spiking” problem are shown in 7.  Note that in this case, the fused result (upper left plot 
of the Quad plot) shows high diagnostic confidence for the fault.  The individual 
algorithm results are also shown, with the upper right being the model-based output, the 
lower left being the digital filter result and the lower right being the cross correlation 
output.  
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Figure 7 - Sensor Validation Module Results – Fuel Flow Spiking 

Future Work 
The next period of performance will focus on utilizing the Frame 7F data sets and 
producing the sensor validation module that will be interfaced with the units data 
acquisition system.  Specific research into the available signals will be emphasized to 
report on the possible diagnostics that can be performed with existing data. 
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