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ABSTRACT:

This paper summarizes the Remote Monitoring and Diagnostic program and provides atechnica
overview of the diagnogtics system including detalls of the system features, design structure and technica
development. In addition, technica case studies demondrating the RM&D system benefits are
presented and future development efforts are briefly discussed.

Solar Turbines Incorporated, a subsidiary of Caterpillar Inc, has combined 40 years of turbomachinery
design, manufacturing, service and operationa experience with proven information technology and
technica expertise to develop an automated remote condition monitoring and diagnostic systiem. The
remote monitoring system provides expert diagnostics, enabling machinery management services that
extend beyond traditiona equipment management and risk management programs. The RM&D system
is not astand-aone system, but is an integra part of a holitic gpproach to machinery management.

The Remote Monitoring & Diagnostic (RM& D) system incorporates a centralized engine monitoring
and diagnostic database with secured communication that dlows for the systematic acceptance of
multiple unit data. The centralized system alows for decentralized unit and fleet management. Authorized
users, with system access, can quickly evauate automated reports and recommendationsin support of
engine health and maintenance plans. The RM&D system information is coupled with maintenance
history and essentid environmenta and operationd data to effectively manage machinery hedth and to
mitigate machinery risk in order to meet or exceed customer operationa objectives. Remote
Monitoring & Diagnostic capability is available only in conjunction with avariety of machinery and asset

management service agreements.
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INDUSTRY AND MARKET TRENDS

Users need to reduce life cycle cost and mitigate risk within both the Oil and Gas and Power
Generation markets, and are increasingly outsourcing non-core business activities and actively
restructuring to focus on core business operations. In support of customer needs, Solar’ s Customer
Services has devel oped meachinery management programs that use environmental, conditiona and
operational data to facilitate condition based maintenance. These programs differ from traditiond,
timed-based programs and provide a more effective approach to machinery management. These
machinery management programs are supported by Solar’ s Remote Integrated Services. The Remote
Monitoring & Diagnostic (RM& D) system isacritica eement within the Remote Integrated Services

initiative.

PROGRAM AND SYSTEM OVERVIEW

The Remote Integrated Services (RIS) initiative isamarket driven program  with aholistic approach to
engine and package hedlth assessment and maintenance management. Remote Integrated Services
offerings provide for equipment risk mitigation through assessment of condition, trend and diagnostic
information and their relationship to site environmenta data such as ail, air and fud andyss. They
incorporate package and engine maintenance activity that includes borescope ingpection and vibration
andyssfindings into technical recommendations on suitability for continued operation. The RIS offerings
are designed to provide optimization of maintenance and inspection plans based on an assessment of the

operating environment.

The Remote Monitoring & Diagnogtic system isthe key aspect of the RIS program and is coupled
with live-viewing to facilitate troubleshooting with remote engineers. The primary eements of the
Remote Monitoring & Diagnogtic system consst of data acquisition and storage, and of performance
diagnodtic dgorithms. The datais automatically filtered and stored where a rule-based diagnostic
software application performs automated trending and assessment of engine and package condition. The
system offers early warning of incipient faults or failure by employing satisticd trending and diagnostic
agorithms and provides support personng with automatic notification of pre-adarm symptoms to enable
proactive response. The RM&D system information isintegrated with maintenance activity and
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ingpection reports to facilitate equipment condition assessment and drive event notification and
recommendations for corrective action. Figure 1 illustrates these cgpabilities as an integral basisfor
effective unit and fleet management.
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Figurel. TheRM&D System’sRolein Unit, Fleet and Asset Management

DESIGN STRUCTURE

The RM&D system leverages the unit’s TT4000 Human Machine Interface (HMI) asthe centra sSte
communication and data collection device. The centrd monitoring and diagnostic center systemdticaly
acquires and processes data from the HMI. Twenty-four data sngp shots are taken a hourly intervals.
These data are automaticaly uploaded / transmitted daily through a dedicated line or satellite connection
to the centrad Remote Monitoring & Diagnogtics center where the data are sorted and stored in an
engine condition database.
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REMOTE INTEGRATED SERVICES

REMOTE
MONITORING

Figure2. RM&D aspart of the RIS Architecture

Reports are automaticaly generated and formatted for engineering review and are accessible viathe
Internet, alowing ontline examination of operating units, maintenance logs, component data, equipment
detals and gatistics. Data storage, access and communication architecture is designed to comply with
grict security requirements; however, the architecture does include added flexibility to address

additional customer security concerns.

Figure 2 detailsthe overdl system architecture and highlightsindividua aspects of the RIS program
development such as Remote Monitoring, Live-Viewing and Computerized Maintenance Management.

The secured live-monitoring festure is aso made possible by the HMI and serves as an efficient
troubleshooting tool. Authorized users can access display screens over the Internet to view red-time
datus of their equipment operation, alowing multiple users to view information smultaneoudy. The
diagnostic and troubleshooting tools are supported by consolidated environmenta and maintenance

data, stored in an integrated computer maintenance management system. The computerized maintenance
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management feeture establishes the link between engine operationd data, collected and andyzed by the
RM&D system, and equipment maintenance activity and ingpection records.

Connectivity

The data used for the diagnogtics are taken from a stored file located within the customer’s TT4000
HMI system. The TT4000 logs are transferred via phone modem, LAN or satellite connection, as per
dte agreement and availability, to a parang program, which feedsinto the centra database (reference
Figure 3). The centrd database is critica to the RM&D system rdigbility and maintenance. There are
many advantages to this central configuration, including automation, data mining techniques and time to
retrieve, analyze, and report on the data.
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Figure 3. Connectivity

Data Analysisand Presentation

The RM&D system employs a powerful, satisticad anayss program with customized dgorithmsto filter
the data, perform the analyses and provide automated report generation. The results are posted to a
reporting engine where the final product is stored in hypertext markup language (HTML).
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The datidicd data andys's software provides various filtering techniques and math subroutines to
organize and perform diagnogtic evaluation. This capability automates analytical techniques that an
equipment expert would normaly employ when making maintenance, repair or overhaul decisons. The
diagnogtic modd eva uates caculated variables compared to both theoretica and practical fixed limits
and datistica mean-variance criteria. The modd detects when process variables gpproach
predetermined or “ specification” limits, or if the process is changing in an unexplained fashion, regardless
of whether it complies with overdl specification. Results are presented in report format, conveying the
evauation of the given data set and the coinciding recommended corrective actions.

Troubleshooting and Data Resolution

The RM&D system collects data once per hour. Troubleshooting capability commands high-resolution
data and is available with the Live-View festure. With higher resolution data available for download,
engine Sart-up and shutdown transient data can be verified or compared with correct/typica equipment
data, identifying anomdies that may reved the problem source. For trouble shooting purposes, the data
of most interest is contained in discrete event, trigger and historical, one and ten second logs.

DIAGNOSTIC DEVELOPMENT

The primary purpose of instrumentation on gas turbine packages is to facilitate safe start- up, operation
and shutdown of the engine and associated package equipment. However, advancementsin digitd
control system technology have significantly improved the resolution and data available from package
indrumentation to enable support of engine and ancillary equipment monitoring.

The objective of data trending and early detection of adverse trends and conditions is to pre-empt
control system aarms and reduce unscheduled maintenance and downtime.  Traditiondly, data
collection, storage, trending and analysis are seldom accomplished with any degree of consstency or
success. A great obstacle exigtsin that thereis no easy way to efficiently analyze operationa data and
draw conclusions from large amounts of data with respect to engine condition. Typicaly, an engineer
would incur agreat ded of time acquiring large data files, importing and exporting them into a format
that permits manipulation, and attempting to represent the data graphically. Due to the labor-intensve
nature of thisandyss, it is often not done or incomplete. Even if methods to represent the data
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graphicaly are developed, interpretation of the graphicsis a considerable obstacle, requiring significant

turbine knowledge and expertise.

RM& D addresses these andysis obstacles, while promoting product performance, technical support,
asset management and equipment comparison techniques. By the time a control sysem darm is
activated, it is probable sgnificant hardware damage has aready transpired. Theinitid symptoms of the
problem or condition causing the darm are in many cases detectible before accrued hardware damage
occurs. The primary benefit of trending and diagnogtics lies in the potentia for condition assessment and
thus, natification of incipient control system darms and shutdowns. This includes specific
recommendations or corrective action advisories. For example, the operator will be derted of a
problem and presented with the correct course of action required to pre-empt component failure or
vadtly reduce future package downtime. The automation of this data trending and condition assessment

has obvious vaue.

An OEM advantage to turbine hedlth assessment liesin actud equipment knowledge and experience.
The diagnostic development process began with severa studies, induding an examinaion of Fed
Service repairs and a Failure Mode Effect Andysis (FMEA), performed on the reasons for turbine
overhaul. The fidld service repairs analyss identified those issues most frequently in need of callout
support, while the FMEA on overhaul returns identified predominant and reoccurring reasons for
overhaul. Additionaly, the RM& D team conducted a satistica analysis of engine returns based on
operating hours. Figure 4 displays a frequency distribution of time between overhaul (TBO) for engine
returns. Each data point represents an individua engine return. The datain this plot provide a basis for
empirica methods to quantify the opportunity for TBO extension.
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Figure 4. Frequency of Engine Returnsversus Time Between Overhaul (TBO)

The reaults of these andysis techniques reinforce the benefits associated with a condition-based

maintenance and overhaul philosophy, and the impact of turbine engine condition assessment on

equipment life extenson.
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Figure5. Warranty or “Bathtub” Curve: Failure Rateversus Turbine Operating Hours

Figure 5 shows a “bathtub” curve of falure rate versus time. The curve depicts the life consumption of a
gasturbine. In order to achieve highly reliable operation, the routine and/or recommended service must
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take place before any known failure or wear mechanisms occur. However, extending the service life
period by only extending the operating period will result in the operator taking on additiona risk (red
line). Introducing condition monitoring and andyssin order to drive service and maintenance provides
vighility into turbine health and dlows for proactive maintenance and engine life extenson. The RM&D
sysemisatool for enginelife extenson - shifting the typica “bathtub” curve by increasing operating
hours for atypicd failure rate, or decreasing falure returns for a given operating hour. As the entire

curveis shifted to the right, operating periods increase without additiona failure risk (blue line).

Diagnogtic techniques employ data reduction, filtration, and normaization and incorporate statistical
methods for data smoothing and trending in addition to adverse trend recognition. Control or Pre-
Alarm limits are predetermined and depicted graphicaly based on statistica meanvariance criteriaor
technica expertise. When a control limit is traversed, the trend line color changes to red to draw
attention to the deviation and an alert is posted to the Alert Summary Report. It isimportant to note
that the predetermined dert or control limit is beow the darm level st in the on-Site turbine package
control system, thereby providing advanced notification of impending faults.

The RM&D remote format presents up to Sx months of data with powerful viewing and reporting
techniques and alows for the quick identification and isolation of problems. This includes anumber of
gpecific system reports with detalled diagnostic and trend plots. Machinery technicians are able to
review the RM&D data in conjunction with the site data such as maintenance activity and fud, oil and
vibration analyss reports. With this abundance of data readily avalable, andyss and response time is

minimized, while maintenance and repair is proactive.

CASE STUDIES

Multiple RM&D case studies have been prepared in conjunction with field service repair reports and
falure andysesto vdidate RM&D dgorithms. The following case studies provide an examindtion into
the specific systems under Remote Monitoring and Diagnostic observation. Figures 6, 7 and 8
investigate the source of deviation of atypica turbine combustor thermocouple temperature profile. The
thermocouple spread (TC Spread) measures the difference between the highest and lowest
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6a

6b

thermocouple reading. When compared with and corrdaed to additiond engine instrumentation

measurements, this Smple measurement represents a powerful indicator of turbine condition.

Figure 6 shows a gradua decrease in thermocouple spread occurring at 3236 hours of operation (6a).
This decrease corresponds to a significant step change in the data and is followed by a sudden increase
in thermocouple spread at 3546 hours (6b). The trend progresses past the established RM&D system
pre-dam limit (red dotted line) and triggers the automated pre-aarm natification, driving condition
asessment and potentid  recommendations for action. The preliminary assessment and pre-darm
notification in this case indicates potentid fud injector blockage. At a minimum, this scenario cdls for

futher investigetion
120 7

" )
g0

A0E

G0 -
3236HR
40 r TC Spread Decrease
204
e T o e e M S R S P S S S 0.0000
=20
S R ZEE8 R e R R B R el e e R e R R e R el sl Rl ol Il o
***** ) o A R R R R R R e R o A S S SR R R RS A R i A R ER T

35

30
25 3 ---------- 3236HR = | ——%---- e L R P e ST T 25000
20} L Step Change

15
10%

20
40
&l
&0

100

120

140

160

180

Figure 6a. Combustor Thermocouples. Temperature Spread Versus Operating Hours

Figure 6b. Combustor Thermocouples: Temperature Step Change by Operating Hour
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Figure 7 illugtrates an avenue for further investigation of the previoudy discussed combustor
temperature event. This plot represents the combustor thermocouple temperature profile at the radia

position for the same turbine, during the same timeframe of operation.

Thermocouple position #12 displays a shift to alower operationd temperature. This shift corresponds
to approximately 3314 hours of operation, soon after the thermocouple temperature event on the
previous plot occurred (3236 hours). This evidence supports the origind condition assessment and
isolates the problem to the specific thermocouple. The operator isthen able to identify the exact radia
injector position within the combustor corresponding to thermocouple #12. Once again, further

investigation is possble.
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Figure 7. Combustor Thermaocouple Profile: Thermocouple Position Versus Temperature
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The power of the RM&D system lies in automation. Investigation into each of the previous plots was
prompted by an automated pre-aarm natification. This automation aso facilitates further detailed
invedtigation. Figure 8 is aleast-squares interpolation of combustor thermocouple temperature. This
“Contour Plot” is atwo-dimensond representation of the cylindrical combustion chamber. The
temperature profile at the radia position for each thermocouple is plotted over time and the temperature
between thermocouples is interpolated. This graph providesingght into relative thermocouple
temperature consistency and variations. The gradual decrease in temperature spread at 3236 hoursis
undetectable in this plot, however, thermocouple #12 displays a shift to alower temperature at 3547
hours.
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Figure 8. Combustor Temperature Contour Interpolation: Thermocouple Temperature versus Time
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This investigation isolated a fouled injector and determined the cause of failure to be injector blockage
from aliquid fud trandfer at approximately 3236 hours, confirming operationa data and coinciding with
RM&D sysem assessment. The dates of transfer and duration of liquid fuel operation could dso be
extracted from the plots.

Pre-aarm notifications provide recommendations for further analysis and corrective action. In this case,
recommendations included further investigation into dte fud type/qudity changes leading to fud injector
blockage. An invedtigation into maintenance and environmenta events corresponding to the particular
operationa period was also recommended and possible with the system.

Figure 9 provides inaght into both cross-product andyss and instrumentation cdlibration. Thisgraphis
a visud representation of a diagnostic measurement taken from the same insrumentation, within the
same system, on two identica packages, inddled at the same site and
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Figure9. Cross-Product Analysisand I nstrumentation Calibration
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subjected to identical environmental and operating conditions. The capability for direct comparison of
identical or disparate trends among the same product line represents a vauable cross-product analyss
tool. With respect to the specific system in Figure 9, these identicd units demondrate sgnificantly
different operationd characterigtics. The variation in the bottom graph is a result of an instrumentation
falure, resulting in severd RM&D pre-aarms, which may or may not be detected by the control

system. Cross-product comparison techniques are intuitive and often successful in field evauation, but
are limited due to the complexity and time involved in the andyds Although this indrumentation
cdibration issue may not be gpparent within the control system or even by evauating the individud plat,
when the plots are compared to each other, the added value of cross-product comparison with

automated trending and diagnostics is evident, specificaly with respect to these “ Sgter units.”

FUTURE DEVELOPMENT (Smarter Diagnostics)

New and increasingly accurate measurement associations are expected with the magnitude of data being
monitored and trended by the RM&D system. Although fidd units reside in atypicaly highly dynamic
and uncontrolled environment, the RM& D system provides the ability to compare product-to-product,
gpplication-to-application and Ste-to-Ste data trends. The system will further ascertain common trends
and cause and effect relationshipsto aid in diagnostic development, drive additiond package
ingdrumentation and improve product design. The diagnostic development will ultimatdly result in
agorithms being incorporated back into the system to establish automated sef-learning.
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