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APPLIED TECHNOLOGY LABORATORY POSITION STATEMENT

The work reported herein is part of a continuing effort of the Applied Technology
Laboratory, US Army Research and Technology Laboratories (AVRADCOM), to con-
duct investigations directed toward advancing the state of the art of diagnostics for
Army aircraft. Technological advances continue to afford the Army the opportunity
to improve the maintenance and support requirements for gas turbine engines. [t is
the intent of this organization to apply these technologies in a timely, productive,
and cost-effective manner.

The object of this particular effort was to establish the requirements and to define
the approaches to be used to include condition monitoring and on-condition mainte-
nance features in the design of advanced electronic control systems for helicopter
turboshaft engines. Although the investigation is considered to be generic in nature,
the General Electric T700 gas turbine engine was used to derive real world experience
and to evaluate applicability to an existing Army helicopter gas turbine engine. The
T700 engine is being employed on the Army’s UH-60A BLACK HAWK helicopter
(Sikorsky) and on the advanced attack helicopter (AAH) under development by
Hughes Helicopters.

The findings of this report are being used to identify the parameters necessary for
fault isolating the module and line replaceable unit (LRU) level and to assess the
impact of integrating diagnostic and condition monitoring (D&CM) functions with a
full authority digital electronic fuel control.

Although it has been shown that fault isolation by means of an electronic diagnostic
system is feasible, it has not yet been established that the D&CM system to accomplish
diagnostics would be cost effective. Future efforts are planned to assess the cost ef-
fectiveness and to conduct trade-off studies of potential engine D&CM systems and
their impact on Army aviation maintenance philosophies.

The technical monitor for this contract was Mr. G. William Hogg, Aeronautical
Systems Division.
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A T700 functional baseline FADEC control design was established which contained approx-
imately 70% of the parameters planned for diagnostics and condition moniforing, An
integral part of the GE FADEC system is Failure Indication and Corrective Action (FICA),
based on extended Kalman-Bucy filtering techniques., An important part of this study was
to adapt FICA to a turboshaft engine, This effort showed by computer simulation that the
system could detect single and multiple control sensor failures, and could make correc-
tions which would permit continued satisfactory engine operation by the use of simulated
control sensor signals estimated by FICA, Indication of failed sensors by FICA and in-
dication of computer failures through self-test provide inherently significant D&CM cap-

bility, The FICA system also calculates intermadiate engine parameters, such as T3
ﬁnd T4. 1, allowing more comple:: hot part life calculations.

General Electric's (GE's) experience with the TT00-GE- 700 turb. aft engine and ether
ongine condition monitoring activities was used to determine the diagnostic functions de-
kired. Fault isolation to the LRU and module levels is discussed and preliminary lists of
paraimeters required for implementation on both FADEC and non-FADEC-equipprd enginey
e provided.  Further study and analysis, however, is necessary to vorily tho syatem
otfoctiveness, ’ )

Intogration of the FADEC and D& CM aystems at tho ouise? of the control design provides
the potontial for muintonance payoifs associnied with I CHM st roduced dovelopment and
nroouremont cost, It is concluded in this ropoxt thai:

1. The FPADEC systom cun Inheveutly accompligh Lo D&C M funetivng of englne
history ealoulutions, detestion of mwst contyel sensoy fuilures, and detection
of some control system fullures,

Tho FADEC systam should noemm dish ali D% CM signal procesaleg oxeept
vibrations,

X CM funciions such as o HUL oheck, teacking ol progsure and deteetion of
ovaertenporature, filter bypasses, srd ohip detostion Indlastions should be
futograted nto FALRC,

1o vontinue the somentim of tbis prograts, it iy vroeok.nendod that the followlog stups
w takon in tho near futyge:

1. A detalod stedy (to be followed by a test phase) of a DRUM system o aohieve
the speolfic goal of Gult © won o the Medulo and LEU lage fov a T900
Emine aa-the-wing in i cout wifpotive munhor,

A digital, ongine- meantad Mastory recorder vontaindng Siaportant haele
doments 2hould be designed, fabrigstod, and eagine tested o demonstirate
It grution of engine Mstory and hocdth tn a unit udiey FADEC technolagy.

3. A atedy shovld be inftinted o inergare FADDC syatem abiilty W deteid ana
C provide eoxrective action for contiol system fallured not detectad by PICA
or golf~tost, thoveby fnorousing DG CM capabliity,
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INTRODUCTION AND SUMMARY

The Army's emphasis on improved maintainability, reliability, and life~cycle costs
for its fleet of new 1700 turboshaft engines has resulted in dramatic improve-
ments. Modularity in the basic engine design which permits major assemblies
such as the gas generator or power turbine to be replaced in the field, elimination
of rigging and trimming after accessory replacements, and remarkable improve-
ments in the remove-and-replace times {or key control and accessories Line
Replaceable Units (ILRU's) are achievements already accomplished. 'The benefits
of these maintainability features, however, may be further enhanced if the Army's
ability to correctly identify the faulty engine module or LRU can be improved,
‘This report describes two moeans of improving the LRU and module fault detection
and isolation: (1) adoption of a Full-Authority Digital Electrenic Control (FADRC)
with built-in D& CM capability, and (2) integration of advance electronic condition
monitoring with oxisting ongine contrel systoms,

The digital computation used in a FADKC system allows the useo of built-in {ailure
indication and corractive action (FICA) eircuits to enhance control system reli-
ability without the use of redundant sensors.  The predioted reliability of the pro-
posed FADEC approach can be compaved to that of the prosont T700-GE-T00
angine® control gsystom by looking at the maintenanee removals, Due to the simp-
Hiteation of the hydromechanieal unit (HMU), and any other features such as the
self-tosting of the olectronie control unit (RCY), siguificant reductions in maint-
cnance removals can be proedicted (soe Table 1),

b i 2e [N

' \i.xinwh.mw hmunv als pm w ﬂf‘h ¥ -nz'i!w I!;,ght ﬁunr# N
T900  FADEC

_ Component  Bagine  System o Bemarks N
Hydromaechanieal 4.3 1.3 FADEC mm,- less cmnple:\ ami iess

! Undt (BMU) susceptible to contumination.

4&.leumcal Control 2.2 1.5 O PADEC ECU benefits from digital

“ FUndt (BCU) _ schedule computations, temperature

compatible materials, aulomated
aysembly, and self-testing,

Engine History 0.7 0.5 FADEC ECU incorporaies the Engiae
Recorder (BHR) 7 History Ru.order electronie seciion,
Sequunce Vaiw:s (SV) 1.3 1.3 No change.

T T T T T T T T I e

*T700 refers fo the T700-GE-700 engine throughout this report,
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This improved reliability level can be translated io a reduction in maintenance for
these same components, as shown in Table 2,

TABLE 2, MAINTENANCE INDEX COMPARISON

Man-Hours per 10, 000
Engine Flight Hours
T700 FADEC
Component Engine System

Hydromechanical Unit (HMU) 153 22
Electrical Control Unit (ECU) 365 208
Engine History Recorder (EHR) 67 28
Sequence Valve (SV) 31 31

Total Control System 616 209

These comparisons show that the FADEC can ultimately improve the overall engine
control system reliability and maintainability. This significant impact is increased
by the system weight and cost reduction due to the fact that much of the needed
D&CM sensors and computational capability is provided free in a FADEC-based
system,

This study was an investigation of the requirements to accomplish D& CM objectives
in the presence of the expanded number of available signals proviced for future
FADEC applications, With FADEC, every engine sensor signhal required for con-
trol system operation is available in a usable digital format and available in one
location ior diagnostic uge. In addition to providing more signals for engine
diagnostics, the FADEC system has a failure indication and corrective action
(FICA) capability, The FICA strategy for turboshaft application is defined iu the
study.

Preliminary estimates indicate that as many as 33 engine parameters may be re-
quired to detect and isolate to the LRU and module level the most common faults
predicted to occur in service with either the current T700 engine or a future
FADEC-equipped TT700, Tnhe FADEC-equipped engine, however, would have 21

of these signals available in digital form, 4 in analog form and would require only
8 new sensors, The current T700 engine has 16 anzlog signals that could be made
avallable for D&CM, would require 17 new sensors and, of course, has no digital
signals. In addition, atleast ten of the avallable analog sighals would require
alectrical ciroult isolation.




Because of the extensive engine and off-engine hardware and software that may be
required for module and LRU fault isolation, detailed trade studies are required
to provide data for sound decisions on the degree to which electronic fault isolation
can be accomplished within practical and economic limits,

The need for additional sensor development was studied and though all sensors

for FADEC development are available, recommendations are made for the devel-
opment of several special sensors as well as for cost reduction of digital pressure
transducers,




TASK I - DIAGNOSTIC FUNCTION IDENTIFICATION

Engine diagnostic and condition monitoring systems mounted on board aircraft are
implemented in a variety of designs for both military and commercial aircraft.
These systems are designed to detect incipient failures, measure life used,
troubleshoot and identify faulty modules or components, and detect mechanical
and performance degradation.

Bacause the military aircraft D&CM environment is different from the commercial
in almost every aspect, the military services are developing their own D&CM con-
cepts by performing studies and building and flying development systems. General
Electric is contributing to these efforts under contracts with all three services.
The information contained in this report utilizes this ongoing GE~Military D&CM
experience.

PRELIMINARY PARAMETER SELECTION FOR FAULT DETECTION AND
ISOLATION OF CURRENT PRODUCTION T700 LINE REPLACEABLE UNITS
AND MODULES '

Table 3 is a preliminary or candidate list of the engine and aircraft parameters
believed necessary for LRU and modular fault detection and isolation to a high
degree of effectiveness, Detailed studies and analyses are roquired to develop a
more definitive parameter listing and a quantitative measure of diagnostic effect-
iveness for a D&CM system using the listed or similar parameters, It should be
pointed out that because engine faults detectable only by visual inspection (which
includes borescopy) can comprise 10-15% of all engine field events requiring
maintenance actions, eleotronic diagnostic systems cannot be expected to deteot
and isolate mora than 46-90% of the field or organizational level fajlures.
Effectiveness of Fault Dotoction (F'D) and Fault Isolation (FI) is defined as follews:

D% = No. of failure events detected correctly by D&CM x 100
No. of actual failures experienced

Fi% = No. of fuilure events that have occurred x 100
No. of maint. actions to correct®

*A malntonance action can be an ougine, componont, or module
voplacomont or adjustment,

A further refinement can Lo made {f it §8 specified that only events resulting in an
in-flight power loss ~ automatic or voluntaxry (by pilot action) - are to be considered.
Such a restriction would tond to make any D&CM system appear to bo more effect-
ive in Fault Detection.
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Tha maximum detection and isolation effectiveness rates for a D& CM system on
the current T700 engine are estimated to be 85 to 90% for detection and 75 to 80%
for isolation, Stucies are required to determine whether the achievement of these
rates would be cost effective. For comparison, the predicted rates for two GE
designed augmented furbofan engine D&CM systems are as follows:

¥DY% F1% #Parameters

Engine X 95% (1) 71.3% 44

Engine Y 8% 75.1% @) 43

1) Count only events causing 10% power loss or moi‘e.

(Z)Includes use of GSE - electrical circuit tesver,
MODULES

The 'T700 engine is comprised of four modules: cold section (compressor and out-
put section), hot section (combustor and high pressure turbine (HPT)), low pres-
sure turbine {LPT) module, and accessory modulo (accessory gearbox (AGB) and
most controls and accoessories). For troubleshooting purposes, the accessory
module i8 excluded from consideration since all its components except the AGB avre
LRU's that would be fault isolated and replaced separately as reguired,

-
&

Modular troubleshooting consists of detecting a fault, then {solating the fault to one
of three modules, ‘This may involve ong or more of four diagnostio techniques,
deponding upon the problem: porformance measurement, vibration measursment,
life used measuremoent, and oil debris monitoring, Cuandidate parametors for mod-
ular troubleshooting are snown on Table 3, It is jntoresting to note that although

156 parametera may be required, only throe would be unigue to modulay tgolution,
The relative predioted engine~cansed failure rates for the three modules of interest
a8 a peroent of total engine ovents (a8 discussed latex In this seotion undex the
heading of "Comparison of Prodioted and Actual Distribution of IMeld Events"),
axeluding the module related oil-wotted part evonts, aro as follows:

Compressor
Hot Soction

Powoyr Turbing
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Modular Performance Fault Isolation: Considerable savings in support costs m. y
be possible if performance data taken electronically i flight or during ground tests
would identify the module(s) responsible for low engine parformance of an installed
engine, In the case of the T700, a study was completed in Nov, 1977 which defined
an analytical technique and the additional engine instrumentation required by the
METS (mobile engine test stand) to isolate engine performance degradation to one
of the three performance critical modules, which are the compressor high pres-
sure turbine and power turbine. The METS method, which was evaluated as cap-
able of "reasonable success" in fauit isolation at maintenance bases, is not consid-
ered practical for installed engines because of the added instrumentation required,
including accurate airflow instrumentation. Another approach applicable to on-
the-wing fault isolation which has been studied requires much less addad instru-
mentation than the METS and no airflow measurements., This method is a candidate
for further analysis and evaluation for installed engine modular performance deter-
mination and is the basis for the parameter selecticn shown on Table 3.

The difficulty of conduoting the performance diagnostic funotion in an aceuptable
manner is fully appreciated, More then 75% effectiveness in this type of fault iso-
lation is probably not achievable due to unmeasurable leakage and cooling flow
variations, and instrumentation exrror even if a practical method is developed. In
addition to these diificultios is added the faot that overall engine performasce is
very sensitive to small changes in component performance, For example, the
offect of module thermodynamic efficiency on overall engine performance for the
1700 engine is approximately as shown below. A 10% loss in engino power would
result from any oue of the following roductions in componout porforrmance:

Power Turbine Efficionuy 10%

Compressor Efficlency 2, 6%
Gas Genorator Turb, Bff, 2,5%
Leakage 3,0%

Modulay Vibration Fault Isolation: The use of externally mounted avcelevometors
to detect power tuxbine, high pressure turbine, and compressor whor out-of-i mits
unbalanoce is feasible. Two accelorometers, one mountod on the AGB and one on
the exhaust frame, will deteot 2 one-por-revwolution unbalance condition on efthoy
rotor, Sigual conditioning equipment uniquo to the accdlerometers is rogquired,
fncluding oharge amplifiors, high and low pass {liters, and tracking filters to track
the two rotor speeds. Since xotor unbalance probiems on the T700 engine are nost
easily dotooted during start-up accaleration, fault igolation could bo perforuiwd
during low power runs,

Regurding the detection of inciplent bearlug fatlures, experieuce has shown that
accolerometexs are not suitable for this role.
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Modular Qil-Wetted Part Faull Isolation: Bearing, gear, spline or seal problems
that generate magnetic debris particles in the oil will be detected by the master
chip detector. Xxamination of the six scavenge screens at the scavenge pump in-
lets will, in many cases, indicate the source of the debris, If this is inconclusive,
slave magnetic chip detsctors can be inserted at the scavenge pump inlets for
more effective debris capture during ground runs. Permanent installation of
indicating and chip detectors in each line would not be recommended. Permanent
installation of manually read magnetic plugs might be considered, if proven cost
effective,

Modular Life Usage Monitoring: The measurement of low cycle fatigue based on
gas generator speed exceursions and stress rupture life usage based on cumulative -
time - T4. 5 temporature mezsurement can provide a valuable prognosiic tool for
scheduling horescope iaspoctions or module replacement, When LCF and stress
rupture life limitx: become well established for several « viticul hot aud rotating
parts, these life usage megsures can direct maintenance actions to specific
modules with favorable relfiability, maintainability and life-cycle cost impacts.

LINE REPLACEABLE UNITS (LRU‘S)

Tablo ¢ Ilsts the 23 00 ongine vomponents classified as LRU's by the T700 PIDS
Appendix 501, The LRU tabulation ia arrvanged in order of decreaeing predicted
faflure rato & show the LEU's with the highest potential payoff for D& CM at the
top. Also shown is & proliminary estimate of the most effective D& CM technique
for fault igolating ench non-FADEC T700 LRU, Of special interest is the obgor-
vation that oply 16 LRU's or 70% are strong candidates for fault isolation by
alootronic DRCM monitoring, The remaining LRY failures are igolated by ground
adeotrical oirouit checks oy visual inspection, In terms of number of failure
evants per 10 hours dagnossd dlectronically the porcentage is higher - 279/831 -
or 84%.

Referoenco to Tuble 8 indiostes that as numny as 17 additional signals, moest of which
roquire added englne sensors, may be requived to achieve the nmaximum practical
D& CM fault isolation capabllity, Most of these sensors would becomov LRU's also
subject to fallure gud »equiving fault isolation logle,

LpRiME ITEM DEVELOPMENT SPECIFICATION (PIDS) FOR T700-GE-700
TURBOBHAFT ENGINE, Gesoxal Electric Co., Lynn, MA,, U, s. Army
Spect flcation No, AMC-CP-2222-020004, page 213,
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TABLE 4, D&CM PRIORITY LIST FOR LINE REPLACEABLE UNITS
T700 LRU(1) PREDICTED FAILURE RATES AT MATURITY

Potential Fault Isolation Method

(2) Ground
FR/106 Support Manual/
Hours Equipment Visual

Electrical Control Unit 105
Hydromechanical Control 42
Unit
Thermocouple Harness 19
(T4.5)
Anti-Icing Starting Bleed 17
Valve
Lube/Scavenge . .mp 17
Fuel Iilter Assy. 16
Sequence Valve 14
Fuel Boost Pump
Ignition Excitcy 12
Oil Filter Bypass Sensor 12
IPS Blower 10
Torque Sensor 8
Np Sensor

Wiring Harnosses
Ignitors .

Primer Nozzlos

Engine History Recordor
Alternator Statox

Chip Dotoctor

Radial Drive Shaft

Oil Filter

0Oil Cooler

Ignition Leads

B3 BY LS L e e e O Y A3 &

(MLRU's dofined by PSS Appondix 30

29900 BI-MONTHLY RELIABILITY PROGRESS REPORT, General Electrio
Co., Lynn, MA., U.S. Avmy Contract No, DAAJO1-72-C~0361, CDRL Iten:
ADBO, 20 May 1974 | ,




Oil-Wetted Parts (OWP)

Monitoring of oil-wetted parts can isolate oil system problems to oil system LRU's
such as pump, filter and cooler as well as detect non-LRU problems such as incip-
ient bearing, seal, AGB and spline problems, As indicated later in this section
under the heading of ""Comparison of Predicted and Actual Djstribution of Field
Events", oil-wetted part problems are predicted to comprise about 19% of the
problems to be encountered at organizational level. Of greater impact is the “jo-
tential to prevent secondary engine damage and mission aborts by early warning of
impending OWP problems. As Table 3 shows, only six monitored parameters are
required to perform these functions. Assuming the existence of a D&CM system,
OWP monitoring should be very cost effective.

Control LRU's: The need for a detailed analysis of the non-FADEC T700 control
diagnostic system becomes clear when studying Table 3. Twenty-one candidate
parameters of the 30 listed may be required for control and fuel systems diagnosis.
Six of these parameters would require new sensors and several more would re-

qu. ¢ dloctrical isolation or buffering to prevent the D& CM system from causing
spurious signals to be fed into the engine's control, A trade study which considers
projected system offectivencss, life-cycle cost effects, and reliability and main-
tainability impact is requirved in order to quantify these factors and provide a sound
basis for future actions,

An indication of the computor logic required for control fault isolation ean be ob-
tained by refexence to the T700 Maintonanco Instructions TMH6-7840-248-"3,

31 May 1978.% The troubloshooting procedure blook diagrams comprisc o pages
of troubleshooting logie, 48 of which are concerned with fuel and control systom
problems, A D&CM computer system comprising signal conditioning and fault
dotection cireuitry in the airboxne system plug fault isolasion logic and display
facilitios, probably in o ground-based unit, would be necossary to provide the
maintenance megsages for LRU fault fsolation. The analysis and trade study would
determino how much of this logle would bo feasible to lnclude in the airborne D&CM
system and how much in the ground unit,

Qthey LRU's

Separator blower failuros cax be dotocted and fsolated with oithor a differential
praogsure or temporature sensor.

3 Aviation Unit and Intermedinte Maintenance Instruction, Genoral Electric Co. ,
1700-GL~T00 Engino, TM55-2840-243-23, 31 May 1978
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Wiring harness and connector problems require circuit checks with ground equip-
ment for isolation,

Engine history recorder problems become obvious when recorded data is analyzed.

Ignition system problems can be detected by monitoring ignition exciter output byan
induction coil around the ignition leads. Isolating the problem between leads and
igniters, however, probably requires ground circuit checks,

Sensors: Logic can be programmed into a D& CM zirborne computer to make
gross signal validity checks of most engine analog signals, The logic will deter-
mine if each signal is within the min-max band for an engine running between
ground idle and high power conditions. Signal errors due to sensor calibration
shifts, however, would not be detected as they would with a FADEC/FICA equipped
engine as discussed later in Section V.

T700-GE-700 ENGINE FIELD FAILURE ANALYSIS

An analysis of all General Electric Field Sexvice Reports (GE DV-7) has been
made covering UTTAS and AAH flight testing of the TT00-GE-700 engine between
October 1974 and June 1977, The testing included more than 11, 000 hours of
T700 engine operation,

The fallure rate of tho ungualified T700-GE-700 enginos is not of interest for this
analysis, but the distribution of failures is tmportant since it is an indication of
the areas of groatest payoff for diagnostios and condition monitoring, IMistyibution
of tho 187 failure ovents resulting ia an englie or componont removal §8 showa in
Tabjo 6.

Table 6 shows that:

1. There was a low incidence (3%) of performance problems, In the six
periormanoe events there was no consistent dogradation versus time
effect, Time-since-now (TSN) varied from 1.6 hours to 143 hours,
Longtime factory enginos with more than 600 hours had no disceruible
porformance dogradation,

Thore was a prodominance of controls and fusl systom problems (53%),
Furthor review of the dotails shows four components (HMU, ECU, SV,

and primeor wozzles) acoounting for over 60% of all events in this cate~

gory. With a FADEC system, the incidence of coutrol fallures should

bo siguiilcantly reduced, as shown in Table 1,




3. OWP problems accounted for 19% of the total failure events. This
propertion, however, does not accurately reflect the critical nature of
OWP problems., Such problems, if undetected early in their failure
state, can and typlcally do lead to catastrophic failure with extensive
associated secondary damage.

TABLE 5. DISTRIBUTION OF T700-GE-700 ENGINE FAILURE EVENTS

Tailure Events Percent

Performance Loss (1)
Compressor

Controls and Fuel System
Electrical (2)

0Oil-Wetted Parts (3)
Miscellaneous

Hot Parts

-t D
S | @ o o

S o =30 o W W W
v M
o
e
-

Py
(=4

M)

@)
()

(4)

Inciudes only those ovonts cauged by stails, damage, or deterioration of gus
path clements, It excludes abnormal performance corrected by control
component replucomonts,

Koy electrical control components {noluded with controls and fuel systo..

Includos lube and scavengo systems sumps, seals, boaarings, and sensors.
Twonty-soven chip detoctor inspections based on cookpit chip light tndications
aro nut included, as no ongine or sensor faflures were invelved, In most
casos, manufacturing or asgemblv debris caused the indixation. In no case,
however, did the dotector fail to dotect a bearing failure,

"All-cause" failures wore included rather than engine enly cansed fallures,
the usual measure of engine veliabllity, For D&CM analysis purposes,
detection and fault isolation of all events, regardless of cause, I8 of concem.
For example, ail FOD ovents were included as compressor failure events as
well as all stall events (porformance eveat), some of which may have been

‘ alrframe fuduced,
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In conjunction with OWP problems, there were 39 chip detector alarms. Of these y
12 were valid and 27 were false, caused by manufacturing or maintenance debris.
The 3:1 (39/12) ratio is lower than GE T700 factory experience of 5:1 or the
Army's experience of 5-6:1 on other engines; nevertheless, chip detector systems
warrant improvement, Under the present T700 engine maintenance plan, the
procedure in the event of a chip alarm is to first shut down the affected engine, as
soon as safety permits. The next step is to remove, inspect, clean and reinstall
the chip detector. If analysis is not conclusive, run the engine for 15 minutes to
see if anotber chip alarm is generated, If another chip alarm is not generated in
the 15-minute test run, it is assumed that the initial alarm was not caused by
abnormal wear or failure but by manufacturing debris or normal wear fuzz, and
the engine i returned to service. If another chip alarm is generated in the 15-
minute run, the process is repeated unti] either the chips clearly indicate failure
or three 15-minute runs have resulted in no chip alarm. Such failure Indications
will result in engine removal, teardown, and failure investigation. The above chip
alarm procedure has been fully offective in discriminating between a false chip
alarm and an QWP failure usually with just one 15-minute run. Every failure
during flight test was detected prior to the occusrence of secondary daraage, and

no engine was removed due to a false chip alarm. There were no chip detector
failures.

Comparison of Predicted and Actual Distribution of I'ield Events

Table 6 shows a elose correlation of predicted ficld failure distvibution at organi
zitional level versus the distribution of all~cause removals that actually ocourred.
The predicted fallure distribution was obtained divectly from the current 1700
Failure Mode and Bifect Critical Analysis (F'MECA) shoots.

GENERAL ELECTIC MODULAR REPLACEMENT EXPERIENCE

CI'G Engine

The modulay design of the CF6 family of engines facilitatos gquick turparound
maintonance. The engine s made up of a number of separate modules or engine
maintenaice wits (EMU's). The englue can be disassembled into niodules for
scetionalized repudr and for rapid engine turnaround by module replacoment.
Modules and thetx subcomponents can be changed quickly and efficicntly, -as ilius-
trated by thoe iypical roplacement tisaos shown on pago 26.




TABLE 6. MATURE T700 PREDICTED FAILURE RATES VERSUS
MEASURED REMOVAL RATES AT FLIGHT TEST

Measured On
Predicted Flight Test
Engine Caused All Causes

Failure Percent

Rate Engine No. of Percent

Component (106 hr)  Total Events

Total

CONTROL AND FUEL SYSTEM

Hydromechanical Unit (HMU) 41.
Sequence Valve 14.
Fuel Filter 16.
¥F.el Boost Pump 13.
Fuel Manifold 10.
Fuel Injectors 6.
Anti-leing and Starting Bleed Valve
Electrioal Control Unit (ECU)
Primer Nozzles

Torquo Sensey

Speod Sonsor

Unkuown
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TABLE 6 - Continued
Measured On
Predicted . Flight Test
Engine Caused All Causes
Failure Ferceat
Rate Engine No. of Percent
Component - (108 hr)  Total Events Total
OIL-WETTED PARTS
Chip Detector 4.0 0.75 0 -
Accessory Gearbox (AGB) 24.1 4.5 ¢ 2
Lube and Scavenge Pump 17.0 3.2 5 2.5
il Cooler 2.0 0.4 6 3.0
Lube Filter and B. P, Sensor 14.0 2.6 2 1.0
No. 1 Bearing Seal 1.0 0.2 6 3.0
No. 1 Duplex Bearing 2.4 0.5 0 0
No. 2 Roller Bearing 1.0 0.2 0 0
No. 4 Roller Boearing 2.5 0.5 2 1.0
Power Takeoff Drive Assembly 1.9 0.2 - -
No. 3 Ball Beaving 2.3 0.4 10 5.0
No. 5 Roller Bearing 1.5 0.3 0 0
No. 6 Ball Bearing 1.3 0.3 0 0
Ko, & Carbon Seal 8.0 1.5 2 1.0
Miscellancous - - _a 3.0
Total 82.1 15.6 L3 19.3
EXTERNAL CONPIGURATION
Fuel Linos and Hoses 10.0 1.9 - -
Lube Lines and Hosos 4.0 0.8 - -
Air Lines and Brackets 4.7 0.8 - -
mlet Particle Soparator Blowey 100 1.9 o 5.0
Total 36,7 5.4 1o 5.0
i il b cetnat—ass
R 24
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TABLE 6 - Continued
Measured On
Preaicted Flight Test
Engine Caused All Causes :
Failure Percent
Rate Engine No. of Percent
Component (106 hr) Tot::  Events Total
ELECTRICAL
History Recorder 0.8 9 4,5
Igniter, Plugs, and Leads - - 6 2,5
Ignition Exciter 20 3.8 2 1.0
Wiring Harnesses 7 1.3 4 2.0
T4, 5 Harness 19 3.6 b 2.5
Alternator _4 0.7 _0 -
Total B4 102 2% 124
POWER TURBINE
| OQutput Shaft 1.0 0.2 - -
~ -ower Turbine (PT) Case 2.0 0.4 2 1.0
Stage 4 Nozzle 5.0 0.9 - -
Stage 3 Nozzle 8.0 1.5 1 0.5
Power Turbine (PT) Rotor 7.1 1.8 - -
Exhaust Frame 2.0 0.4 4 2.0
Total 26.1 4.7 T 3.5
HOT SECTION
Rotor Assembly (HPT) 8.9 L7 3
Combustion Y.iner 16.0 3.0 - -
Stage 1 Nozzle 19.0 3.8 - -
Stage 2 Nozzle 7.0 1.3 ~ -
Total 50.9 9.6 1 S5




Engine Module or Number Replacement

Component Men Time (Hours)

Low-Pressure Turbine i 6:00
High-Pressure Turbine 3:20
Stage 1 Nozzle 1:00
Combustion Liner . 1:00
Ignition Plugs 0:09
Fan Rotor 4:40
Fan Blades 1:25

The modular design which permits changes without compulsory pretesting of indiv-
idual EMU's or assurauce testing of the engine has been proven in commercial
operation of CF6 engines, For example, one operator reinstalled 62 engines which
had module changes without a t .at cell run. Of these, only three did not give
satisfactory performance. A study of another operator's 46 module change~-outs
revealed that when 35 were again removed after considerable flight time, only four
engines had problems that might have been detected earlier in test cell runs.

The CF6 modular design also allows the engine to be split and subsequently quickly
reassembled into core, low-pressure turbine, and fan sections with self-contained
tooling. Such capability permits shipment of the CI'6 engines (with necessary tool-
ing) in a variety of military and commorcial aircraft, including wide-bodied jut
transports. This feature could be a major factor in reducing airoraft on ground
(AOG) time for an aircraft in an area remote from its main maintenance base.

1700 Engine

Replacing modules on this sraall turboshaft engine i compartively simple, The
ongine is divided into four modules; the cold section module, hot ssction moduly,
power turbine modulo, and accossory module (8ce FMigure I),

Cold section modulo removal and replacemout is now doune at the dopot whereas
tho other moedules are replaceable in the fleld,

Hot gection module replacemont has been difficult in the past, Now, with better
control of balanse and clearances, 1700 production engire hot sections ¢an be
changed without match balancing,

The power turbine wmodule has boen réemoved and replaced froquently with no ad-
vorse cffect on engine vibrations or performance.

Successiul removal and replucomont of the accessory module with no poviormance
change have been domonstrated,
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T700-GE-700 ENGINE CONDITION MONITORING EXPERIENCE

Backeground

The status of Diagnostic and Condition Monitoring of the T700 engine at the com-
pletion of the UTTAS and AAH intensive flight test programs is given in Volume 8
of the T700-GE~-700 Engine Design Report4. Volume 8 documents D&CM develop-
ments since June 1976 and offers subjective judgments and comments on the les-
sons learned that may apply to future turboshaft engine programs.

Engine History Recorder

The engine history recorder (EHR) is a 2-1/2-pound engine-mounted electrical
analog device which is supplied on all production T700-GE-700 engines. Inaccur-
ate counting of the number of engine starts, caused by the momentary power in-
terruptions during preflight operations when electrical loads were being trans-
ferred from the auxiliary power unit (APU) to the aircraft alternator, was a
nuisance problem during f{light test. The problem has been solved by powering
the EHR from the engine alternator through the engine wiring harness,

Fiold experience has dictated changes to the measured parameters on the original
EHR to improve the utility of its output for monitoring the lives of key serialized
engine components and modules. Tho origiual and improved parameter displays
are compared in Table 7.

TABLE 7, MEASUREDR PARAMETER IMPROVEMIENTS

Original Parametors : Improved Paramoters

Engine Hours . Engino Hours - No Change (N/C)
Timo-Tomperature Index . Time-Temperature Index - N/C
Starts - Low Cyole Fatigue (LCY) Count -
' . , Full Cycles
Nuinbox of wenampémtum Low Cycle Fatigue (LC¥) Count -
Events , Partial Cycles
Overtemporature Flag Elimingted

4‘1‘088!!. M, M., 717900-GE-700 ENGINE DESIGN REPORT, CONDITION M_ONI- ,
TORING AND DIAGNOSTECS, Gensral Elsotric Co,, Lynn, MA, Aireraft
Engius Group, Report R7T8AEG4S, Volume 8, 28 Juns 1974,
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Ideally, a more advanced unit would have two more useful output functions:

1. Computation of low cycle fatigue using a more sophisticated cycle
counting method that equates all speed related cycles layge and small
to an equivalent number of "master cycles'". This would replace two
LCF cycle counts - major and minor. A program to accomplish more
accurate computation of LCF has recently been initiated.

2, Computation of engine health performed in the EHR and displayed in
the cockpit to relieve the pilot of some HIT check functions that divert
his attention from flight operations.

Both of the above functions require computations best done by a digital computer.
The advanced EHR would then have the following functions:

Engine operating hours

Time - temperature Non-resettable counts
LCT master cyoles

Engine health/or degradation - parcent Input to cockpit display.

Magnetic Chip Detector

Ono master chip detector design change has been approved recently by the Army
for production engines, The secondary (nonmagnetic) gap is being ellminated in
an effort to reduce the incidonce of nuisance signals, This gap was located at the
bottom of the deteotor body where nonmagnetio suspondad partieles would collect.
Engine test confirmed that nommagnotic metallie contaninants were not indicative
of ongine falluros, The Sto | ratie of nuisance signals to failure signals is ox-
pooted to be reduced by this change. A longoxr range approach to the reduvtion of
nulaanco signals would be the development of a dotector that could, with or witheut
human assistance, dlscriminato betweoen random smetallic chips (oroating nuisance
sigaale) and debris belng gonerated by a fatlure in process, A program to improve
the disorimdnation capabllity of the chip detactor bas recently beoen fnitiated.

Oil Monitor

An Army deolstcn bas been mads to defer or drop further T700 oll monitor factory
evaluation on the basis that adequate waring condition monitoring ¢an be done with
a ¢hip detector. The oll monitor, a bench-tested device developed by GE, was
moro offective than spectremeatric oil analysls in detacting oll contamination, but
both techaigues suffered. becausa af the fluo oil {iltration (3 microns absolute) of
the moo lube. ayotem. o




Engine Health Monitor

Preliminary factory development tests were successful in demonstrating that an
engine health monitor could detect overall engine performance degradation within
119 of an as-new baseline. The corresponding performance degradation capable
of being detected in an aircraft was predicted to be £2%, Feasibility of the engine
health monitor concept has been deronstrated.

Filter Bypass Indicators

Both fue! and lube filters provide an electrical signal to the cockpit denoting actual
openings of the filter bypass valve. A pop-out red button on each filter body warns
the mechanic that an impending bypass condition exists, The lubs pop-out button
has a thermal lockout to prevent impending bypass signals due to cold oil, a tem-
porary condition. Early problems with the thermal ivckout have beelw resolved.

Borescope

The Army has approved « standardized rigid borescope for the T700 and two
borescope ports have been relocated to facilitate insertion and removal of the
boxescope.

Diagnostic Connectox - 144

Tho ¥4 23-pin conncotor on the electrical control unit is provided for ground-
chacking electrical control civouits, No peculiar ground support equipment (PGSE)
“unit has yet been authorized for this purpose. A proposal is now undey considera-
tion by AVSCOM for providing such a unit for developmont'tast veo, The Lost
-unit, powered from the UTTAS or AAH APU, aud simple and light enough to be
‘carcied by ono man, would speed LRU fault isolation,

Rutor Unbalance Monitor

This vibration analyzor box was dosigned for use with a bearing-mountsd acceler-
. ometer and consequontly is not calibrated for uso with extornally mouwnbod sensors,
~ Internal accelerometors were found to be warelinblo and wexe discarded. Aun eval-
uation program {8 undor way to qualify two externilly mountod a¢celerometors on
tho T700 engine, one on a spesial pad of the accessory gearboex (AGH) and the
other on the exhausi frame flange. Thres accelerometer manufacturors' sensors
ave belug evaluated on factory develupment engines, Results to date have {ndicated
a posaible high temperature life problem with the sxhaust frame accelerometers
which are ratsd for temparatures up to 800°F with 20 pico voulombs/g sensitivity.
Such sonsors ropresent an advanco in the current state of the axt-which is 19 pleo
coulomba/g at that temporature, ‘




SUMMARY OF RECENT GENERAL ELECTRIC ENGINE CONDITION
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MONITORING (ECM) ACTIVITIES

General Electric is currently engaged in a broad range of ECM activities. They
include studies to determine the appropriate ECM system for particular GE
engines, the development of ECM systems to evaluate "on-line" various ECM
sensors and concepts, and the production of ECM systems as part of GE engin~s
or offered as optional equipment. While each ECM application is unique, data Je-
rived from one system can, in many cases, be applied to other systems. In the
conduct of this study, General Electric utilized information gained from other
ECM activities where appropriate,

Table 8 indicates the content of the various ECM activities in which GE has been
involved, including comments relative to purpose, degree of success, and other
pertinent information,

The data and experience gained from the work summarized in Table 8 are applic-
ahble to this FADEC study and lead to a number of general conclusions.

1. Modular performance measurement by D&CM systems has not yet
been domoanstrated,

A program is underway for the CFM~-56 engino to defina tho instru-
mentation and computer logic to fault isolate performanco problems
to tho module level for this large commorcial engine, If suvcessful,
an important maintenance cost & downtime saver will be achieved
for the commeoreial engine users, No similar program is in effect
for GE military engines, nor has a cost offectivencss study boen
done to justify the nced.

2. ECM ongine~-mountod seusors and wiring harnosses must bo spocially
doesigued to withstand the fa-sorvico ongine environment,

- Expearience has shown that ECM sensors and wiring unsuited to the
engine environment have resulted in considerable systom downtime,
false glgnals, and loss of confidenco in engine condition monitoring
in genoral. This has been espeoially true in cases where false
signais have caused engine shutdowns, Whoro ECM engine-nmounted
songors and wirlig harnesses have been rug.gedlzcd and designed to
be ingensitive to heat and vibration, faflures aud false siganle lmvo
been roduced to an acceptablo lovel.
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Simplicity enhances the probability of success of ECM systems.

As ECM systems are fundamentally data acquisition, processing,
and recording systems, the probability of their functioning success-
fully is inversely proportional to the nuinber of sensed parameters
and the number of functions provided. Complex ECM systems

have experienced many problems associated with hardware and
software; redesign of ECM systems invariably results in substantial
simplification. ‘

TABLE 8. GENERAL ELECTRIC ENGINE CONDITION
MONITORING (ECM) ACTIVITIES

Exceedance Monitoring
Exceedance Alarm

1.RU Fault Isolation
{In-Flight Recording

1ife-Used Indices

Parameters

STUDIES
404 Engine BCM Study

The 1404 ECM study has been completed, The
results of the vavious systoms considered are
presentad below.

System A ~ An exponsive systom featuring in-
flight control system monitoring, on-ongiae sig-
nnl conditioning, and no PGSE. This system was
not recommendad by GE duo to its weight and
lack of cost effectiveness,

Syatom B - A moderatoly expensive system simi-
lar in function to System A, but without on-engine
signal conditioning or {u-flight eoutrel monitor-
ing. Contrel systam data is acquived during
ground runs using PGSE., 1his lighter and cost
offeciiva gystem was reconuanended by GE.




TABLE 8 - Continued

Exceedance Monitoring
Exceedance Alarm
Life-Used Indices

LRU Fault Isolation
In-Flight Recording
Parameters

STUDIES - Continued

Base-Line (BL) System - This relatively in-
expensive system was within original budget-
ary estimates. As compared with System A,
this BL system does not .ave on-engine sig-
nal conditioning, in-flight control monitoring,
LRU fault isolation, or PGSE,and is some-~
what limited in other system features. This
is the system that was adopted by the Navy.

TF34 EDS I - This study is still in progress.
In-service faflure history has been analyzed in
order to determine actual versus predicted fail-
ure modos. Candidate parameters and functions
have been solected and algorithms are being
dovoloped to allow the offectivoness of these
parametors and functions to be evaluated.
Parameters wore seleoted in compliance with
the contractural requirements that: (1) sensors
be removable without engine dlsassembly, (2) no
engine structure modification be required, and
(3) only current stato-of-tho-art instrumentation
be proposed.

* Thezo axe oandldate parameters. Final parameter selection has not yeibeeo
made.




TABLE 8 - Continued
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Exceedance Monitoring
In-Flight Recording

Life-Used Indices
LERU Fault Isclation

Exceedance Alarm
Engine Trim
Parameters

DEVELOPMENT SYSTEMS

TF34 EDS II - General Eleetric is support-
ing Northrop in its demonstration program
to equip three A-10 aireraft with Northrop's
Engine Health Monitoring Systems (EHMS).
These systoms were previously utilized on
Air Force T38 airvcraft. In-flight data is
stored in memory and transferred to PGSE

postflight.

F101 CITH ~ Thiv is an extensive KM sys~
tom fosturing in-flight control system moni-
toring, on~engine signal conditioning and no
PGSE. ‘Three of these systems are funotion-
ing on BY alrvoraft duving the flight test pro-
gram and a fourth systam is boing operated
in the GE factory. To date most systom ob-
joetives have bean mot and Alr Fores accep-
tance has beon high.

TEID ADEMS T - This was a-joint effort by
the U. 8, Alr Force and General BElevtrie to
design, install in a C-5A aivoraft, and ovals
vate an Advancod Diagnostic Baglue Monitor~
ing System.  Although severely damaged during
its fivst flight, due to an emergeney landing,

- the systom opbration and analysis indieated
that the program objectives would huve been
maet,




TABLE 8 ~ Continued

Exceedance Monitoring

Life-Used Indices
LRU Fault Isolation
| m~-Flight Recording

Exceedance Alarm
| Engine Trim
Parameters

DEVELOPMENT SYSTEMS - Continued

TF39 ADEMS II -~ This system i8 mors modest
in approach than ADEMS I and has 2% param-
etors. At this time it has undergone extensive
factory chackout and is now in the procsss of
flight checkout installed in a C-5A airoraft.

LM2800 I - This exizasive KCM system was
tosted and ovaluated at NAVSEC Philadeiphia
from November 18, 1975 to September 28,
1976. This testing allowed thorough hard-
ware and software evaluation that led to
recommendatious for a follow-on zystom,

LM2600 Ji - This ECM aystem has boon ve-
dosigned based on testivg and ovaluation of
the LM2500 [ system, It has boon reduced
from 42 to 14 parameters. Tg,q, one of

the 14 BCM parametors, is detormived

from 11 individusl 15, 4 thermovouples.

The system hos baen completed und will be
installed o1. beard the Callahan Army
Logistics Ship for onod year of w-sea

tosting, ,




TABLE 8- Continued
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PRODUCTION SYSTEMS
CF6 - Minimal ECM systoms are offered X X X/ x| x|+
to customers as options. They have had
limited acceptance to date.
: CFMi6 - There will be qualified ECM sys- X X[x{x™
tems offered with the ongino upon certifica~
: tion in late 1979, Tho customer can purchass,
as options, whatever mix of systoms he do-
gires. Flight data will be supplemented with )
data from speoially mounted ECM sensors
during grmmd diagnostio 2uns.
* The number of parameters availoble in these LCM systems will vary with afr-
fr.uno and customer requir emunts. H
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DIAGWOSTIC FUNCTION CATEGORIES AND EVALUATION

To meet the Army's D&CM requirements for future turboshaft engines with full
authority digital electronic controls, four principal diagnostic functions must be
performed. These functions (tabulated in Table 3) have the following principal
purposes.

Cockpit Cautions - Warning to the pilot that an engine problem is imminent that
may result in a power loss. Prompt aciion may prevent secondary damage,

Condition Monitoring - To support ""On Condition Maintenance' by measuring
and recording data indicative of the overall mechanical and thermodynamic
condition of the engine and the life remaining in key engine parts,

Fault Detection - Detecting out-of-limit conditions.

Fault Isolation - The logic process utilizing engine data to isolate the cause of
an undegirable engine condition to a speocific module or LRU. In tho case of
elactronie fault isolation, a simple means of communicating the finding to the
maintenance persou is also required.

The rankings in Table 9 rosult from judging today's engine needs/probloms aed
the practicality and cost effectiveness of available tochnigues,
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TABLE 9, DIAGNOSTIC PUNCTION CATEGORIES AND EVALUATION _

Rocom~
mend to
: inteprato
1 2RD  N/R*  fnto
- PRIORITY PRIORITY NOW = FADEC

Cockplt Cautions Bewmiring Pilot
Actlon '

~ Low, high ox flusiuating oll
pregsure

- High vibration

.~ Chip detection

- Fuel or lube {ilter bypuss

- Combustor overpressure

« (il temperature

- Bearing raco temporature
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TABLE 9 - Continued

Condition Monitoring for "On

Condition" Maintenance

- Performance check for engine
health determination

- Count and record low cycle
fatigue NG cycles

- Compute and record stress
rupture life

- Measure engine operating hours

- Low cycle fatigue (LC¥) -
P3 eycles

- SQAP -~ Oil analysis

- Borescopo iuspsaction

Fault Detection and Recording

- Record exceodance data sots for
manual or electronic analysis

- Track selected control schoedules
for LRU fault detoction

- Track vibrativn as fuaction of NP
& NG to dotoot yator wnbalance
and severs FOD '

- Dateet sengor fallures

- Doteet overtomp, , overspeod

= Track ofl pressure and NG
dotoet ol systom probloms

- Detoct stall

- Procoss HIT cheek data for
pevformance troad analysis

18T

2ND

Recom-

mend to

integrate
N/R* into

PRIORITY PRIORITY NOW FADEC

*

*
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TABLE 9 - Continued

Recom-
mend to
integrate
18T 2ND N/R* into
PRIORITY PRIORITY NOW FADEC

Fault Isclation and Annunciation

- Process exceedance data through
logic programs for LRU fault
isolation

- Conduct visual inspection of
engine for leaks, oil level, filter
bypass, inlet FOD, loose
fittings, etc.

- Modvular fault isolation - performance

~ Modular fault isolation - oil-wetted
parts (OWP) ‘

- Modular fault isolation - vibration

~ Modular fault isclation - life usage

*N/R - Not recommended now.




TASK II - DIAGNOSTIC METHODS IDENTIFICATION

A comparison of the T700-GE-700 engine with the TF34-GE-2 and the TF34-GE-
100 engines is given in Table 10 and shows similar trends in the distribution of
D&CM events, A D&CM event is an actual or potential failure detection that would
be accomplished by use of a D&CM system. In any anulysis of engine field data,
the number of D&CM events exceed the number of failures because many failures
are detectable by more than one D&CM sensor.

TABLE 10. DISTRIBUTION OF D&CM EVENTS

T700-GE-700 TF34-GE-2 TF34-GE-100
(%) (%) (%)

Vibration 4.6 7.4 -

Oil-Wetted Parts : 22.2 9.6
Performance 5.¢ 4.4
Hot Section

Controls

msepection Finds

Compressor and Fan 5.6

Inlet Particle Separator Blowoer C -

100.0

The following discussion of diagnostic methods addresses each category of

failure deteotion derived from field data analysis as summarized in Table 10, The
estimates of effectiveness of dingrostic methods are based on prier GE D&CM
exporience cited in Task I plus other GE englue exporience without D&CM,
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TURBOSHAFT DIAGNOSTIC METHODS

Vibration

Vibration monitoring is potentially a valuable technique for detecting incipient
mechanical failures and measuring engine mechanical degradaticn by trend araly-
sis techniques. Vibration monitoring must be tailored to each engine with it
peculiar characteristics. It is also one of the most difficult D&CM functions to
perform reliably for the following reasons:

1. Itis difficult to find locations on an engine that permit accelerometor
replacement as an LRU and also produce clean signals with high ratios
of signal to noise,

Extremely careful selection and application of accelerometer electrical
connecior and wiring is required to prevent electrical noise pickup
and mechanical damage.

Skillful selection of system charge amplifiers, filters, logic, and
limits is required.

GE experience has indicated that engine vibration monitoring should incluvde
measurement of broad band, and 1/rev accelerations of each rotor by use of
narrow band tracking filters. Because of the specialized data processing cirouit
elements required, their cost and weight, possibie variations in requirements
of each engine application, and the special electrical shielding requirements to
prevent noise plokup, the vibration data processing elements should mot ba in»
cluded in the FADEC unit,

Oil-Wetted Parts

04l temperature monitored by an airoraft orew member can be a useful indloatoy

. of an engine inoiplent failure such as loss of ol and oil cooler failure. For the oll

temperature to be meaningful, a crew member must mentally integrate other data
such as outside air temperature (OAT), fuel tempecature, and NG, To perform
the oll tomperature monitoring electronically, the FADEC-D&CM system might
require a fuel temperature gensor to be added to the airoraft fuel system and
computer logic addad to the FADEC unit, In view of the small probability of ol
systom events that only oil temperature measurement can deteot, it is not consid-
ered a high priority parameter.




Qil pressure (PL) measured at the lube supply pump discharge and biased by bear-
ing sump pressure is an extremely valuable and critical engine condition monitor-
ing parameter. To be meaningful and to avoid faise signals, a characteristic
curve of lube pressure versus core engine speed, NG, is required together with a
tolerance band to account for system and oil temperature variations, Oil system
problems may be indicated by low, high, or fluctuating oil pressure. Since al-
most all cockpit displays include oil pressure, the primary function of oil system
monitoring is to warn the pilot that he has an oil system problem so he can closely
monitor his pressure gage and make intelligent decisions accordingly.

Bearing race temperature or bearing differential oil temperature meas-:rements
ave not recommended for failure detection. Experience has shown that the time
response of temperatures to most types of bearing failure modes is t1.y slow to be
effective in preventing secondary damage.

Oil filter bypass remote electrical signals can be used but may not be necessary,
The impending bypass pop-out red button has been very usefr on the T700 lube
oil filter. The button is checked at least daily during preflight and/or postflight
inspections by the crew chief, Because of this frequent checking, the actual by-
pass remote electrical signal has never been actuated except by cold oil when the
sensor thermal lockout device failed, There is some question, therefore, as to
the future need for a remote lube oil bypass signal. If the daily inspoctions are
deleted, the remote signal will be very useful, :

Spectrometer analysis (SOAP) is a worthwhile failure detection technique if oil
system filtration is 26 microns or greater. With oil filtration down to 3 microns
absolute as with the T700 engine, SOAP proved to be ineffective, au did the
electro-optical oil analysis,

Magnetic chip detection has proven extremely eifective on the T700 engine for
enrly deteotion of bearing problems (see Task I). An improved device that can dis-
criminate between random manufacturing chips, normal "fuzz", and debris {rom
spalling type conditions is badly needed, however, to reduce the auisance signals
which outnumber the failure siguals by over 2 to 1.

Performance
ALY Ay - W

HIT (Health Indication Test) cheok procedures as described under Task Il are
ideally suited to FADEC/D&CM systoms and arve recommendad a5 a means of
detecting gross performance preblems affecting safety of flight. HIT check ac-
complishment electronically is a contribution to flight safety beciuse it requires
less pllot attention,
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Performance trend analysis requires consistently accurate data taken periodically
over many hundreds of hours. It is done routinely by commercial airlines and has
been dene on military engines in the test cell environment and by MATS and SAC in
an operating environment approaching that of the airlines. A study is required to
determine if performance trend analysis is feasible or cost effective in the Army's
operational environment as an adjunct of a future D&CM system which produces
recorded data.

Modular performance fault isolation ""on the wing' is a potentially valuable feature
of a D&CM system that could enable the determination of which engine module is
responsible for a measured loss in overall performance. The feasibility of ac-
complishing this on an operational Army engine has not been demonstrated and
may be difficult with the limited instrumentation normally available on an installed
engine, There are technical approaches that should be explored in depth tc pro-
vide a basis for deterrnining the practicality of modular performance fault isola-
tion.

Stall detection by a D& CM system on most engines, including the T700, is not re-
quired to warn the pilot - he can hear the event, D& CM stall detection would be
required in order to trigger a recording of data at the instant of its occurrence
and ideally to save those snapshots of data taken bofore the event in order to diag-
nose the reason for the stall if diagnosis is desired. It is doubtful if a computer
program to parform such a diagnosis would be of practical value in operational
service because of the very low predicted frequency of stall events based on recent
T700 engine history.

Hot Soction

Low cycle fatigue (LCF) and stross rupture life of turbine components are cssen-
tial measuroments for the implementation of on-condition maintenance on military
airoraft ongines, It is well dooumentsd that many military engine probloms in the
past have stomined from engine oporation fay different from that for which thoy
wore designed. Measurement of LCI' speed oycles and time-tomperature stross
rupturo effects on hot parts provides more acourate measures of onglne life used
than measurement of engine hours alone. Eaglue hours is also recommended as
the traditional measure and tho bose to which LCY aud stress rupture counts can
be related to judge the relative severity of various aireraft missions,

Vibration monitoring and boxescope inspoection disoussed elsowhere are also po-
tontially valuable hot part diagnostio techuiquoes,

Ovorspeed and overtemperature exceedances can be useful as measures of potential
turbine damage when related to time of exposure of the exceedance. Theso limits
can he easily stored in a digital computer in the form of curves similar to those
‘supplied in operating and nmuintenance manuale,
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Controls

Control system fault isolation to the LRU level currently involves four steps or
functions:

1. Conduct signal validity checks to detect faulty sensors. If a failed seusor
is detected, that sensor is the LRU to be replaced. If sensors are good,
proceed to Step 2,

2, Detect engine exceedances such as speed, temperature, torque, and
stability,

3. Track engine control schedules such as fuel schedules, VG, accel and
decel, T4.5 limiting, and NG; detect out-of-l1imits schedules,

4, Utilize diagnostic logic programs and as many as 20 engine parameters
to isolate the cause of an exceedance, instability, or schedule shift to
the most likely control system LRU. In the event that the logic process
identifies more than one faulty candidate, the LRU with the highest pre-
dioted failure rate is identified for replacement first,

The full potential of FADEC systems has yet to be explored. TFunctions 1 and 3
above are inherent in the GE FADEC concept. Further analysis and innovative
design may show the way to accomplishing all of the controls D&CM functions
within the FADEC unit, eliminating the need for separate D&CM eguipment,

msgection Finds

From 12,5 to 18% of the events in Tablo 10 are detected by vieual inspoction,
These figures include both borescope and external visual inspections done at pro-
flight and pootilight. In most of the casos analyzed, external visual or borescope
inspection was the only mesans of detection, A genexsl conclusion drawn from the
analyzed cages i8 that 10 to 15% of the failure evonts requiring some maintenance
action will not be dotected by any curvent state-of-tho-art D&CM aystoém ox sen-
sor, In other words, the most officlent automated D&CM systom today an be
expooted to detoct only 85 to 90% of the failure events,

Extorual visual jnspection finds includs the followlng discrepancies:
‘1. Internal defects revealed by borescope.

‘2. FODat englue inled,
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3. Fuel and oil leaks, loose or missing plugs and caps.

4, Cracked, bent, or damaged brackets, tubes, and links,

5. Loose fittings, electrical connectors, and accessories.

6. Fluid levels, pop-out indicators, and VG position transmitters.

7. Contaminated chip detectors.
Borescope inspection effectiveness is a function of many factors. If effectiveness
is defined as the probability of finding a given mechanical defect in the compressor
vanes and blades, combustor, or turbine, then effectiveness is a function of the

following factors:

1. Number and location of borescope ports.

2. Percent of target part viewable from nearest port.
3. Skill and patience of operator,

4, Quality and condition of instrument.
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5. Quality of instructions and illustrations to identify fault appearance,
6. Indications from other sourcos of where the fault is likely to bo located.
7. Frogquency of inspection.

8. Sizo of engino,

9, Failure propagation rate. ! )

With so many variables, the effectivencss is different for each engine dosign, op-
orator, and engine part. Large engines have greater potontinl for borescopo
inspection because of more space for ports, greater distance between blades and
vanes for inserting borescope, and using larger instruments, D&CM can be a
positive influence for tmproving borescope fnspection effectiveness in factor 6

above through such techniques as LCF and stréss rupture 1fe measurement and
vibration monltoriag :




Compressor and Fan

Monitoring ~f compressor and fan (cold section module) involves methods already
covered in the nreceding discussion as follows:

Rotor Balance -~ Vibration

Stall - Performance .

LCF - Same speed excursion counting as for hot parts
VG - Control monitoring

FOD - Vibration or pilot detection of characteristic sound

Monitoring for overpressure on T700 compressor and combustion casings is not
recommended. Any predictable engine fault would not cause a damaging compres-
sor discharge overpressure.

LCF pressure cycle counting is not recommended for T700 or similar engines.
The compressor and combustion cases are not life limited and require no special
monitoring,

Miscellaneous

Ultrasonics have no practical application for in-flight monitoring,

Radiography is an offective nondestructive inspection technique for large commer-
clal modular ongines. For small engines, the special restrictions on handling of
radioactive pollets, special personnel tratning, and special equipment requived
make this technique vory unattractive, It is easler, except in very spocial ciroum-
stances, to disassemble an engine than to take isotopo photos and analyze them to
detect mochanical abnormalitios.

Transient condition monitoring is not recommendod bocauge of the large data
gtorage capacity and large smount of complex data analysie which would be ro-
quirved. ' '

Electrosiatic probe exhuust analysis for detecting gas path probloms is not rec-
ommended at this ime, This technigue utilizes a magnetic probe to detect evidonce
of metallie debris in the exhaust gas; tho systom is still in the aarly development
phase and is showiug promiso, '

Mechanical signal analysis is an analytical techniquo to detect and 1solate mechani-
cal anomalies using recovded mechanieal vibration and accoustic signatures of
machines, The complexity of tho signatures and of tho analytical techniques invol-
ved has discouraged most investigators from attomyptieg to apply these techniques
to field service probloms and consequontly ie ot recommended for an Army D&CM
system,
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DIAGNOSTIC METHODS CATEGORIES

Table 11 represents an initial screening of the diagnostic methods reviewed in the
preceding pages and categorizes them in accordance with their monitoring re-
quirements, The large number of recommended diagnostic methods that can be
implemented using signals and sensors already available in a turboshaft FADEC
control is the significant message in this tabulation.

TABLE 11, DIAGNOSTIC METHOD CATEGORIES

Method and Requirements

Diagnostic Methods

.
|
.
i
y
i
A
‘
£
"(:
&
4
1
H
i{.
N
¥
3

Utilizes parameters and signals
common to digital engine controls,

Requires dedicated signal condition-
ingl

Requires parameters not common
to digital engine controls,

Utilizos spocial (grownd) equip-
ment,

Extornal ms;mtiqm

Performance Monitoring
Low Cycle Fatigue
Stress Rupture (creep)
Control Schedules
Sensor Signal Checks
LRU Fault Isclation

Vibration
Particle Detectors (some)
Ionized Particle Detection*

Oil System Monitoring
Vibration
Particle Detectors

Borescopy

Radiography*

Spectroscepy (SOAP)*
Ultrasonies*

Mechanical Signal Analysis*
Electric-Optical Oil Analysis®*

0D - Inlet Juspoction

Fuol and Ol Leaks

Loose, Damaged, Missing Parts

Fluld Lovels

Maguetic Plug, Sercen and Filter
Inspoction

ot Revommended
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TASK III - DIAGNOSTIC APPLICATION

The application of turboshaft engine diagnostic and monitoring techniques involves
close coordination between the engine manufacturer, the using service, and the
airframe manufacturer. Human factors engineering considerations must be ap-
plied to the choice of D&CM system displays and logic. A typical example is
found in the following section which describes three Health Indication Test (HIT)
monitoring systems and the trade-off choices which balance pilot attention and
involvement against added D&CM system complexity. Similar trade-offs and
decisions are inevitable in the design of fuel and control system fault isolation
systems where human involvement in the logic process is traded off against. in-
creased system complexity., A further trade-off decision may be required in the
design of the cockpit display for a discriminating type magnetic chip detector
discugsed in Task VII of this report,

Application of diagnostic and monitoring methods to an Army engine is a system
problem with strong human factors overtones, Praciical judgement to limit
system complexity without overburdening the flight crews and maintenance per-
sounnel should be the design objective.

This section covers methods and techniques which permit. meeting the following
engine dlagnosuc and conditlon monitoring objectives:

1. Eugine Health Indication Tests (HIT).

2. Fuel Control System Pault Detection and Isolation.
3. Low Cycle Fatigue and Hot Part Mounitoring.

4. Storage of Flight Diagnostic Data.

6. ' Storage of Mission Cycle Data.

INDICATION OF ENGINE HEALTH (VERFORMANCE) WITHOUT GF.QUND
- TIEDOWN TEST OR HIT CHECK FLIGHTS

The health of a turboshaft engine can be measured by an electyonic health monitor
function utilizing less than half of the same digital signala required for operating a
FADEC control, No added engine senscrs are reguived based on the current -
FADEC functiona! design, On the other haud, in order to tgolate the performance
fault ‘o the module level, there are a number of parametric relationships that can
be used as engins health indicators, The relation of oufput power to power turbine
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inlet temperature is the most straightforward and is applicable to practically all
turboshaft engines, Both functions would be corrected to standard conditions and
compared with either the engine specification performance or a stored function
representing each engine's ""as new'" periormance. The actual performance could
be recorded for later ground analysis or trending and some form of message
would be displayed to the pilot: go/no-go or in a sophisticated system either
horsepower or percent of specification power (Measured HP/Specification HP) x
100, for that operating point.

Several options exist for helicopter turboshaft engine electronic health monitoring
systems, depending on the degree of automation desirved. The more automation,
the more complex the hardware and software required, but the less dependesnce
on pilot procedures for getting valid data. Three systems are described in the
following paragraphs as Systems A, B, and C and are of decreasing degrees of
automation.

System A - Horsepower Versus Measured Turbine Inlet Temperature (see
Figure 2)

Parameters
(HP vs T4.5)

PO - Pressure Altitude T2 - Compressor Inlet Temperature

PT2 - Comproessor Inlet Tota! Pressure Q - Output Torque

T4.5 - Gas Genorator Discharge NP - Low=-Prossure Turbine Speed
Temperature

With System A, a health cheok could be made elther automatically when a pre-
detormined "window' or st of alroraft and engluo conditions were reached, ox
on pilot's command, Siace all the essential parametera would be provided to the
airborne gomputer to corract for altituds, amblent temperature, aid airspeed,
the pilot would not be required to conduot the health cheek on the ground or at a
specific set of conditions. What {s required, however, is a state T thermal
stability., The degres to which this condition is achieved has s overridiog influ-
ence on the result, The time~temperature conditions for ench eugine deslgn muay
bo quite different; however, 30 seconds ie balieved to be the minlpum thoe for a
health chack at power levels at or near maximum continvous. For a mors aceur-
ate measure, as for porformance trend analyma. stahmzauon times of 2 miuuwa
or more are probably requlred .
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SYSTEM A
PARAMETRIC RELATIONSHIP:

1800 T

1500 - SPEC.

PERFORMANCE
1200 A \\‘\R

4 MIN. ALLOWABLE

900 + 7 PERFORMANCE

HORSEPOWER

600 T

300

550° 600° 650° 700° 750° 800°
74.5%

Pigure 2, Horsepower versus Measured Low-Pressure Turbine Inlet
Temperature - Systom A,

Control of Stabjlization Time

The FADEC-D&CM computor diagnostio logic would roquire oithor flowchart 1

or 2 of Figuro 3 proceding the hoalth cheok, If the samo health cheok were vo-
vorded and saved for long-term trend analysis, a moxro rostrictivo precadu:'c ngut
bo required as shown fn Figure 4.

In summary, System A should bo able to perform HIT check without tiedown or
check flights, if the mission profilo provided a high enough vower setting for a long
cnough time, Curront HIT chouk for the 1700 engino specifies that T4.6 9 ould be
at least 650°C with NP=100% for 30 seconds or more for a simplo choek., For

trending, T4, 5 would be highor zmd timo at 14.5 would also be losgor -‘pz'fmh.;bly
2 to 5 minutes,

The prineipal advantages of Sysiem A ave:

1. Reguires minimum atteution by the pliot--a deiluito contribution to
ﬂight Bafoty

g M Rl b oo a7 ik
S wde - - L vy i .




(1.) s (2.)
T4.5>650°C IS
" MIFSSTES . NO T4.5 >600°C
YES
/
00 CALCULATE
HEALTH £(T4.50%TIME)
CHECK =
{
Y IS

. . ™ >300?
Note: Time - M - for simple VES,

Health Check - 1/2 minute min.

DO
HEALTH
CHECK \

.

Figure 5. FADEC-D&CM Compuior Diaguostic Logle Funotion,

0
NEALTH
CHECK

] )
« RECORD / B
e COCKRIY . b
BISPLAY}f |

Figure 4. Loog-Term Trend Analysis Logic.
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2. Provides more accurate data:

a. Eliminates human error.

b. Prevents erroneous data caused by inadequate stabilization time.

System B - Torque Versus Turbine Inlet Temperature (See Figure 7)

Parameters
(Q vs T4.5)

PO Q
T4.5 NP - Controlled and monitored by

T2 pilot
£§Q/s ) vs £(T4.5/g) and T4.5 * Time (for Thermal Stability)

System B, like System A, would provide cockpit go/no-go engine hoaith indication
and reeording (if desived). Also it would not require the pilot's attention to read
and record data. It does haveo two limitstions, however:

1. The pilot wouid be responsible for sotting NP at 100% (or some other
predetormined value) and kooping ¥t there until aftor the "Go" indica-
tion is rocoivod (bused on stoady-stato ime-tomperature function).

The hoalth check must be reade on the ground or at hover since the
parumeter PI2 to account for flight speod 1s not provided.
) T ‘\ .
SYSTER 8 PARAMETRIC RELATIONSHIP:
300 ¢ '

w SPECIFICATION
&4 PERFORMANCE
o 300 o ]

<
bt : - r
M N, 7 uinn ALLOWABLE

200 - PERFORNANCE

5500 6000 g50®  7g0°  750° 8p0°
14.5 9
Torque Vorsus Low-Pressure Turbing Inlet Tomporature - System B,

&
-
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Systeni C - Torque Versus Compressor Inlet Temperature (See Figure 8)

Parameters
(Q vs T2)

NP

Q ‘
PO T4.5 Controlled by pilot.
T2

£(Q/5) vs £(T2) and Time * T4.5

System C would provide cockpit go/no-go engine health indication and recording.

The pilot is not required to record data or refer to curves fron: the engine Oper-
ator's Manual to determine the engine health status, This system also requires

less on-board computer capacity than A or B. It has the following limitations:

1. The pilot would be responsible for setting NP at 100% and maintaining
it there (avoiding transients) until "Go'' signal is received.

2. The pilot must also adjust collective pitch to maiatain T4.5 at some
predetermined value at or above 650°C for the required time.

3. The health check must be made on the ground or at hover.
SYSTEM C.

PARAMETRIC RELATIONSHIP

400 -
S—
SO SPECIFICATION
PERFORMANCE
[¥X]
§ 300 +
2
| MINIMUM ALLOWABLE
= - PERFORMANCE
200
~
100 i ¢ + ' S — 4 ¢ s samanneel 4
30 -20 10 0 +10 +20 430 +40 +50 480

T2

Figure 6. Torque Versus Compressor Inlet Tempevature - dystem C,
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System A computations can be performed in the FADEC unit with minor effect on
its required memory capacity. HIT checks currently specified for the T700

UTTAS and AAH aircraft follow System C procedures, except that the readings
are all manual. ,

FUEL CONTROL SYSTEM FAULT DETECTION AND ISOLATION CAPABILITY
TO LINE REPLACEABLE UNIT (LRU) LEVEL

The T700 engine control system is not a module. It is a number of LRU's, some

mounted on the Accessory Gearbox and consequently part of the Accessory Modulk .

others mounted on and part of both the Cold Section and Hot Section Modu.es.

Control system fault detection and isolation in a current technology system can be
achieved by an engine diagnostic system in the following manner:

1. Data from the engine and aireraft sensors will be recorded while the
engine is in cperation, either in flight or on the ground,

2. Computer-based diagnostic logic routines similar to the troubleshooting
procedures presented in Chapter 1 of the T700-GE-700 Engine
Maintenancs Manuald will automatically detect and record and isolate
control system faulis. (See Figure 7.)

3. Mossages will be genorated and digplayed directing maintenance per-
sonnel to the most appropriate malntenance action. These maintenance
actions can include further testing or measurement, as the recorded
in~flight data may have to be supplemented in order to achieve the
appropriate level of LRU fault deteotion and isolation.

A FADEC, with its control pavameters alveady in digital form suftable for re-
cording, provides the Lest opportunity for cost offective vontiol-fault diagnosis
relative to othor types of ongine controls, The FADEC systom by design intent
will minimizo the nlmber of control system LBU's by combiniug funotions
expaditing troubleshooting. Current hydromochunical systoms with anslog clec-
tronios pequire complox systoms to kehieve all condition monitoring functions,
First-genovation FADEC gystems with hydromechanical backups will vaduce the
difficulty of fnult detection and isolation by:
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Providing all signals in a digital format
e Accomplishing sensor failure detection via FICA
e Accomplishing computer fault detection by self-test functions.

Additional study is required for future FADEC designs to attempt to increase the
inherent fault detection. Increased fault detection will allow the control to deter-
mine corrective action so the engine can continue to operate under certain failure
situations, Corrective action through redundancy and alterpative control sirate-
gies will improve control system reliability. The fault detection and isolation
effectiveness of a system can be assessed only through a detailed analysis of LRU
failure modes and their associated failure symptoms. Analysis methods have been
developed and employed with significant success in other engine diagnostic gystem
studies, notably the F404-GE-400 Engine Cordition Monitoring System (ECMS)
study. 5 While this method was developed for ourrent systems, it can be applied
to future systems with slight modification. The method for identifying a prastical
and cost-effective system for control system fault Getection and isolation will con-
tain the following elements:

1. Fault Tree: A fault tree listing all major predicted failures will bs
constructed as follows (see Figure § for exampie):

a. The fallure event in the top tier ix one of any primary engine
failure events associated with an engine operating condition.

Subsequent tler failure events identify those subordinate faults
that contribute to the primary failure event,

The items listed under the battom tier are those LBU's whoss
failure can cause the indicated englne fallure eveuts,

2. Quantify Foult Tree; The fault tree will be quantified by assigning failure
rates to each of the top tlexr faflure events and aleo to low tier eveats,
Then to each of the lower tier events must be assigned the faflure rates
from each of the contrel LRU's that could contribute to that particular
engine failure ovent, Figure 8 1s & slmple example of such a fault trea
with the lower tler events shown with the coniributing LRU's listed under
each event, The fallure rate contribution of each LRU must be estimated
for ench event such that the total and preducted falluve raie for sach
LRU is accounted for,

Sjordan, H.J., F404 ENGINE CONIITION MONITORING S¥STEM (ECMS)
STUDY, Genoral Eleotrie Co,, Lyan, MA, R17AEG028, 16 April 1877,
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Logic Diagram: Logic diagrams are troubleshooting procedures that

rely on available engine and aircraft parameters and knowledge of
engine operating characteristics to isolate the malfunctioning engine
components, In those cases where fault isolation is to a group of com-
ponents, that component with the highest failure rate is selected as
the most probable failed LRU. These logic diagrams are written as
algorithms in a format suitable to conversion to computer code (see
Figure 9 for example), Computer programs representative of these
logic diagrams will be resident in either an airborne or ground diag-
nostic unit or some combination of both, This program will function
as a result of the values of the condition monitoring parameters. The
airborne and/or ground diagnostic units will perform fault detection
and isolation automatically in a manner similar to the troubleshooting
procedures presented in Chapter 1 of the T700-GE~700 Eugine
Maintenance Manual4 (see Figure 7).

The logic diagrams allow un assessment of the utility of the engine
condition monitoring parameters in terms of fault detection and iso-
lation. This assessment can lead to the identification of parameters
not previously considered or the elimination of parameters with low
utility (see Table 12),

Effoctiveness: Iault detection and isolation effectiveness will be
assessed for one or more propesed condition monitoring systems.
Human factors considerations (man-machine interface) will bo part
of this asscessment,

Life-Cycle Cost (LCC): An LCC analysis will be made for sach pyo-
posod system to assess tho net cost savings (or logses) attributable
to a proposed system throughout the engine life cycle, In general, it
compnres the payoff of a condition monitoring systom, in terms of
net reduced maintonance costs, with tuvostment design, eugineoring,
and production costs,

Additionnl Syatom Asgessmont Critorin: The evaluation of proposed

condition monitoring systoms will fnolude an ussessment of the sys-
tom impact on engine weight, reliability, numintainability, and ea-
velope,

This methodology will provido a sound basis for decislon making and
avold, to the extent possible, subjective judgoments,




“wreageiq 01307 jo odwexd ‘g SmINd

IATVA 33M3N03S
SYIWI¥d <+

WILSAS NOILINGI <

JATWA 3IN3RD3S ?\

J3avd

D

Y3ILYVLS
20W3¥3438 3l

‘213 *°1SI0 .
137M1 *@0d .

AR IV

110v3
378vE0¥d

R et T T LU i,
v a0 € L i i el

T D0 e o T e A IR, A 2 e L e e




< TABLE 12, CANDIDATE PARAMETERS FOR FUEL CONTROL

S SYSTEM MONITORING
Symbol Description
NG Gas generator speed is required to detect overspeed conditions and,
in conjunction with other parameters, detect fuel control system
faults.
NP Power turbine speed is required to detect overspeed conditions and,

in combination with other parameters, detect and isolate fuel con-
trol system faults, It is also used with Q; to compute horsepower,

T4,5 _ Gas generator turbine discharge temperature is required to detect
overtemperature conditions. In combination with other parameters,
it is used for hot parts life-used indication and fuel control fault
detection and isolation (D&I),

T4.5R Gas generator turbine discharge reference temperature provides a -
reference for hot parts life-used monitoring and control fault D&I,

P83 Compressor discharge stati¢ pressure is essentixl to monitor mod-
ular performanco fault isolation and to count prossure c¢ycles for
LCF considerations, It is also used with other parameters for fuol
control fault dotection and isolation,

e A A AL Ay S

e AR %14 s ot s b e e

Q1 No. 1 engino torque is required for horsepower computation and with
othor paramoters to D&I fuol and load-sharo coutrol faults und indi- I
vate engine health,
Q@ No. 2 engine torque is required in conjunction with other parameters 3 '

to D&I load-share faults, Lo

12 Compressor inlet teamperature 18 roguived to allow corrocted specd
to bo caloulated. Corrected speed 18 the basis for many of the con-
_ trol schedules and is essoential in dotermining control schedule out:
i ' , of-1imit conditions. 12 is also used to correct other perforuiance
parameters used in monitoring performauce deterioration.

P12 Compressor inlet total pressure 18 uged to correct engine power for
3 ' deterioration monitoring and with other parameters to D&I fuel
e aystem faults through FICA,

e a1 e e S A A




TABLE 12 - Continued

Description

Anti-icing valve position is monitored to detect schedule deviation
and is used by FICA to determine performance in conjunction with
other parameters.

The fuel flow demand signal is used to determine the scheduled fuel
demand signal,

The load demand signal is monitored to isolate "linkage" faults from
schedule errors.

The power turbine speed demand is monitored to isolate "linkazya"
problems from schedule errors.

The overspeed (OS) signal will allow ECU OS function to be chacked
out at a safe operating speed.

The customer bleed signal is usvd during éngina health assessinent
and control schedule checks.

The fuel flow feedback signal serves the primary fuel flow indization
signal and is used to detect fuel scheduling faults.

The variable geometry feedback signal is used as an indieaticn of VG
position. It is used to detsct control scheduling faults,

The power available signal is monitored to isolaie input probloms
from schedule probloma.

‘The fuel filter by-pass signal is used to dotect fuel system coatame
ination and provent possible fuel control systom fatlure,

Variable geometry domand 18 used to D&X VG, control faults,




LOW CYCLE FATIGUE AND HOT PART MONITORING

Counting and recording of low cycle fatigue cycles is a simple procedure that can
be accomplished using engine parameters NG (core speed) and PS3 (compressor
discharge pressure). Speed cycles measure rotating part LCF life for compressor
and turbine discs and blades. P83 cycles measure combustion and compressor
casing LCF life used. A computer can be programmed to cound speed and pres-
sure excursions and store the accumulated cycle counts, Periodically, depending
on airborne data storage capacity, the airborne stored data can be transferred to

a ground storage unit and added to previously stored data for the appropriate

serial numbered engine and/or serialized engine modules and parts, The LCF
cycles counted for current GE engines, which utilize speed signals, are as follows:

LCF No. 1 NG (Start) - NG (95% IRP) - NG (Shutdown)
LCF No. 2 NG (86% IRP) - NG (95% IRP) - NG (86% IRP)

The logic to perform these functions is simple. Representative ilgorithms pre-
pared for a typical modern engine are shown on Figures 10 and 11. T700 does not
use P83 gycles because the two casings are not estimated to be pressure cycle
limited. The CITS system on the B-1 bomber .us provisions for counting PS3
pressure cycles for the I'101 engine,

The availability of on~board digital computer capacity, either within the FADEC
unit or in an advanced digital Engine History Recorder, provides the opportunity
to utilize a much more sophisticated LCT spoed cycle counting technique. GE
rocommends that such a system be developed and utilizod for future turboshaft
ongine condition monitoring, A number of similar loglo systems for cycle count-
ing have been suggested, three of which are clted below in references 6 7.8, All
mothods are designed to eount major cyoles - start to IRP, and convert partial
cyclos to equivalont full oyeles, A further sophistioation would relate the eftect
of purtial and full cycles to a numbor of rotatiug parts within tho engine, some of

6galt, T.L., "Evaluation of Flight Mission Severity in Cumulative Damage",
R & M Proceodings, Los Angeles, CA, 1971, AIAA/SAE/ASME, 10th Aunual
Conferenos,

Tpower, E, M., "Cyale Counting Mothods and tho Dovelopment of Blodk Load
Fatigue Programs", SAE paper 780102, 3/27/18.

SLeever, R, C., "A User's View of Fatiguo Life Fredictions"”, SAE puper
780105, 3/27/98.
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which may react differently to the partial cycles than others. Major and partial
cycles have been computed successfully in an on-board computer by GE. The
final choice of logic program would require further study and could involve a
trade-off decision between required computer capacity and cycle counting accur-
acy.

Hot part monitoring is normally applied to a critical turbine part, most often the
Stage 1 high-pressure turbine rotor blade. The life characteristic to be measured
is stress rupture life - a function of the rotating speed, blade metal temperature,
time at temperature, and the blade material characteristics, FADEC calculates
T3 and 4.1 (high-pressure turbine blade cooling air temperature and inlet temp-
erature regpectively) from which Stage 1 turbine blade metal temperature can be
easily computed. A characteristic curve of blade metal temperature versus
stress rupture life in minutes and hours can be stored in the computer and a count
technique developed to accumuiate numbers at a rate inversely proportional to

the stress rupture life point at which the engine is operating. Through experience,
a total count number at which the blades should be carefully inspected - perhaps
at 75% of estimated stresg rupture life - will be established, This "On~-Condition
Maintenance' technique is a preventive maintenance process already well proven
in service that can be very cost effective in preventing in-flight turbine failure,

as well as premature removals,

LCY and hot part monitoring, as stated proviously, are both necessary techniques
for modular fault isolation related primarily to tho rotating parts and the turbine
nozzle partitions, By these techniques and good computorized or other record-
keeping systom, specific critical serialized parts in each of the three modules -
compressor, HP turbine and LP turbine -~ can bo monitored for life used and in-
spocted and/or replaced on a planned basts to avold inflight failures or unscheduied
maintenance, ' ‘
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STORAGE OF FLIYHT EVENTS FOR GROUND TROUBLESHOOTING ANALYSIS
TO THE MODULE AND LRU LEVEL

There are three basic types of data storage for ground troubleshooting:
1. Exceedance data storage.
2. "Window" data storage.
3. Command data storage.

Exceedance Data Storage

Exceedance data storage consists of recording a complete set of data of all engine
and aireraft parameters automatically whenever a single parameter such as
speed or vibration or a monitored function such as a control schedule (T5 vs NG)
exceeds a pre-set limit or band. It is desirable, further, to preserve several
seconds of data prior to the instant of the excesdance as well as after the exceed-
anco. M, for example, data samples are taken at 1/4-second intervals, the ro-
corded data availablo for analysis could include 12 sots of data before and after
the exceedance (3 seconds bofore, 3 seconds after). This can bo accomplished if
all data is put into a “"serateh pad momoxy" unit oviginally and then erased if no
exceodance ecours within 3 soconds. If an excoedance doos ocour, the stored
data plus another 3 seconds worth after the exceedance is saved and transforred
to 4 poavolatilo momory unit, Examplos of useful oxceodance follow:

1. Ovorspeod - each rotor.,
2. Overtomporatwre (inoluding bot starts),
3. Viration.

Lube pressura.

1ow powor,

~Instability.




9. Engine stall. (Not found to be necessary on T700.)
10, Turbine~time at temperature,

"Window'" Data Storage

"Window'" data storage refers to data taken primarily for performance and mech-
anical trend analysis. The " window(s)'" are a predetermined set of aircraft and
engine conditions that the aircraft normally achieves on each flight at which a
data set is automatically recorded for comparison on the ground with previous
data. Such analysis has been extremaly useful to commerecial airline operators
for detecting engine degradation and detecting incipient failure, as well as pre-
dicting ongine removals for overhaul, Military engine users should also find this
data useful, although the rate of accumulation of engine hours is much lower and
presently the military services do not have systems in place to store and process
such data. The type of data most useful for this purpose would be vibration, per-
formance parameters, and possibly acceleration and deceleration times,

Command Data Storage

Command data storage is data sets taken on cominand of the pilot to record some
condition which he suspects is abnormal ov which, during a maintenance check
flight, he is instructed to record for use in a particular troubleshooting procedure
to confirm corrective maintenance a2ction. ‘

STORAGE OF MISSION CYCLE DATA FOR ANALYSIS

Mission cycle data is generally of two types:

1. Life used data b.s previously desoribed in the seotion titled Low Cyule
Fatigue and Hot Part Monitoring.

Typical mission and cyole data describing how the alreraft and engines
are operated by the pilot to perform prescrihed tactical missjons,

Typlcal mission cycle data would consist of a time history of all the pertinent air-
craft oonditions such as altitude, airspeed, rotor speed, throttle position, collec-
tive pitch positions, ete., and the time duration of each condition, .Concurrently,
gimilar data would be recorded for the engine, including such things as T6, torque,
NG, fuel flow, and vibration, This data would not only document the duty cycle

for such types of tactical migsious, but could document how individual pilots flew
the same mission, This type of date would not be suitable for goeneral use for




obvious reasons: airborne data storage requirements may be excessive, the mass
of data to be analyzed and saved would become unwieldy, ancd the data would not be
useful for general maintenance and troubleshooting purposes. It would be ex-
tremely useful when taken by a few '"fleet leader" aircraft in support of logistics
planning, pilot training, product or life improvement programs, or special
troubleshooting programs involving fleet-wide problems.
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TASK IV - FULL AUTHORITY DIGITAL ELECTRONIC CONTROL
(FADEC) DESIGN IDENTIFICATION

A functional baseline FADEC system is defined for the T700 engine in this portion
of this study. This system maintains the same logic and functions as the current
T760 system and, therefore, has twin-ergine and single-engine performance the
same as, or better than, the proven T700 system. A FICA system is part of the
FADEC system, which increases reliability without affecting its performance,

It is necessary to define the FADEC system in sufficient detail to make it part of
the computer simulation used to determine FICA capabilities. The results of this
simulation work are reported as part of Task V.

FADEC SYSTEM

The required functions of the advanced turboshaft engine are assumed to be the
same as the T700 system requirements, Table 13 lists the functional system re-
quirements for the T700, showing which engine-mounted components accomplish
each function, Figure 12 provides a schematic of the ourrent 1700 control system,

The FADEC system must perform ali computational functions of the current sys-
tom, The FADEC unit is the signal processing and digital computational center

for the system, Therefore, as seen in Table 13 and Figure 18, ali computational
functions "vill be handled by the FADEC unit, For this study, the T700 schedules
and dynamics were used in the FADEC system. Mgure 14 shows the schematic
layout of the FADEC wnit, FEven though there were no logic changes, FADEC pro-
vides performance improvoment because some nonlinearities, such as NG governov
hystoresis, are oliminated through eleotronio processig,

The FICA ccnoept i an intogral part of the control system to provide necessory
reliability to the FFADEC system, FICA, through computational methods, elfm-
thates the noed for redundant sensors by utilizing the redundmt information that
arists whan all sensors ave considered o8 a group, The FICA ocalculations are ag-
complished within the FADEC unit, thus improving the D&CM-~FADEC integration.

Table 14 {3 a list of candidate parameters for the D&CM system on an engine with
a FADEC, This shows which paramoters ave expeocted to be required by the
FADEC system, which by the DECM system and if these signals would be: avadlabie
within tho current 1700 systom, B 18 estimated that;




TABLE 13. CONTROL SYSTEM FUNCTIONS

T700
ELECTRICAL CONTROIL: UNIT (ECU)

Advanced Turboshaft
FADEC

NP governing ~ (HMU trim).

Load sharing during NP governing
by torque matching.

T4.5 limiting - (HMU trim).

NP overspeed - redundant sensor
and power.

HYDROMECHANICAL UNIT (HMU)

"'NG governing - Ground Idle and
Topping,

Acooleration-Deceleration
scheduling,

VG scheduling.

Load anticipation - NG schoduling
by LDS.

Fuel flow delivery.
VG actuation,

Backup control (manual selection
by PAS),

BEQUENGE YALVE
Np everspoad fuel delivery.

Fuel pyetem prepsusizing and '
ﬁmming. '

mb'mn*x RE;‘GRDE
Engine histo. , mlculaﬂnns. -

Counter stﬁmge

NG ovorspsed - (shuts systom dowu).

NF governing.

Loxd sharing during NP governing
by terque matching,
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Thirty-three signals are required for D&CM tasks,
Twenty-one (~64%) signals will be available in FADEC.

Eight signals would be available electrically in the current
T700 electrical control; however, most of these would require
additional buffering.

Currently, it is anticipated that all D&CM signals, except vibration, would be
processed in the FADEC unit. Grouping of signal processing and computations
within FADEC will minimize cabling, as signals can be multiplexed tc the air-
frame as required.

It is noted that FICA uses four signals, also required for D&CM, which are not
T700 control system siwnals., The anti-icing (AY) signal is available as a simple
on~off switch and requires no new sensor. The ocustomer bieed (CB) sensor or
signal is not defined, as CB effects on FICA were not considered in this contract,
PT2 and PO are assumed as additional sensors; however, equivalent signals
could probably be obtained from the airframe, FICA studies, discussed in the
noxt section, indicate a potential for eliminating the PO from the control system.

The hydromechanicsl fuel interface and metering valve function are shown sche-
matioally in Figure 14, 1700 dynamics were used for these compouants in our
system study. No other hydromeohasical details wore developed, as timy have
minimum impact on this study,

SIMULATION

In oxvder to detevinine the capabilities of the FICA system, it was nocessary to
mode! the FADEC systom and analyze its effeot on an engino, At the start of this
program the best transtent 'T700 stmulation was a nonlinear, partial dorvivative,
digital stmulation. The FADEC and FICA designs wore programmed and added

o this engine stmulation, Thoe total system simaulation with a dynamemetor load
was then oapoble of a varioty of standsrd engine transtents, This simulation pro-
vided much valuable information, the results of which are discussed in the seotion
on FICA, This shuulation does have some limitations, since it doos not account
for customer bleed effects, off-design VG migration, and anti~icing,
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During this study a more complex transient digital model became available which
used a complete cycle calculation to simulate the engine. Even though not sched-
uled in the contract, the FADEC system was added to this new simulation which
moere accurately matches the engine cycle, inciuding anti-icing and customer
bleed. The more complex model was used to study the need to measure ambient
pressure and the system performance at other flight conditions. The model is
being updated to include off-design VG effects. When the updated model is avail-
able, it will be available for use in detailed FICA design studies.

FADEC HARDWARE

Based on T700 FADEC and GE18 development propesals, FADEC preliminary
system hardware designs can be uged to estimate the system performance and
computer size, The following estimates are provided as guidelines in determining
the D&CM impact on the FADEC system. 7The processor, which will be similar

to the schematic shown in Figure 15, will use a 4,000 16 bit word memory. This
is estimated to provide a loop update time of . 005 to , 007 second, Current ;
design will have a constant loop update time regardless of path taken, D&CM cal- %
culations in general require less frequent update than do control functions. There-
fore, if D&CM calculations were added to the FADEC computer they would not
have to be mado in each cycle. This provides a means of adding lengthy caloula~ ¥
tions with a minimum gycle time impact by spreading the caloulations over several
cycles. The ostimates of D&CM impaoct on FADEC made during Task VI are bagsed

R AN ORSC ERR R

on proliminavy algorithms, Thoy woro used only to provids guidoelines in consid-
oring the D&ECM tmpact on I‘ADLQ. _
3
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TASK V -~ FAILURE INDICATION AND CORRECTIVE ACTION (FICA)

OVERVIEW

In order to prevent loss of power modulation in the event of a failed sensor, an
automatic failure indication and corrective action (FICA) strategy developed by
General Eloctric Co. was implemented to work as part of the FADEC control.
FICA, as designed, provides for both the detection of a failed sensor and the
generation of the best estimate of the failed signal which is then usad by FADEC
to provide for continuity of stable engine control. The technical basis for FICA .
is a modification of Kalman-Bucy filter theory9, a techunique for optimal estima-
tion. To apply the technique, FICA uses a complex mathematical model which
represents the static and dynamic behavior of the engine. This model uses the
same inputs and outputs as the real engine., The outputs of FICA are simulated
sensor signals which are compared with the actual engine sensors and the result~-
ing error is computed. These orrors are weighted by a set of gains which ave
used to force the mathematical model to track the engine, Under normal oper-
ation the magnitudes of these exrrors are small. However, if a sensor fails, tho
error for that sensor will exceed a throshold, FICA sonses this and roacts by
providing an indication of the falled sensor and "switches-out” the failed sonsor
from the ongine control and "switchos~in" the mathematioal bost estimate of the
signal. This provides for continuity of control,

FICA proved to bo extremely successiul in being able to detect and corveot for
single and many combinations of multiple control seasor failures, In addition,
FICA was shown to havo additional impact on D&CM by making availablo, with
rossonable accuragy, engim paramoters which are uot pormally measuved,

The teciurieal dotalls of the design of FICA which formed a majer work elfort under
this contruct begin with the soction of this roport titlod Techulea! Considerations,
It will be assumed in that soction that the reader I8 familiar with clamentary
Ralman filter theory, (For tho desiga of a FICA for turbofan applicaton, the
reader 1o veforred to ths veport by Spaug aad Corleyl?, )

OKalman, R, "A Now Appreuch o Linear l!!lwring and Prodiction Problems",
Transactons ASME J, Basic Engineoxing, Vol, 82, pp 34-35, Aarch 1960,

Wgpang, 5. A., and Coxley, R C., "Failure Detection aad Correction for
Turbofan Engine', General !:.lectrle Co., Lynn, !-iA. TIS Report No.
TTCRD159, June 1977,
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The excellent results obtained by FICA are shown in a se* of computer plots which
are discussed in the section titled Nonlinear Simulation and Results. This section
illustrates the capability of FICA to provide for continuity of control in the pres-
ence of many combinations of failed sensors and it illustrates, by actual compar-
isons, the accuracy of the FICA estimates,

TECHNICAL CONSIDERATIONS

N
X
I
i
>
bl

FICA is based on the well-known Kalman-Bucy theory with several significant
modifications. In its basic form a Kalman filter is a minisium variance unbiased
state estimator for a linear system described by the following equations:

i

X(t) = P X(t) + GE) UE) + W) W~ N©, Q)

(1)

1l

Y(t) = H(t) X&) + V(i) . V{t)~ N (O, R(t})

where X(t) is the state vector
U{t) is the input vector
W(t) is the process neise voctor which s Gaussian distributed with
2ore mean and covariance Q(t)
Y (t) is the output veotoy
V(t) is the measurement noise veotor which is Gaussian distributod
with zoro mean-and covariance R{t).

A
Tho bost estismate of state X is X, given by
[ ]

A A A
- X = PRYX(E) + K (Y(b) - HE X))
whore  K(t) is kuown as the Kalman gain matels,

For a more detatled discussion of the basie Kalman filtoy and its diserote-time
countorpart, so0 Gelo!l,

The goneral solution requires Kit) to be a function of time, However, ia the case
where the system aml measurement dynamies ave lncar, constaat coefficient
equations, and tho driviog noise statistics arve statiorary, the Kalman gain matyix
may reach a constant steady-stato valus,  The Kalman gain natrix is determined
by specifying the lacar dymamics of ths process aud the two driving uoiss

oy et al, APPLIED OPTIMAL ESTIMATION, the 0T Press, 1974,
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covariance matrices R and Q. The solution for K is obtained by solving a matrix
Riccati equation. For the case where *he process dynamics are nonlinear, it is
necessary to formulate the extende.: . .lman filter. The extended Kalman filter
algorithms are the same as for the basic Kalman filter with the exception that at
each instant of time the process dynamics must be linearized about the current
state estimate. This requires a new ev ‘luation of the Kalman gain matrix at each
instant of time, This, unfortunately, presents a major computational burden and
one which cannot be done on an engine-mounted computer within the cur_ent state
of the art.

To eliminate this computational complexity in the Kalman filtering algorithm, it
is necessary to formulate a major simplification since the turboshaft engine dy-
namic equations are highly nonlinear. This simplification technique was origi-
nally proposed by Spang and Corley in the design of a FICA for a turbofan engine.
In their approach the nonlinear model equations are used in the generation of the
residuals (errors between the state estimates and the actual state measurements),
but the Kalman gain matrix is assumed to be a constant, independent of either
time or state estimate. This allows the Kalman gains to be precomputed using a
linear model of the engine. The use of a constant Kalman gain matrix produces a
suboptimal filter but one which is adequate for the task, Of more importance is
the stability of the structure. Safonov and Athans? of MIT call this structure a
constant gain extended Kalman filter CGEKF. Their results indicate that for
many applications, satisfactory performance can be obtained from a CGEKF
designed to be optimal for a constant stochastic linear model approximating the
actual nonlinear system. They have been able to prove that the CGEKF is intrin-
sically robust against the effects of approximations introduced in the design of the
constant Kalman gain matrix. These results provide the theory of why FICA per-
forms as well as it does. Their results indicate that the emphasis on performanoe
should be placed on a good nonlinear representation of the process,

The structure of FICA consists of tw: parts: a nonlinear model of the turboshaft

engine and update logic utilizing the residvals weighted by the Kalman gain matrix
to force the model to '"track' the actual engine. The design of both elements will

be described in detail later, ’

e

125qfanov, M.G., and Athana, M., "Robustness and Computational Aspects
of Nonlinear and Stochastic Estimators and Regulators, ' MIT technical
report No, ESL-P-741, April 1977,

82

e

A s o s bt 5 i 50 Tt e 6 s B e N L ook s M ey b i s b o8
: !




G R T T

T T DI G S fatn e

L 49 N

Further theoretical points which will be discussed are the conditions necessary anid
sufficient for a solution to exist to the Kalman filtering problem. The question
may be asked: Under what conditions can a FICA reconstruct a failed sensor sig-
nal? The answer to this question involves the concept of observability®. In order
for a Kalman filter to exist for the system described by equation (Eq 1), it is nec-
essary that (F,H) be observable; i.¢ , the well-known observability matrix be

full rank, When a sensor fails, a row of the H matrix is reduced to zero. If the
system with the reduced matrix H remains observable, then a FICA exists which
will reconstruct the failed signal. This places a limitation on the subset of sen-
sorg whose failures can he corrected. For the turboshafi application considered
here, the requirement for observability necessitates that either NP or Q1 must
always be a measured signal and that a single FICA cannot detect failures in both.

For purposes of this study, QL will not be reconstructed. However, a FICA struc-
ture which will detect a failure of Qi will be discussed later. In elementary
terms, the observability requirement means that there must be redundant infor-
mation in the remaining (unfailcd) sensors which is extrs ~ted by FICA tc estimate
the failed sensors. '

Nonlinear Model of a Turboshaft Engine

An accurate nonlinear model of a turboshaft engine forms a key compenent of
FICA. An obvious trade-off must be made in terms of accuracy and complexity
since the model must be run in the on-engine digital computer, The model must
represent both the steady-state and transient performance of the engine, The
actual funotional equations which represent the mass flows, pressures, and temp-
eratures form the basis for the model. The model has the same inputs and
outputs as the actual 'ngine." A station diagram of the engine is shown on Figure

The compressor dis&ha;;ge total ﬁxjesaqr_é is Eﬁxﬂcﬁéﬂ of the static pressure
3 -t (P&f)~ e
For the compressor the a._irflow is of the forﬁ 4 |
w2 = P2/J T2 * £ NG/JT2', PSS/P2) (4)
The éompressor discharge temperature is given by

3 = T2 * f(NG/JT2,P8/P2) o (B)
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The compressor discharge airflow is given by
W3 =C *W2 (6)
where C is a constant |
The temperature rise in the combustor depends on fuel-air ratio,
| T4.1 - T3 = {(WF/W3) (N
where WF is the fuel flow |
The ajrflow leaving the combustor is of the form

W4.1=C *W3 + WF (8)

The gas generator turbine inlet pressure is based on a fixed area nozzle
Pel = C * WaIVTET 9)
The compressor discharge static pressure is related to the turbine inlet pressure
PSS = C * P4.1 (10)
The turbine discharge airflow is given by
W5 = C * W2+ WF - (11)
The static pressure in the exhaust duct inlet is givenby - - )
PST = PO - C * T6 * Wo¥/PO (12)

The power turbine static discharge pressure is given by

PSB = PS7 - C * TH * Wbs2/PST . (19)
The power turbine discharge total pressure is given by

P5 = PS5 + C * TH * W52/PS5 B ¢ '
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The interturbine total pressure and temperature are given by
P4.5 = P5 * f(P4.1/P5) (15)
T4.5G = C * T4,1 (16)
The power turbine exit temperature is given by
T5 = T4, 5G * f(P5/P4. 5) (17);

The power extracted by the compressor is a function of airflow and
temperature rise

PW2 = C * W2 * (T3 - T2) (18)
The gas generator turbine power is given by
PW4 = {(T4.1, P4,5/P4.1, W3, WF) (19)
The power turbine power is given by
PW5 = f(T4.5, P5/P4.5, W3, WF) (20)
The power extracted by accessories is given by
PXC = P2 JT2'* £ (NG/VT2 ) (1)
The power turbine torque is a function of power turbine power and speed
Q5 = f(PWb, NP) (22)
The above equations express the thermodynamic relationships which exist within

the engine. The dynamics of the engine are determinec by the rotor acoelerations
produced by unbalanced torque. The rate of change in the rotor speed is given by

%—g = C * (PW4 - PW2 - PXC)/JG * NG (23)
a ) 24
-££ = G * Q6 -~ QAP
where: JG = moment of inertia of gas generator rotor
JP = moment of inertia of power turbine rotor
Q1 = power turbire shaft torque :
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The only significant sensor dynamics is that of T4.5. Denoting the sensor
measurement of T4, 5G as T4.5, the dynamics is modeled as

d T4.5

5= C* (T4.5G - T4.5) 25)

Fuel flow is essentially an integration of torque motor current

C*(TMI-H) TMI>H
0 H>TmI >H 26)
C* (TMI+H) TMI<H

dWF _
dt

Since the actual hardware displays significant deadband in the relationship between
torque motor current and fuel flow, deadband (H) was added to the model. The
effect of the amount of this deadband is discussed later.

The last four equations represent the dynamic behavior of a turboshaft engine.
They form the state vector of a fourth-order system. A brief explanation of the
method of solution for these equations will now be given.

The resulting system consists of 4 first-order differential equations and 20 sirnul-
taneous algebraic equations. In order to solve them, one needs the input values
of PO, T2, P2, TMI and Q1. Tnputs TMI and Q1 are inputs to the engine and PO,
T2, P2 determine the external operating environment and must be lnown. In its
current formulation FICA is unable to reconstruct them, An alternative formula-
tion for reconstruction of Q1 will be discussed later. Knowing these inputs will
yield a solution to the system of equations. Unfortunately, the algebraic equa-
tions which determine the thermodynamic behavior of the engine are iterative in
nature and one must deterrnine a converged solution at each loop update time of
the computer. This could pose a computational burden for an on-engine computer.
Consequently, an iteration scheme which allowed only one pass through these equa-
tions was implemenied. The two iteration variables chosen were T6 and PS3.
These variables are updated at the beginning of each time step by means of a
weighted error matrix from the last iteration using a modified Newton-Raphson
approach with constant weights determined from calculating the Jacobian matrix

at NG = 95%. This technique produced excellent results. wit.li a one-pass iteration
over the engine operating range.

The accuracy of the simplified nonlinear model was judged to be adequate by run-
ning it in paralle! with a complex transient oyole model of the T700 engine which
was known to agree with actual engine behavior. Each of the simplified equations
was fit to actual cycle data for the range 86% correoted NG to 102% corrected NG.
Mos? of these fits were either linear or quadratio and were accurate to within 2 or
3%0
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As was previously mentioned, the nonlinear partial derivative engine simulation
does not account for off-design VG migration, customer bleed effects, and anti-
icing, Consequently these effects were not considered in the FICA model. If
sufficient data had been available, the VG actuation system would have been mod-
eled in a similar fashion to the fuel flow actuator. This would produce both an
additional state variable and measured output variable VG FB, This would in-
crease the number of elements in the Kalman gain matrix from 20 to 30 to allow
FICA to detect and correct for a failure of the VG feedback signal. The FICA

designed by Spang and Corleyl? for a turbofan engine satisfactorily included the
effects of off-design VG.

State and Output Vectors

The state vector X and the output vector Y are defined to have the following
components:

NG B
_ | NP | ~npP
X= 1 145 Y= 1145 (27)
WFFB WFFB
| Ps3

This establishes the number of elements in the Kalman matrix equal to 4 x 5 = 20.

Kalman Gain Matrix

FICA is implemented as a CGEKF which requires a linear system model for
evaluation of the Kalman gain matrix., Consequently the nonlinear dynamics wexe
linearized at a nominal NG = 96%. This linearization was accomplished by pex-
turbing each state, one at a time, while keeping the other states and inputs fixed.
The matrices F, H in (Eq 1) are computed as follows:

aXi
aAXj | (@Xi=0 ) 3=1,2 ...N (28)

[}

(¥Fij]

au

[Hij] 8Xj | XL =0 1£)) i=4, 2, ... N (29)

il

where [Fij] and [Hij] ave the elements in the i’th row and j’th column of the
ragpective matiices.
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The linearized matrices are given by

-3.14 0 0 .om 1 00 0O
F= | 9.98 -1.74 ¢ .261| H = 0 10 0
-8.77 0 -.5 .787 0 01 0 (30)
0 0 0 0 0 00 1
[ 6.02 0 0 .0774

In order to calculate the Kalman gain matrix, it is necessary to specify the driv-
ing noise covariance matrices. The Q matrix (process driving noise matrix) is a
measure of modeling errors; i.e., it reflects how well the simplified model
matches the actual engine. For this study Q was assumed to be diagonal. From
an analysis of transients run on both the full nonlinear simulation and the simpli-
fied nonlinear model, it appeared that bias errors were dominant and that a
standard covariance calculation might be misleading. Therefore, it was decided
to select the diagonal elements of Q such that the standard deviation of each state
was 1% of its maximum value, This is consistent with medel accuracy.

The R matrix (measurement noise driving matrix) is a measure of sensor accur-
acy. In a similar fashion its diagonal elements were selected as a percentage of
full-scale readings. The resulting R matrix was multiplied by a scalar z whose
value alters the determinant of R, As z is reduced to zero the Kalman filter
weights the residuals more heavily, Therefore, one can control the Kalman gains
and the corresponding closed loop eigenvalues by a variation of z. Four itera-
tlons were required to produce a set of Kalman gains which yielded a stable set of
closed leop eigenvalues under any one sensor failure. This was assessed by
checking the closed loop eigenvalues of the fiiter, setting each row, in turn, of I
to zero.

The filter eigenvalues are dirplayed below:

Closed
Loop NG NP T4.6 WETFRB PS3
No Failures Failure Failure Failure I"ailure Failure
~63.5 -67.6 -63. 6 -63.5 -63.6 -20.0+} 0,12
-20,2.+§ 0,28 =-20.1=j 0,17 «20.0 £j 0.11 =-20.24j 0.27 -20.4 ~19.7
~20.1 -20.2 -1.74 - 0.5 -20.0 - 9.7
- 0.12
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Failure Detection Logic

In order to detect sensor failures, ii was necessary to implement a threshold
logic system such that when the error between the actual and estimated signals
exceeds this threshold the sensor will be assumed to have failed. This threshold
logic makes use of the esti'nated covariance of the error obtained from solution of
the Riccati equation. This covariance is given by

Ry=R+ H Pn Ht (31)
where Pn is the expected covariance matrix of the error in the state estimate.
The detector for the failure is given by13

A —
Iyi - yi l < KiJRyll' No failure

A — (32)
lyi - %1 | >KkivRyll| Failure
where Ki is the threshold constant, Since the sensor errors displayed a steady-
state bias, the threshold constant was chosen to insure that the normal biases
would not produce an exrroneous failure. The resulting thresholds for each sensor

are listed below, Thesd values proved quite satisfactory in all transient cases
studied,

NG 3%

NP %
T4,5 1201
WITFB 9 PPU
PS8 5 PSIA

The actual flowchart of the detection logic will be discugsed later, The detection
gystem doos not "lock up” on a sensor failure. That is, should the error at some

later time come within the bounds, FICA will awitch to the actual sonsor measure-
ment,

13 Anderson, T,W., An Itroduction to MULTIVARIAELE STATISTICAL
ANALYSIS, J. Wiley and Sons, N.Y., 1958,
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SUMMARY OF FICA OPERATION
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Figure 17 is a flowchart of the operation of FICA as it was implemented in the
computer simulation program, The dynamic equations were discretized using
well-known techniques14 to be compatible with a computer update time of 0. 005
sec. It is necessary to delay the arming of the sensor replacement feature until
initial transients die out when the FICA model is initialized. This was effected
by delaying the "arming' of FICA for 0.5 sec. In the actual engine it would be
more appropriate to wait until a predetermining NG level is reached before
arming for that operational period.

With reference to Figure 17 the operation of FICA can be explained as follows:

At each time step the state equations are integrated one step ahead in time, The
two iteration variabies (T5, PS3) are predicted ahead to the new time step. The
cycle equations are computed (one pass only). The outputs of this last step are
the best sensor -estimates. These estimates are compared with the actual sensor
signals and errors are generated for each sensor. Each error is compared with

a threshold., If the error is within hounds, the actual sensor measurement is

fed into the control. If the ervor is outside of bounds, the following events happen.
First, FICA declares that the sensor has failed. Second, the failed sensor sigpal
is replaced by the sensor ostimate. Third, the failed sensor error only is set

to zero to prevent a failed sensor from modifying the state oquations. Only good
sonsors are used in the Kalman filter tracking logio. The estimate of the sensor
is used in the control, All errors are weighted by multipiying them by the Kalman
gain matrix., The state devivatives are thon calculated, These are modified by
the weighted errors to force the model to track the engine, Time is then advancod
and the entire process is repeated, As implemented, the detection logic doos not
lock out a sensor once it has fajled, If the error at some later time comes within
bounds, FICA will no longor declare the sensor fatled and will use tho actual sen-
sor in the control and filtexr update logic,

Intermediate Parametor Tracking

In its standard form the Kalman filter is a state estimator; 1.6, 1t forecos its
output of the model to track the output of the engine, adding correction sorms to
the state derivatives, However, it was decided for D&CM purposes to exploit
the fact that FICA had a cycle model, and in the process of caleulating the neces-
sary outputs it has had to caloulate many intermediate quantities, such as pres-
sures and temperatures which are not normally measured, The standard Kalman

Mypogsard, A., MULTIVARIABLE SYSTEM CONTROL, North-Holland, 1977,
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Figure 17, FICA Flowchaxt,
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filter logic does not specifically address itself to the accuracy of these intermed-
iate parameters. A method was developed to use the Kalman gains to correct
specific intermediate parameters. The most significant improvement is in the
accuracy of T4.1, The method is based on calculating an accurate T4. 5G.

The dynamic equation for T4.5 is given by

dT4.5
dt

- TIC (T4.5G - T4.5) 33)

A
The best estimate of T4.5 is given by

A
dT4.5 1 Sy -~
5 Sro (T45G - T4.5) + K(y-y) (34)

which is the standard Kalman filter eguation,

Rearranging (Eq 34) yields

A
d T4.56 - 1 . - " A f‘\ \ o
il ({re.56+TCHR(Y - ) - 14.5) (35)
The best estimate for T4.5 is identified as
FAY
T4, 6G = T4,5+ TC* K (y = 9) (36)

which Is the best cstimate of the aotual intexturbine gas tomporaturo (uot subjoot
to thermooouple lags), Given T4.5G, T4, 1 can bo caleulated as follows:

A TS
T4, 1 = £(14.5G, NG, dNG/dy 87

whero the dependonee on d NG/dt is needed to nccount for transient heat sink,
Theso corrections wore applied to all simulations showa in the next section,

NONLINEAR SIMULATION AND RESULTH

To assess its stabjlity and capabilities, FICA was programaned into two aceurate
nonlinear transient simuations of the 1700 engine, The chaxacteristics of these
simulation programs were discussed proviously,

The following results were ohtained usiug the original nonlinear paxtial derivative

simulation, A list of computer runs is shown in Table 15, The reader is referred

to the glossary as aa aid to interpreting the computor plots. All vaviables which

93

i fo B et tre et e e




are calculated by FICA start with the letter Y, For each parameter ploited, both
the actual value and the value calculated by FICA are shown, All scales have been
adjusted so that two large divisions are equivalent to about 10%, Variable YSFAIL
is the base 10 equivalent of a binary indication of failed sensors,

PS3 _ WFFB_, T45 _, NP __ NG

YSFAIL= | pijled ™ ¥ failed ~ »* failed ~ " fafled ~ “* failed "

1 (Eq 38)

For example, if both the T4.5 and NG sensors are failed, YSFAIL in binary would
be (00101), which is equal to 5 in decimal representation,

Computer run 100, 00 (Figures 18, 19 and 20) is an open loop comparison in which
the Kalman gains were set to zero and the FICA detection logic was disabled.
Also, it was necessary to set both the actuator and model deadbands equal to zero
te prevent an ever-increasing offset in fuel flow. The transient is a 5-second load
burst with a change in collective pitch from 0 to 68 degrees. This produces a
change in NG of approximately 85% to 95%. As seen in the plots, large errors
exist between the actual sensor signals and the open loop FICA estimates. The
exception is in fuel flow, which has no offset since the same signal drives both the
engine and FICA. The most significant error is in NP, which is caused by the dif-
ficulty in calculating power turbine power. Additional effort in modeling the
power turbine did not improve this problem.

Computer run 100, 01 (Figures 21, 22, 23) shows the same transient with the closed
loop FICA system enabled. Comparing these plots to 100, 00 shows that the errors
between the actual sensors and the FICA estimates have been greatly reduced.
Notice particularly hov: well YT45 tracks T45E1 and YTEMP tracks TEMP. This
was produced by using the Kalman gains to correct intermediate cycle variables,
which was discussed previously, Also notice that it takes apprroximately 0.2 sec
for FICA to initialize. In these computer runs the failure detection and repiace-
ment feature of FICA is disabled during this period. The FICA estimate of shaft
torque YQ5 has an offset with actual shaft torque. This is produced by the prev-
iously mentioned inaccuracy of calculation of power turbine power. FICA pro-
duces this offset so that YPNP1 will track actual PCNP1, All subsequent computer
runs are with the FICA system enabled.

Computer run 100, 02 (Figures 24, 25, 26) shows the response to a more severe
transient. The transient involves the same change in collective pitch from 0 to
68 deg but in 2 sec as oﬁﬁosed to 5 sec. While both transients are normal in
T700 operation, the faster transient is more difficult for the FICA model to track.
Even with this more severe transient, all estimated variables track their actual
counterparts exceptionally well, One additional comment concerning the behavior
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TABLE 15, COMPUTER RUN INDEX

Run No,

Transient

Sensors Failed

Figure
No.

100,00
.01
.02

.03

.08

.09

200,00

5 sec., NG 85% 95%; Standard Engine

2 sec,, NG 85% 95%; Standard Engine

NG 85% 959 Soa Lovel; Ram Pressure
Ratio = 1,3

NG 83%  95%; 20, 000 Ft.; Ram Prus-
sure Ratio= 1.2

Open Loop
None
None

NG

NP

T4.5
WIrrp
PS3

NG, P83
NG, WilB &
P33

Noug

NP

18,185,320
21,22,23
24,25,26
27

28

29,30

31

32

35, 36, 37

$3, 39,40}

41

AR e,

of the control is in order, Duriug the load chauge, LI¥ is connected to the load
nput, This means that LDS is also meved 0 to 68 dog in 2 sce.  As the control
system is designed, LDS produces aa jucrease in WI' in order to anticipate the
lead chiapge. For this trausient the amount of antivipation is greater than that
required, aud this produces a transient jnerease in PCNPL,
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Computer run 100, 03 (Figure 27) shows the response with the NG sensor failed at
2.0 sec. Inaccord with the FICA logic, after 2 sec, YPNG1 is used by the control
instead of PCNG1. The transient is almost identical to the no-failed sensor
transient,

Computer run 100, 04 (Figure 28) shows the response with the NP sensor failed at
2,0 sec. This respouse is less stable than the previous case but is still satisfac~
tory., However, there is a 5% offset between YPNP1 and PCNP1, This offset is
caused by the difficulty in calculating the shaft torque in the simplified model.
Since the NP sensor has failed, the Kalman gain on that state has been set to zero
and cannot help in reducing the error, However, since the other Kalman gains
are nonzero, the magnitude of the offset is less than in the open loop case (run
100, 00), In order to provide adequate overspeed protection, there are currenily
redundant NP sensors, For this transient, a switchover to the redundant sensor
is possible, as will be discussed later,

Computer run 100, 05 (Figure 29, 30) shows the effect of a failure of the T4, 5
sensor at 2,0 sec. This transient is almost identical to the no-failure case. After
the sensor fajls, FICA sets T45EL1 equal to YT458. The only consequence of the
sensor failure for this case is the disorepancy between T45E1 and YT455 and be-
tween TEMP and YTEMP. With the sensor failed it is not possible to improve

the estimate of these intermediate parameters,

Computer runs 100, 06 (F'igure 31) and 100, 07 (Figure 32) show the effects of a
fajlure of the WI'FB sonsgor and the PS3 sensor vespectively, In both cases, the
transients are perfectly satisfactory. One conclusion is that the engine will run
stably with FICA for any single sensor faiure,

Several combinations of double sonsor failures were examined, of which computer
run 100, 08 (Iigure 33) is typleal, In this run, both NG and P83 sengors are fuiled
at 2,0 se¢, producing minimal offect on transient yesponso, All possible combina-
tions of two sensor failureshave not boen examined. However, one combination
was unstable, This combination consisted of a failure of both the NP sensor and
the WI'F'B sensor at 2,0 sec. Since a singlo fatlure of either the WI'FB sensor

or the NI? sengor is stable, a switchover to a redundant NP sensor would solve
this dual failure problem,

It is to be noted in the above cases that when a sensor fafls it is common that an
offset will develop between the FICA estimated value and the actual engine value,
While this offset does not affect the stability of NP governing, its presence may

dictato modification to the contral upon indication of a failure, When the PS3




sensor fails, the offset in the PS3 signal can create a problem with the acceleration
and deceleration schedules being wrong by the amount of the offset, .A similar
problem occurs when the WFFB sensor fails. The control system is aware of the
failure mode, but the degree and direction of the offset are not known,

If system studies indicate a stall problem because of the offset, the control could
reduce the acceleration schedule when it was notified of a P83 or WFFB fai]ure,

Computer run 100, 09 (Figure 34) shows the system response to a failure of three
sensors (NG, WFFB, PS3), all occurring at 2, 0 sec. While there are more os-
cillations than in the no-failure case, the transient is perfectly satisfactory, dem-
onstrating the capability of FICA in a multiple failure environment,

One area of concern initially was the problem of actuator nonlinearities, In the
current control this is modsled as a significant amount of deadband in the torque
motor (see Figure 14). As mentioned previously, a different amount of deadband
was added to the dynamic equation for WFFB, All previous cases had a deadband
of 8 MV in the torque motor and a deadband of 10 MV in the FICA model, The
amounts of deadband are not significant in the no-failure cases, However, sever-
al cases were studied, all of which had & failed WIFFB sensor, to examine the effect
of deadband on fuel flow offsets, The best transient response was observed when
both deadbands were equal. When the FICA model deadband was increased to 12
MV the fuel flow oscillations increased slightly in magnitude but were still ac-
ceptable, When the FICA model deadband was reduced to 6 MV, the offset be-
tween YZW1 and WIFM1 bocame significantly worse, Therefore, itis concluded
that the FICA model doadband must be greater than that of the actual actuator,

All previous rung wore made with the nonlinear partial-derivative simulation,
About halfway through this study 8 more complex transient digital model became
available, This simulation uses a complete oyele valculation to represent the
enging, Even though not scheduled in the contract, the FADEC system was added
to the new simulation, This new simulation provided the capability to study
performanco at other flight conditions and was dsed to assess the nved to measure
PO (ambiont prossure), All 200 series computer runs were made with this new
simulation,

Computer run 200, 00 {(FMigures 35, 36, 37) shows the responae to the 2 sec bage
transiont {nitialized at the same power level for sea lovel altitude with a ram pres-
sure ratio of 1,2, Computer run 200,01 (Figures 38, 39, 40) shows ! ¢ rosponse
for tho same transient at an altitude of 20, 000 ft and a ram prossure ratio of 1,23,
In both cases excellont tracking is obsexrved, demonstrating that FICA will trauk
woll throughout tho flight envelope.
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! Computer run 200, 02 (Figure 41) shows the failure of the NP sensor at altitude for
the same transient 200.01, For this transient, NG reaches the topping limit, This
transient demonstrates satisfactory FICA performance at altitude.

An analysis was made using this second simulation to assess the necessity of
measuring both PO and 2, It was found that if either was eliminated by using

P2 for PO and vice versa, tracking errors gsignificantly increased. In the failure
of the NP sensur, offsets became unsatisfactorily large, which resulted in unac-
ceptable transient response, Consequently, it was concluded that both PO and P2
must be measured. Two transients were run failing the NG sensor with PO set
equal to P2, These cases werc acceptable, so with only a limited amount of data
it may be possible to eliminate the need to measure PO if it is not required to re-
construct a failed NP sensor. However, a significant amount of additional analy-
sis over the entire flight envelope would be needed to justify this conclusion,

AREAS OF ADDITIONAL STUDY

As seen in the previous section, FICA as designed works extremely well, How- !
% ever, it was felt necessary to further address certain areas which arose in the
# study and to comment on possible improvements,

E The first area of concern is the inability of I'ICA as designed to reconstruct the :
shaft torque sensor Q1. This was referred to previously as being an observabijl-
ity problem and therefore it is theoretically impossible to reconstruct simultan-
; gously both NP and Q1. However, if one of these is measured, the other one can
be reconstructod. PFor the purpose of this study it was assumed that Q1 would be
the known input and FICA was designed to reconstruct NP and therefore detect
NP failures, FICA could have been designed to use NP as an input and rooon-
struot Q1. One obvious possible solution i3 to duplicate the power turbine equa-
tions in FICA producing in essence a dual FICA system, one of which ia capable
of reconstructing NP and the other capable of veconstructing Q1. This dual sys-
tom would be capuble of reconstructing eithor an NP or Qi failure but not a dual
failure of both,

Ve N a1 e G S ¢ e el
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A second area of concern ig the magnitude of the offset butwoen Y PNPL and PONPL

when the NP sensor fails. 'The following schome makes use of the fact that there

ave dual NP sensors on each engine. The fivst NP sonsor will be denoted NPS,

The second NP gensor is purt of the torque measurhyy system and will be denoted

‘ NIX). This second sensor will fall when the torgque sensor fails, The logie {8 a8

! follows, It will be assumod that Q1 will be an input to FIOA as in the current !

. dosign, WICA will thorefore ealculate o bost estimate of NP which will be de~ '
- noted NPC, 7Tho loglo {6 to comparo all three NP signals, If thoy all agree

- Y g
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within the designed threshold, assume that no failure has occurred and continue to
use NPS in the control. If NPS fails, FICA will detect the failure and NPC will be
a good estimate which is then compared to NPQ. If the error between NPQ and
NPC is within bounds, NPQ will be switched into the control which will eliminate
the ND offset, If the torque sensor fails, FICA will incorrectly declare NPS to
have failed. NPC will be greatly different from both NPS and NPQ. Thereiore,
excluding dual failures, it can be concluded that the Q1 sensor failed and NPS

can be used for control.

A third area requiring further investigation is the behavior of FICA when the engine
enters a region where the compressor stalls, In this stall region, the cycle equa-
tions which make up the FICA model are no longer valid, which provides the poten-
tial for FICA making an incorrect decision on sensor failures. It may be necessary
to disable FICA upon stall detection or modify its equations to represent behavior
in stall,

The fourth area is that of a control system malfinction caused by a FICA system
failure itself. A digital system which is structured for maximum reliability by
the inclusion of computer self-tests and/or the most appropriate utilization of
component redundancy will minimize the probability that a FICA failure will go
undetected. For a twin-engine installation, an additional check of whether or not
a sensor is functioning could be to compare each sensor to its counterpart on the
second engine, Since the engines are normally run in a load sharing mode, par-
ameters on both engines are relatively close in magnitude.

An associated problem is that of control failure caused by an actuator failure,

In its present form, FICA is not capable of detecting actuator failures. An alter-
native approach to this problem is indicated, since one would like not only the
notification of an actuator failure but would demand no loss of power modulation
ability. A satisfactory solution may require either the use of hardware redundancy
or the structuring of the control system architecture to provide a control which is
stable but may provide for less performance capabilities in the presence of onc or
more actuator failures, With current FADEC technology, computer and actuator
interface failures are handled by having a hydromechanical backup system. It is
possible that this backup can be eliminated by utilizing a digital architecture for
FADEC which is both intrinsically reliable and is structured to provide for con-
tinued control.
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CONCLUSIONS OF TASK V

A failure detection and correction strategy based on a constant gain extended Kal-
man filter has been designed for an advanced turboshaft engine. By extensive
simulation it has been shown that stable engine control can be maintained even in
the presence of multiple sensor failures, When a sensor fails, an offset occurs
between the estimated value for that sensor and the actual engine parameter,
Based on flight conditions studied, NP errors of up to 5% can occur, The effect
of these errors can be eliminated by using the NP signal from the overspeed sye-
tem when an NP sensor failure is detected by FICA, Offset of NG, PSS, or WF
due to their respective sensor failures would mean between a 3% power loss and
a 2% NG overspeed when operating on topping, A failure of the T4,5 sensor
produced an offset of about 80°F. This is only significant at the T4, 5 limiting
level and, therefore, the offset can be reduced by model refinement, With a var-
iation of T4,5 offset from engine to engine of 0° to 90°F, all or part of the offset
can be traded for a 0 to 10% power reduction while on T4, 5 limiting, This is
accomplished by shifting T4, 5 reference when FICA recognizes a T4, 5 sensor
failure,

Additionally, FICA has been shown to provide excellent estimates of intermediate
parameters such as T4, 5G and T4, 1 which have significant impact on D&CM,
sinoce these parameters are related to hot part life. The determination of these
parameters to a higher acouracy represents a significant diagnostic state~of-the
art advancement,

RECOMMENDATIONS OF TASK V

The following are speocific areas where additional analysis could provide either
simplification of the hurdware impiementation of FICA or an expansion of its
capabilities, '

One aren invol: ing simplification is the elimination of the need to measure PO if

a reconsteuction of NP by FICA is not required, This would make use oi the faot
that thore are already redundant NP sensors,

12
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Another area is that of making optimum use of a twin-engine installation. Since
the engines normally run in a load sharing mode, the corresponding sensors on
both engines are relatively close in magnitude. An additional check of sensor

malfunction would be to compare it to the second sensor on the other engine, :
FICA could in effect be a triply redundant system by comparing its best esti- I
mate to sensors from both engines.

One area which could hold promise for assessment of engine health is trend anal-
ysis of the Kalman filter residuals. From the covariance of these residuals can
be extracted the covariance matrix of the driving noige, which is 2 measure of
how well the engine matches the model. Changes in the elements of this matrix
may provide useful information on engine performance degradation, To adequately
assess this potential, further analysis beyond the scope of this contract is re-
quired.

e e e e




TASK VI - FADEC DIAGNOSTIC SYSTEM DESIGN INTERFACE

Because of the powerful computational capability included in a FADEC control,
D& CM systems of considerable functional complexity can be integrated efficiently
with a FADEC control, In some of the more complex systems, supplementary
airframe-mounted and ground equipment may be required to complete the overall
system,

The FADEC system concept for the T700 engine, which incorporates built-in FICA
capabilities, is the foundation or baseline upon which this study is formed. This
conceptual baseline FADEC is described in Task IV (Table 13 and Figure 13) and
its FICA capabilities described and analyzed in Task V (page 80). A graphical
representation of a building block (B/B) approach to D& CM integration with FADEC
is shown in Table 16, TFor conveniencs, this B/B concept is related to the D&CM
functions listed on Tabhla 3. There are, however, many other possible approaches
to the integration and implementation of FADEC/D& CM, particularly with regard
to D&CM display and data recording and memory provisions.

IDENTIFICATION OF D&CM OBJECTIVES AND THEIR IMPACT ON FADEC

bl WY A e Do e e . o

Engine History: This FADEC concept provides all the signals required for meas~
uring life~used in terms of two LCI® counts, eongine houxs, pressuvre cycles, and
stress rupture life-used, (Sec Task 1L ) It is estimated that to accomplish the ;
LCF counts now done by 1700 will require about 80 words and an increase in cycle %
time of about 80 microseconds. Tho current 1700 engine hours and time-tempos-
ature counts ave also very simple. Therefore, it is estimated that to accomplish 2
all 1700 engine hiatory functions would requive about 4% of the FADEC yanmory.
¥or this reason, this is inoluded in the basto FADEC coneapt shown as B/ B system
#1 on Table 16, ' '

With all the monsured and caloulated paramotors avallable, including Ty and Ty
(key elomonts tor caleulating turbine blade towporature), move accurate hot part
stress vupture life caloulation can be made than is possible without FADEC, The
avallability of digital computor capability algo makes possibly more sophisticated ;
Low Uyole Fatigue computations using the Rainiall or Pagoda method (Ref, 6, .-
7, 8) or similar techniques that account for both major and minor stress-straln ;
oycles, The impaoct on FADEC cannot be accurately estimated until those are :
defined, However, it s assumed that it would be in the area of doubling the ;
-~ above calculations. The ancumulation of total life counts i8 assumed to be done
 mechunically in the Engine History Recordor (EHR) as on the present 1700 engino,
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Performance; All required signals for even the most complex engine health system
described in Task III, Section I (System A) are available within the FADEC concept.
Increasing the computer memory by about sixty-five 16-bit words and increasing
computer cycle time by about 74 microseconds, the HIT check can be added to the
FADEC system. As discussedin Task IV, the cycle time can be reduced by
spreading the calculations over several cycles because the performance calcula-
tion update time requirement is much less than the control cycle update time,

This capability i8 recommended for inclusion in the basic FADEC as shown in
baseline system #2, Modular fault igsolation by performance measurement, if
proven feasible, would also use signals available in FADEC supplemented as a
minimum by compressor discharge temperature, TS3, assuming FICA calculated
TS3 is not accurate enough for medular fault isolation. Until a modular fault iso-
lation system is designed the decision as to whether this system is ground support
equipment or an integral part of FADEC cannot be determined,

Control Fault Detection: The FADEC functional design detects and accommodates
control sensor failures, and provides self-test functions. In order to make the
overall FADEC system reliable, additional faults must be detected and accommo-
dated. Whether all control system faults will be accomplished within FADEC or

if some additional logic is required will not be known until additional design work
is accomplished. In accordance with Table 14, processing of the fuel filtor bypass
and fuel boost pump proessure will be required. These will be processed with small
impact on the FADEC system.

Oll-Wetted Parts Fault Detection: Oil systom monitoring requires six additional
signals {n accordance with Table 14, Processing of these sigaals is ostimated to
increase the FADEC parts count by about 10% and should thevrefore be included

in the FADEC dosign. Logie to deteot excecdances weuld be small and, thercfore,
sLould ulso bo included in the buse design, as showa in bascline systom #2,

Fault Isolation:

Controle: Twenty-one eignals aro planned to be avallable within FADEC for con-
trol system fault isolation, Tho FICA analysis documented under Task V tonolud-
ed that the following control system gensor fallures could be detevied and fault
isolated: P83, T4.5, WFFB, VGQFDB, Q1, NP and NG, In addition, tho 21 signals
can be utilized for fault tgolation of the other control system LRU's a8 doscribed
in Task II. RBased on othor studies of analog systems, fault isolution of the en~
tre engine system ocan requive a computer sirilay In size to the current FADEC,
Sincoe this system is not required on a continuous basis and consietent with the
concept in Table 16, fault isolation 18 considercd part of ground equipsacut,

T N B e O
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The accuracy or effectiveness with which faults can be isolated should be very high
for the T700 FADEC/D&CM systems B/B #3 and #4 described herein, In the case
of a non-FADEC T700 control, the fault isolation accuracy or effectiveness would
probably be lower., In either case, an analysis following the general outline in
Task III would be required. The fault isolation logic is currently planned to be in
the ground support equipment, not on the airframe-mounted equipment, In System
3, it would be in the base computer, In System 4, it would be in the flight line
diagnostic unit,

. —‘,—.b:'_;__._~

Modules; Fault isolation to the module level involves the following types of moni-
; tored parameters and logic:

i’ 1. Performance: Monitoring to isolate degradation to the compressor
! high-pressure or low-pressure turbine is discussed under performance
(above) and in Task I,

2, Vibration: Monitoring to is:late an out-of-lin-!¢s unbalance problem
requires two accelerometers: one on the accessory gearbox and one
on the exhaust frame,

With proper filtering and logic, fault isolation to the module and/or
LRU level should be effective. Accelerometer signal conditioning is
not a function requiring components or wiving conmmon to other D& CM/
FADEC oxcopt for AD signal conversion. The signals are very sus-

: ceptible to distortion or noise from external sources. It is recom~

: mended that FADEC not include vibratiou signal conditioning and

: analysis,

re B T, BRI A 20

3. Oil-Wetted Parts: Failures or incipient fallures fnvolving the lubo/
scavenge pump aud filter can be fault isolated with signals recommend-
ad for inolusion in FADEC, Isolating bearing failures to the sump in-
volved, howover, ecan best be done on the ground by visual inspection
of the scavenge sereons at the scavenge pump fnlets, Tho alternativo,
fnstallation of chip detectors in eacl of the six soavenge lines, would
not be cost effective, The combination of a Master Chip Detestor
signal and a high vibration reading (not provessed in FADEC) would
be » positive fault isolation indication, However, an externally
mounted accelerometer would be sensitive only to sevore bearing prob-

~ lems which, in aliwst avery case, would have previously cavused a
chip detector alarm and resulted in an engine power reduction, The
eifectiveness of this fault detection technigue is questionnble, at best,

4, Modulax Life Usage: Measuxing LCF and hot parts lfe used on key
compressor, HP and LP turbine module componeats,
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IDENTIFICATION OF CANDIDATE PARAMETERS AS RELATED TO FADEC

Parameters to be Sensed: Table 14, "Candidate FADEC and D&CM Signals", lists
33 signals identified in this study for probable inclusion in a T700 FADEC/D&CM
system to meet the system objectives defined by contract.

Used by FADEC/FICA 21
Used only for D&CM A2
Total 33
Signals to be processed in FADEC 31
Signals to be processed elsewhere 2
Total 33

Further systems analyses in the following areas may result in changes to the list
of required parameters:

Modular Performance Fault Isolation
Control LRU Fault Isolation
Further FICA System Analysis per Task V, page 125§

Parameter Characteristies

In genoral, the acouracy roguirvements for engine control systems sensors are
more stringent thun for D&CM seusors, Sinco two thivds of the TT00 FADKC/
D&CM system sonsors aro required for control 68 well as D&CM, it can bo stated
gonerolly that D&CM does not requive unique sensor ageuracy. Ono potential
oxception to this may be in the area of Modulay Pexformance FFault isolation,
Doteeting smoll porformance changes in 8 compressor o HP turbine may fmpose
diffioult sccuracy and stabilizotion time reguirements on sengors., Tahle 14 con-
tainsg the signl accuracy requirements as prosently known, It is bolieved that

all sro within current smw of the axt, Jgﬂln with tho possible mcpﬁon noted
above,

Prossure transducers and thermocouple vosponse rates ave govorned by dynamie. -,

control analysis, Curront T700 sensor responge rates are adoquate wdoss con~ |

trol syatem design logle is changed, D&ECM functions nre not response rate ovkt- :

ieal exeept for accelorometers where the res;mnso rato will bo gavemm& bythe -
. quuency range of 50 ~ SUBOHZ S




INTEGRATION WITH FADEC - BUILDING BLOCK APPROACH

The impact of integrating D&CM objectives with FADEC is minimal and is dis-
cussed in the description of the four D&CM System concepts, The impact is also
depicted graphically in the Building Block Chart (Table 16). In brief, once a
turboshaft engine D&CM building block concept is adopied, the small additional
allowance for D&CM functions can be easily designed into *he FADEC unit so
that it becomes a generic control for all applications of that engine.

Table 16 is a graphical representation of the manner in which a bagic GE FADEC
wirboshaft engine control could be integrated within more complex D&CM systems,
System 1 (Figure 42) includes current T700 type history recorder function plus
inherent fau't detection in FICA, System 2 (Figure 43) adds to System 1 those
items which are recommended for inclusion in FADEC in this study:

e HIT check
e All D&CM signal processing
e Additional control system fault detection and annunciation

e Other fault detoction and annunciation as practical., A LCC
study is roquired to define what D& CM functions should be in-
cluded in the FADEC, However, based on current 1700 usage
and expedience it is expeoted that o minimum of the following
functions would be included in a FADEC:

Ovortomporature

Overspesd

Chip Detoctor

Qil and Fuel Filter Bypass

Oil Pressuro and Tomperature Bxvesdance

Bystoms 3 (Figure 44) and 4 (Figure 49) indieate potentinl support oguipment which
LOC studios might Indleate are cost offective, The dash-line blocks indieate
equipmant identical to that used $n the prooeiding and simpler D& CM systom,

The DECM Systoms coneepts are arranged in oxdor of tnorcasing cost, complexity,
and capability, Thoy reprosent the basie typos of D&CM systems currently belug
devaloped in this country., For axample, Systém 1 is similar to D&CM System

o ‘1700 and F100 englnes; System 248 siwilar to the A-TE/TF41 1ECMS and B-1/
F101 CITS excopt that it lacks the ln-flight recordng and ground printout and
anslysis funotions, System 3 ie-sindlar b AT-E, TF39 (ADEMS) and F101 {CITS),

I
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System 4 is similar to the Northrop EHMS for T38 and A-10 aircraft, If the basic
FADEC units are built with provisions to handle the future additions of the added
D& CM functions, the necessity for choosing a given concept for a particular ap-
plication does not become critical in the FADEC development process.

» COCKPIT
- ~— INSTRUMENTS
‘ L
] Y
a2 |« < § O
DIAGNOSTIC 2 |= ol B »
CONNECTOR o “1~1 O
—— } FICA ‘
~ » STATUS :
= ] PANEL !
LEFT RIGHT ;
ENGINE | ENGINE

Pigure 42, System 1 - FADEC With Engine History Recorder (EHR).

System 1 ig tho bagic system incorporating the FADEC and FICA function and the ~ :
alectronios to process and compute the Engine History Recordor functions which
are displayed and recoyded moechanically on the cagine-mountod EHR unit, A
cookpit light advisos pitot of a seasor faillure deteoted by FICA and fdentifics the
angine involved, ' ‘ o : S

- T

'
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—a COCKPIT

e Sensor fault detection. o w
o Monitors controls, oit == & |= - 3| & - DIAGNOSTIC
system, performance < |» BRI AR ‘
and history. 1 = | CONNECTOR
o Fault detection | ]
as s practical. 5 = )
e Displays and records
engine life, ] | LEFT RIGHT %
"1 ENGINE ENGINE
’ e
FICA POWER
¢ Honitors vibration. ——— D & CM UNIT c O Q QQ
¢ Displays 3-digit coded ' -
fault message. TEST O READ © °Q
: FAULY COOF D D CQCkPIT
‘ DISPLAY

Figure 43, Systom 2 ~ Baseline System - FADEC, FICA, EHR, HIT, and
Fault Detection (FD). :

This systom is the basaline for future designs, In addition to those ftems in
System 1 it {acludes thoge Htems from the following Hat which a future LOC study
dotermines cost offective: HIT check, @l DECM sigoals, and fault dotection,

An additonal DECM wait, probably airframe-momted, proceases vibrations as
required aad displays coded malutonance messagos that identify o nalfunction

or limit exceadanee,  The system dods not produce a permanent yecord of cngine
evonts, nor doos it have extousive fawlt isolation capability. The extont of iis
practical fault {eolation ability will ot be kuown unzil a wore detajled ungin-
soriug amm can !m mnde. '
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System 3 - "Full House' System With Fault Isolatdon (FI) - FADEC, FICA, EHR,
HIT, FD, and Base Shop Diagnosis

System 2, with the addition of in-flight tape recording and a computerized ground
station, would become System 3, This system requires an airframe-mounted
tape recorder unit to record in-flight events and provide a communications link
with the ground station, It would ieet all requirements of Contract DAAJ02-79-
C-0065 for performance and mechanical monitoring and fault isolation. Fault
isolation logic functions would be performed on the base computer,

0 & (M FUNCTIONS cockprT
o r—-——b INSTRUNENTS
o Fault detection. u
. Non:ton co:,&reh. 01— g al. 8] 8§
systm, pecformance s o o
S (L2 B L D-see
| A - J1
R r . “‘ - ,
. . augmwm records '
1 ne ife. . ;
; " 1 &| it mowt |9 .;.
L1 ENOING ENGIAE
’ o Racords dats oa tepe. - TN
; ¢ Moaltary wibratioa, glgﬁlgg‘g;&:m ;
o Biplayr ddigin ———] ;
Coded Tault mestage, : :Eg{m !;Iég
TRILY  CoX : ;
RS €It
o Yeps sdjsitiee teanintty o~ . :
am to pround statios. 1 : Lo j
Wi i
o Accwatates 489 displep - P
T eegtne Malury, ) ’ :
o Perforwi LR g8 sodule . h
fanit tiatatton Yojlc. L ‘
M ?hi]‘y:!ﬂiﬂ(m. WL . s s v %{ils i 2
nirwctions P— oMy . . . §
s Perform treed sralyisy, o
¢ $tores 43 printt Gut data. -
¢ Commnlcatas with iL§

coaler cmpuler.

Figuro 44, Systom 3 - "Full House" System With FADEC, l"l(;ﬁ\. EHR, HT,
I'D, and Basce Shop Fm&t lwlaﬁun
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System 4 - "Full House" System With Flight Line Readout - FADEC, FICA, EHR,
HIT, FD, II, and Base Shop Printout

CaCKPIT
0 & CM FUNCTIONS - INSTRUMERTS
o Fault detection. o
o Monitors co:trols. ot} § s 1s és
system, performince = =
Jld hutgry. 2 5] i
Pl R o \
] g1 OmaGNosTIc
LEFT RIGHT CONNECTOR
-] ENGIXE ENGINE |,
vibratt ftort 02N ey
] ration manitoring, —— 3
§ ¢ Data storaye, UNIT Q ? 0] @E{ ,
! ¢ D & CH interface with , oFF
cockpit ang flight Yne uait, # L8 ek N .
o Real ttoa dats dlsplay. KRt :
L o (89 aed madule fault FLIGHT L Ine DISPLAY
1301ation dlagnasts. =] olnGuOSTIC & :
= s Engine Mytovy diapley. DISPLAY pUIT K
¢ Faylt detection display. ;
I 9 ainteaace instruomataiion o
dtaplay. n
o Anzelatey 3nd displep
eagtne Matory, e A5 s e am d  KRHY LS
8 Performi trend a23)paen, COMBUTER “ENTER
i o Starak and prints oy daka, .
X o Cowmnfcaler witha IS
ceater conguter, _ i
Figure 45, System 4 - "Pull House'" Systom With Pt Line Readout « mm,o. B
: FICA, BHR, HIT, ¥D, Fi, and Base Shop Printout, {
Systom 4 meals all of the intonded requivrements for performanet and mochanienl i
mosdtoring and dagnosis, This system requires a modifled ai rivame-mounted
P D& CM unit with solid state data stoxnge; a ground dagiostie “suitease™ unit that
will interface with the airframe-mounted anit and perform LRU Gaalt dagnosiv
: and real time data readout; and a base computor with readout, prin:out, eompu- !
T - tation, md tapoe storage ca;umllty




TASK VII - SENSOR DEVELOPMENT REQUIREMENTS

GE's FADEC hardware programs have progressed sufficiently to show that there
are feasible sensors currently available for a FADEC system, This has been dem-
onstrated under the NASA-sponsored QUSEE program which has completed 175
hours of engine running with a digital control system, The FADEC program spon-
sored by the Navy has provided additional sensor refinements which will be dem-
custrated during engine testing in 1979, Additional sensor developments, how-
ever, are recommended on a longer term basis in order to reduce sensor cost
and improve reliability and performance, In order to assure that sensors are
compatible with the engine system space, weight, and environmental require-
ments, the engine manufacturer must provide technical guidance and surveillance.
With the digital control system, the signal processing and conditioning should be
considered as part of the control system and therefore sensors must be developed
in concert with the FADEC system, For instance, pressure sensor linearizing
and temperature compensation can now be performed cost competitively by soft-

- ware instead of select fit resistors aa belng demonstmtad in the Navy I‘AD}:,(.
program,

Speed and torque signals are frequency or plmae related signals which can be
converted to digital format without Analog to Digital (AD) couversion, Since these
signals are of sufficient accuracy :m;.l response yaie, adxﬁtiom\ developmant is
not recommended. ' : :

The FANEC design senses WY feedhaok a8 metering valve position and VG feed-
back as an actuator position, GE's FADEC development, using linoar variable
phase transformers (LVPT) for position sigaals, provides an adequate s for-
position sensing, The LVPT transforms a position into A phase’ signal whiﬁh czm
be conveniently handled by a digxtai gystem, - ‘

The NASA QUSEE program used amlog pressure Bensors, whilca ﬂw Navy. I"AI}EC SR
program is demonstrating the foasibility of digital progoure transdueers. In ‘
order to obtain the acouracies required in conventional engine contiol gyatems,
the pressure sensors, oither analog or digital, are very exponsive, ‘Thorefore,
future development of less~expensive digital prossure tranaducer tochnology 1s
dosired. As mentioned above, the development of speoific transducers iust be -
with control system development. This coordinatos enviromnenml mqulremats
oonsistent with voatrol schemes. - :
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Present FADEC systems use analog temperature sensing devices, Conversion to
digital temperature sensors is not currently praciical; however, future develop~
ments could change this decision. The development of digital temperature sensors
could reduce FADEC cost by eliminating the need for A-D conversion,

1. Magnetic Master Chip Detectors The T700 Master Chip Detector has
been almost 100% effective in providing an early warning of impending
OWP problems, primarily bearing problems, occurring during engine
development and flight test, During flight test, no bearing failures
were missed and no engines were removed because of false indications,
However, as cited on page 22, many false or nulsance indications
- ocecurred caused by random maaufacturing or assembly debris, Strict
adherences to maintenance procedures identified these events as non-
failures but at the cost of flight delays and ground engine runs, A
CIP prograimn is underway in 1700 Engineering authorized by EPM
#CIiP ET7 to locate or develop an improved device that will discrimin-
. ate between nuisance and real incipient failure ovents. Because of
; the unique characteristics of the T700 engine, the capacitor dis-
: " charge or "fuzz burner" type of chip detector, proven useful in other
_applioations, is not applicable to this engine. In view of the on-going :
- CIP chip detector program for the present TT00 engine, no development - i
program is vequired for an FADEC-equipped 1700 engine, f

P s TR

2 - Acselerometora: There are no unique requivements for engine vibra- )
- Hon sensing ace elemmeters for a FADEC-equipped 1700 engine., Min-

b e <o, S M

g 7 iaturived acuclerometers are available with adequate output signal i
- sirength, frequenoy :csponge and high temperature toleranco, Accel- | :
o eronoters with bullt-in charge amplifiors (a destrable featuxe) are ,
' S tmdar dovdlopment, but are currvently lacking in tolerance fox the } ;
| typieal engino temporature environniont, “An improvement here would i
§o T be unsix‘aniag but hisnota usigue mquxmnwnt for FADEC, 4
i 8. Ignition S:ammz“ Fauit detmﬂon and ua: lation of the ignition systom can o
B 7 bopavtally accomplished u8 is dono A1 the ATE YECM system by uslyg IS
e - induotion colls amund eacli ignition load, senamg the characteristio or .

-, voltage {or ourrent) rige vorsus time may enable some LRU fault do~
G . tuntlon and fsolntion t6 be sccomplished. An ahalytieal and testing pro-
co e g woedd be reguired to deterndne to what extont fsults in the power
L supply, ekeiter tnput, output, leads or igmiter plugs could be detected
~ andisolsted, Sensor design and gualifleation would fellow provided
- the Bt lsolating cupability of the sensor was }udgui to be eost '
s eﬁw&vo. . :

e W AT Iy PO R NS
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| 4, The following Table 17 shows the staius of sensors required for FADEC/
: D&CM system development. 4
TABLE 17, STATUS OF SENSORS REQUIRED FOR FADEC/T&CM ’:
Sensed Type of ‘
Parameter Brocessing Remarks
Torque Digital Current sensors are available with
sufficient accuracy and acceptable ’
cost :
Speed Digital Current sensors ars available with ‘
sufficient accuracy and acceptable
: cost
Position Digital LVPT is adequate !
i (WI" and VG) §
} j
] Prossure Analog Currently vory expensive for accur- {
§ Digital acy required by control concepts §
i considered in this study L
1 N
i
; ‘Temperature Anslog Currently used tn FADEC s, “toms
Digital Not currently available; development
" desirable to reduce system cost
Chip Dotootor . Digitd  Development of digertnisating do- | ¥
. : tentor dosirable i
Accolorometors - Agalog Impmvemem in tampsrature sensi- .
: [ 17 { AR T desimh.m ' i
|tgmition Curvemt- ~ - - Amalog - No sensor or gensor outpul char- =
- © acteristios available, i
3
i




In summary, the current state of the art of sensors has been shown fo be ade-
quate to support future FADEC development, Two areas would benefit from gen-
eral development in support of long-range FADEC goals:

1. Digital pressure transducer cost reduction without sacrifice of
required accuracies, response and reliability.

2. Digital temperature sensor development covering the following
required low and high temperature ranges,

a, Inlet sensor range is from -65"F o +160°F,

3

b. T4.5 range is -65°F to 1550°F.

While some basic work in both these areas is desired, specific sensor develop-
ment ghould be completed as an integral part of the basic FADEC develop nient,

as different control system approaches can significantly change acouraoy re~
quirements.




CONCLUSIONS AND RECOMMENDATIONS

CONC LU SIONS

1. LRU fault isolation by means of an electronic diagnostic system is
considered feasible for the current T'700 engine. However, it has not
yet been established that the D&CM system to accomplish the diag-
nostics would be cost effective,

2. TFault igolation to the engine moduie level is feasible based on vi-
bration, life usage and oil-wetted part diagnostics, Though wmodular
performance fault isolation appears to be feasible, further analytical
studies are required for verification,

3. The D&CM requirements for both module and LRU fault isolation
for a FADEC-equipped TT00 engine are simpler than for the current
T700 engine, Further analytical and compuier simulation studies
are required to fully exploif the inherent diagnostic capabilities of
the FADEC system,

LT

; 4, Integration of D&CM functions into the FADEC system provides an
: opporfunity to expand D&CM functions af an implioity lower cost and
i weight, as well ag a greater reliability than in a standard hydro-
wechanical/analeg electrical control system. The FADEC system
inherently offers o goat and wolght saving beomuse approximately
70% of the signals required for o D&CM system ave alrsady avallalle
~ for control purposes as opposed to the oirrent 1700 sysiem whers
" approximatoly 25% of the required signals are presontly tn the re~
- quived oleotrical form. The FADEC systom glso provides a logical
- avea for processing the DECM signala not vequired by the coatrol
system, with the axesption of vibraunns. al & minkanom fnorease in
FAD&L parts,

Aty
0 i g

8. ‘The FADEC sysmm can mommiah the fauowmg DECHM fanetions
) eiﬁaienﬁy. :

| 4. Engine history functions -
1) LOF counts
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2) Hot part life
3) Engine hours

b. Detection of failures of most control system sensors by using
FICA.

c. Detection of some control system failures by self-test.

Integration of the following D&CM functions is practical amd is most
cost effective when considered at FADEC design inception:

a. Performance checking for engine health (HIT checks).
b, Tracking of oil pressure vs NG to detect oil system problems,

¢. Detection of low or high oil pressure, overtemperature, fuel
or lube filter bypass and chip detection signal.

FICA not only indicates control sensor fajlure, but allows safe engine
operation with any single sensor failure of NP, NG, PSS, T4.5, WFFB,
and Q1. With tho failure of any sensor, except T4.5, at least 97%
power can be obtained, With the T4,5 sensor failed, at least 90%
power can he obtained during T4,5 limiting, and this con be improved
through FICA refinements. The system has also mdicated satisfactory
operation with multiple sensor failures,

In addition to the availeble sensed parametors, there arve intermediate
parumeters onloulated by FICA which ave usefui to the D&CM functions,
FICA caloulates I8 and T4, 1 which oan be used to estimate moro oo~
ouratoly gas generator turbine blade temperatuves, With this additional
infoxaation and FALRC's campntational power, potentially more
acourate stress rupture caloulations which ave compatible with tne
FADEC system can bo introdiucad, - .

Work completed on the D&GM system, including *ADEQC, provides a
conceptual basis from which an fntegrated system couid be designed,
Preliminary life-cycle-cost estimates and fabrication. and teat of key
system cmnpments could then be onrried out.

[




10. Sensor state of the art is compatible with anticipated needs of future
FADEC development; however, it is prudent to study further the po-
tential for digital pressure transducer cost reduction and digital temp-
erature sensor development. The current T700 CIP program to
develop a magnetic master chip detector which would discriminate
between a real failure event and a "nuisance event'* should be consid-
ered as a potential sensor improvement. Also, engine-mounted
accelerometers with built-in charge amplifiers which are more tol-
erant to the engine temperature environment require further improve-
ment,

RECOMMENDATIONS

1, For the current T700 (non-FADEC) engine as well as for a T700 with
a FADEC, the following steps are recommended:

a, Extend existing studies to select and evaluate an approach for
performance isolation to the module level for the T700 engine.

b, Refine existing fault tree analysis for the T700 control system 3
suitable for mcorporation into an automated computational
system,

¢, Define an integrated fault tree onalysis and diagnostic logio
for each modulo and LRU and assess the fault isolation effect- ;
iveness. !

d. Define the preliminary dosign of an tutomated computational
fonit isolatica system to implemont the fanlt tree analysis of _
(c) above, The design should be of suificient detail to ostimato ) N
size, welght, functional scope and cost effectivensss., :

2 In addition to the above, the following steps are recommended fur the
I*Amz.c-ewimud 17 00:

L ‘Design, fnln*iente aud test an enginp- maunted digtial history
recorder, - Such a pmgram will: "L _

1) - Demonstrate that HIT check, L( b,-s‘;‘ress rupture, and -

engine hours can be caloulahed with an engina-mounbed
computer. :

R
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2) Provide a device useful to the T700 program by expanding
current history recorder functions.

e\

3) Complete a logical step in FADEC-D&CM technology de-
velopment and provide the potential for early field testing
of an advanced concept.

b. Initiate a study to increase the FADEC system's ability to de-
tect and provide corrective action for control system failures
not detected by FICA or self-test, Such a system would maxi-

: mize control system reliability, increase D&CM capability,

* and minimize the need for a hydromechanical backup system.

AN

-
g e gz v
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C. | Initiate investigations suggested in this report in order to:

1) Improve stress-rupture calculations consistent with FADEC
parameters and computational capability.

UM A Tt e m s T

2) Refine FICA designs to include the effect of bleed and var-
iable geometry,

R R

3) Determine the necessity for measuring both PO and PT2
within FICA,

1 - 4) Detoermine the procodure for handling stalls within FICA.

5) Evnluate tho potential for detormining en.gine hoalth from
' Kalman filtor residuals.

; ‘ , 6) Iwmprove low cycle fatigue measurement system acourney
; I by developing algoritima (logic floweharts) for counting
o ' NG speed excursions and for computing LCF on the

_ basia of "Master Cycles" which combine the eﬁw% of

X _  partal as well as major spoed cyoles..

o 3. In the avea of sensor devolopment, undertake proliminaxy studios to do- .
| N termine the potential for digital pressure transducer cost reduction
- -and the practicality of digital tenperature sensor developmant in mn—-
Paoe o . junution with a FADEC-D&LM development pr:ogr

. 143




[

REFERENCES

PRIME ITEM DEVELOPMENT SPECIFICATION (PIDS) FOR T700-GE-700
TURBOSHAFT ENGINE, General Electric Co., Lynn, MA., U.S. Army
Specification No, AMC-CP-2222-02000A, page 213,

T700 BI~-MONTHLY RELIABILITY PROGRESS REPORT, General Electric
Co., Lym, MA,, U.S., Army Contract No, DAAJO1-72-C-0381, CDRL
Jtem A060, 20 May 1974,

AVIATION UNIT AND INTERMEDIATE MAIN TENANCE INSTRUCTION,
General Electric Co,, Lymn, MA,, T700-GE-700 Engine, TNM55~-2840~
243-23, 31 May 1978,

Rosen, M. M,, T700-GE-700 ENGINE DESIGN REPORT, Condition Moni~
toring and Diagnostios, General Electric Co,, Lym, MA,, Airoraft
Engine Group, Report R7T8AEG043, Volume 8, 28 June 1976,

Jordan, H.J., F404 ENGINE CONINTION MONITORING SYSTEM (ECMS)
STUDY, General Electric Co,, Lynn, MA., RITAEG028, 15 Apuil 1977,

Sale, T.L,, "Bvaluation of Flight Miasion Sevority in Cumulative Damage",
R & M Procoedings, Los Aageles, CA., 1971, AJAA/&AL,‘AME 10th

~ Annual banfemnuo.

Puwar. E. M., "Cyale meﬂng Metheds ard the Bevelopmmt of Block .
Lcn& Fatigue Programs”, BAE pasmr 780103., 3/27/?‘8 :

Le&wnn R.C,, "A User's View af I‘atigue Lafa Proﬁic&ﬁilﬁ" SAL papox

- 180105, 3/2'1/'?8

,Kalman. Lo A New Appm.mh to mxwar Fiiw ting and Prmﬁctwa _,
- Froblems", Transactions ASM& é Baam Eagineoriug Vol, 92, pp R

" 34-36, March 1900,

10

1

Spang, H. A, and Corley, R C., "Fnilum l}emcﬂﬁn mxd ﬁcrmc!km fcr S
Taurbofan Sngine?, CGenoral Liweﬁe Co., Lyxm. hﬁ%f 115 Re;wr: Nu..: :
TTCRDIGY, June 1997, :

8

Gelb et al, Applied Optimal et mation, tho -m-*r'l’;mas,;-xs?%.

S MR




SRR RS B o e o e o e

e

T PO AR

edrete e s AR e

At

12

i3

14

REFERENCES - Continued

Safanov, M.G., and Athans, M., Robustness and Computational Aspects

of Nonlinear and Stochastic Estimators and Fegulators, MIT Technical

Report No. ESL-P-741, April 1977.

Anderson, T.W., An Introduction to Multivariable Statistical Analvsis,
J. Wiley and Sons, N.Y,, 1958,

Fossard, A., Multivariabie System Control, North-Holland, 1977,

T

St

et irb




et

Ottt it it % 4 o e o

Engine Parameters

SHp
T3
T4,1
NG

T4.6

T4, 5G
Ps3
Q1

@

T2
PT2
PL
TL
FL BP
v
MCh
Al
Wrn
s

. NPD
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WF B

VG FB

PAS

FWF BP
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ISP/
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"Customor Bloed

GLOSSARY OF TERMS

Shaft Horsepower

Compressor Discharge Temperature, Gas

Gas Generator Turbine Inlet Temperature, Gas

Gas Generator Speed

Power Turbine Speed

Gas Generator Turbine Discharge Temperature,
Measured

T4.5 Gas Temperature

Compressor Discharge Static Pressurc

Torque (Engine No, 1)

Torque (Engine No, 2) ,

Compressor Inlet Temporatura

Compressor Inlet Total Pressure

Lube Oil Pressure -

Lube Oil Temperature

Lube Oil Filter Bypass

Vibration

Mastor Chip Detector

Aunti~lce

Fuel Plow Deomand

Load Domand &:&gnﬂl

- NP Domand -

Ovorapoed

Fuol Flow Mmi-»&e? 3
Variable Geomotry Feod-Back -
Power Availably Spiudle Eﬂgmi

- Fuel Filtor Bypass:

Variable Geometry’ Beumnﬁ

Pressure Altitwie Amblenty - - ‘ o
Intet Partlele Sagamtav Bﬂowx‘ l)eua Pmsaum m I

Tomporature
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; GLOSSARY OF TERMS - Continued
{ FADEC-D&CM System Components
§ HMU Hydromechanical Unit
D&CM Diagnostics and Condition Monitoring
¢ ECU Electrical Control Unit
FICA Failure Indication and Corrective Action
L FADEC Full Authority Digital Electronic Control
i ) GSE Ground Support Equipment
¢
L D&CM Generated Signals
E ESM Engine Status Messages (warning, caution, advisory,
i failure, exceedance, and maintenance)
{ EBD Engine Historical Data (performance, treunding, and
i life used indices)
; rC Failure Code
4B Gas Generator Turbine Blade Temporature
Migecellaneous
LVPT ' " Linear Variable Phase Transformer .
™ ‘ Torgque Motor T
- 8BV Starting Bleed Valve ,
i LRU  “Lino Replaceable Unit
: cc ) Cackpit Commands (data display, recovd, ECU diaable)
cms . Central Intogeated Test System
A MATS - . Military Alr ‘I‘ramspart Sarvive:
- -é* L . Laplaco Oporator
| () vuntionof
S Delta {ohange ) -
AD ST Analeg to Digita (meershn) 3
BN B - . Beta (Hedeopter ﬁoltenﬁva l’iwh)'
3 SLowME 0 o Torque Motor Current.
CEHR . Engine History Renenler
. AGB 7 Acocsdory Ceaxbox
S 7/ i I Dullding Blotk _
CLoEPT 7 High Pressure Turbine
LPT - Low Pressure Turbine
- WG S Variahle Vane Positlon
LLUUUART Z.utamuor Powor - ECU-




GLOSSARY OI' TERMS - Continued

SOAP Spectrometric Oil Analysis Program
APU Auxiliar, Power Unit

owp . Oil-Wetted Parts

FD Fault Detection

FI Fault Isolation

CGEKF Constant Gain Extended Kalman Mter
LCC Life-Cycle Crat

Computer-Generatad Plots

Plot Symbol Equivalent Symbol Name
PS3EL ps3 Compresser Discharge Static
Pressure
Y BPS3 FICA Generated 1’53
PCNP1 Percent Power Turbine Speed
YPNPL FICA Genorated PCNP1
PCNG1 Percent Gas Goenerator Spoed
YPNG1 ' FICA Generated PCNG1
T4ELL 14.5 Measured Gas Temporature
Y1468 FICA Goneratod TY5ELL :
T46EL T4, 5G - Gas Generator Turbine Disunarge .
, - Tomporsture
Y148 ' ~ FICA Gonorated T45EL
- TRMP S - ladieation of Turbiue Iu‘let
‘ - T Tomperaturo
viesp S S CPICA Gerexatad TEMP
YSFAIL S © . Bensor Failuro Indicator
TR - Qb - shaft Torgue
TRQPL - R . Gas Torque
Y A -~ . FICA Generated TRQIL
WFME . WP .- Fusl Flow ,
ZWF - . WFFB - Fuel Flow Feed-back
YRWR . - FICA Generated ZWF
DYNANG S T Dynamometer Angle proportional
L o to applied load (oquivalent to
collective pitch fora heu-
eopzer)
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