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SUMMARY

The Electrical Control Unit in the F/A-18 Hornet aircraft is field-replacable but
suitable test equipment for this unit is not available in Australia. Both the United
States Navy and the Canadian Defence Forces, which also operate the Hornet aircraft,
concede deficiencies in flight-line test facilities for this unit and various proposals have
been put forward to rectify the situation. The main purpose of the visit to USA and
Canada was to analyse these proposals and advise the Royal Australian Air Force of the
potential of each proposal to meet Australian service requirements. During the visit the
opportunity was taken to present three papers on ARL research at conferences in the
USA, and to discuss future trends in gas turbine controls.
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ABBREVIATIONS AND DEFINITIONS,

ACSL
ADA
AFM
AFTA
AFWAL
AHS
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ATE
AUTOCODE
BETA-TEST
BMAC
CDF
CEMSiv
CONTROL,
DARPA
DECK
DECU
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DMICS
DND

ECU
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ELXSI
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EMS
ETHERNET
F404-400D
F404-GE-400
FADEC
FOCS!
FOSTI
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HP

IBM PC
ICLE
IECMS
INTERFACE
JRAD

1S

161

JTDE
MATRIX,
MECA
MFPG
MIMO
MSDRS
MU-LISP
McAIR

Computer simulation language

US Department of Defense standard software language

Advanced Fue! Management project [NAPC]

Avionics Fault Tree Analyser {McAIR]

(US) Air Force Wright Aeronautical Laboratories

American Helicopter Society

American Institute of Aeronautics and Astronautics

Avionics Integrated Maintenance Expert System (McAIR Project)
Australian National University, Canberra

Workstation; single user graphics computer

Aeronautical Research Laboratory [Australian Department of Defence]
Analytic Redundancy Technology for Engine Reliability Improvement [NAPC]
American Society of Engineering Education

Automatic Test Equipment

Extension to MATRIX, which produces program code {ISI]
Second phase or external testing (alpha=internal)

Boeing Military Aircraft Company

Canadian Defence Forces

Fourth generation of Comprehensive Erngine Maintenance System [SCT]
A control system design and analysis software package [SYSCON]
(US) Defense Advanced Research Projects Agency

Data set for a program or simulation (from a "deck of cards™)
Digital Electrical Control Unit [GE proposal for F404 control]
Digital Electronic Engine Controtler - first gencration cf FADEC
Design Methods for Integrated Control Systems {[AFWAL)
(Canadian) Depariment of National Defence

Electrical Control Unit [part of F404 control]

Engine Diagnostics Adapter Box (”Buffer Box") [McAIR}
Multiprocessor computer system [Brandname]

ELXSI emulation of VMS, the VAX operating environment
Engine Monitoring System [Various]

An interconnection standard for Local Area Networks

Dry (no afterburner) version of F404 engine

Engine in FA-18A and similar aircraft

Full Authority Digital Engine Conuoller - second generation DEEC
Fiber Optic Control System Integration {NAPC]

Fibre Optic Sensor for Turbine Inlet [NAPC)

General Electric

Hewlett Packard: instrument/computer manufacturer.
International Business Machines (or compatible) Personal Computer
Integrated Control Law Evaluation [AFWAL)

Inflight Engine Condition Monitoring System {FA-18]
INTegrated Reliable FAuit-tolerant Control [AFWAL]
Independent Research And Development funding (internal)
Integrated Systems Inc. [Produce MATRIX,]

Diagnostic connector on F404 ECU.

Joint Technology Demonstrator Engine [NAPC)

A control system design and analysis software package from 1S1
Multimission Engine Control for Aircraft [NAPC}

Mechanical Fuilure Prevention Group

Multi-Input Mubti-Output control or simulation

Maintenance Signal Data Recording Set (on F40h

Multi-User version of computer language LISP

McDonnell Aircraft Co.
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NAFC
NARF
NASA
NASC
NATC
NAVPRO
NEFF
NRCC
NWC
N,
N
PL/M
POTC
PSC
PhD
QA
RAAF
RMIT
RSX
RT11
SCT
SEA-TAC
SR1
SYSCON
Ts6
TFPO
T)/Ts

, UETP
USAF
USN
VAX
VAXstation
VME
XMAN

(11Sy Naval Air Propulsion Center, Trenton, New Jersey
(US) Naval Air Rework Facility, Pensacola, Florida

(US) National Aeronautics and Space Administration

(US) Naval Air Systems Command

(US) Naval Air Test Center, Patuxent River, Maryland
(US) Navy Production Office; Includes QA and Acceptance.
Brandname for data acquisition front-end

National Research Council of Canada

Naval Weapons Center at China Lake

Speed of rotation of compressor, etc.

Speed of rotation of power turbine cf Ny

A microprocessor implementation of the computer language PL/1
[AFWAL/POTC] Division of AFWAL concerned with turbine engine control
Performance Seeking Control [AFWAL]

Doctor of Philosophy: particularly in science or engineering
Quality Assurance; responsible for checking quatity at production
Royal Australian Air Force

Royal Metbourne Institute of Technology

Resource Sharing EXecutive; a PDP11 operating system
Real Time operating system as used at ARL

Systems Control Technology

Seattle Tacoma International Airport

Stanford Research Institute, Californix

Systems Control {eommercial arm; see SCT}

Turboshaft engine

(Australian) Tactical Fighter (FA-18A) Project Cffice
Temperatures at tst and Sth engine stations

Uniform Engine Test Program [NRCC]

United States Air Force

United States Navy

Computer system from Digital Equipment Corporation
Workstation; single user graphics computer cf VAX

A standard for Printed Circuit Boards

Expert Manager for CEMSiv {SCT project]




1.0 INTRODUCTION.

During October and November 1986, a visit to the United States of America (USA) and Canade vas
undertaken. The objectives of the visit included:
1 Investigation of means of improvin% reliability and testing of the Electrical Control Unit
(ECU) for the F404-GE-404 engine 23 used in Australia's F/A-18A aircraft,
2 Presentation of three pnpersA'S' on scientific work at ARL at two different conferences in
the USA, and
3 Examination of current trends in turbine engine control system research.
Twelve establishments were visited; these comprised engine and aircraft manufacturers, military
aircraft operators representatives and advanced control software specialists, The two conferences,
at which the ARL papers were presented by the author, were auended. In the following sections
highlights of the discussions held at the various locations are presented in chronological sequence.

Comments and recommendations relating to the major visit objective (1) above. have been collated in
Annex A. Background information relating to this visit is provided in the following sub-sections.

1.1 RAAf Maintenance Luvels and Procedures.

The need to provide a "means of improving reliability and testing of the Electrical Control Unit
(FCU) of the F404-GE-404 engine used in Australia’s F/A-18A aircraft” arises because a deticiency in
current procedures. The Royal Australian Air Force (RAAF) divides engine maintenance procedures
into three areas:

I Operational procedures. called "O-Level” maintenance, involve flight line or in-aircraft
testing: [in the US Air Force, this level of maintenance is also called O-level but the
abbreviation stands for "Organizational” not “Operational”|

2 Intermediate procedures, called "I-Level” maintenance, involve tests on complete engines or
engine systems or modules on a test stand:

3 Depot procedures, called "D-Level” maintenance, involve tests carried out at a maintenance
or repair depot. including tests on components removed from the engine.

The testing at all levels is usually carried out by following a "Fault Tree”. This is simply a
checklist which foliows a particular path to suit each documented problem. In order 1o proceed down
each path, it is necessary to confirm that various items are not faulty before continuing. The
problem  which arises with the Electrical Control Unit (ECU) is the lack of a suitable tester for
this unit at any of the maintenance levels in Australia. This means that the only way to confirm
that the ECU is not the source of a problem is to change it. Since changing the ECU is a steaight
forward job. high on the fauit tree. a large percentage of ECUs removed are expected 10 be  service-
able. The removal of a serviceable ECU is referred to as a "false removal”,

When an ECU is changed. it is currently necessary to send it back to the USA for testing.  This
procedure takes considerable time which increases the number of spare ECUs needed to maintain the
same number of serviceable engines. The questions which arise are:

Q1: Is it possible to reduce the number of ECUs removed trom the engines by some testing procedure
at the O or J-Level?

Q2: Is it possible to return serviceable ECUs atready removed (hrough “false removals”) to service
by some testing procedure at, or prior to, D-Level (which is in USA for ECU?

Q3 Are there anv other testing procedures which could be beneficial in reducing the number  of
falee removals?




The Canadian Defence Forces (CDF), which also operate F404-GE-400 engines in F/A-18 aircraft. com-
missioned an external contractor (Gastops Lid."y o do a design study for a F404 ECU tester to meet
CDF requirements. General Electric (GE) has also designed several testers for the ECU ranging from
simple O-Level cable continuity checkers to complex D-Level Automatic Test Equipment (ATE) which can
identify probiems in individual components within the ECU and is essentially the same as the equip-
ment used to support the design and testing of the F404 ECU in the factory.

Accordingly, I was able to discuss the three questions above with representatives of the aircraft
manufacturer (McDonnell Aircraft). the ECU manufacturer (General Electric Fort Wayne), the engine
manufacturer (General Electric Lynn). and representatives of the other two major users of the air-
craft (United States Navy (USN) and CDF).

1.2 Presentation of Papers.

Two papers, one written by my group leader and the other by myself, were accepted for the American
Institute of Aeronauucs and Astronautics (AIAA) Aircraft Design Meeting at Dayton Ohio. Other
papers being presented there were also of interest. A third paper, co-authored by my group leader,
was presented by me to the 41st meeting of the Mechanical Failures Prevention Group in Maryland.

1.3 Engine Control Research Trends.

I am a member of the "Engine Control and Data Systems” Group in the Propulsion Branch of the
Aeronautical Research Laboratory (ARL) which forms part of the Australian Defence Science and Tech-
nology Organisation (DSTO). This group conducts background research into turbine engine control
systems and propulsion data systems.  Expertise gained in these areas is applied to support the
operation of military aircraft in Australia. The evaluation of the F404 ECU test equipment propo-
sals represents one example of the use of this knowledge. At present, I am also involved in the
development of a digital controller for a small gas turbine engine used for rescarch purposes.  The
trend to digital control of gas turhine engines is strong but there are stll relatively tew exam-
ples of their use ‘n military engines.

2.0 ONE-DAY VISIT TO BOEING CONTROLS GROUP.

Boeing Military Aircraft Company [BMAC] undertake controls research trom a site at SFA-TAC
[Seattie-Tacoma] airport. [ visited this establishment on my first working day in USA and met with
Dr George Hennig, supervisor of the Control Sciences Group, in the abscnce of my original contact Dr
Dagfinn Gangsaas who was overseas.

George discussed BMAC methods of applying classical-type frequency domain methods to “optimize” svs-
tems modelled using state-space representation. The technique involved:
formulate "open loop” <ase:
- fit frequency response to roll-off Bode plots at 6 decibels (db) per octave {ie.  a  pole
of order onel.
- add integrators (up to number of control outputs) to allow slopes to be smoothed (eliminate
poles/zeros):
- fit to closed loop case and test,
As long as the slope of the Bode plot gives non-sero gain at zevo treuency [DC] and falls w0 zero
gain at frequencies well below those corresponding to any structural (acro-clasticy modes, the above
technique works. The technique is largely based on theory developed by Protessor John Moore of the
Australian - National - University but BMAC interprets the theory according to aireraft design experi-
ence: BMAC found some difficalty imtially in using the ANU theories but has since found  that the
technique allows “physical” imterpretation to be given 1o modern design methods.




The above technique uses a Muiii-input Multi-Output {MIMO] approach and allows a sing!c flight con-
troller 1o replace separate lateral, longitudinal, dutch-roll  cic.  controllers. As well, if
sideslip is one of the terms with an integrator and if sideslip input is held zero throughout a
manoeuvre, the MIMO controlter will automatically co-ordinate turns. The control surfaces involved
may change with the aircraft configuration, but the method will not work with insufficient control
power.  Although some parameters may vary by as much as 100 to 1, adaptive control techniques are
not used, afthough gains may be scheduled.

This approach was used on two recent BMAC studies, one of which was a US Tactical Fighter proposal
and the other an in-house combat proposal. George noted that visualization appears easier using
this approach and that there were less problems with parameter errors reflecting in the higher ord-
ers. [Higher order terms are usually more sensitive to errors in the assumed design parameters.]

BMAC still relies on engine companies to provide engine control systems but is now setting up its
own research staff to support engine, propulsion and airframe integration. At this point in the
discussion, we were joined by Dr Donald GG. lverson who is working on integration of propulsion con-
trol.

Don is a strong proponent of integrated propulsion control using airframe computers. Of the major
US engine companies. only Garrett agrees with this approach at present; both General Elcctric [GE]
and Pratt and Whitney prefer on-engine systems with triple and double-double redundancy respective-
ly.  Allison apparently has not declared its policy on this matter, Don noted that Russ Vizzini
disagrees with him [see later report on talks with Russ) Don considers that the trend to use more
and more computers, each over-specified [usually 50% more speed. 50% more memory] 10 aliow for
growih, and fitted in banks of 3 [triple redundancy] or 4 [double-double redundancy] leads to a
weight and complexity penalty. If control software has to be written in ADA (this is current US
proposal), then it could be run on a common bank of computers. [Enginc companies (see sections on
GE later) do not favour this approach since it makes it more difficult to differentiate between
engine and airframe. |

Don proposed a system providing both flight control and propulsion control and comprising six ident-
ical computers. each performing multiple tasks. Engine control would simulataneously vse any two or
three but non- crmcal jobs would use just one of these computers.  With such an arrangement. a good
e duae o System discussinn cevered the merits of “similar” and “dissimilar”
redundancy, fault detection melhods. sensor connections and representation of the system being  con-
trolled. s

With “similar” redundancy, the same program is run with the same (redundant) inputs on the same
processor type. Any software "bug” would cause the same apparent fault on more than one processor.
With “dissimilar” redundancy. three different versions of the program are run and cach mav use  dit-
ferent hardware. Since the three answers may have ditferent rounding ervors and take difterent
times to compute. the problem with dissimilar redundancy s (0 arvive at a wiilod of corlpoing the
results.

Don said that it is now accepted that faulty processor systems should dstect their own faulty state.
[It is not acceptable to allow a possibly faulty processor to vote to shut down a good one.| This
approach needs hardware in each processor system. such as watchdog timers, to help detect processor
and/or  software malfunction. [Watchdog timers are counters which need to be reset by the processor
at regular times: if the processor fails to reset the watchdog in a specified time. then the watch-
dog will attempt to restart the processor and if this fails will render it inoperative |

Don said that engine behaviour models being used by BMAC were provided by the engine companies.
BMAC has experienced particular problems with transient models which ofien include proprictary
information. may be difficult to run and are sometimes impossible to interpret. The term “integrat-
ed propulsion control” was defined by Don to mean a single controller supervising the inlet, engine
and nozzle. This was seen as most appropriate for combat aircraft where noszle deflection mav Iwe
used {0 improve manocuvring ability




|

Don considers that fibre optic sensors and cables are necessary tor  off-engine  control.  Problems
may arise in transposing data from such sensors onto existing aircraft muhiplexed buses. Don
prefers the vse of siate-space models rather than transfer functions and does not  use the Boeing
EASY-3 software. He has also had some problems with an earlv Apollo version of MATRIX, but sivs the
Vaxstation version seems satisfactory.  He prefers BMAC's own in-house system which is currentiv
proprietury.

Don and George referred to Uyloi Ly, a member of BMAC Control Sciences Group who was currenthy work-
ing at ANU. [On return to Australia, 1 was able to arrange for two members of our sttt to vicit
ANU for a lecture by Dr Ly but a planned trip for Dr Ly 10 1alk at ARL had 1o be cancelled when he
needed to return to USA ]

George also mentioned that BMAC was involved in work on an "Advanced Propulsion Monitoring System”
for which GE was the prime contractor. Apparently BMAC did the computer design but had vet to sec a
copy of the final report.

1 discussed with George and Don the proposed ARL research agreemen wnh ANU on robustness of con-
trol systems for use in turbine engine control. They had some constructive comments and offered

some references’ 7, the first two of which I was able 1o sight at BMAC,

3.0 VISIT TO MCDONNELL AIRCRAFT.

One of the major reasons for this visit was to evaluate propesals being made by McDonnell  Ancraft
Company (McAIR) for development of test equipment for engine electrical units. A tull discuseron of
the McAIR proposal and my recommendations arising from that are presented separateiv m Annex A

My contact at McAIR was A, J. (Jerry) Volsen, Lead Engineer Electronics tor the F A-I8 Advanced
Design team. Five members of that team gave me a detailed presentation on advanced concepts tor the
possible use of an upgraded Avionics Fault Tree Analyser (AFTA) and other equipment on the Advanced
Hornet (FI8) program. I saw presentations and demonstrations of this work. done under Independent
Research  And  Developmem (IRAD) funding, and including teaability siudcs and sothiaent
hardware/software design o support such studies) on:-

- Use of AFTA for engine diagnostics (Presented by Jerry Volsen and Carol Sanders)

- Use of AFTA for Maintenance Signal Data Recording Set (MSDRS) tape plavback erase derrvy

- Possible future use of Avionics Integrated Maintenance Expert Svstem (ALMS) 1o surolement

AEFTA in all three rotes (Keith Blankenship and Mike Harris),

AFTA normally tests avionics by irv~ling the built-in test routines in the selected  avionics unit
The ECU does not have this capability however and does not connect to the aircratt bus trom whiciy
AFTA normally acquires all its data. For these reasons, extension to provide ECU testing capability
represents a major upgrade to AFTA requiring a buffer box to connect to the engine, assocrated
cabling and an engine simulator to verify the cugine fault trees.  Software to support the user
interface. fault tree selection and the engine simulation also have to be provided.  McAIR had net
done any major work on the engine simulator but claimed to have done sutficient work on the other
items to prove that such a role for AFTA was feasible.

One of the major stumbling blocks in using AFTA to diagnose faults in the existing ECU is the  lack
of any interconncction between the ECU and the rest of the abicraft svstems. MeAIR proposed to
overcome this using an Engine Diagnostics Adapter Box (EDAB) plus improved access to data in the
on board MSDRS.




3.1 Using AFTA to Read MSDRS Tapes.

Since AFTA connects to the aircraft multiplexed bus, it can collect doata from any - other  unit - also
connected 1o the bus  The MSDRS (defined above) records a wide range of events on magnetic tape
cartridges T'hese daty are  currentdy  under-utibized McAIR  is proposing  aa ahiernative
data-collection scheme in which the tapes are not removed trom the arrcratt,  Instead A LA wonld be
used to read the tapes sk, o tanster these data 1o a4 database. and rewind and erase the tipe.
Some  of these data relate 1o engine events such as the tauit flags which lead to maintenance «hecks
on the ECU.  Accordingly, this proposed use of AFTA has potential application in the testing of  the
ECU

1.2 McAIR Buffer Box (EDAB) Proposal.

Only some of the engine signals connect to the airframe for e by the MSDC/MSDR maintenance record-
ing systems  mentioned above.  All proposals to check the ECU have assumed that additional
connections 1o the ECU (usually via JA1, the test connector on the E
rent MeAIR  proposal for the EDAB, includes bulter amplifiers. multiplexers, analog-to-digital
converters and a microcontroller (Intel 8751 or similar) within the EDAB. This means that the FCU
and EDAB combination will be treated as a testable unit by AFTA under the McAIR proposal T'he EDAB
will have a direct hink (called the MC Link)y to AFTA and will not communicate via the ancratt bus

U will be necessarv. The cur-

L3 Hardware and Software Standards,

[t s hkely that VME standard boiards will be ased mothe FDAR and that soltware woukd he witien

(e ag
i

LN wath transter 0 ADA <ome time i the tuture

3.4 Project Direction,

MeATR has concluded that a joint MeATR GE Cuostomer program could deselop Opecational [O/] or Tntel
mediate (1] level engine test capabality but that mdependent etforts by oany one of these groups s
unhikely to succeed  MeATR ceessome of these proposed nesw AEFUA tunctions becomig on-board tang
nons for the AIMES cwpert svaem when astonics improvements prosade spowe and added on-board
computing power for such extensions. McATR clams that the fiest fhicho of the AINMES  demonstiator
e Lanuary 1OS6 was the tiest theht of anexpert svstemom a tighter surcraft

For more mformation on this proposal refer 1o detaled report and recommendation of Anmey A\

4.0 VISIT TO GF FORT WAYNE PLANT,

I owas privileged to be one of the hirst toregn visgors 1o das new  facabty me Indiana [
manulactore, previously carned out at the GE Bveadade plant near Cinainatti s now pertormed here

e thrs robot assrsted Lactony

My cantacts for this st were frm Bingel the Shop Manaper. and Dennie HBerrs o Program Manager
FAOG 400 Bledtrome Controls, who diove lrom Fyendale (Ohioy 1o talk with e Doams ook e on o
putded tour ot the O est wrea where Tooaw the P3G 1O e stands and T showed me the control
sssten nanufacturing area Foalso sawaew Lacdimes tor kg state ol st curtsce mounted cled

tromc hybrd modules and saw some of the st modules made oany these facities U odisonssed

ey



tuture rends e control units contral diagnosis and dow-end  test equipment [ie. that with
considerablv less complexity  than the  full  ATE] with Dennis and local engineering design staff
including Ron Huack and Jim Dolle. Jam Bingel then gave me a goided tour of the impressive  robotic

pat handling facilities ot the new plant

4.1 ECU Manufacture.

The F404 ECUs are assembled using resistors of typical values mounted on external pins on the
modules. The Automatic Test Equipment (ATE) is used to confirm values which are then soldered down.
covered with water-proofing and retested. This testing and retrimming is done with the ECU in an
oven and the modules are tested for thermal effects by dunking the test frames holding the modules

into cold and hot baths alternatelv.

4.2 ATE units.

I saw several types (variants) of ATE in use or being built.  Typically, they make use of a HP
mini-computer  with various brands of test isrumentation. The same units  are used to test ECU
modules. rim ECUs and find faulis i ECUs retirned for repair. Several ATE units were being  put
together for the 'S Navy A Station at Jacksonvitle . Florida.

4.3 Finding Faults,

Typically a tanity module or ECU will show a saturated output on one or more analog amplifier.
Units  with transient or  intcomittent favults are usoally found using the thermal “dunking” method
mentioned above.  Non-faulty units, which comprise about halt of all units returned. are  harder 10

rest than faolty noits and, i most cases, ke mare time 1o tesq

4.4 Careful with Jol.

Several people noted that the "ot connector ™ Jol can be s problem it care s not taken. sinee e
sinals to Job are direct and not buftered  The US Navy has apparently lost an engine because a
testansteument connedted v a long cable 1o @ ol connector, shunted the tan speed Ny signal <at-
Heienthy to allow  the controlier o overspeed the engine.  AlL of the propesals currentiv being
exammed use a “hutter box” connected 10 J61 1o provide isolation between  the  controller and  the
test equipment Some ot the GE personpel T spoke to at Fort Wayne were of the opinion that the
“hulter box™ would need 1o be considered part of the engine and be GE™s responsibility The  buffer
box responsibility. could be even more difficult to define if Pratt and Whitaey engines using GE con-

trols eventuate as carrently proposed

4.5 FOU Reliability,

G representaines emphusased that althoned the TH04 LT was “old” technology, based on “mare” and
therefore refiable technolopy. at was even more reluible than expected  The main problem is the

senhicant numbers of Cvood  unds removed s Ttaolty




4.6 ECU Tester for O and I Levels,

GE has proposed several test instruments for use with the ECU. One recent proposal was similar to
the McAIP AFTA proposal except that it had no connection to the aircraft bus. It used an Intel
80186 microprocessor but the processing speed was not fast enough 10 perform transient 1ests;
typical response time was one second or slower. AFTA would not be able to use the aircraft bus to
acquire ECU data at a sufficient rate to perform transient data tests.

A problem noted by GE, but not addressed by the McAIR proposal. was that relating to alternator
failure. In particular, Jim Dolle seemed keen to have a power supply to simulate and test the
alternator.

The McAIK proposal would redefine the future of AFTA, particularly as the US Navy does not currently
use it at O-Level. Extra test sequences would need to be developed jointly by GE and McAIR.

In general, the concensus appeared to be that the McAIR proposal using AFTA was feasible as long as
GE contributed to the development.

5.0 ATTENDANCE AT AIAA AIRCRAFT SYSTEMS MEETING.

This was a three day conference organized jointly by the American  Institute  of  Aeronautics  and
Astronautics  (of which [ am a member). the American Helicopter Society and the American Societv of
Engincering Education. It was held at the Marriott Hotel in Davton Ohio, from 20 to 22-Oct-R6.

On the first day. 1 atended the presentation of five papers on Fighter Aircraft Systems  and  three
papers on Propulsion-Airframe Integration as well as the opening address and Wright Brothers lecture
m HIMAT, [The Highly Manoeurable Aircraft Technology project involved the use of part scalc air-
craft (X-29) 1o test the theories involved in simulated combat.]

Om the econd day, 1 presented two p:lp(-r&"'s_ one of which 1 wrote. Both were well received I
also attended the presentation of four other papers on Aircraft System Effectiveness, two papers on
other topics and a panel session on Flight Testing,  As well as the  conference  sessions. 1 also
attended an evening paper by Dr Paul McCready given at the University of Dayvton.  This paper. titled
“Stretching the Limits of Nature and Engineering”, clearly showed I MceCready's approach toinnoeva-
tion and  was most emenaining. Later o Washingion. b owas able 1o see the mode) Prerodaent
described by MacReady in his talk

On the third dav, I attended the presentation of five papers on tuiure projects which were Lngely
tunded by the Defense Advanced Research Projects Agency (DARPA).

Atter the conference. I spent some time at the nearby USAE Aircraflt Museum

5.1 NASA F404 Control Proposal,

In a private conversanon atter the session on the second  day, during  which we  had both  given
papers, W EF  (Frank) Burcham ot NASA Dryden indicated that he would fike to run a collaborative
progran on a Full Authority Digital Engine Controtler [FADEC] ter the 404400 engine. He sugpested
GE plus ot feast one operator of this engine would be necessary for a viable project e said
() Phe program to develop a B ADEC tor the FI00 engine used in the - 1S (which involved NASAL USAFE
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and Pratt & Whitney) was very successful:
- some ﬁgurcs (such as acceleration) improved up to 15%:
- diagnostics and reliability were much improved:
production of the resulting Digital Electonic Engine Control (DEEC) is now under way:
- there was a possibility of adding control interaction with the flignt control.

(ii) F404-GE-400 engine will not show an equivalent improvement because:

- F404 engine is trimmed closer to surge line:

- F404 engine control is currently more reliable;

- F404 engine is less prone to flame-out and other problems encountered with the F100 engine.
(ili) GE has not agreed with the NASA proposal yet but has shown signs of increased interest. NASA
already has an F-18 available at the Dryden base.

(iv) US Navy is currently not very interested. {On later visit to US Naval Air Systems Command 1
confirmed this point: in fact representatives seemed positively disinterested; see later.]

5.2 Overall Impression.
I noted an overall trend in the papers presented to regard the engine plus its intake and nozzle as
a single unit and some favoured controfiing this unit from the airtrame computers. Core engines may
cither:

- have on-board control systeny with external “ttim” signals, o
have engine software moved to the remote airframe cormputer [this is termed Propulsion Con-
trol}.
Other control arrangements proposed included the use of . subset of integrated control
flight control passes requests 1o the propulsion control. and the use of deflecting nozzles as a
flight control element. Work was described on several configurations with canards and nozzles con-
tributing to pitch control. A DARPA study showed use of a deflecting nozzle should provide
improvements in yaw control especially in sub-sonic "dogfights”.

where  the

6.0 VISIT TO WRIGHT-PATTERSON AFRB.

My contact at Wright Ficld was Lester Small. Lester explained the USAF nomenclature svstem in which
the 1300-strong Air Force Wright Aeronautical Laboratories (AFWAL) bas Avionics, Materials, Flight
Dyvnamics and a 350-strong Aeco Proputsion (PO) divisions. PO is further divided i. to Turbine Engine
(POT). Ramjet, Power and Fuels and Lubricauts sections. The 130-person POT is divided into Perfor-
mance (POTA). Advanced Development (POTP). Research (POTX) and Components (POTC) branches.
Lester’s Control group. along with Turbines and Augmented Combustion groups. forms the Components
Branch, which is designated AFWAL/POTC.

It soon became apparent that a high perceatage of the work being handicd by Lester’s group s done
The group appeared to have five engineers but did almost all ot its work

by external contractors.
mentioned,

by fetting contracts o various US firms and consortia. A wide range ot projects  were
with a major current arca of emphasis being the definition of the form of second generation digital
engine contiols, and the development of Flight/Propulsion integration controf faws and architecture.
As well, the  growp sees o role in identifying and initiating investigalions oi emerging contiol
technologies for long-term applications,  the time-scale here extending te the next century!

Lester defines a first generation digital control as one comparable  with  that  developed  tor the
F404-100 engine proposed tor the F-20 aircraft. Another first generation unit, the FHO0-220 DEEC is
actually a single channel FADEC with hvdro-mechanical backup and Lester worked on the definition of

the form of this contioller i 1973 A link between this DEEC and the Flight Control System was




proposed in 197374, NASA sces this link as being able to move the fan operating line up and  down.
A fomre wtend (second generation control) is to power engine controls from battery backed sources
with no separate alternator for the controls.

A second generation controller would thus be all electric, have no mechanical backup (e.g. PW2037),
be redundant. use flv-by-wire technology and have "digital-geared peripherals” such as simpler fuel
pumps and shared hydraulics.

The flight-engine control integration subject encompasses combat roles and control logic for
canards. nozzles und wing surfaces and includes architecture, fault tolerance and maintainability
issues.

The final forin of the digital engine controller and the means to implement control integration are
both expected to become clear aver the next ten years. One reason for the relatively slow progress
towards implementation is the required amount of interchange across existing boundaries: the divid-
ing line between engine and airframe, which is still quite strong, wili need to be relaxed. The
longer term aim is to double the thrust/weight capability of turbine engines by the turn of the cen-
tury.  This would require both hotter and lighter engines.

6.1 INTERFACE.

The INTEgrated Retiable FAult-tolerant Control for Engines program aims to develop and bench test a
second generation FADEC that provides a substantial improvement in reliability, maintainability and
integration capability. [Note that an improvement in performance was assumed but not expressed.}
This will require between USS3 and 4 million per year (1985-88) of 6.3" funding from the USS50 to 70
million spent each vear on engine control research and development in the USA. [US$10 to 20 million
of this total is spent in advanced R and D:  the rest is largely applied to near-term problem solv-
ing.|

I'he approach to be used in INTERFACE involves:
Studies of the configuration tradeoffs:
Detailed design and fabrication:
Extensive bench testing tor:
a)  haulbt tolerance.
by hardware reliability and maintainability.
¢y tlight control integration.
d)  system maintainability,
Sottware simulation:
Environmental test,

I'wo teams are involved under this contract:

A, GE(Both AEGB Div, Evendale; and ACSD Bingington), and Draper Labs (Guidance and Control
manufacturers of the Apollo guidance)

B, Prat and Whitmey (United technologies), Hamilton Standard (United Technologies). and
Northrup

F 6o 3 tunding relates 1o Advanced Devetopment; USA research funding is also provided
within catepories 6.1 Basic Research: 6.2 Applicd Researcs and 6.4 Engineering
Development




Team B is using a low-bypass version of the F100 engine called the PW1120. The system maintainabil-
ity specification requires the contractors to identify faults to single Line Replacable Units (LRU)
and to replace that LRU without recalibration of the system. The layout of the system (all done in
simulation) comprises the FADEC interacting with a real-time simulation of the engine, the flight
model. comprising a real-time aircraft model. and pilot input. all connected via a token-passing
ring network.

6.2 Missile/Drone Controls.

For drones and missiles using low-cost expendable engines, the cost of the engine control can be a
significant portion of the "throw-away” cost; e¢.g. the Williams F107 (700 pounds thrust) in the
cruise missile costs US$100k/engine of which USS$25k is for the control. Smaller engines such as the
200-pound Teledyne engine in the Harpoon show that the control system absorbs an even greater pro-
portion of the total unit cost. Two US$700k contracts have been let to Williams and Teledyne to
produce low cost generic control systems which should cost about US$2000/engine. The controls will
not use redundancy, will use simplified sensors and will not be man-rated (i.e. not suitable for
bigger engines). The running tests are scheduled for late 1988,

6.3 DMICS.

This program, being a 1983 to 1986 project on design methods for Integrated Control Systems. was
nearly finished at the time of my visit. It was run with two teams:

A, Northrup/GE/SCT

B. General Dyramics/Pratt and Whitney/Honeywell
In each case the first contractor was responsible for the airframe model. the second for the engine
maodel and the third for the controls

The project was purely analvtical, involving mathematical models and simulanons, including:

- a full non-linear thermodvnamic engine model: [These, one from each team, are probabiy the

most extensive engine models ever produced.]

- linear point models developed using linear design tools, and

- simple real-time models derived from the other two.
The pilot input was important in this program. [SCT later told me that the Northrup/GE/SCT  program
involved use of the Northrup F/A-18 pilot Hight simulator 1o close the pilot/machine loop. ] It
appears that some of the work from this project will flow on into INTERFACE and it is hoped  that
DMICS will lead 1o o tlight test vehicle in the 1990s.

6.4 PSC.

The Performance Sceking Control program is a cruisc (not manoeuvre) option. It is a joint
GE/Northrup program and uses an Adaptive Trim Control concept. Real-time models of the engine and
airframe are used to define the optimum cruise point; i.e. minimize fuel flow for a set airspeed.

This may lead 10 a possible 2 to 5% improvement in range for no increase in  hardware.
\ } £
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6.5 ICLE.

This is a 2.5 vear program on Integrated Control Law Evaluation proposed for commencement in the
(US) Spring of 1987. Itis in four paris:

1. system analysis

2. bench test hardware

3. test hardware/software issues

4. analysis.

7.0 VISIT TO NRCC OTTAWA.

My contact for this one day visit to the National Research Council of Canada’s Division of Mechani-
cal Engineering was arranged through Don Ruditski. Head of the Engine Laboratory, who serves on a
TTCP panel [HAGS now HTP7] with Denis Frith of ARL.. During the morning of my visit. Don arranged a
briefing on work done by the group. After lunch. he conducted me and a visitor from the Greek Air-
force (on a two week AGARD assignment:  he arrived the same day) on a tour of the facilities.  This
was followed by a meeting with Roland Gagné of the Systems Laboratory who is hoping to create a
real-time model of a T56 engine and later extend this to the F404 engine.

7.1 NRCC Briefing.

The morning briefing was conducted by Don. two members of his staff and Capt. J. Henry of the
Department of National Detence (DND). for the benetit of both visitors. | commenced by asking Don
for the names of contacts at Leigh Instruments and DND regarding Crash Position Indicator, which may
feature in Ken Fraser's proposed visit in Aprit 1987. I left several cards with Don for forwarding
to Leigh and DND. Don indicated that NRCC was unlikely to be interested and Bill McMiltan of DND.
who would have been interested. has been posted and is moving very soon.

1 then gave a run-down on information I had so far gathered on my trip. This ‘ncluded:

- proposal to use AFTA for data collection and engine diagnostics {see section 11;

- GE Fort Wayne feeling that a box similar to AFTA would be usable but would be improved with
the addition of alternator test functions and an internal analog-digital converter for con-
nection to 2 hxed butfer box on the engine [section 4], and
USAF's DMICS program with FAO4 madels fsee sections 6 and 14].

Don indicated that DND had not proceeded any turther with GASTOPS proposal‘ tor the development of a
F404 ECU diagnostic unit and were unlikely o do <o without specific requirements being raised.  He
also said that DND felt that its current inventory of F404 ECUs [about 35]) was likely 0 be  sutfi-
cient, with lower than expected ECU faulis and the relativelv short time required for repair and
testing of removed units through GE Fort Wavne.

Capt Jim Henry of DND. who is doing a Masters thesis on work at NRCC, described his work on analys-
ing IECMS engine data. He said he tried o:

- establish precision and repeatibility of TECMS data;

- investigate methods for trending using dynamic (transient) data.
This was done by:

1. Comparison ot IECMS data with NRCC test cell data. [Note that NRCC test cell has extra
probes including those to allow separate measarement of alterburner fuel Row | not measured
during flight. ] There was a bias difterence between some NRCC and IECMS data (e g, 1. Tq)
but after a bias correction technique was applicd, precision of sensors, ete. appear com-
parabe.

Airborne assessment. [Notwe part of Uniform Eagine Test Program - UETP]

o
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He used laboratory results to help to define the airborne engine data precision and compared this
experimental estimate with the measured errors. In order to analyse only data relating 10 rapid
accelerations, [where engine response is not dependent on pilot rate of power lever movement] the
method ignores all data where the nozzle did not close and then re-open when recording started as
the engine reached the Military Power level [Mil-Power]. Using this technique. he has obtained a
matrix of data plots for 5 10 30 degrees Celsius inlet temperature. He had reached no conclusions
relating to Py or T|. For the same engine. fuel flows were consistent to within 2% and N/N; to
within #0.5%. He indicated that he was unable at present to reject any of these matrix pairs.

During the data collection a High Pressure Compressor [HPC]) fault was found and repaired. Two sets
of data had been coliected before the repair and four after but, comparison of the two "before” data
sets revealed that an engine change had occurred. This Jeaves only one data set before the event
and four after. Jim advised that he knew, via Denis Frith, of work being done on IECMS data by
Peter Frith, Tony Runacres and Graeme Merrington of ARL. He also noted that NRCC has developed its
own steady state F404 engine model (based on NRCC test cell data) as well as using the GE-supplied
engine acceptance data.

Major Bruce Cossar of DND spoke to me by telephone and explained that he was unable to attend NRCC
to meet me due to being involved in the acceptance testing of some new equipment. He indicated that
DND would be interested in looking at a proposal for an F404 ECU tester but was unlikely, at the
moment, to initiate a request for such a proposal. I promised to send him a copv of my visit
report.

7.2 Tour of NRCC.

1 was shown test facilities and data acquisition systems in the Engines laboratory. These included
the T56 engine rig, the F404 engine test stand. PDP11/34 based data acquistion systems and a new
MicroVAX data processing system.

T56.

A water cooled brake dynamometer was connected to the TS6 engine which was fully instrumented.
Pressures and temperatures were piped down to the control room to the scanivalves and data acquisi-
tion system. A current problem concerns control of the T56 (nominallv a fixed speed engine) at
speeds  different from the design speed. A modificd  fuel  controller with more range of adjustment
is 10 be tried.

F404.

This test stand is being modified 1o add hvdraulic repositioning of the thrust  cradle and to  use
thrust flexures suitable for both compression and tension. NRCC has added to the GE procedures for
the F404 engine: these extras include improved measurement of fuel flow. Fuel flow to the total
engine is redundantly measured and the fuel to core engine is diverted to an off-engine measuring
circuit comprising a temperature sensor, two flow meters and another temperature sensor before com-
ing back on engine. A couple of the signals on J61 are also used but neither of these is Ny [see
section 4},

Data Acquisition.

The test cell systems run RTHI (Version 5.3 at the time of my visity and are being  standardized 1o
include NEFF signal conditioning equipment.

Data comparison was being carried out by a new MicroVAX with VT241 and Visual 230 terminals and
HP7550 plotter.  Ethernet (to cun under DECRety was being installed between the MicroVAX and the
test cells and possibly also to the PDPHI/SS in the site computer centre tor networking to the  site
IBM mainframe. A PDPLI/SS running RSX was in use on a rolor balance vig.
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Stewart Hughes instrumentation is being acquired for vibration work [person working on this was
already on  way to MFPG conference. see later section].  This is likely to be used on ship twrbines
for the Canadian Navy.

7.3 Artificial Intelligence. [Al}

Don noted that Rolls Royce was already using Al on Adour and RB199 engines for vibration analysis.
NRCC will try using an expert system for the rotor balance rig which requires operator expertise to
set up and select correct transducers.

7.4 Modelling.

Roland Gagné of Systems Lab showed me the new AD100 array processor which was on a VAX at that stage
but was to be moved to a MicroVAX. He noted that the other contender for this work was an EAI Sim-
star which was rejected on cost. The AD10O has 5 processors and provides high level systems calls
to solve differential equations and similar problems. Roland showed me the proposed modelling
arrangement which uses NRCC data (as look-up tables plus linear interpolation) for comnressor maps.
etc. The person working on this project took up another position soon after starting and this may
delay this project. [ARL is not alonc in having probiems attracting people in the control/modelling
fietd.] Roland was currently writing routines to allow existing ACSL programs to be used on the
ADI100. [Note: ACSL is a registered trademark for a "Simulation Language” written for mainframe
computers. |

8.0 VISIT 10 GE LYNN.

A major presentation was made by GE on the following topics:
ECU Cable Swapping Harness:
F404 Continuity Tes
Depot Fester (ATE):
ECU Reliability Record,
Craig Litster. Australian NAVPRO QA Otticer. was present and GE was represented by Eric Stifphen
Ray Grady, Ed Jeffrey, Johu Weldh and William Anderson. Bob Grant and Phil Grear provided the F404
field maintenance veports.  John Smihh. the local Australian TEPO  officer, was unavailable  apart
from a brief meeting on my arrival.

8.1 ECU Swapping Harness.

This is a set of fong cables which allow the ECT on one engine to function as the ECU for the other
Cooling is still  provided by the engine on which the ECU is mounted. Some carly Electrical Field
Interference (EFL) with this arrangement has been overcome by changes o the Gable screening.
{There is a conflict between cable capacitance and cable screening that makes if difficult 1o estab-
lish the correet level of screening | T understand that Aosirahia has not decided  to ovder  this
unit. Annex A discusses all tester options further




8.2 F404 Continuity Tester.

GE originally propcred a two-part tester for the electrical components on the F404 engine. The
mock-up of the ECU tester was reiected because of perceived problems with size and ergonomics. [The
US Navy has a 30 pound (14 kilogram) limit on individual pieces for O-Level equipmen:.] As well as
being a "big yellow box"”, this tester had a very large number of knobs and dials. However, the
second paic of this proposal did pioceed and the "Continuity Tester” was produced. The Continuity
Tester tests harnesses and other electrical components on the engine and can detect open or shoricd
sensors. etc. It can perform only very rudimentary testing in the ECU itself. The current US Navy
version of this tester is rated for full O-Level environment and has no connection for the ECU. A
more complicated model [which may be available in a cheaper non-military environment version] <l
under test at GE would add connection to the J61 connector and enable some detection of ECU errors.
The extra fault trees for that testing have yet to be developed but the hardware prototype is being
tested. Ed Jeffrey noted that a problem with the AFTA approach (McAIR) is that the engine is nor-
mally serviced in USA by mechanics and not avionics personnel.

8.3 Depot Tester ATE.

The US Navy has decided to purchase two ECU ATE units. The first is currently being made for
Jacksonville Naval Air Station for [988-89 delivery, and the second hac heen delivered tn Narth
Istand Naval Air Station (San Diego) in California. The GE proposal to the Spanish Air Force for
F404 engine ground support includes an ATE for the test stand. Since this Spanish proposal is under
the Foreign Military Sales (FMS) agreement, it would be possible for Australia to also order an ATE
under FMS. This would reduce the price significantly relative to the last GE quotation 1o the RAAF
for an ATE. Further reductions may be possible if the environmental chamber was manufactured in
Australia to GE drawings and GE used some of their offset obligations on this project. Annex A
discusses the ECU tester proposals in detail.

8.4 ECU Reliabity Record.

GE presented me with some tables™*** on ECU removal rates. Again representatives noted that the
high removal rates are due to the ease of removal of the ECU, the dependence of other engine compo-
nents on the ECU for correct operation and the lack of an on-engine ECU tester.

8.5 Other Talks at GE.

I briefly discussed the controller for T700 engine with Paui Misoda. and arranged contacts for Ken
Fraser's proposed visit to discuss maiters relating to the Black Hawk helicopter.  Craig Litster
noted a lack of communication to him from ARL. He offered to help with any future visits to Lvnn.

9.0 ATTENDANCE AT 41S8T MFPG CONFERENCE.

I drove from Washington to attend the last morning of the three day meeting organized by the Mechan-
ical Failure Prevention Group.  This woas the group's 41st meeting and was held at the Naval Air
Station at Patuxent River Maryland. The MFPG meeting is sponsored by the US National Bureau of
Standards, Offtice of Naval Research and Army Materials Technoiogy Laboratory in cooperation with the
American Helicopter Society.

I arrived stightly tate due to traftic problems but was able to hsten 10 the last ha't ot a talk by
Derek  Astridge. then ot Westland Helicopters, | noted that he had made considerable use ot heli-
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copter gear vibration data collected in Australia. The following two papers by Paul Howard of
Tedeco and Ron Stewart of Stewart Hughes [UK] related to helicopter monitoring equipment and again
work done at ARL was mentioned. 1 then presented a paper written by Cec King and Ken Fraser. This
paper covered a wide range of work in helicopter monitoring done at ARL by the authors, Neil Swans-
son, Shane Favaloro. Max Atkin, Peter McFadden, Ray Krieser and others. This paper was extremely
well received, particularly the part describing the work done by Peter McFadden on Wessex gear
vibration analysis. Many people asked for copies of the reference list and the conference organizer
Larry Mertaugh had a number of copies made and distributed. During question time, one engineer com-
plimented Peter for the papers he has published in this field and described his own application of
the ARL methods in factories. A list of people who asked for further details is included in the
list of contacts [Sect. [8]. It includes two senior engineers from United Technologies Sikorsky
Aircraft.  The presentation at this meeting has been followed up by visits of miore scnior staff from
ARL to Sikorsky.

Neil Swansson from ARL and Lincoin Wood of RMIT, who were both on USA attachments at the time, were
present at this conference along with staff representatives of the Australian Embassy, Washington,
including the RAN representative. The support during question time was much appreciated. Lincoln
Wood, who was on attachment to Sikorsky Engineering, sent Ken Fraser of ARL a facsimile on 3-Nov-86
in which he said, referring to this conference: “The ARL paper was very well received and generated
a lot of interest with regards to signal processing. You may be interested to know that, in my
assessment, ARL appears to be further advanced in condition moenitoring than any US group represented
at Maryland. Of course, the Westland/Stewart-Hughes group was way out in front.”

After lunch the conference organizers had arranged a tour of NATC. Unfortunately. 1 had to move on
to my next appointment, which was with the McDonnell Aircraft represcatatives at NATC.

10.0 VISIT TO MCDONNELL AIRCRAFT REPRESENTATIVES [NATC].

The main contact for this meeting was supposed to be Steve Kapinos. He, and most of his colleagues,
were unavailable due to attendance at the funeral of a pilot killed in the crash of a F-18 several
days earlier. I was able to talk in general terms with Larry Thomas and gained an impression that
they would have been unlikely to have been able to contribute much additional information about the
F404 Engine Control Units.

It was the only time on the whole trip that prior arrangements made were not carried out and the
reason was beyond criticism. 1 much appreciate the effort Larry made to talk with me in the circum-
stances.

11.0 VISIT TO NAVAL AIR SYSTEMS COMMAND WASHINGTON.

Both this visit and the following one were to buildings in the same group as my Motel in Washington.
At Naval Air Systems Command [NAVAIR or NASC] my contact was John Carver. | briefed John on the
purpose of my visit and on discussions held so far. We then discussed several aspects of engine
control.



1}.1 Possible Future Digital Controllers for F404.

John said GE had made several proposals for digital controllers for the F404. Only the proposal
referred to as the Digital Engine Control Unit [DECU] had been funded so far and the decision not to
proceed further with this had probably made other proposals more difficult 1o fund. The latest GE
proposal, referred to as DEEC/F404, was raised 6 to 9 months prior to my visit. This proposal aims
to:

- use the latest surface mount technology:

- reduce the price of the ECU by 50%;

- provide a digital controller with the same form and function as the existing ECU:

- save approx 3 pounds [1.4 kg) in weight; and

- use the T700 proposal [see below] as its technology base.
The DEEC/F404 proposai has not been funded and could take over two years to convert into hardware
after acceptance. John seemed to think that upgrade of the F404-400 ECU was unlikely except as part
of a general engine upgrade some time in the future. He noted that the Advanced F-18 project was in
“moth-balls”.

[Note that the DECU used in the F404-100 and RM12 is not a direct replacement for the ECU in the
F404-400. It was designed for single engine installations such as in the F-20 and Gripen (Griffon)
aircraft. Several actuators and some engine components would need to be changed on the F404-400 to
use this controller.]

11.2 Other DEECs on Related Engines.

A DEEC is being designed for F110 evaluation and a DEEC is being buiit for the T700 engine and is
likely to be available within two years [to improve the competitiveness of the T700 with the RTM322
engine from Rolls Royce and TurboMeca which was designed with digital control].

11.3 Other DEECs.

The first Pegasus F402-RR-404 ergine proposed for the AV8B Harrier upgrade had just been delivered.
This engine uses atwo-channe! DEEC with mechanical backup. Each DEEC has a built-in fault diag-
nosis system to keep track of all fauits which occur in flight. It wuses Uiltra Vinlet erasable
Programmable Read Only Memory (PROM or UVPROM) based software to allow software revision
without hardware changes. [Take lid off box and change PROMs: top board visible has actuator PROMs
etc. while the next board (rest of PROMs) is accessible by lifting the top board on its flexible
connections; i.e. do NOT need to disconnect any boards to change software.]

11.4 Burn-In on F404 ECU.
US Navy is asking GE to burn-in ("shake and bake” test) ECU before shipping. GE is currently seek-
ing to amend this proposal in some repects, most notably by requesting that time spent in setup

procedures be counted as burn-in time.

This raises the question as to whether Australian ECUs are to receive the burn-in treatment.




12.0 VISIT TO AUSTRALIAN F18 PROJECT OFFICE (TFPO WASHINGTON).

In the afternoon. ! had a short visit to the Australian FA-18 Project Office [originally called the
Tactical Fighter Project Office and stifl using the abbreviation TFPO), where my contact was WGCDR
R.P. (Dick) Hedges. I advised Dick on the purpose of my visit and the progress so far and left
copies of the new McAIR AFTA proposal [Section 3 and Annex A) and some details of GE reliability
data [Section 8]. He was unable to advise whether the GE Continuity Tester {Section 8] had actually
been ordered. Suggested I ring John Smith (TFPO at GE Lynn) regarding this and advising him that GE
appears to have a better proposal for a test stand in mind.

13.0 VISIT TO NAVAL AIR PROPULSION CENTER.

The Naval Air Propulsion Center is at Trenton, one of the three cities which make the TRI-CITY of
Trenton-Philadephia-Wilmington.  Of all the establishments 1 visited, this was the closest style of
establishment to Propulsion Branch at ARL.

My main contact here was Russell W. (Russ) Vizzini, Program Manager Advanced Engine Control Sys-
tems. Russ presented me with a folder of information on the subject of engine contro) research
being done in-house or externally with NAPC funding. Engine control research was discussed in the
light of the other information 1 had collected on this subject.

The presentation from Russ covered the background to the engine control field and various projects
which NAPC were invoived in,

13.1 Background to Turbine Engine Control.

In the 1950s and 1960s, turbine engines such as the TF30, used hydromechanical control with tempera-
ture limiting. During the 1970s engines such as the FI00 and F404 retained the hyvdromechanical
control but added electronic trim. Newer designs now use electronic control with hydromechanical
backup. In the 1990s, advanced engine controls will use dual path or “fail operational” electronic
controls. This will be followed by multi-path integrated propulsion/airframe control with such
technologies as "fly-by-wire”, "fly-by-light” and optical sensors.

The dual channel control systems will reducc mission abort rates even without added reliability.
Current flight systems show much lower abort rates than engine systems do. With fully redundant
engine controls, it should be possible to increase the Mean Time Between Failure from about 100
engine hours to 500 hours and at the same time reduce the mission abort rate from over 1000 to 1 per
million flight hours. ([This occurs because the probability of two failures occurring is the product
of the probability of each failure: if this probability is small. then its square is
infinitesimal.]

NAPC scees the trend as towards an "integrated system architecture” where aircraft systems such as
the Electronic Flight Control, Diagnostic Data System, Electrical Power Supply and Hydraulic Power
Supply all interact with the engine sub-systems such as the Electronic Engine Control. Fuel System
and Direct Drive Actuators.

13.2 Navy Control System Technology Programs.

Russ described six NAPC advanced propulsion control system programs and an cagine monitoring. pro-
gram. These were:
1 F100 FADEC Certitication completed in 1985
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Advanced Fuel Management (AFM). a four year program completed 1986:

A program on Analytic Redundancy Technology for Engine Reliability Improvement (ARTERI)

which should complete the three-year development phase in 1987, a follow-on program will

test and demonsirate the improvements achieved:

4 A major long term program on Fiber Optic Control System Integration (FOCSI) which is a
joint project with DOD and NASA to demonstrate "fly-by-light” and for which only a single
vear {(1987) contract had then been funded;

5 A Fibre Optic Sensor for Turbine Inlet (FOSTI) temperatures was to be the subject of a two
year from 1986 contract:

6  Multimission Engine Control for Aircraft (MECA) which is another joint project, this time
with NWC. and was about to start; and

7  EMS which is a proposal to extend existing F-15 Engine Monitoring System technology 1o suit

the F-18.

b

F100 FADEC Certification.

Pratt and Whitney had been contracted to arrange the certification of the Full Authority Digital
Engine Control (FADEC) for the F100 engine. This project had been successfully completed before my
visit.

AFM Program.

The Advanced Fuel Management program had already been completed by Prattand Whitnev. This program
involved the examination of the hardware needed by :econd generation digital engine controls and the
contract involved installation of redundant electronics and sensors. advanced actuators and pumps on
the Joint Technology Demonstrator Engine (JTDE). Arrangements considered included the use of twin
centrifugal fuel pumps. redundant actuators comprising direct drive valves and tandem rams, dual
hydraulic systems. redundant sensor sets and dual/dual electronic computers. Improvements in the
fuel and hydraulic pumps saved more mass than that taken up by the redundant electronics and sensors
allowing an overall mass saving while improving reliability. durability, maintainabilitv. and cost.
Operability was also improved since the FADEC offered improved response for better transient opera-
tion and more precise steady state operation, A future extension of this project may look at
further increases in hvdraulic pressures (10 say 8000 psi) to further reduce hvdraulic svstem mass.

ARTERL.

Like AFM, the program on Analytic Redundancy Technology for Engine Reliability Improvement (ARTERID)
was to use the JTDE for the foliow-on evaluation phase. The development. for which General Electric
is the prime contractor, uses the GE23 Variable Cycle Engine and completion was expected in 1987.
The aim was to design an analytically redundant control engine system which should be fault tolerant
and capable of accommodating a single sensor, electronics or actuator fault throughout the engine
operating envelope. In the ARTERI concept, the controller includes a real-time model of the
engine/controller system and uses component tracking and failure detection filters to keep track of
all sensurc. actuators, etc.

FOCSL.

The Fiber Optic Control System Integration (FOCSI) projectinvolves GE, P&W, BMAC and McAIR as con-
tractors. It aims to design. fabricate and test a totally integrated fibre-optic propuision/flight
control system for application to advanced military aircraft.  FOCSI is a joint  project involving
NASA. USN. US Army and USAF in four phases: Design Study: Design Fabrication: Engine Test and
Flight Test. 1t is hoped that the flight test will take place in 1995,

One of the considerations is the location of the engine control: three options include an on-engine
FADEC. an off-engine FADEC using optical interconnection and tor comparison. an off-engine FADEC
using wire cable. The required mass of wire cables clearly  shows  that the  last option is  not
realisable and  <hows a cabling mass advantage for the first option which has been selected tor the
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initial flight test. A major portion of this program involves the development of fibre-optic compa-
tible sensors and actuators.

FOSTI.

The Fiber Optic Turbine Inlet Temperature Measurement System program (FOSTI) is separate from FOCSI
since it involves the commercialization of technology developed in-house at NAPC. The probes use a
metal film on the end of a ceramic walled sapphire fibre to detect temperature:  this has then 10 be
joined to standard silica fibres and pass through a multiplexer to the conditioning unit.  Initial
testing will use six probes arranged around a natural gas burner. Allison Gas Turbines (AGT) is
expected 10 be the contractor.

MECA Program.

Multinussion Engine Controi for Aircraft (MECA) is another joint Navy project and aims to conceptu-
ally desigr an encine control system for Navy multimission fighter/attack aircraft. It was expected
that Allison and GE would run parallel programs.

EMS Options.

Each of the programs mentioned above concentrate on facets of the design of the next generation
digital engine controls and the integration of these controls with other aspects of the aircraft
control. The FOCSI program includes a look at Engine Monitoring Systems (EMS) as a concept. EMS is
also being studicd as part of a plan 1o upgrade the F/A-18 Inflight Engine Condition Monitoring Sys-
tem (IECMS). With FADEC systems using two or more separate "controllers” for redundancy, EMS can be
built into the svstem, as a separate processor in cach redundant controiler, a separate job in each
controlier or as a separate processor connected o hoth controllers

13.3 Helicopter Monitoring.

Jim O Donnell discussed a possible monitoring task on USN SH-3 Sea King helicoplers 1 pave detuls
of ARL work on transmission monitoring of the Mk50 Sea King helicopter operated by the RAN and prom-
ised to send a copy of the ARL paper which I presented at the MFPG meeting.  Tim noted that very
linfe work had been done on the role of temperature sensors an detecting problems in gearboxes
[This was also mentioned by Bill Sullivan of the Niaval Air ReWork Facility (NARF). Pensacola. in
discussions after the MEPG mecting st NATC |

13.4 Fa04 Work at NAPC.

Al Kush (later jowed brictly by Theodore B (Tedy Blaasser. Manager Large Engines and  Pertormance
Division) discussed work done at NAPC on F404 During the F304 development, NAPC received test
engines from GE Lyun and NAPC pertormed all tests [except those relating to endurance] on  these
engines.  {Cooling problem arising from the high cxhaust temperature (F404 has concentrated high
encrgy flow) precluded long term testing in existing NAPC test cells  without added  cooling 10
stack.] The F404 was subject to more testing than any other engine. including
Altitude test tor performance nsing inlet screens not inlake:
- - Functional test at corner points on eavelope: ¢ ¢ AB hght at minimum  emperature and
pressure;
- Distortion tests on inlet: and
- Ingestion tests, ¢ g ice and water
NAPC simulates altitude by pumping the exhaust o atmosphere o amulate fower ambient pressuie,
throtthng the inlet (or  ram  as approprie) and by conditimng. the imlet temperatuse using a
number of heat exchangers. The distornon test used an fnlet Random Frequenoy Generator developed
by GE for original BY bomber cngnn-” The FADd easl accommodated Yarge distottions
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I was joined at this point by Barry Yuhas. who has polymer, combustion and acro-dynamic experience.
{He noted that polvmer. i.e.  plastics. experience relevant 1o seot formation problem.| Barey dis-
cussed F404 derivative testing:

1984 DECU Comparison Tests.

Fhese tests ran a direct comparison (by swapping) proposed DECU and current ECU on CIP (Component
Improvement Program) version of engine. The DECU proved to be not very reliahle and had some otier
problems.

RM12 Derivative for VOLVO Flygmator.

This is a derivative of the F404-100. The -100 and RM12 are optimized for single engine instalia-
tions. The RM12 uses a DEEC with a single channel plus backup and has some substitution modes. It
is significantly more expensive than the F404-400 version. It has a combat mode (high Ts setting)
added during the "wet” part of the power range (afterburner on).

F404-400D.

This is a dry (no atterburner) versicn of the F404 being developed 1o re-engine the A6F. 1t also
uses a special ECU bur this does NOT use digital technology. It needs modified schedules since the
nozzie is not adjustible. The A6F uses a curved cxhaust pipe but the test cell uces a straight pipe
1o keep the engine thrust line in the direction of thrust measurement along the test cell

Growth Version.

Barry expects a growth version of the engine to be developed o the 198991 nmeframe and that  this
engine will use a FADEC

Beth Grem took me on a tour of the test cells where 1 saw the V4034001 being installed in the alti-
tude cell. T noted that the instrumentation being used included NEFF 620 signal conditioner. as
used at NRCC. NAPC also still uses Tektronix 4006 high resolution monochrome displavs i the  test
cells.

13.5 F404 ECU Maintenance.

Fhomas R. Merz. Program Manager, Rehahihty/Maminnabiiny Enginecning Programs, discussed b
ECT maintenance. Thomas arranged for computer pontouts on Navy actions on FCT over the previons 18
maonths to be available for discossion The Navy has approximately 1000 F404 engines

Uhis bist highlighted seseral points:
Electrical Control Unit. Part 2747000 was sarioushy referred o gargelv by ditlerent
tasesy as the ECLUT the ECA (Electoeal Control Assembivyand CAE (Control Assembly BElectri-
cal):
Approximately 150 actions on this component were taken over thes period.,
Some anits have up 1o live actions, but they anclude ceplacement after repair. ete o and
A large number of “canmbabisatnon” achons, where 1OU from a “good ™ engine is swapped to a
problem engine, occurred
This dast pomt, which andicates units being saapped between eogies oy diagnosis,  may indicate
that the US Novy needs an O Lovel TOU tester!
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13.6 Exchange Possibilities.

The possibility of statf exchanges between NAPC and Propulsion Branch ARL was mentioned by several
people while 1 was at NAPC.  Since my visit, action 1o pursue staff exchanges has been taken.

14.0 VISIT TO SYSTEMS CONTROL TECHNOLOGY.

Systems Control Technology (SCT) is one of a pair of related companies which “spun-off” from the
nearby Stanford Research Institute (SRI). The other company Systems Control (SYSCON) is a commer-
cial company now owned by British Petroleumy (BP). SCT, as a US military contractor, is now run
separately to SYSCON because of SYSCON s foreign ownership. [SYSCON markets the control design pro-
gram CONTROL, which is a competitor for MATRIX in the design and analysis of control systems (see
next section).]

SCT is a company of about 200 people of whom 18% have PhDs. SCT has been an independent company
since 1981. There are four main oprr. ting divisions, each with about five departments of 5 to 10
people. [These departments include a group working in Al applications.] Two of these deparuments
were engaged in work relevant to my visit. These were Mamtenance and Logistic Svstems department
in the Systems and Products Division (R.L.. De Hoff is leader. my contact was Timothy Jellison) and
the Controf and Instrumentation department of the Advanced Technology Division (Stephen M. Rock.
group leader and contact).

14.1 Controls Projects.

My first contact was with Stephen Rock who spoke about SCT work on engine controls  He spoke of a
number of Technology Demonstrators, some of which have been already mentioned under AFWAL or NAPC

F100 DEEC Program.

This very successful program involved Ron De Hofl trom the beginning and Stev towards the end. It
led to the production of the F100-220 engine. one of the tirst military engines to use digital con-
trol.

Variable Cycle Engine.

SCT was involved in the mathematical modetiing ot te GE230 g vanable ovele engine  designs this
was a  demonstration  of the linat of technology.  An interim report on this project is about to be
published.

Allison GMA200.

SCT supplied the logic for Bendix to put i the controlter box s was tested by runnimg a0 maodel

on a hybrid computer
DMICS.

SCT was iy one of the two eams engaeed i s USAE e sated contiol desipn imethodolops program

SCT was strongly imvolved with Nocthoap i g ht simulanon
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Sensor Fault Detection.

SCT is involived in a computer modelling project with Walter Merrill of NASA Lewis to detect Fi00
sensor faults. Steve noted that modelfing errors swamp the mecasurand noise in this project which is
now on-test at Lewis.

Engine Modelling and Parameter Identif~ation.

The aim is to produce an improved F404 cycle deck with more accurate compressor and combuster., etc,
parameters. This is needed if integrated control is to be demonstrated. This F404 model aiso
involves Tim Horling of NAPC and Roger Burton of NATC. It involves largely a refinement of parame-
ter identification techniques: SCT is working with the USN to try to extract transient data from
USN test data.

Failure Accommodation.

Steve noted that the usual method of failure accommodation used the “Bank of Kalman Filters”
approach which has proved to be a good technique except for the accommodation of a faulty votor
speed. Typically 11 inputs are used for 6 outputs.

14.2 E.gine Maintenance.

At this point. Tim Jellison took over the presentation. Tim said that CEMSiv. developed four vears
previously by SCT, was now the standard USAF maintenance support tool for engines. A new extension
of this*? is XMAN which is a menu option on the CEMSiv workstation. XMAN is being implemented for
the TF34 engine and will be ported to the F100-220 next. with the first F100 demenstration scheduled
for early 1987 at Nellis AFB.

XMAN currently has 57 different alarms or rule files and was written in-house by SCT ... MU-LISP. Tt
is presently deterministic and not a learning or Al program. The next versica will add inferences”
with “certainty factors” and learning. The current version has over 400 decision nodes anc the pro-
totype had been installed for field trials the week before 1 arrived.  Tim gave me copies of the
brcsenmlionsﬂ"‘0"‘'"‘2"'3 on both CEMSiv and XMAN and [ was able t¢ sce a demonstration of the
latest g\;orsion from Jill Josselyn, one of the authors. SCT requested a copy of the ARL paper on
TFDIS™-.

15.0 VISIT TO INTEGRATED SYSTEMS INC,

Yet another derivative of SRI, Integrated Systems Inc (ISI) markets the software package MATRIX,
which appears 10 be widely regarded as the best control drsign and analysis package on the niarket.
My contact at ISI was Andy Mills who is the Director of Marketing.

Andy showed me new versions 047 RACSOSE e M ATRIN, running on VAXstations and IRM PCs. He told
me that IST was about to deliver a fickd test version of an ELXSI implementation to NASA Drvden for
beta testing.  He estimated that an ELXSI version would cost about US$85k  when available.  and
explained that it ran under the VAX-VMS emulator on the ELXSE which is called EMS. Thic comes asa
three part set: Compile Time, Operating Set and VAX Utliies: onlv  the Opetating Set part i<
reeded to use MATRIX since an object file is supplied

Currently, most sales of MATREX, are for use in the VAX environment and 191 has released its new
Version 6 only for the VAX and VA Xstation [and of course for the ELXST PCs and non-VAX maintrames
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use Version 5 and older workstation products such as that for Apollo still use Version 4. {This may

explain the comments at Boeing about the VAX version being much better than the Apollo one!}

I was most impressed with the workstation and PC versions; 1 do not see that the mainframe versions
can be justified for purchase by a customer unless very large and complex systems need to be
modelied. The AUTOCODE option which writes Fortran 77 or ADA code for the controlicr designed by
MATRIX, scems like a quick way to eliminate the routine steps from a control design process. (I
have since arranged an ARL order for an IBM PC and the appropriate version of MATRIX: funds for
the purchase of AUTOCODE by ARL are being requested during the 1988-9 financial vear.]

16.0 GENERAL IMPRESSIONS.

One of the most impressive aspects of this visit to USA and Canada was the enthusiastic reception 1

received wherever 1 visited.

16.1 Relevance of ARL Werk.

I was pleased to discover. both by the reception to the papers [ presented and by talks  with  staff
at other establishments 1 visited. that work being done at ARL is regarded as relevant and of high
standard. It is sometimes difficult 1o maintain an even perspective of local work standards  when

Australian effort is (in relation 10 USA) so small in this area.

16.2 Trend to Contracting Laboratories.

I noted when discussing AFWAL/POTC in section 6 that there was an almost complete trend to the use

of contractors to do all the research.  This trend was not as marked in the US Navy establishments

(and may of course not be as notable in otieer sections of AFWAL) and certainly not as  delined  at

NRCC.  While 1 can sec an increased role for contractors is possibly justified in Australia. [ was
somewhat alarmed at this wrend.  In ten oF twenty years time when the contracts are no longer  being
supervised by people with the background of Lester Small, will the whole system collapse?  Since no
one in the laboratory will have relevant experience. will the otficers who currently  arvange  the
placement of external contracts be replaced by ex-contractor personnel? In that case. who will mon-
itor for conflict of interest?  Persenallv. T would hope that basic research, and  a  proportion  of

applied research and development. should always be done in-house.

16.3 Trend to Integrated Control.

The marked trend noted in overscas control rescarch is towards integrating the engine into a propui-
sion control  system ncluding  the  intake  and  noczle  and then further integrating that into a
combined systemy with the flight control. This trend was confirmed in almost all - discussions bt

there was no uniformity of opinion on how it could be done.




16.4 Recommendations on ECU Testers,

Detailed d'scussion of the possible test arrangements for the electricai components on the
F404-GE-400 are discussed in a separate Annex. As a resuit of that discussion. [ am recommending
that, subject to sufficient funds being available and the costs being reasonable:

I The General Electric proposal for a "cable continuity” tester be accepted: and

2 The McDonnell Aircraft proposal to extend AFTA to read MSDRS tapes and test the ECU via a
EDAB be seriously considered.
The General Electric proposal for RAAF 10 acquire an Automatic Test Equipment (ATE). including an
environmental chamber to suit the ECU, is considered unwarranted for the expected number ¢f ECU
removals and faults in Australia, unless significant cost savings could be made and faults could be
rectified in Australia.

A short seminar discussing information and impressions gained during this overseas visit was given
by the author at ARL on 3-Dec-86.
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17.0 ITINERARY.

11-Oct-86 > > 12-Oct-86

13-Oct-86

14-Oct-86

15-Oct-86

16-Oct-86

17-Oct-86

18/19-Oct-86

Travelling (Week End)

Rest day

BOEING Flight Controls, Seattle, Washington
Travelling

McDonnell Aircraft Company, St Louis. Missouri
General Electric Company, Fort Wayne, Indiana

Week End

20-Oct-86 > > 23-Oct-86

24-Oct-86

25/26-Oct-86

27-Oct-86

28-Oct-86

29-Oct-86

30-Oct-86

3-Oct-86

1/2-Nov-86

J-Nov-86

S-Nov-86

6/7/8-Nov-86

AIAA/AHS/ASEE Aircraft Systems Meeting. Dayton, Ohio
[Presented two papers in sessions on 21-Oct-86.)

Air Force Wright Aeronautical Laboratories [AFWAL]
POTC division. Dayton. Ohio

Travelling and Weekend

National Research Council of Canada. Ottawa
Travelling

General Electric River Works, Lynn, Mass.

AM:

41st Mechanical Failure Prevention Group Symposium
PM:

McAIR [Naval Aviation Test Center)

BOTH at Patuxent River. Maryland

AM:

Naval Air Systems Command, Crystal Citv, Virginia
PM:

RAAF F18 Project Office. Crystal City. Virginia
Travelling and Week-end

Naval Air Propulsion Centre, Trenton, New Jersey
AM:

Systems Control Technology. Palo Alto, Calitornia
PM:

Integrated Sysiems Inc.. Palo Alo, Calitornia

Travelling (Includes one rest day)
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18.0 LIST OF CONTACTS [LISTED IN ORDER OF CONTACT].

Dr Dagfinn Gangsaas. Boeing Military Airplane Company, PO Box 3707, MS 33-12 Seattle Wash-
ington 98124-2207 [Note situated at SEA-TAC Airport. not at Boeing Everen)

George Hennig, Supervisor, Control Sciences Group, BMAC, 11th Floor, Boeing North Tower
Sea-Tac Airport

Donald G. Iverson. BMAC as above.

A.J. (Jerry) Volsen, Lead Engineer - Electronics, F/A-18 Advanced Design, McDonnell Air-
craft Company, PO Box 516, St. Louis, Missouri 63166. [(314)234-2070])

1 1 Bingel. General Electric Company, Aircraft Engine Electronic Controls Department
(AEECD). PO Box 2232, (2000 Taylor Street) Fort Wayne Indiana 46801-2232 {(219)434-5300)

Ronald H. Haack, Project Group Leader. General Electric Company, AEECD Fort Wayne as
above: [(219) 434-5264]

DennisJ. Berry, Program Manager, F404-400/TF/CF 34 Electronic Controls, General Electric

Company, Aircraft Engine Electronic Controls Department (AEECD), Evendale, N 134, Cincinnati.

Ohio 45215. [(513)243-3734)

Shahid Siddigi: Prof. Aeronautical Engineering. Embry-Riddle Aeronautical University,
Regional Airport. Daytona Beach. Florida 32014, USA. AJAA Flight lTesting Paper
Co-ordinator.

Lester Small. Wright Patterson Air Force Base. AFWAL/POTC. Dayton OQHIO 45433
{(513)255-2744]

Don M. Ruditski. Head Engine Laboratory. Div of Mechanical Engineering. National Research
Council of Canada, Building M7, Montreal Road. Ouawa ONT DIA OR6 CANADA.

Major Bruce Cossar, Depr of National Defence. National Defence Headguarters. Ottawa Ontar-
io KIA OK2 CANADA.

Eric L. Stilphen. Foreign Military Sales Support Program Manager. F404 Project Department

Aircraft Engine Business Group, General Electric Company. 1000 Western Avenue, Lynn, Mass.

01910 [(617)594-1394]

Warrant Officer John Smith, Australian F404 Representative, NAVPRO ¢/- General Electric
Company, as above. {(617)594-1204)

Craig Litster. Australian QA Officer, NAVPRO /- General Electric Company. as above.
Lawrence J. (Larry) Mertaugh, Naval Air Test Censer, Patuxent River. Maryland

Derek Astridge. Westlands Helicoprer Lid . Yeovil, England.

Paul I. Howard. Acroguip, TEOECO Divivion, Glenoble, PA 9036

Ron Stewart. Stewart Higghies Southhampton. England
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21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

Jack I.. Frarey, Chief Engineer, Shaker Research Corporation, 968 Albany-Shaker Road, Lat-
ham, New York {2110 {518/785-2571)

David S. Totten. Staff Engineer. Borg-Warner Corporation, Wolf and Algonquin Roads, Des
Plaines. 1)linois 60018 [312/827 3131}

Steve Goldman, Principal Engineer, Goldman Machinery Dvnamics Corp., 6 Mallard Drive, West
Nyack. NY 10994 [914/634 0674]

Donald J. Reynolds. Aerospace Engineer/Test Pilot, US Army Aviation, Apache Test Cranch.
Fort Rucker.AL 36362 [205/255 4381/5561)

Kenneth A. Lefler, Senior Staff Scientist, Monitoring Technology Corporation. 2779 Hart-
land Road, Falls Church, Va 22043 {703/698-5520]

Raymond G. Carlson, Chief - Advanced Research and Development, United Technologies
Sikorsky Aircraft, North Main Street, Stratford. Connecticut 06601 [(203) 386-4000)

Joe Pratt, Engine/Transmission Monitoring. United Technologies Sikorsky Aircrafi. North
Main Street, Stratford, Connecticut 06601 [(203) 386-4599]

Lincoln A. Wood, Senior Lecturer in Aeronautical Engineering. Koyal Melbourie Institute
of Technology [03-660 2942]

Peter Bloomfield. Managing Director, Peter Bloomfield and Company Lid.. 20/21 Suffolk St
Pall Mall London SWiY4HG

J.R. Loren. Systems Engineer, B1B Avionics, Boeing Mojave Test Center. PO Box 78. Edwards
AirForce Base. California 93523

Steve Kapinos. McDonnell Aircraft Company, Hanger 115, Naval Air Test Center, Patuxent
River, Maryland. 20670 [(301)863-4525]

Larry Thomas. as above.

John Carver, Room 852, Naval Air Systems Command. Jefferson Plasa Building 2 (JP2) Wash-
ington DC 20361 USA [(202)692-2653] [Crystal City Arlington, near National Airpoit}

WG CDR R. P. (Dick) Hedges. Australian Tactical Fighter Office. 1235 Jefterson Davis
Highway. Gateway Building I, Jefferson Plasa as above.

Russell W Vizzini. Program Manager, Advanced Engine Controls Systems. Naval At Fropul-
sion Center. Propulsion Engineering Department, (PE32), PO Box 7176, [ 1440 Parkway Avenue]
Trenton New Jersey 08628 USA [Near Mersey County Airport] [(609)896-5940]

Theodore E. Elsasser, Manager, Large Engines and Performance Division. NAPC as above:
[(609) 896-5864 AUTOVON:442.7864]

Thomas R. Metz. Program Manager, Reliability/Maintainability Engincering Programs. NAPC
as above: [(609) 896-5870 AUTOVON:443-7870]

Stephen M. Rock. Manager, Controls and Instrumentatic.n Group, Svsiems Controf echnology,
1801 Page Mill Road. Palo Alto California 94303 USA [(514) 494.2233]

Timothy G, Jellison, Engincer, Svsrems Control Fechnologv, as above.

Andy Mills. Director Markeung, hiregrated Svsiems ne., 101 University Avenue, Palo Alto
California 94301 1605 USA [Since moved to: 2500 Mission College Bvd | Santa Clara CA)
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19.0 REFERENCES.

{PAPERS COLLECTED DURING VISIT MARKED *}

R.W. Kind, K.N. Goddard and B.D. Maclsaac; CF-/8Engine Health Monitoring Management
Plai and Methodologies - ECU Diagnostic System Development Plan; GTL-TR-7-9.5, July 84.

Collection of Briefing Papers on Use of AFTA for ECU Diagnostics, EDAB Requirements for
This Role, Use of AFTA for MSDRS Tape Transcription and Status of These Projects: Cotlected
and supplied to ARL by Various RAAF Sources prior to Jul 86.

J.D. Nebaver: ECAP Technical Group Meeting SUPENG4 Action Items, Jan 85.

G.F. Forsyth: A Multi-Purpose Airborne Integration Display and Daia Collection  System
for Monitoring Jet Engines; AIAA-86-2719, Oct 86.

K.F. Fraser: Transmission Fatigue Life Estimation for Sea King Helicopters Operated by
Roval Australian Navy: AIAA-86-2692, Oct 86.
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ANNEX A
PROPOSALS TO IMPROVE F404 ECU MAINTENANCE

A.1 BACKGROUND.

The Electrical Control Unit (ECU) is a Line Removable Unit (LRU) for the F404-GE-400 engine. Since
the RAAF has no test apparatus to determine whether a removed ECU is fauity, any ECU removed needs
to be returned to the USA for testing, This is costly in itself but also implies that a higher
leve!l of spare ECUs needs to be maimained. Since the ECUs are complicated and expensive items, ARL
has been asked” to consider possible methods of improving fault detection and isolation for this
unit and some of the related engine components. This situation is further complicated by various
proposals to replace the current ECUs with updated units at some time in the future. This means
that measures taken now must take the life-span of the existing ECUs and ECU technology into
account. In October and November 1986, I travelled to USA and Canada 10 look at the possible means
of testing these items.

A.l1.1 Engine Control Unit.

The F404-400 engine has a mixed hydro-mechanical and electrical control system. The major component
of the electrical system (referred to as the ECU) is a fuel-cooled transistor unit mounted directly
on the engine and powered by the engine alternator. As well as basic electrical tasks such as:
1 Ignition,
2 Electrical power (Alternator),
3 Flame detection. and
4 Electrical interconnection;
the electrical control system which includes the ECU performs the following tasks:
5 Isochronous governing above intermediate power (N} speed limit);
6 Turbine temperature control:
7 Scheduling afterburning fuel flow:
8  Scheduling variable geometry such as:
8.1 Fan geometry, and
8.2 Nozzie area control during afterburning:
9 Power lever override for either:
9.1 Aircraft signals such as weapons release, and
9.2 Approach power control system;
10 Monitor functions such as:
10.1 Detection of fan overspeed,
10.2 Detection of various electrical failures,
10.3 Detection of stuck nozzle control, and
10.4 Provision of signals to airframe monitoring system.
[Note that the Hvdromechanical (Main) fuel control (MFC) controls the compressor geometry.)

The ECU is equipped with a test connector (Joi) which directly connects to ECU inputs and outputs as
well as some internal BECUD signals. This direct connection can be a benefit but also produces a
problem in that any connection 10 J6 1T must be well buffered in order not to impair the ECU reliabil-
iy,
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A1.2 DECU.

General Electric proposed an updated version of the ECU which incorporated digital logic. This unit
was a functional replacement for the ECU with added performance and a claimed increase in reliabili-
ty. The major enhancements improved transient response and compensated for droop (Engine power
dropping as heat and blade creep reduce pertormance from set level). The diagnostic ability of the
unit was also increased by the provision of built-in test routines and indicators for these and an
increase in the pins on J6! to 128.

The DECU was not purchased by any of the major F404-400 customers and did not proceed. It is not
the same as the redundant digital controller on the F404-100 (which is optimized for single engine
fitment) and nor is it a Full Authority Digital Engine Controller (FADEC). Theie was also some
doubt concerning the level of isolation provided for the new J6! connector on this unit: it appears
that the lack of buffering was still present to some extent.

A.1.3 Maintenance Requirements.

The maintenance requirements normally arise when a pilot has reported an engine  problem. avionic
equipment has reported possible engine misbehaviour or analvsis of recorded airframe engine Jata has
indicated a possible engine problem. Diagnosis would proceed tirst on  the instaffed engine and
migrate through Intermediate Level to Depot Level it a problem. shich could not be repaived in the
field. was found.

A.1.4 Operations () Level.

At operations level the engine is asuathy Jagnosed as a complete <osiem apth the FCU hied Lhe
wse of ECU rest hardware would be practical only il

I The test procedure took fess time than unit replacement,

2 The test was detinitive and not based just on clinnnation

3 The test discovered a reasonable percentage ol faulty umits, and

£

The test did not indicate a signitican percentage of serviceable uimts 1o be faulny

ALL.S Intermediate () Level.

Depending on the result of the O-Fevel testing the {-§ evel testng mas be either on a removed
module or a remosed engine. With a removed engine, sinnlar testing procedures o those tor O-Level
mav be used except that more nme can obviously be involved  since removal has already occurred
With a removed module. i wonld be necessary 1o simulite engine signads to test the ECU This would
require more complex and more intelhgent hardware

A L6 Depot (D) Level.

Depot tevel testung wonld involve either ample repaies, tull ventieatton ol aepared FCESs or
simpler selecnon procedures to authorize deploviment o a remote repan centie The Awtomatic Test
Equipment (AT used oncavionies boards conld be programmed to cares omt sl functions if - there

were suthicient bty Doards 1o wanant such sicton

AL




ALL.7 Fault Dingnosis Procedures,

Current fuult procedires for the engine involve the use of “fault trees” where simple tests progres-
sively  and  systematicatly  eliminate  various  assemblies  likelv 10 coause  the indicated fault.
Depending on the fault. as many as 13 units may be suspect before testing begins.  The tests do not
involve ECU diagnostics and hence ECU faults are defined by elimination of the other possibilities
Such a test is not definitive and fails in the presence of two or more faults.

A.2 PREVIOUS PROPOSALS FOR EQUIPMENT.

Various proposals for test equipment. with applications in this arca. have been made.  General Elec-
tric. (GE) has specified or designed several testers tor the ECU ranging from simple O-Level cable
continuity checkers to complex D-Level Automatic Test Equipment (ATE) which can identify problems in
individual componens within the ECU. The ATE is essentially the same as the equipment used 10 sup-
port the design and testing of the F404 ECU in the factory.

A.2.1 Original GE Proposals.

GF originally proposed a two-part tester for the electrical componen's  on the FdO4  engine. Ihe
separate parts handled the ECU and the cabling respectively. The mock-up of the ECU tester. which
would have been capable of testing both insialled and removed units, was rejected  because of  per-
ceived problenss with <ize and ergonomics.  [The US Navv has a 30 pound (14 ktlogrom Tiont on
mdividual pieces for O-Level cquipment.] As well as being a “hig vellow box™ this tester had o
very Jarge number of knobs and dials

However, the second part of th s proposat did proceed and the " Continuity Tester” was produced The
Continuity Tester tests harnesses and othey clectrical components on the engine and can detect open
or shorted sensors, cte It can pertorm only very rudimentary resting in the ECU dtself fhe o
rent IS Navy version ot this esier s vated tor tilb O Teve! emvironment but has no connection tor
the ECU

AL2.2 GASTOPS Proposal.

The Canadian Detence Forces (CDEY whnch also operate FAOE G400 engines in 1A T8 arceatt, com
missioned e external contractor (Gastops 1ad ) 0 undertake a design study for a Fa0d 101 tesrer
to mect CDE requitements. The GASTODPS proposal consists ot a rugged pottable computer which con-
nects viaan adapier 1o Job of the ECU L Constderable software would need to be written to cover
hoth open-loop and dosed-doop testimg. The advantage of this approach is the use of a PC which mav
have  multiple uses. the disadvantage is the Targe amount of intormation and softwine needed Tt

would not appear pracucal without the ditect involvement of G

Tewordd appear thar the Canadians have aot proceeded any further with this proposal and - were
unhkely to do so waithont speatic requirements bemy tased  Phes teel that the conreat CDE imen
tory of P40 FCUS [about 35] was kel 1o be sutficient, with Tower than expected BCU faulis and
the reltnely short e tequoed for repan and westing of removed units through GE ot Wavne
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A.2.3 GENRAD Avionics ATE System,

Australia has purchased a General Radio (GENRAD) Automatic Test Equipment (ATE) svstem for diagnosis
of board fauhts on removed avionics boards. This ATE could be extended to test removed ECU boards
if there were sufficient demand for such tests. Such an extension would be verv expensive and
unlikely to be jushfied by the small number of repairs liksly to be required by Australia.  Use of
the avionics ATE has not been considered further.

A.3 CURRENT PROPOSALS

Proposals currently available for consideration include:

A.3.1 GE Continuity Tester.

Equipment to test cable integrity is a prerequisite for anv ECU testing.  As noted in section A 2|
above, GE already offers such equipment. A more complex model [which mav be available in a cheaper
non-military environment version] still under test at GE would add cornection to the J6&1  connector
and enable some  detection of ECU errors. The extra fault wees for that testing have vet o be
developed but the hardware prototype is being tested.

tf the cost of thic unit is reasonable, T believe it would be worth  purchasing Lat the  most
appropriate version would need to be selected.

A.3.2 Cable Swap Loom.

With a twin-engine aircralt, it is theoreticallv possible 10 eliminate  favlts  in certam engine
subassemblics by using inter-enpgine cables to swap assemblics from one engine to ' other without
physical removal. [This process should not be pertormed unless full cable testing has abready beea
carried out and requires use of both engines | GIb has certified a set ot long cables which allow the
ECT on one engine 1o function as the ECU tor the other. Cooling is still nrovided by the engine on
which the ECU is mounted. Some carly Electrical Field Interterence (BFD) with this arrangement has
been overcome by changes to the cable screening. [There 15 a contlict between cable capacitance and
cable  screening that aakes ot difficolt 1o establish the correct desel of sereening ) T oondersind
that Austratia has not decided 1o order this unit,

ALY McAIR AFTA Proposal.

The Avionics Faalt Tree Analvser (Ar TAV umit s bemg developed by Britsh - Acrospace Aunstralia
(BAcA) under contract o MeAIr 10 est avionics cauipment Mo has proposed ' a nember of

extensions 1o the role of this equipment
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A.3.3.1 Use of AFTA For ECU Fault Detection,

MCcAir is proposing a set of "Fault Trees” in the AFTA unit which would extend the existing tests b
incorporation of those ECU tests which can be performed without disconnecting the ECu. AFTA normal-
ly tesis avionics by invoking the built-in test routines in the sclected avionics unit.  The ECU
does not have this capability however and does not connect to the aircraft bus from which AFTA nor-
mally acquires all its data. For these rcasons. this represents a major upgrade to AFTA requiring a
buffer box to connect to the engine. cabling and an engine simulator to verify the engine fault
trees as well as software to support the user interface, fault tree selection and the engine simula-
tion. McAIR had not done any major work on the engine simulator but claimed to have done sufticient
work on the other items to prove that such a role for AFTA was feasible.

One of the major stumbling blocks in using AFTA to diagnose faults in the existing ECU is the lack
of any interconnection between the ECU and the rest of the aircraft systems. McAIR proposed to
overcome this by using an Engine Diagnostics Adapter Box (EDAB). and by providing improved access 10
data from the on-board Maintenance Signal Data Recording Set (MSDRS).

A.3.3.2 Using AFTA to Read MSDRS Tapcs.

Since AFTA connects to the aircraft multiplexed bus. it can collect data from any other unit also

connected to the bus. The MSDRS (defined above) records a wide range of events on magnetic tape
cartridges.  These data are currently under-utitized.  McAIR is proposing an  alternative
data-collection schemie in which the tapes are not removed from the aircraft. Instead AFTA would be
used to read the tapes in sh, to transfer these data to a database. and rewind and erase the tape.
Some of these data relate to engine events such as the fault flags which lead 10 maintenance checks
on the ECU. Accordingly. this proposed use of AFTA has potential application in the testing ot the

ECU.

A.3.3.3 McAIR Buffer Box (EDAB) Proposal.

Only some of the available cngine signals are transferred 1o 1he airframe and are recorded by the

MSDRS. Al proposa.s o check the ECU huve assumed that additional connections to the FCU qusually
via J61. the test connector on the ECU) will be necessary. The current McAIR proposal for the EDAR,
includes  buffer amplifiers, multiplexers. analog-to-digital converters and a microcontroller (proh-
ably [ntel 8OST tamityy within the EDAB. This means that the ECU and EDAB combination will bhe
treated as a testable unit by AFTA under the McAIR proposal. The EDAB will have o direct ink
(called the MC Link) to AFTA and will not communicate via the aircradt bus

A.3.3.4 Hardware and Software Standards.

[vis likely that VME standard boards will be used i the EDAB and that software will be writen an

PL/M with transfer 10 ADA some time in the fature

A 3.3.5 AFTA Project Direction,

McAIR has concluded that a joint McATR/GE/Customer program could develop Operational (O] or Inter-
mediate  {I] level engine test capability but that independent efforts by anv one of these groups i
unlikely to succeed. McAIR sces some of these proposed new AFTA functions becoming on-board func
tions for the Avionics Integrated Maintenance  Expert Svstiem (AIMES) when avionics improvements
provide space and added on-poard computing power for such extensions. McAIR claims that the fud
flight ot the AIMES demonsiaor o Janmny 1986 was the Hest Hight of an expen svaem in a

fighter wircraft.




AL3.3.6 AFTA Project Deficiencies.

The AFTA approach will not produce a full test system capable of alt the functions of the GE  propo-
sal. Among the deficiencies noted for this approach arc:
I There is a lack of any test routine to determine alternator failure;
2 There is a lack of any method of stimulating transient failures, such as thermal cycling
can achieve:
3 The McAIR proposal would require a redefinition of the role of AFTA, particularly as the US
Navy does not currently use it at O-Level:
4 Extra 1est sequences (fauh trees) would need to be developed jointly by GE and McAIR; and
5  While the engine is normally serviced by mechanics. AFTA is usually used by avionics per-
sonnel.

A.3.4 GE Full ATE Proposal.

General Electric uses a full ATE system in testing and setting the ECU parameters on the production
line. This consists of a Hewlett Packard (HP) computer, a range of test instruments and an environ-
mental chamber which allows the ECU 1o be subjected to sharp temperature gradients. This is a depot
style facility for removed units. The US Navy has decided to purchase two ECU ATE units. The first
is currently being made for Jacksonville Naval Air Station for 1988-89 delivery. and the second has
been delivered to North Island Naval Air Station (San Diego) in California. The GE proposal to the
Spanish Air Force for F404 engine ground support tncludes an ATE for the test stand.  Since this
Spanish proposal is under the Foreign Military Sales (FMS) agreement, it would be possible for Aus-
tralia 10 also order an ATE under FMS. This would reduce the price significantly relative to the
last GE quotation to the RAAF for an ATE. Further reductions may be possible if the environmental
chamber was manufactured in Australia to GE drawings and GE used some of its offset obligations on
this project.  This would still be a very expensive item of hardware and is not suitable for tran-
sportation between bases.

A LEVEL OF SUPPORT JUSTIFIED.

The tevel of support justified tor the ECU depends on several factors, These  factors include  the
likelv  failure  rate of the ECUs, the likely removal rate of the ECUs it there is no O or I-level
tester and the likely removal vate with such a tester. A higher Jevel of support would be  required
to provide local. in heu of overseas, repair of ECUs,

Based on US Navy and GE records™ ™ ™ and the relative number of engines in service. [ believe
that planning  should be based on the assumption that eight ECUs will become faulty in any given
12-month period and that eight other events will lead to removal of the ECU if no ECU tester is
available.  The "pipeline”. through USN 1o GE Evendale and back via USN, for the return of removed
ECUs is estimated at 18 months. The “false removals” thus lead to a requirement for 12 extra spare
ECUs and the faults to a similar tigure. A number of spares would be carried anyway;  these will be
ignored as they will remato the same in all cases. Variations in the level of local  support  would
attect the requirement tor spare ECUS

A




A.4.1 Loca) Repair of the ECUs.

Local repair of the ECUs implies the availability of a D-Level tester and a repair facility. I'he
turn-around time for all units, faulty or not, would become only three months. This would save 20
spare units but is the most expensive option. This option has not been considered further, since
the tevel of repairs anticipated would hardly justify such expenditure.

A.4.2 Local D-Level Testing.

Local D-Level testing requires a GE ATE in Australia. The turn-around time for the non-faulty units
would become three months but the faulty unit turn-around time would remain 18 months. This option
requires only 14 spares and so saves 10 spare units. 1 do not believe it will ever be possible to
purchase a complete ATE and environmental chamber for the cost of 10 spare ECUs.

A.4.3 Local O-Level Testing Using AFTA.

The only additional hardware required for local O-Level testing using AFTA is the EDAB "Buffer Box”
and most non-faulty urnits should no longer be removed. At best, this would halve the spares
requirement t0 12: more realistically it will save 10 spares which is a similar saving 10 that pro-
vided by the D-Level Tester option. but at a much smailer cost.

A.4.4 Local O-Level Testing Using Cable Swap.

Local O-Level testing using the Cable Swap Loom allows the ECU of one engine to be electrically
swapped with the ECU on the other engine. I bave estimated that this procedure would halve the
number of non-faulty ECUs removed and produce a spare requirement of 18. The saving of 6 spares is
the lowest for the systems being considercd but this svstem may represent the least expensive
option.

A.5 FUTURE TREND OF ENGINE CONTROL UNITS AND TESTING EQUIPMENT.

The method to be adopted for testing of RAAE ECUs must provide a tong term solution to the ECU diag-
nosis problem: the method should be readily ablc to accommodate likely future ECU changes. The two
points identified here concern future trends in testing methods  and  future upgrade of the ECU
itself.

A.5.1 Role of Expert Advisors (Al).

The "Fault Tree” approach lends itself 1o computer assistance. This is even more true it informa-
tion  on fault histories is kept. allowing more likely subassemblies to be tested before less likely
ones. | would envisage that an Expert Advisor similar to the ARL-funded IEDIS™ could assist great-
ly in identifying which tests should be performed next for any given fault signature. The AFTA
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proposal from McAIR envisages that an expert system will be a tuture development.  Both the AFTA and
ATE systems would be similarly enhanced with the incorporation of expert systems, but the AFTA sys-
tem may benefit more from a knowledge-base approach because it would be more widely distribated.

A.5.2 Replacement of ECU with a Digital Unit.

At some time in the future, a digital replacement for the ECU will probably be offered. 1 believe
this offer may become available as early as the 1990s, and that the replacement vnit will include
built-in test facilities. This means in effect that the EDAB of the McAIR proposal would become
redundant but only a change of software would be needed for AFTA to continue the O and I-Level ECU
test role. The GE ATE would still include the Environmental Chamber Lut quite a few of the test
instruments would need to be changed in my opinion. I see the ease of updating the AFTA to match
the envisaged ECU upgrades as a factor in favour of the McAIR proposal,

A.6 RECOMMENDATIONS.

I have considered all of the above options. It seems sensible to have a specific method of testing

the cable looms and seems also that an ECU tester could be justified if the cost did not outweigh

the savings and added convenience. The McAIR proposal seems the best option as long as the costs

are shared amongst users of this engine. Accordingly. I wish to make the following recommendations:
A. The "Continuity Checker” made by GFE be considered for purchase.

B. Australia support the development of AFTA to test the F404-400 ECU, presumably via CIP
funding or some other joint development with other users.

C. Australia support the involvement of General Electric as the ECU manufacturer in this pro-
jeet.

D. In the event that the AFTA proposal docs not proceed, the General Electric "Cable Swapping
Loom” be considered for purchase.

The General Electric Automatic Test Equipment (ATE) proposal is not scen as cost effective unless.
for other reasons, it is considered necessary that repair of the ECUs be carried out in Australia.
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