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PREFACE

/

~# Recent advances in systems concepts allied to new technology have led to the possibility of integrating a variety of
systems that have traditionally been separate.

In this symposium, the potential, and problems, of integrating mission critical and flight critical systems will-be— 7 +<..
examined.

Such integrated systems can be expected to improve the performance of an aircraft in all phases of a mission.
During the enroute and retumn phases fuel conservation flight profiles may be available. Prior to an attack energy
management profiles will be available to maximise the energy of the attacker. during the attack phase integrated fire

and flight control will maximise the firing opportunities. Similar considerations apply to missiles and other unmanned
vehicles.

In addition, integration of these control systems is expected to provide enhancements of flight safety by reducing
pilot workload. A further improvement in survivability is also to be expected from the use of curved attack profiles in

both air-to-air and air-to-ground attacks particularly when such systems are coupled to direct force controls or vectored
thrust controls. fL .
]

Des progrés récents réalisés dans la conception des systémes alliés aux nouvelles technologies ont conduit 4 envisager
Vintégration de divers systémes traditionnellement indépendants.

Au cours de ce symposium nous examinerons les différentes méthodes d’intégration des systémes commandes de tir,
commandes de vol, et commandes moteur.

De tels systémes intégrés devraient améliorer les performances des avions dans toutes les phases de leur mission.
Durant les phases de vol, en route et au retour, des profils de vol réduisant la consommation de carburant pourront étre
employés. Avant I'attaque, des profils de vols contrdlant I'énergie seront établis pour augmenter au maximum I'énergie
disponible de I'attaquant et, pendant les phases d’attaque, le contrdle intégré systéme de tir/commandes de vol optimisera
Tes occasions de tir. Des considérations semblables peuvent s’étendre aux missiles et autres engins sans pilotes.

De plus, 'intégration de ces systémes de contréle devrait apporter des améliorations 4 1a sécurité des vols en rédui-
sant la charge de travail du pilote. Une amélioration additionnelle de la survivabilité est également attendue de ’emploi de
courbes d’attaques incurvées, tant en attaques air-air qu’en attagues air-sol, particuli¢rement lorsque de tels systémes sont
couplés avec des commandes par forces directes ou par poussées vectorielles.
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1. INTRODUCTION

The 36th Symposium of the Guidance and Control Panel of AGARD was held at the Ecole Nationale Supérieure
de I'Aéronautique et de ’Espace, Toulouse, France, from the 17th to 20th May 1983. The Programme Chairman was
Mr J.T.Shepherd, of Marconi Avionics, Rochester, Kent, UK, who was assisted by members of the Flight Mechanics and

the Propulsion and Energetics Panels of AGARD.

2. THEME AND OBJECTIVES

In the early days of aircraft, and to some degree to this day, integration of the complete aircraft system was
performed by the pilot, taking his information from his instruments and his own physical sensations, analysing it,
computing in his own brain the required control actions, and putting them into effect. Increasing demands on the aircraft
system capability led to increased workload; this was met in the first instance by improvement of sub-units, but at the
same time sub units proliferated and it became necessary to integrate them in groups, so that the pilot only had to deal
with the flight control system, the fire control system or the engine controf system, instead of having to involve himself

individually with all the sub units in these groups.

Pressure for further increases in capability would now be expected to lead to a more integrated approach to the
whole aircraft system, and new technology has stimulated the development of new system concepts which together make
major advances in this direction poseible. To set against better performance and lower workload, however, there will be
penalties — greater complexity, probably more in the software than the hardware, with attendant cost and reliability
problems, possibly reduced flexibility, and the need to ensure safety while integrating flight critical systems with others
which are only mission critical. If progress is to be achieved there are complex balances to be struck — how best to take
the pay-off, how to minimise the penalties, and the best balance to strike between them. This will only be successfully
achieved by bringing together people of many disciplines — the operators and the operational analysts, the experts in
flight control, fire control and engine control, who have traditionally worked to a degree in isolation, specialists in human
factors, in ~=liability and maintenance (of software, particularly) and so on.

The aim of this symposium was to examine the potential and problems of integration, particularly where flight
critical and mission critical systems are both involved. Its timeliness, insofar as the current state of the art is concerned, is
quite apparent, and the potential value of bringing people from the different NATO nations together on the subject is
great.

Unfortunately, delegates arriving at the conference expecting to hear the published programme of 24 papers were
surprised to leamn that S papers, all from the US, had been withdrawn at the last minute. The 129 people whose time and
travel costs had been committed had every resson to regard this situation as scandalous, and it is thankfully without
precedent in the history of AGARD. In the event, both organisers and audience responded to the situation very well, and
good use was made of the extended discussion periods which resulted.

3. TECHNICAL CONTENT

Opening Session

The symposium was welcomed to the college by its Director, Ing. Gen. Flourens, who gave an interesting acoount of
the piace of collepe in the French system of higher eduction, its history and organisation. Having been founded in Paris
in 1909, ENSAE claims to be the aldest aerospace school in the worid.

The Keynote Addiess was given by 1t Werner M. rich, of the West German Federal Ministry of Defence.
After touching briefly on the history of Tean’  gwe control systems he showed how the advance of digital
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techniques has now made the comprehensive integration of these systems possible. However the great complexity of the
software that would be involved makes consideration of software reliability most important, and it will set limits to the
degree of integration practicable. He postulated a major difference in software complexity between complete or total
integration and “reasonable’ integration, which he defined as comprising optimised subsystems coupled together through
well defined interfaces. This he felt would not fully meet user requirements for system performance and reduction of
workload, but would come much closer to their requirements for cost, serviceability, testability and flexibility of integra-
tion of new weapons and equipment. It is the responsibility of technical people to ensure that the right compromise
between these factors is achieved.

-~

Session I — Integration of Fire Control Systems

The first paper (2, Aden) provided an example of an integrated weapon/fire control system concept, developed to
meet the perceived need to attack numbers of tank targets simuitaneously and at low cost, from an aircraft at high speed
and low level. Innovation features were the case of a hyper velocity missile, with corrected beam riding guidance based
on a small amplitude, precision raster scanning laser beam, some features of which had already been tested. The concept
seemed likely to stand or fall, however, on the ability to obtain rapid reaction through automatic target acquisition, using
FLIR in the first instance, or later, perhaps, a laser radar. The paper aroused considerable interest and provoked many
questions, mostly on matters of fact.

The next paper (3) by Brodersen described the integration of an, essentially, existing weapon, the Penguin ASM,
with an existing aircraft, the F-16. It demonstrated that the flexibility of modern digital systems can provide for the
interfacing of two complex equipments and still allow great flexibility in use. The conclusion that no hardware changes
were necessary but very considerable software was required is perhaps typical of our times.

Barling in his paper (4) dealt with the integration of three normally separate sub units to form a single sub unit, with
the main benefit of lower cost. Previous conferences have heard descriptions of the combination of headup display and
weapon aiming computers, and this was now carried a stage further by the inclusion of the navigation unit. In this case
integration was more physical than functional, and the interface with the pilot was therefore different mainly in being
confined to a very limited panel space — this constraint was elegantly dealt with by the use of ifluminated push buttons.
Having thus achieved economy largely through the use of a common computer, the author was led to consider whether
this indicated a trend towards total integration through a single central computer; like Herr Fraedrich he rejected this
idea, however, because of the need then to raise the integrity of all parts of the system to the level of the most demanding,
and also because of problems of common mode failures.

Next Triebe presented a paper (5) written in conjunction with Schrammer, describing the auto attack modes in the
Tomado weapon system, with particular reference to delivery of the German MW 1 and Kormoran weapons. ;
Unfortunately the paper was almost entirely descriptive, with little reference to the logical basis of the design or to the i
lessons learned from it; this was probably why this was the only paper in the session to arouse no question from the .
audience.

The final paper of the session (Roquefeuil, 6) set out in very logical fashion the arguments involved in the design of
an electro optical sight and fire control system for helicopter air to air gunfire. The need for quick reaction and minimum '
crew workload had led to maximum use of automatics and careful choice of the functions required of the crew. Flight
tests to verify operation of automatic target tracking and determine optimum parameters were briefly discussed.

The mostly active question periods after the individual papers were supplemented by a final more general discussion,

which quickly tumned to the role of the aircrew — are they needed and if so what for? While the view was expressed that

most of the flight control tasks should be automated to allow the crew to concentrate on the weapon/target tasks, it was

also stated that the pilot’s feel for the aircraft is most important for man-machine integration, therefore if there is a man

in the vehicle he should be a pilot. It might have been pointed out, though it was not, that the objections of Herr '
Fraedrich and Mr Barling to total integration tend to disappear if there is no pilot — conversely, with total integration

there may be no need for a pilot, as, for example, in guided missiles. Threre was general agreement, however, that air

staffs composed of pilots are never likely to produce requirements for aircraft without pilots. ,

Session I — Integration of Propulsion Control Systems

This was an interesting session in which the feasibility of beneficial technology transfer was demonstrated in
generous acknowledgement by engine control system designers of their debt to flight control system technology. The
opening paper (7) by Seemann and Lockenour, demonstrated the application of moderm flight control system design
techniques to engine control system design; it was claimed that digital control systems designed in this way would enable
full performance to be extracted from the engine without the constraints normally imposed by control system ;
limitations. The advantages of system design testing by simulation were stressed, particularly the cost savings from '
getting the design right at the earliest possible time, This was an impressive and well presented paper, though there were
those who felt that the design philosophy advocated might lead to excessive complexity.
|

Rambach (8), in spite of the title of his paper, dealt mainly again with engine control system design, pointing out the
need to separate the flight critical basic control elements and treat them differently from the rest. The information
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normally available within a modern control system can be used for automatic test and status evaluation, so relieving pilot
workload.

In a well presented paper (9) by Seabridge and Edwards, various possibilities for integration between powerplant
control and other aircraft systems were described, with concentration on integration of the engine and its control system
into the aircraft utility systems architecture. Techniques for integration, practical benefits and problems were
enumerated in a realistic way. The authors also pointed out the inevitability of integration of engine and flight control in
advanced VSTOL aircraft using thrust vectoring.

The next paper (10) was presented for its absent author, McNamara, by Seabridge. It described the design concepts
of a system combining engine control, powerplant instrumentatiion, and data communication with aircraft systems to form
an integrated engine control and management system. It took the principles outlined in the first three papers of the
sesston a stage further towards practical design, demonstrating how a very high level of fault tolerance can be obtained by
making maximum use of redundancy through the flexibility of digital control and data bus management.

The last paper (11) of the session carried the progression a stage further with a discussion by Eccles of a system
under development for the AV8B aircraft. In addition to the engine control its integration with flight control was also
dealt with, showing how major performance improvements could be secured.

This was an excellent session, with all the papers reaching a high standard. It was unfortunate that the schedule
allowed no time for discussion after the individual papers, but a period at the end of the session provided an opportunity
for a lively exchange of views. A good deal of attention was devoted to software testing and integrity, and it was
interesting to find the speakers feeling that the sroblems in this area are over-rated, providing that careful specification
and proper procedures are followed.

Session [l - Integration of Diagnostics, Self-test and Built-in Test ;

The possibility of using a common set of inertial sensors to meet all requirements of navigation, fire control, flight
control and other systems has been under discussion for some years, and paper 12, by Young et al., described a pioneer
attempt to put this into practice. The laser ring gyro is an important building brick for this purpose, since it combines
the accuracy required for navigation and the wide bandwidth and quick warm up needed for flight control. This was an
excellent paper, with a frank description of the problems encountered which stimulated a lively discussion period.
Perhaps the most important conclusion was the need to bring together inertial system designers and flight control system
designers — integrated systems need integrated design teams!

In the next paper (13), McKinlay set out to consider the need for increased integration to reduce pilot workload
while providing greater accuracy in three dimensional flight path control. His paper demonstrated once again the
difficulty in finding the best line of approach to meet the needs of ground attack, in comparison with the relative
simplicity of the air-to-air combat situation. The conclusion seems to be that an optimum blend of automatics and pilot
control is likely to yield the best compromise between workload, cost, performance and flexibility.

‘A diagnosis scheme for sensors of a flight control system using analytic redundancy’ described in the paper (14) by .
Stuckenberg, is an attempt to use software to reduce the need for redundancy of hardware in flight critical systems. The
success or failure of such a scheme depends essentially on practical limitations, and flight test results were described.

[ The last paper of the session (15), by Courtois covered the design of an integrated system of maintenance, in which
; built in test is managed and recorded by the central computer via the data bus. Thus low level testing can be interleaved
; with operational use, with the test record available on landing. The advantage of testing under flight conditions should
13 help to remove that maintenance bugbear, the fault which only manifests itself in flight. The following discussion
indicated a strong interest in this paper.

. Session 1V - Integration of Propulsion and Flight Control | 3~ « Tolevesd 0 e £ ard F;.:b* Gortre,
Cooperation between AGARD Panels was apparent when Prof. Jacques of the Propulsion and Energetics Panel, ’ ,»f

took the chair for this session. Unfortunately it was also at this point that the symposium was most seriously affected kS

by the problems already referred to, for not only were 4 papers withdrawn from the last two sessions, but also there were . !

no preprints available for 3 of the surviving papers, and no paper appears in the Proceedings for 2 of them, with a

consequent impact on the quality of this report.

Paper 16, Design Methods for Integrated Flight/Propulsion Control Systems by Skira and Small, AFWAL/POTC,
Wright-Patterson AFB, Ohio, USA, noted the trend which will lead to future fighter aircraft being required to have a wide
range of capabilities to deal with a variety of different types of mission and situation. This requirement for versatility,
they considered, is likely to lead to the use of two dimensional thrust vectoring and reversing nozzles to obtain better low
speed manoeuvrability, and variable cycle engines for faster thrust response and freedom from stall problems. Flight
control, inlet control and engine control will all be linked by an overall feedback loop, with the pilot operating a compre-
hensive manoeuvre command control, designed to make the control loop transparent to the pilot. In response to a
question on the difficulty of pre-flight validation of such a system, the answer was by a comprehensive programme of
simulation and rig testing.
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In the only paper in the programme deailing with systems for civil aircraft, Wuest (18) described a system designed
for flight economy in the Airbus, providing automatic control to achieve specified profiles of speed and height rate.

Pattinson (19) presented an aircraft designer’s view of engine/flight control system integration, as applied to a future
VSTOL fighter. Postulating, like other speakers, a manoeuvre demand control over all components of acceleration, he
anticipated benefits in performance from the resulting freedom from the need to design the aircraft to basic handling
criteria. The importance of thinking out the interface with the pilot, and of adapting thrust priorities to the flight
regime, were clearly brought out. This was a challenging paper, and brought a good response from the audience in a
question period ranging over redundancy philosophy, the man-machine interface and computer hardware and software
design.

Session V — Integration of Fire and Flight Control

The final session was chaired by Mr A’Harrah of the Flight Mechanics Parel: it was reduced to only two papers.

Paper 20, *AFTI/F16 Automated Maneuvering Attack System — A Concept in Combat Automation® by Ramage,
AFWAL/FII, Wright Patterson AFB and Lydick, General Dynamics, Fort Worth, Texas described a system designed to
operate effectively in the very short time available in high speed low level flight for target acquisition, identification and
weapon delivery manoeuvres. The F-16 aircraft, fitted with a triplex digital flight control system and two vertical canards
under the engine intake which can give 2 g lateral acceleration in a flat turn, was already in flight test at Eglin AFB, this
comprising Phase | of the programme. Phase 2, the Automated Manoeuvring Attack System (AMAS) was being prepared
for flight testing in Spring 1984 its main features were a FLIR/laser target acquisition and attack sensor, an integrated
flight and fire control system, a pilot's voice command and helmet sight system, and automatic fuze setting. The
gimballed FLIR sensor/tracker would provide the information to compute lead angle error and line of sight steering
commands, enabling the flight control system to make an automatic attack on the target. The following control law
modes will be selectable by the pilot: normal, air-to-air gunnery, air-to-ground gunnery, air-to-ground bombing. To ensure
pilot confidence in the system considerable attention is being paid to integrity management, including built-in test,
carried out continuously in flight where necessary, incorporation of multiple operating limits, and an arrangement
enabling the various computers in the system to test one another. When the system is operating automatically its inten-
tions are depicted to the pilot on the head-up display (HUD).

Answer to questions elicited the following further information: initial target acquisition will be by the pilot using
either the helmet sight on the HUD: whether the helmet sight could be successfully used under g was as yet unproven.
Voice command had proved very useful in laboratory simulation to insert corrections to an inaccurate helmet sight
designation: however, voice command was proving much less successful in flight because of the effects of the oxygen
mask, pilot stress etc. In order to provide assurance of not hitting the ground the radar altimeter has 360° coverage in
roll, and latest time to pull up is continuously computed and displayed. Pilots apparently like the flat-turn capability
provided by the canards because they can line up the aircraft more rapidly: they are not likely to use it above 1 g. In
the triplex flight control system, after an initial failure a self test routine is initiated which allows one of the remaining
two channels to be selected for use; the original analogue systetn is also retained as a back-up. Danger of common channel
failure due to the use of common software can be averted, it is hoped, by the built-in test, in-flight monitoring and
continuous checking of the safety of proposed manoeuvres, (Because no text is available this paper and No.16 have been
reported as fully as possible here.)

The final paper of the symposium (21) by Dang Vu and Mercier described a theoretical approach to air to ground
gun aiming, in which improvements are obtained by sophisticated multivariate processing of pilot steering commands.
The pilot acts essentially as an estimater of aiming errors, using the control stick to command sight line velocity.
Although the control law derived is essentially non-linear, a simplified linear version had been tried in simuiator tests
with some success, and pilots had found it easy to control. Separate controls might become necessary if pilots found it
confusing to changeover between this and normal flight control.

4. AUDIENCE REACTION

The symposium was attended by 129 people, and the generally high quality of the question periods and discussions
suggested that the majority at least were expert in some part of the field; very few, however, came from the aeroengine
industry,

Questionnaires were completed by 19 attendees; their responses have been summariged as follows:

Question Good Average Poor
al  Quality and relevance of papers, sessions and questions 7 8 3
a2  Did the papers support the theme?* 6 11
a3  Did the symposium live up to your expectations?* 11 8
bl  Views on operational issues and requirements 3 1 6
b2  Assessment of technology (state of the art) 4 3

*But there were many compisints sbout the missing papers.
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The response to question a3 is disappointing, since AGARD symposia are usually score better than this; moreover
some respondents indicated that their expectations were in any case low. However, there is no doubt that cancellation of
SO many papers was very strongly resented by the audience.

Responses to questions on particular technical challenges and unresolved problems, while giving a very wide range of
answers, focussed particularly on three points. First, what is it that integrated systems, and, it might be said, future
aircraft in general, are really required to do? -- there was a general feeling of lack of definition of the problem. Second,
the correct role for the pilot in a highly automated system needs much more consideration. Third, there was a general
consciousness of the need for much more interdisciplinary interaction (particularly, perhaps, with the engine and human
factors experts who were largely absent from this symposium).

5. TECHNICAL APPRECIATION

The answers to question b1 of the questionnaire reflect the fact that we are in a period of considerable uncertainty
as to the requirements for future aircraft. Is a high degree of sophistication in the aircraft justified for the better delivery
of old fashioned weapons such as bombs and cannon fire? Brodersen’s paper (3) demonstrated that a certain level of
integration is required by the most modem weapons, but could this be generalised into a more universal requirement?
The technology to provide major improvements will clearly be available over the next few years, but which direction to
proceed presents a real problem; the thoughtful paper by McKinlay (13) aired some aspects of the problem, but came to
no very definite conclusion. Given these doubts as to what future systems may be aiming to do, it is perhaps not
surprising that there is also uncertainty as to what the role of the man in the system should be. Even so, there are
grounds for feeling that more progress could be made in defining the role of the pilot in semi specific terms, and at the
detailed level there should be scope for working out the optimum interface with speech recognition systems and other
recent developments. More man-in-the-future-cockpit simulation is certainly required.

On the more directly technical front the conference did very well, the missing papers being at least partially
compensated by much useful discussion. Almost certainly it served to put the problems of digital system integrity with
a better perspective for many of those attending. The importance of some peripheral areas which are often paid little
attention in the formulation of the original system concept, but are nevertheless vital, was well demonstrated by the
paper on integrated maintenance by Courtois. A number of papers dealt impressively with the design of systems of a
relatively high level of integration, and in particular the prospect of a comprehensive flight control system for VSTOL
vectored thrust aircraft in which engine control actions are treated simply as components of flight control, provides one
promising direction for future progress.

6. MILITARY-POTENTIAL

As has been indicated already, the potential military benefits of integration were not clearly brought out, there being
a general taking for granted that more integration must be good. Integration can be applied, however, in a wide variety
of different ways, and the military and the scientists and engineers need to evolve clearer perspectives of which of the
wide range of possible benefits should be aimed for, and what cost would be acceptable. There can be no doubt,
however, that further progress in integration will be of genuine value in some areas, and clearly the flight control of
thrust vectoring aircraft is one of these: more generally, worthwhile improvements will come in both air-to-air and air-to-
ground combat, but the best way to obtain them has yet to be thought out.

7. PRESENTATION AND ADMINISTRATION

The French authorities are to be congratulated on the local organisation of the meeting and the facilities provided:
apart from very minor problems with busses, everything went smoothly and efficiently. As with meetings in most large
citities, delegates were scattered over many hotels, and a recommendation of, say two neighbouring hotels would have
helped to promote social activities in the evenings. The Programme Committee undoubtedly put together an excellent
programme : had it survived intact it would probably have maintained a higher general level than most AGARD symposia. 1
Fven the revised programme served as the basis for what was undoubtedly a worthwhile conference, though it was
unfortunate that the rescheduling did not allow a more even distribution of discussion periods: some discussion time after
every paper should be the rule.

8. WITHDRAWAL OF PAPERS

Although those attending made the best of this occasion, any repetition of a large scale withdrawal of scheduled
papenrs is likely to be disastrous for AGARD, for the word would soon get around that the programmes of AGARD
conferences are not to be relied upon, and there is no shortage of travel budget cutters who would exploit that. To insist,
as many delegates suggested, on an absolute guarantee of all papers in the published programme would probably be quite
impracticable, or at best would lengthen the process of preparation to a degree imccmpatible with fast moving
technology. Undoubtedly something can be done to see that US authors produce papers more in line with their censor's
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requirements, and this need not necessarily reduce their value to a symposium - it is not so much technical details that
are appreciated by an audience as arguments for and against different courses of action, descriptions of problems and
their solutions, etc., which often seem to be quite allowable. Ultimately, however, it must fall on all those with any
possible influence on US policy in this matter to attempt to make it more compatible with an alliance of free nations.
otherwise not only AGARD, but in the end NATO itself may be irreparably damaged.

9.  RECOMMENDATIONS

(a) In spite of the collaboration of the Flight Mechanics and Propulsion and Energetics Panels. there was little evidence
of participation from experts in these areas. Possibly AGARD should seek means of achieving better interaction
between different disciplines, in areas of common interesi: if this had been the only Spring meeting for all three
panels a better cross section would probably have been observed in the attendance.

(b) If such multidisciplinary participation could be assured, there are a number of aspects of this topic which many
delegates, and I share their views, considered worth further action: in particular symposia designed to bring out

the broader issues of where greater integration will really be justifiable, and to deal more positively with the human
role in highly integrated systems are advocated.

(c) Attention is again drawn to the recommendations contained in paragraph 7 above.




e e
.

- et e
Y

e e -

-~

%

ADPOOG=2T3

INTEGRATION OF FIRE, FLIGHT AND PROPULSION CONTROL SYSTEMS,
AN OVERVIEW, RETROSPECTIVE AND PROSPECTIVE
by
Werner M. Fraedrich, ORR, Dipl.-Phys,
Federal Ministry of Defence

RU IV 6

D - 5300 Bonn
West Germany

SUMMARY .

~7System integration requires extensive use of digital data processing.-~ Therefore,
after a brie£ glance back into time,-§ome peculiarities of data processing wiil-be - +. <
shown in detail. With two exampIeés the paper will>demonstrate$ what the problems
areiid:h:t can arise with a totally integrated system end how some of them may be
avoided.

1 Ilg(TRODUCTION

In its course, a great deal is sure to be said about the advantages of integrating
the individual systems, so I am going to dispense with any remarks about that side of
the business and do some reminiscing instead. The result will help you see that data
processing alone has enabled complex systems to be made and integrated. Last autumn,
the Avionics Panel held a symposium on Software in Avionics. Addressing that symposium
on "Avionics Software - the State of the Art", Dr W, Ware said that progress in hardware
led to umpteen percent improvement in performance, but that progress in data processing
enabled performance to be improved by whole orders of magnitude.

I should 1ike to stress that statement and assert thet progress in hardware components
is for the most part achievable only when data processing is used in all the various
individual developments.

Considering the magnitude of the importance attaching to data processing, ana
beceuse the problems that can crop up in developing software are frequently underestimated P
by subsequent system users, I shall be going into some detail in the second part of my
paper on software end its peculiarities.

I shall be closing with a pessimistic example of what the problems are that can
arise with a fully integrated system and s few hints as to how some of them may be
avoided. But knowing the problems does not mean that you have not any more! Everybody
probably knows the problems that icy roads can lead to. But I personally do not know of
any s<(:1ution -)except the obvious one, namely staying at home - which is worth its
salt (fig. 1).

2 A BRIEF GLANCE BACK INTO TIME

There were no such things as control systems when military aviation began (fig. 2):

- Heading and attitude were controlled by the pilot directly through the stick '
and his pedals,

- The engines were controlled by using the throttle and advancing or retarding
the spark.

- Fire control was rule of thumb on the part of the crew - you only have to think
of the first bombing raids.

It was not long before they began to think about how to relieve the pilot and
crew of some of their work and how to improve the probability of the weapon's success.

In the case of flight control, this led to the development of stabilisers, heading
controls, and dampers, which made it easier for pilots to hold their attitude and course )
and improved the manoeuverability of aircraft. Almost simultaneously, the development |
of the autopilot and its integration in the flight control system began. That led to {
the guidance and control system, to be found nowadays in nearly every aeroplane.

Fire control was at first improved with fixed sighting devices, which, however
in the cou:;e of development allowed certain parameters (such as speed and cmasvind)
to be varied.

Engine control was at first - vhen seroplanes flew with piston engines - similar
to engine control in automotive enfineering, t more complicated due to the different
flight levels used, Engine control of modern turbo engines is s more complex task, done
by the fuel control unit, which has to consider a great mmber of paremeters, But this
is where, as demands upon the engines increase, demands upon the fuel control unit
rise considerably, especially in respect of engine handling. It has to

(1) protect the engine from excessive temperatures, speeds, and pressures,

(2) ensure rapid acceleration and deceleration without any faulte (flow separation,
pumping, flame-out), and

(3) ensure that thrust is always directly related to throttle lever position,
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Now, after thet brief glance at the individual systems, back to more general
matters,

Those controls were all analog and contained mechanical, hydraulic, pneumatic,
and/or electric components, Since at least flight and engine control have to be
reliable in operation - their failure may well be safety critical -, there was a limit
to their complexity, and consequently to the integration of the individual control
systems.

The fact that fire control was merely mission critical, but not flight critical,
led both to the use of complex control units such as mechsnical or electric anslog
calculators, and to the comparatively early employment of the digital technique: after
all, failure in flight was not critical.

The digital technique has now overcome one of its teething troubles: it has become
very reliable. Another advantag: is the tremendous drop over the past few years in the
price of hardware components. gital computer programmes - which is to say software -
make it possible nowadays to have associations and carry out functions of almost unlimited
complexity. I shall be going into their reliebility a little later. And all that
makes the comprehensive integration of flight control, fire control, and engine control
systems possible.

As I showed at the beginning of my paper, the use of data processing makes
possible boosts in perforwance which are not feasible simply by improving the hardware
components. One important reason is that, as I have already said, very much more complex
associations and functions are possible. That realisation should not ve allowed to
lead to the stereotype -~ and consequently premature - decision, "it is too tricky for
hardware; let the software do i1t", for software has its problems, too (fig. 3¥.

3 DIGRESSION INTO DATA PROCESSING

Considering the importance of software, I want to delve a little into its
peculiarities, specifically

- its complexity,
- its errors and its reliability, and
- its development,

At the same time I am going to try and correct a few widespread, but false, ideas,
such as the view that "software is cheap to make and easy and cheap to change". In
reality, it is confoundedly difficult to tgut together software that is free from error,
adequately tested, and able to meet all at 18 demanded of it.

3.1 THE COMPLEXITY OF SOFTWARE

One of the reasons for the widespresd assertion that software is cheap is the
fact that the complexity of software is vastly underestimated by the majority of software
users, If you compare software with hardware (fig. 4), you should always keep in
mind that a programme (actually quite a small one) consisti of 10,000 machine code
instructions (which is about 2,000 to 3,000 HOL instructions) is equivalent to circuitry
consisting of about 10,000 circuita. Whilst the software is apparently easy to survey
as a listing, when the hardware is made up of individual components the expense becomes
discernible by the extent alone (roughly 200 plug-in cards)!

3.2 SOFTWARE ERRORS/SOFTWARE RELIABILITY

There is a fundamental difference between software and hardware errors. There
are no signs of wear and tear or fatigue in software, Software errors are in a
programme right from the beginning, but they only come to light when the programme route
containing the false instructions is run, Even then, however, it is not certain that
the error will emerge if its effect is too slight in respect of the current feed-in
conditions, There are examples of errors that have been in programmes for years on end
without being‘giscovered sigly because the deviations in the final results have been
too small. damentally, e same problem exists in the case of hardware, especially
if the hardware is complex. But software is complex almost by its very nature, so
that this problem is never missing.

Let me give you a small example, A computer with fixed comme arithmetic had to
work out the sin/cosin value of es measured with sensors. It was overlooked that
the scales used with the individual attitude angles were not identical, and the result
for one angle was the wrong sin(2x) instead of the right one (x). That error remained
undetected until the factor contai&ing the term should have assumed its maximm value
(at x = 909), but showed O (8in180° = 0),

But to get back to the general facts sbout software errors.

We can make these distinctions (fig. 5)
(1) Systems errors in design and
(2) programming errors.

L
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In the case of errorg in design, the mathematics and logic with which the
problem is described 80. contain an error or errors, These are often treceable
to difficulties of wording and understanding, both in describing the problea and in
specifying the system.

In the case of programming errors, one can again draw a distinction between

(1) errors on the part of the programsmer and

(2) compiler errors.

Whilst in the case of (1) the programmer puts down wrong instructions, so that
his programme does not fulfil the system :gecifleation, in the case of (2) the programme,
written in a higher programme language, tallies with the system specification, whilst

the controllable machine code compiled by the compiler does not. This error, of course,
can be traced again to

- a system design error or
- a programming error
in compiling.
What, then, cen be done to enhance the reliability of systems containing software?
- You can try to eliminate errors.

- You can try to tolerate errors; for instance by having redundant systems in
the software as well. (If you do that, the reliability of a duplex system must
be calculated on fig. 6b and not fig. 6a.)

But there is another property which enhances the reliability of software, and
that is robus%esg. By that I mean that the software concerned is capable of standing
up to untoward events, such as feeding in data outside the specification.

3.3 THE DEVELOPMENT OF SOFTWARE

I am sure what I have just been saying sounds very nice. But the question is,
how can it be used?

To answer it, let us take a closer look at the genesis of software. Broken down
only very roughly, it looks something like this (fig. 7):

- In the first instance, there is only a verbal description of the problem (which
is to say the system planned).

- That verbal description has to be converted to a mathematical/logical description -
(say speciﬁcationg.
- On the basis of that specification, taking in a few intermediate steps which I
am not soins to discuss at this juncture, the programme is draughted and written
(encoded) ard tested.
~ Finally, the software is integrated with the hardwere and the whole system is
tested,
As you will have learned from literature on the subject (fig. 8), only about a
quarter to a third cf the errors in software are traceable to errors on the part of the
programmer, which i:¢ to say to errors which arise in converting the specification (i.e.
the mathematical/logical requirement) to the code. Seventy-five percent of such errors :
come to light before the final test phase. In this sphere, the number of aids to
4 proving agreement between specification and code is continually growing. But most of
the errors (about two thirds to three quarters) are system designing errors, which is
to say they crop up in converting the verbal requirement to the mathematical/logical
specification, And seventy-five percent of these errors remain undetected until the
final test phase or even the service phase, Thet is where sids are lacking, and I
doubt whether there ever will be any. The main problem, one that will continue into
the future (and not onl{ in respect of software), is "how can it be demonstrated that
the mathematically and logically precise description (which is to say the specification)
of the project system
(1) is correct,
: (2) covers all eventualities, and
1 (3) tallies precisely with what the user wants?"
But let us get back to the subject of this symposium. ,
3 4 INTEGRATED SYSTEMS
. In a modern, high-performance military aeroplane - teke the MRCA/Tornado, for
instance - the two-man crew have their hands full with
- flight control,
- navigation,
- fire control, and
- keeping an eye on the terrain they sre overflying and their enviromment.
— t - g
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If all that had to be done by one man alone, he would be overtaxed, and the success
of the mission would be very doubtful. But the second man in the cockpit needs a great
deal of room, his own supply and rescue system, and his own displays and controls. And
that increases the deadweight of such an aircraft by some few hundreds of kilogrammes.
That increase in room and weight means more powerful engines with a greater fuel
consumption, which in turn means that more fuel has to be carried. all that means
that a two-seater aeroplane cannot be below a certain size if it is to have the
required radius of action in the operational conditions laid down. So user demands
for small aircraft with a low fuel consumption can hardly be met. However, in the light
of the worldwide 0il crisis such demands are becoming more and more frequent. Not-
withstending the difficulties involved, technologi progress in recent years makes
it possible to come a little closer to meeting them:

Attempts are being made to automate as far as possible individual systems, and
consequently the overall system, always leaving the final decision to the pllot. Such
automation, however, calls for an integrated system (fig. 9), since an automatic attack,
for instance, is feasible only when a fire control system sensor has acquired a target
and the guidance and control system and perhaps the engine control system are so governed
that the aeroplane automatically holds a headinf consonant with the engag;ment of the
target. In a weapon system of that kind the pilot - depending upon the flight phase -
can devote himself to the main task, be it flying the aseroplane, using the weapons, or
watching a display. This lessening of the burden upon the pilot is a decisive requirement;
after all, investigations have shown that roughly seventy percent of the flying accidents
that have taken place in recent years have been due to pilot stress.

Now, there I have pointed to two important reasons for integrating

- the flight control/flight guidance system,
- the fire control system, and
~ the engine control system.

They are (fig. 10)

51; relieving the pilot of some of his work, especially in single-seaters, and
2) the improvement of overall systems,

However, integration is also governed by certain parameters, such as

1) good serviceability and testability,

2) ease of integration with regard to new weapons and equipment, and

3) the use of known standards, such as

- the Deta Bus-STANAG 3838 { = MIL-STD-1553 B) and

-~ Aircraft/Stores Electrical Interface STANAG 3837 (= MIL-STD-1760).

To wind up this paper, I want to show you where I see the limits of integration
and how I think integration should be accomplished.

4,1  THE LIMITS OF INTEGRATION (fig. 11)

If you want to design an integrated system to the optimum by which I mean so that
it always behaves in the best possible way - for instance with regard to

- weapon effect,
~ fuel consumption,
- pilot stress, and
- survivability,

you can only do so by taking integration into account right at the beginning, in the
earliest design phases, which is to say by establishing all the control laws in accordance
with the ultimate design. That also - and especially -~ means that the o system

has to be optimalised with all its control laws. There is no doudbt that such a svs
can be developed, but it is going to be very extensive and complex. I do not intend to

go into any detail at all on the difficulties that would attend its development.

For the sake of simplicity, let ues assume that such a system exists, and that it
is used; consequently, it must be maintained and serviced. fore and after missions,
you have to find out whether a sub-system or a plece of equipment is defective. The
more complex the system is, the more difficult your Job ie going to be. That applies
in perticular when you have to find the e of the error, even though the effect is
known: 1is the error to be found in unit X, In the coupling with unit Y, or is it merely
due to the fact that several items are at the edge of the admissible toierance?

Another thing to be considered is that the requirement for testability is foing
to increase the conplexia of the entire system and, consequently, reduce its reliability,
since 1t is not only in the system itself that errors exist or can occur; they can
also be present in its monitoring and testing elements.

We can sum by saying that & "totally integrated" system will certainly not
meet the justifiable demand of the user for good serviceability and testability.

But such a system will not only be used; the time will come when it will have
to be modified - to integrate s new weapon, for instance., If you want to ensure that




the system behaves optimally at all times with this new weapon as well, you have to re-
engineer the control laws of the entire system. It may even be necessary to use other
rpproximation procedures if the required real time behaviour cannot otherwise be maintained
(for example the frequency with which the neceasary pearemeters are updated). It will
probably be necessary to rewrite a large amount of the pertinent software, And emendments
to software are beset by the unpleesant fact that each one may quite unintentionally inject
new errors into the programme (or cause errors elready present, but thus far dormant,

to take effect). You may think that sounds pessimistic, but anybody who has had anything
to do with software and its amendment, I am sure, will agree with me, Changes in software
is the ll:ryiﬂak':ere where Sod's (Murphy's) law comes into its own: if anything can go
wrong, will!

Since this rather gloomy example is concerned with a totally integrated system, we
cannot rule out effects upon the basic flight control system., And in that case the
licensing authority will call for the aircraft to be relicensed - after passing all the
pertinent tests. Let us not look at how difficult that is with such a complicated
system. Here again, we can sum up by saying that a "totally integrated" system will not
meet the justifiable demand of the user for the easy integration of new weapons and
equipment (fig. 12).

That means that two important parameters demanded by the user are not met; only
the requirements for pilot relief and the improvement of the overall system have been
taken care of, The third parameter, the use of known standards, may be fulfilled, but
in this case, apart from the simplification of the electrical and logical integration
of the hardware, it offers none of the advantages hoped for. So integration must not
be practised in the way this example portrays it.

4,2 REASONABLE INTEGRATION (fig. 13)

There is not the slightest intention underlying the example (I have just given)
to bedevil integration. But to my way of thinking you have to exaggerate if you want
to bring the necessary emphasis to bear on the problems that can beset it. And that wes
the only intent of the example.

There is no doubt that integration is a sensible aim, provided that it is prosecuted
in such a manner that it remains controllable. In my view that means that you have to
try to design each system, for instance

guidance and control,
navigation,

fire control, and
engine control,

to the optimum and give it an electricelly and logically clearly defined interface through
which it can trensmit commands to the other individual systems or receive commands from
them, That means in particular that standards are used wherever possible for

- data transmission in and between the subsystems as per STANAG 3838,
- aircraft/store interface as per STANAG 3837, and
~ programming - here a standardised high order language; for instance Ada.

[ A |

One system (fire control for example) then controls the others by transmitting
commend signals thro the defined interface to the others (guidance and control for
instance). The individual system receiving a commsnd then determines whether it can
be carried out, or is admissible, which would certainly not be the cese if the fire
control system in an aircraft fly, at 600 knots ground speed and an altitude of a
thousand feet wanted to have a 45 ve to bring the weapon to bear on target. Inosuch
a case, the flight control system must report back, "No; only dive angles below 20
possible”. That, of course, may mean that the weapon cannot be used. That example
will show you that the flight critical systems (in particular the flight control system,
but the eng‘j).ne control system as well) have to have a "veto", which can report back and
80 bring about changes to the commands transmitted by the "requesting individual systea".

Now, let us take a look at maintenance and service in this case, too. Since the
individual subsystems of the weapon system are connected together thro logically
well defined interfaces, it §8 very much easier to trace errors to specific subsystems,
Since, however, errors are to be localised if at all possible at LRU level, the sub-
systems themselves have to be very carefully designed to meet this requirement for good
serviceability.

But let us return to the example of subsequently integrating a new weapon. What
has to be done in an inteilmted system of this kind? In this case, the fire control
system e has to be modified (and that 1ittle word “alone" does not mean that it is
going to a simple, chesp modification!). Commands issued to the other individual
systems atill go out thro the well defined interfaces., So no changes are necessary
in the other systems. Such an servplane will therefore not lose its genersl licence,
which - after the requisite tests have been cerried out - will merely have to be
extended to cover the new weapon. The complexity of the modification here, then,
depends mainly upon the complexity of the various subsystems,




There 1s another advantage of such a system that I would like to touch on briefly,
and thet is that a considerable amount of the cost of development and testing can be
saved by real time simulation (where appropriate as hardware-in—the—loog simulation).

Such simulation is much easier if you begin by simulating the individual systems. With
step-by-step integration of the individual systems through well defined interfaces

you can go over to simulating the entire system. Here again, modifying a single subsystem
will in general have no effect upon the other subsystems. The only exception is where
the interfaces have to be modified; in that case, however, the original system would

not meet the parameters I have severally referred to.

To sum up (fig. 14), then, it may be said of an integrated system consisting of
optimalised subsystems coupled together through electrically and logically well defined
interfaces that it will probably not meet the user requirement for pilot relief and
overall system optimisation quite so well as a "totally integrated" system, but that it
possesses the decisive advantage of being able to meet the user perameters of

- good serviceability and testability,
- easlly integrated new weapons and equipment, and
- the use of known standards,

provided that 1ts subsystems meet that requirement.
5 CLOSING REMARKS

In the examples I have given you, I have demonstrated what problems cen occur with
integrated systems and how you can get around them. Even an integrated system consisting
of optimalised systems connected together through well defined interfaces must be very
carefully analysed and desigred. As I have already said, knowing the problems does not
mean that you know the solutions as well!

Looking back at our two examples, let me ask a purely rhetorical question. Which
of these two weapon systems can be better handled by a user:

- one that is totally integrated, using standards, or
- one that is integrated through well defined interfaces which do not conform to
any standards?

I herdly think it is possible to reach a decision on that point. Either weapon
system will give the user a very bad headache. The conclusion is that standardisation
and intelligent integration gives a user advantages, One without the other is not enough,

Before I close, I went to say a few words about a matter which has no direct bearing
on the integration of individual systems: namely, the multi-use of sensors. The
individual control systems all call for a knowledge of certain environmental data, such
as

- atmospheric pressure 1(:gilot and static),

- the angular rates of the aircraft, and

- the attitude of the aircraft.

Here, there is a possibility of using the data from one sensor in several control
systems, whether as master sensors or as redundant sensors. This field of multi-using
sensors is another field which has to be very carefully analysed when the system is
designed, since it frequently happens that the various control systems call for differing
degrees of precision and failure behaviour, The high degree of precision demanded by the
fire control s¥stems must not be allowed to result in having several highly accurate -
and consequently expensive - strapdown platforms in a single overall system. In such a
case it 1s quite certainly cheaper simply to have one in the fire control system and to
give the flight control its own, less expensive sensors, and to use the platform data
there at the moat as a back-up zfor instance in deciding which of the channels is
defective).

I hope 1 have made it clear to you that systems of well-nigh unlimited complexity
can be created by using digital technique. But the cost of such systems is out of all
proportion to their degree of complexity.

Our task in future will be to look for a reasonable compromise between the
understandable wishes of users and what is financlally and technologically feasible. We
do not want the next generation of NATO military aircraft to consist of mechanised,
armed hang gliders (fig. 15), simply because there are not enough funds to pay for
other systems in the requisite numbers, although hang gliders do meet a few important
requirements, such as

- a wide radius of actlion,
- a short take-off and landing capability, and
- a very small radar cross-section,




. A e

REFERENCES

{1} B.W. Boehm, R.K. McClean, D.B, Urfrig
Some Experience with Automated Aids to the Design of Large-Scale Reliable Software
IEEE Transactions of Software Engineering, SE-1, Vol. 1, March 75

(2) G.E. Davies
Transducers for Engine Control Systems
AGARD Conference Proceedings 274, 1980

ti) P. Fellemann
Getting at the underlying Software Assumptions
NAS Symposium Proceedings “"The Profound Impact of Airborne
Software”, 1980

t4) G. Heiner
Introduction to Software Reliability - A Key Issue of Computing Systems Reliability
AGARD Conference Proceedings 261, 1979

t5) M. Mall
Software
Dornier Post 3/80, 1980

(6} Dr. K.G. Miiller
Approaches to Reliable and Survivable CCIS Systems
MCCISWG-RCJ-C(80)19, 1 Oct. 1980

{(7) bonald J. Reifer
Software Verification and Validation
AGARDOGRAPH 258, 1980

(8) Dr. W, Ware
Avionic Software - The State or the Art
AGARD Conference Proceedings 330, 1983

{9) P. Weigel
Software Quality and its Assurance P
AGARD Conference Proceedings 261, 1979

(10) B.A., Zempolich N
Airborne Software - Where it is going
NAS Symposium Proceedings "The Profound Impact of Airborne Softwarc”, 1980

prh
-

e -

ey




Cockpit
World War One

ITS’ONLY A MINOR SOFTWARE BUG SIR !
IT WILL NEVER HAPPEN AGAIN

Fig.




SOFTWARE ERRORS

pS L&

DESIGN ERRORS CODING ERRORS
Fig. 5
( Software Production (Simplified)
i
K Verbal

Requirements

T

Mathematical/
logical
Requirements

Coding
Testing

System

Fig. 7

e - A S o B, o s VBt T P

Simplex System

—
———{Hardwavi}\——‘ Sohwarej_'
Z r

Z = Retliability

Duplex System

(3) Naive approach

1 2

ZT=Zl 22

Wardh

Software

¥

z, 2,

Hot Standby

Identical
HW

identical
S/W

configuration z
g 2z 2

2y=22,2,- 222¢

{b) More realistic assessment

Hardware

Identical
"1/ W

Fig. 6

configuration

2

2
Zy=22,2,- 272,

Software Error Sources

Fig. 8

¥




1-10

' INTEGRATION 1

Propulsion
Control
System

-—

Fire
Control
System

Fig.

Flight
Control
System

YES ! Buthowtodo it? |
S

INTEGRATION

— to reduce pilots’s workload
— to optimize the overall system behaviour

Fig. 10
ON CONDITION THAT

— maintainability is enhanced
— new weapons/equipment can be easily integrated
— well known standards apply

TOTAL INTEGRATED SYSTEM

Fire
N ki 5 Flight and
|Propuision
Control
B 'stm

s et o

1T
"\

Fig.

11

- T
!
[
!
]
'
\
)
'
i
i
1




N

- - =

INTEGRATION

~ to reduce pilots’s worklioad
— to optimize the overall system behaviour

ON CONDITION THAT

— maintainability is enhanced
— new weapons/equipment can be easily integrated
— well known standards apply

Fig. 12

-

INTEGRATION
Via well defined Interfaces integrated System

Propulsion Fire

Control - ™| Control
System i System

Flight
Coniro!
System

-

«g—> Weli defined logical and electrical interfaces, e.g. via STANAG 3838

Fig. 13

INTEGRATION
— to reduce pilots’s workload

— to optimize the overall system behaviour

ON CONDITION THAT

— maintainability is enhanced

+ ~ new weapons/equipment can be easily integrated

- well known standards apply

Fig. 14

-

SN § S

-1

B




-

1-12

-

Attacking Aero Glider

15

F

e e




— A ——————

*

' W

Saaaiah tale,

. and Baettlefield Interdiction (BI) miseions can be truced to World War I. Through World

———— /, 5
ADPOOR27 4 ‘ ]
HYPERVELOCITY MISSILE - BASED ON THE CORCEPT OF
AIRCRAFT/MISSILE INTEGRATION FOR MAXINUM FIREPOWER

by
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Deputy Program Director/Chief Engineer
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SUMMARY S fo ceprzl [y e A

fThe conventional approsch to weapons for‘ghé(pAs/ll/-xlsxonl has not provided NATO 2
forces with affordable, effective firepower of the order required to defeat sSA/WP~
armored thrusts. The conventional approach has led to weapons that are either too
expensive for stockpile -emdyand training purposes or too expensive to go to war. It
has also failed to provide NATO strike aircraft assigned to €ay CAS/BI wmissions with
the ability to achieve a large number of kills per pass or kills per sortie. The HVM
concept integrates current and emerging FCS technology with a low-cost, ligh ex;ht
missile to provide NATO forces with a significant firepower improvement. The U_}. Air
Force has completed a series of ground-launched flight tests that have successfully
resolved all technical issues critical to missile guidance, control and accuracy
questions. This series of successful demonstrations permits immediate continuation
into an air-launch flight test enviroanment to demonstrate the integration of the three
critical elements -- the aircraft, the FCS, and the missile.

1.0 INTRODUCTION

The Soviet Army (SA) and its Warsaw Pact (WP) allies have been provided with an awesome
array of combat and support vehicles (See Figure 1). The SA strategists and tacticians
rely on the precepts of (1) aggressive mobility through extensive use of wmechanized
infantry and associasted support equipment/vehicles, (2) use of their qusantitative
advantage to generate wmassed armored assault forces for offensive thrusts and,
(3) heavily structured plans to integrate the mobility of forces with the “punch" of
massed firepower,

The Soviet and Warsaw Pact threat is both dynamic and responsive., Traditionally, »

the tactical forces of the Soviet Union and its WP allies have been cast in a role of
overvwhelming numerical superiority over NATO forces, both in the air and on the
ground. NATO has attempted to compensate by developing techaological superiority ian
both anti-vehicular weapons and in armor protection of NATO vehicles. However, the
Soviet Union is aggressively pursuing similar technology advancements for its forces
while maintaining high production rates for tanks, support vehicles, and artillery.
The obvious intent, and unfortunate result, is to ensure continued numerical
superiority and to minimize the effects of NATO technical advancements.

The current U.S. response is production of new strike aircraft (P-16 and A-10),
improvements in the MAVERICK missile, and development of the LANTIRN fire control
system (FCS) by the Air Force; development of the new M-l Maian Battle Tank, the
advanced attack helicopter (AAH), and a nev anti-vehicular missile (HELLFIRE) for the
AAH by the Army. The two msjor deficiencies in this response are: (1) the weapons are
oriented towards improved performance against current Soviet armor and will experience
degraded performance against future Soviet armor, and (2) current U.S, wespon systems
(including the aircraft/helicopter lauanch platform) have the capability to attack s
limited number of targets due to both cost and carriage (load-out) constraints. This §
response and related deficiencies are typical of the activities within NATO.

NATO forces need a tactical weapon system cepability to defeat the SA/WP massed
armored assault forces of the post-1990 era. To meet this challeage, the weapon systems
must be effective against future armored vehicles; the weapon must permit hxgh lold-out
of aircraft so that the massive number of targets can be serviced with & minimum number
of aircraft sorties; the weapon must be low in cost so that NATO forces can afford the
number required to defeat this array of targets; and the weapon, or its variants,
should be adaptable to launch platforms of all NATO forces (ground and sir) that have a i
role in the asnti-vehicle wmission. Such & weapon system would be a true force
multiplier that could provide NATO a valid non-nuclear deterrent. The U.8. Air Porce
is now in the process of demonstrating this capability with the Hypervelocity Missile
‘(HVM) concept.

2.0, CONVENTIONAL APPROACH

2.1 Historical:

The current approach for using tactical aircraft for the Close Air Support (CAS)

War II, the Korean Conflict, the Southeast Asian involvement, and the Arab-leraeli
clashes; technology has provided continually improved eircraft gad weapons but the
basic operational approach has not undergone & major change. Through the Korean
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Conflict, tactical aircraft attacked ground vehicle targets with unguided "iron bosbe"
and machinegun/cannon fire. Historical data through that period reveals that 4,500 Kg
and 10,000 Kg of "iron bomb"” ordnance was required to kill truck and tank targets,
respectively. This level of sortie inefficiency explains the fact that modern tactical
aircraft are still equipped with canuon. It also has provided the post-Korea era
impetus to develop accurate guided weapons to hit targets end aircraft fire countrol
systems to find and direct fire on targets.

2.2 Current:

Technology today allows tactical aircraft to perform the CAS/BI missions with
modern weapon systems (aircraft/fire control system/missile) that significantly improve
sortie efficiency in comparison to the historical data. However, the massive number of
targets and limited number of aircraft resources drive one to the important question of
whether or not the improvement is adequate. Critical factors preveat the desired
ansver with current and emerging weapon systems: (1) The phyesical and operational
characteristics of modern guided weapons will not permit tactical aircraft to achieve
large numbers of kills per pass or kills per sortie, (2) the cost, physical, and
operational characteristics of modern guided veapons have a major detrimental impact on
the number of weapons available for training and war and on the demands placed on the
FCS. These demands reflect the need to ensure that the few, expensive weapons
available in a sortie are used to maximum effectiveness. These same factors asre
equally true, in an analogous manner, of weapons sytems for NATO ground forces which
share the responsibility of defeating SA/WP armored assault forces.

Production wveapons for defeat of armored assault elements are of two types. The
non-sutonomous weapons are typically cowmand-liak or semi-active guided weapons, such
as the Laser Guided Bowd (LGB). The LGB weapon group is comprised of converted “iron
bombs" that weigh 250-1000 Kg. The sutonomous guided weapons, such ss the U.S.
MAVERICK, have warheads of reduced weight to reflect the guidance accuracy of these
weapons. These weapons have extended range relative to the LGB group. Hovever, even
these lethal weapons weigh on the order of 250 Kg. Using the F-16/MAVERICK as the
nominal example, a single sortie carries 4-6 missiles and can reasonably anticipate the
destruction of 2-3 targets. This represents a dramatic improvement im sortie
efficiency compared to the WWII and Kores experience. Howvever, considering the target
array in a SA/WP armored assault thrust, production weapons require a number of
sircraft sorties to accomplish the CAS/BI wmissione that exceed practical limits
if all NATO asircraft were assigned to these missions. This problem is e direct result
of the multitude of targets to be destroyed and of the restricted number of production
weapons that an attack aircraft can carry into combat.

The operstional characteristics of production weapons pose another problem. The
semi-active guided weapons, such as the LGB, typically limit the aircraft to attack one
target per pass over the target area. This is & result of the limited velocity/range
of the veapons and of the fact that each weapon is guided by continuous designation of
the target. The autonomous guided weapons have greater range/velocity than the guided
bombs. Hovever, the timelines required to sequentially acquire/track targets by the
sircraft FCS and for esch missile seeker to lock-up on its assigned target permit a
maximum of 2-3 targets to be attacked in a given pass over the target area. Even this
number of attacks per psss can be reduced by 50% or more if there exists a requirement
to discriminate high priority targets,. The limited carriage (load-out) constraints
combined with the weapon cost factor and the typical pressure of the tacticsl situation
will usually impose this discrimination requirement. The operational characteristics
of the semi-sctive and autonomous guided veapoans prohibit an attack aircraft from
achieving a high target service rate. In point of fact, it should not be considered
too extreme to say that target service rate is on the order of the aircraft sortie
generation rate., Considering the limited number of aircraft allocated to the CAS/BI
missions asnd the limitations on aircraft sortie gemeration/turn-around, the ability of
NATO aircreft to achieve a desirable high target service rate is a serious question.

The cost of production guided wveapons is a major factor in several rvespects.
Unfortunately, the cost factor is often misinterpreted. The cost of production veapons
varies, based on complexity/capability, from a nominal $25,000 to $100,000 or more. A
superficial examination would indicate a very favorable cost-to-kill for these weapons
against high value targets such as tanks. However, the higher cost and more capable
weapons have a degraded cost effectiveness against targets other than tanks and Air
Defense Units (ADUs). The lower cost wespons, such as the LGB, would sppear cost
effective against targecs that are not high value. These absolute cost asspects are
procurement cost -- the cost to buy the weapons for training and to put on the shelf
for war. Procurement cost plays an important role in peacetime defense budgets in that
it determines the number of weapons which are to be available for training and for
war.

A more subtle and wore important cost aspect is often overlooked or uunder
emphasized. This aspect is the cost to use the wespons in war, which is why they were
developed and procured in the first instance. This cost aspect iicludes the definitive
cost of aircraft and their avionics/FC8s lost during operations to euploy these weapons
is combat. There are also costs such as fuel and operstions/maintensnce which are a
sinimal contribution to thie asepect. An additional asnd important element of this
aspect is the cost of asdequate training to establish and maintain aircrew confidence
snd competence in the uee of the weapon. While the value of training is qualitative
snd intangible, it is inherently obvious that {t is eeseatial and plays & critical rotle
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in the ultimate utility/effectiveness of the weapons during war.

The cost of lost aircraft and their avionics/FCSs is by far the dominsting factor
in the cost-to-kill equation, even to the extent of negating the impact of the
procurement cost of the weaspons carried on a given sortie. The specific quantitative
cost of killing targets is a function of acenario; the number of sorties flown against
the target array; the number and nature of the SA/WP ADUs during ingress to, egress
from, and the operational tactice used over the target srea. The qualitative nature of
this dominating cost of aircraft lost in combat is directly coupled with the number of
passes per sortie and the number of gsorties required to accomplish the CAS/BI
missions.

This dominating factor has the effect of increasing the cost-to-kill by a factor of
5-40. The lower procurement cost weapons require multiple passes per sortie and very
large numbers of sorties to kill the gquantity of targets required to successfully
conduct the CAS/BI missions. That is the reason that production non-autonomous wespons
experience the upper range of the cost-to-kill increase factor. Concentration on the
peacetime budget process has lead NATO to stockpile quentities of low procuremeat cost
weapons that will be very expensive to use during war.

The production weapons of greater Operational capabilities and greater procurement
cost experience the lower range of the cost-to-kill increase factor. This would then
appear to make the weapons that are more expensive to procure the lower cost weapons
for tactical air warfare. While this is true, on a relative scale, these veapons also
have an absolute high cost-to-kill value.

In addition, the high procurement cost creates tvo major peacetime problems that
will become manifest during war. The first problem is two-fold inm that the high
procurement cost makes it difficult to stockpile sdequate numbers of weapons for either
competency training or for war. This is reflected by the stroang concern over this
problem which is expressed by all NATO forces. The second problem is related to the
limited stockpile availability and aircraft losd-out of these weapons which makes it
imperastive that they be fired against high priority targets in the CAS/BI missions;
i.e., tanks. This places an imwediste burden on aircrev members. It also places a
major burden on the attack aircraft avionics/PCS. Both sircrew and FCSs are drivean to
discriminate high priority targets under combat conditions. The onet effects are to
reduce the attacks per pass while increasing aircraft/aircrew exposure to ADUs due to
the associated increassea in required passes and to increase the :technical complexity
and the associated development/production costs of the FCS.

2.3 Status:

The curreant weapons and the aircraft eystems to deliver the weapons are the result
of technological evolutioa. The technical capabilities represent awvareness that
targets must be hit to be efficiently destroyed. This awareness is reflected in the
guidance sccuracy of modern weapon systems. However, the current systems are either
low cost to stockpile but unacceptably expensive to use in war or low cost for war but
too expensive to stockpile. In no event do amy of the production weapons permit attack
aircraft to achieve dramatic kills per pass snd kills per sortie. This most important
facet is driven to some degree by cost but primarily by the limited number of weapons
that can be carried in a sortie. Product improvement programs of production weapons
are oriented to provide improved performaace, but they do not and can not address the
inherent problems described above.

3.0 A SOLUTION TO THE TACTICAL AIR WARFARE CAS/BI PROBLEM

Solutions to the CAS/BI mission problems must be affordable, in peace and in wvar.
The solutions must minimize the impact om the aircraft FCS and aircrev in terms of
target discrimination. The solutions wmust permit NATO forces to perform sufficient
training to gain both competency and confidence in the weapon system -- the latter only
follows the former. The solutions must maintain the guidance accuracy for the weapon
to hit/destroy its signed target. The solutions must exhibit physicel and
operationsl characteristice that sllow the attack aircraft to carry a large quantity of
weapons that will provide the aircraft with high kills per pass and kills per sortie.
True solutions will not have any single characteristic but will {utegrate all of these
critical attributes iato an effective weapon system. Current and near-term technology
will not support the embodiment of all these critical attributes in the missile alone.
However, current technology will support a well conceived approach to closely couple
aircraft avionics/ PCS8s and the missile to achieve these important goals. The U.8. Air
Porce is in the process of demonstrating such a concept -- the Hypervelocity Missile
(HVM) .

3.1 Concept of Operatioas:
The HVM concept of operation is based on the following tenets (see Pigure 2):

(a) The strike aircrafct (such as the ¥Y-16 or A-10) will approach the target
sres st an sltitude between 60 and 300 weters. The aircraft FCS hae the capability to
scquire gnd continuously track multiple targets simultaneously. This portion of the
7C8 is functionally designated as & Target Acquisition/Tracking System (TATS). The
TATS may be based on FLIR (such aa LANTIRN) or active electro-optical radar
technology. A conventionsl radar TATS would not provide the required tracking accuracy
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nor the desired covertness.

(b) The strike aircraft PCS also has an Active Electro-Optical Guidance Systea
(AEOGS). The function of the AEOGS is to use target position information obtained from
the TATS to maintain the active optical guidance rvaster on the target. The missile
uses a time-position scheme to calculate its position relative to the target (which is
centered in the raster) and guide to the target with "hit-to-kill" accuracy. The AEOGS
does not "designate" the target by use of reflected energy nor does the FCS track the
missile. The ABOGS is capable of providing multiple guidance raesters, to
simultanecusly guide wmultiple (6-10) independently-targeted missiles, at a high
sequential rate within the AEO0GS field of view (59x259). The combination of the
TATS and the AEOGS serve the function of the conventional missile seeker.

(c) The aircraft FPCS also performs two tasks that asre important to wmissile
accuracy. First, the missile time-position guidance scheme requires an accurate
synchronization of the missile clock and the FCS/AEOGS clock. This sychronization is
accomplished by the FCS immediately prior to wmissile launch. Second, the FPCS
initializes the missile with a number of launch asircraft and terget variables. This
inforsation is used to initialize the missile guidance filters snd to compute missile
guidance for that short period sfter launch prior to receiving the guidance raster.

(d) The missile is small, lightweight, low cost, and has high velocity to
target impact: 7.5-10 cm diameter, 8-23 Kg, $5000, and 1550 =a/s. These
characteristice enable a strike aircraft to achieve a high load-out (for example, 40
missiles on the F-16) of affordable, effective weapons. The high velocity, coupled
with the off-boresight capabilty and the multi-missile guidance of the AE0OGS, permits a
large number of targets to be serviced at a very rapid rate, These characteristics
also serve Lo minimige exposure of strike aircraft to the air defencees that accompany
SA/WP armored assault forces. The high load-out, low cost, and high velocity permit
the strike aircraft to attack all elements of the assault force. This negates any
requirement for the TATS to perform target claseification (tanks versus trucks, etc).
In effect, a single aircraft can essentially perform & barrage attack with highly
saccurate, lethal weapons. 1If classification were available from the TATS, there would
be some enhancement of mission effectiveness since the ADUs could be removed quickly
and the strike aircraft could attack the remaining assault force elements with
impunity. The combined effect of these tenets is to provide CAS/BI aircraft with an
order of magnitude increase in affordable firepower.

(e) The HVM capsbility has potential for app lication to the role of ground
forces in this mission area. NATO AAHs must not only destroy SA/WP armored assault
forces, but they are increasingly concerned with defeating Soviet sttack helicopters.
The ground forces may also use zround vehicles for this dual role. The U.S. Army has
expressed interest in the HVM a3 a means of meeting these requirements from both launch
platforas.

3.2 The PCS/ARBOGS Guidance Function:

The missile has no seeker, in the conventional sense, yet the missile is capable of
"hit-to-kill" accuracy. The FCS/AEOGS plays a critical role in achieving this
accuracy. The AE0GS uses target position information provided by the TATS to center
the guidance raster on the target. The missile guidance scheme drives the missile to
the time center, which is also the geometric center, of this guidance raster at target
impact. Therefore, the accuracy of the positioning of the raster on the target drives
the accuracy of the missile.

The AEOGS generates the raster by "painting” raster lines in a sequential manner.
The AEOGS requires a fixed elapsed time to generate this 1°x1° raster. After
completion of a raster, the AEOGS goes
generation time. The AEOGS uses both electronic and wechanical devices to reposition
the raster during the "silent" period. Multiple wmissile simultaneous guidaace is
accomplished by positioning this raster on each target sequentially. This process puts
the entire missile guidance problem in the time domain rather then the spatial domain.
As the TATS establishes track files on each target in the array to be attacked, the FCS8
logic establishes a reference time slot. The AEBOGS is directed to position a raster on
each target, with each raster scan to be initiated at a determined point in time
relative to the reference tiwme. After gll targets in the attack array have been
serviced by a raster, the AEOGS repeats the sequential process until a total elapsed
time (1-3 seconds) equivalent to impact on the maximum range target has been reached.
The FC8 logic can then repeat the entire process for a new attack array. The FCS doas
not explicitly asssign a missile to & target; instead the FCS assigns each missile a
time corresponding to the start of a raster scan. It is necessary for the missile to
have a clock and the missile clock must be synchronized with the ABOGS clock. This
syachronization and the wmissile time slot assignment is done as part of the FCS
initislization of the missile.

The AEOGS generates two separate rasters, each from a separate active source.
Neither raster is epatially modulated (coded). The fuaction of the Course Guidance
Raster (CGR) is to provide data to the HVM during missile flight from a point
ismediately after launch to a time position in the CGR such that the HVM cen receive
data from the Fine Guidance Raster (FGR). The CGR has a fixed field~of-regard (FPOR) of
60x250, The CGR is not agile but is slaved to the TATS POR.

silent"” for a time equivalent to the raster -
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The function of the CGR is simply to insure the BVM is rapidly positioned such that
the missile can receive tha PGR. The CGR is generated by a separate source in the
AE0GS. The CGR has a fixed POR that is only effective over & limited range (spproxi-
mately 3500 feet from aircrafe). As part of the wiesile initislization and clock
syachronization, the missile is provided & definition of its assigned tiwe slot in the
CGR which corresponds to the spatisl position on which the FGR will be centered. The
missile uses the time-of-arrival technique to determine its position ian the CGR
relative to its assigned time slot and hence to determine the missile control commands
required to maneuver iteelf toward the proper time slot in the CGR. Once positioned in
the asssigned time slot in the CGR, it maintaine this relative time positionm until it
receives energy from the FGR. In essence, the missile treats the assigned CGR time
slot as a "target" until it receives the FGR. The missile has & "time gate" in which
it is to expect its sesigned FGR to appear. Once under coantrol of the VG&, the missile
“time gates" out any future CGR input. These "time gates" provide the misaile the
basic mechanism to discriminate CGR energy from PGR energy. A similar mechanism is
used by the missile to discriminate its assigned PGR energy from energy due to the PGR
of other missiles in flight simultaneously.

The function of the PGR is to provide time-position dats to the HVM to insure
target intercept. The PGR has a FOR of 1°x1° thet is centered on the target. The
FGR is generated by the AEOGS which provides FGR agility by the use of mechanical
scanners which can position this FGR within a total FOR of 59x25°. The details of
how missile guidance and control ir derived from the PCR are included in paragraph
3.4,

The PCS system provides a number of aircraft and target variables to the missile as
part of the initializatioa procedur.. These variables include wind and velocity
components, aircraft state data, target state data, and aircrsft/target relative
geometry and range. These varisbles are used by the missile to initialize the guidance
filters and for initial guidance calculations prior to the missile receiving the
guidance raster shortly after lsunch. A more detailed diascussion of missile initiali-
zation is included in paragraph 3.4,

3.3 The Simple Missile:

The HVM has generic subsystems similar to traditional missiles except it does not
have a seeker, per se, nor does it have a fuge or explosive warhead. 1In another sense,
it is lacking those subsystems that nominally account for 75-85% of the cost and
reliability probliems of traditional miseiles. PFurther, the absense of these subsyastems
and the sssociated weight, volume, and form factor sallow the HVM to be small and light-
weight. These aspects provide the critical coantribution that the WM offers to
tactical strike aircraft -- high load-out of affordable, effective veaspons.

The HVM is aerodynamically stabilized by a split-petal flare at the base of the
missile. The missile is controlled by the Attitude Control System (ACS) which is
mounted in the forward portion of the missile. The ACS has two plenum chasbers, esch
with a noszzle. Each chamber is pressurized by the discrete firing of a high impulse,
short duration squib. The missile spins at & nominal rate to comsmutate the ACS. A
roll reference sensor provides reference roll position and permits the missile to
calculate roll vate and, thus, when a squib should be fired to achieve the desired
course correction. The primsry wechanisw for achieving a major missile sttitude change
is the contribution from motor thrust rather than ACS thrust. The motor has a
boost/sustain thrust rstio of approximately 10:1. Therefore, wissile attitude change
response during boost is approxiwately ten times the response during sustain or coast.

Initialization =-- It is desirsable to initislize the HVM prior to launch (see Pig-
ure 3) with aircraft dats (velocity, altitude, roll ettitude, and angle-of-attack),
environmental data (windspeed vector, air tempersture, and density), terget data
(range, szimuth, and elevation relative to the launch aircraft), and AEOGS data (clock
calibration -- to establish the time refereace, CCR time slot relative to the reference
time for the assigned target, and time for start of the assigned FGR scan relative to
the reference time)., The HVM uses this data to compute time-to-go, launch jump, filter
states, and predicted sircraft/target geometry at intercept. This data is also used to
initiste the miesile clock synchroanizetion, batteries, the receiver cryogenic cooler,
roll reference sensor, and rocket motor. If initialization dats is not provided, the
miseile will have pre-loaded nominal values for initialisation. Accuracy is degraded
as a function of which data are not provided and of hovw far the pre-loaded nominal
values are from actual values. In the worst case (no initialization data), accuracy
can be recovered by restricting the launch airvrcraft to a dedicated attack on the target
(the asircraft stays pointed at the target until intercept) as opposed to the
simultaneous sttack of wmultiple targets. Detailed sensitivity ead trade studies
related to initialisation and prelosded nominals will be the subject of future
efforts.

3.4 HVM Guidance & Control Concept:

The beamrider concept, with various implementations, has been the historical method
of tactical missile guidance using electro-opticel (EO) guidance linke. The concept
has been oriented to lsunch from etationary points on the ground or from relatively
slowv airborne platforms (halicopters). The basic concept, regardless of
i-plcnodiution, is for the missile to wmaintain itself in the center of the R0 beam,
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which is centered on the target, throughout the misasile trajectory. The AEOGCS CGR and

FGR are analogous to this EO beam. In these traditional applications, the line-of-
sight (LOS) between the guidance source and the target is either constant or changes at
a very slow rate. Por attack aircraft applications, the aircraft/target LOS is

changing at a rvelatively high rate. This factor is a driving influeace on the HVM
guidence concept which is & significant varistion from the beam-rider approach.

Based on initialization data/cslculations, the missile computes the expected
aircraft and target position at ctarget intercept (position 3 ow Pigure &) and
establishes an orthogonal spatial reference system based on the predicted LOS in that
intercept geometry (the x snd z coordinates are shown on Figure 4). Synchronization of
the AEOGS/wmissile clocks at lauach allows the missile to establish a reference time for
the start of each FGR scsn and the FGR scan time is a fixed value. The time-of-
arrival, relative to the reference time, of active optical eoergy on the missile
receiver allows the misesile to calculate its position relative to the center of the
raster (sae figure S). Additional on-board cslculations permit estimstes of the real-
time velocity and displscement components relative to the reference coordinate systeam.
Figure 6 indicates the geometry/calculations for the z-axis and elevation (the y-axis,
azimuth geometry/calculations are similar). The wmissile now has the information
necessary to implement the guidance coancept.

The guidance concept is designed to avoid missile reaction to the high aircrafe/
target LOS rate during missile flight to target intercept and to wmake optimum use of
the ACS control authority. The goal of the guidance logic is to shape the missile
trejectory such that msjor wmissile heading changes occur early ia flight (during boost)
and such chat the missile trajectory assymptotically aproaches the predicted LOS at
target intercept. Therefore, two sequential guidance laws are used during flight with
transition based on the defined time for boost-to-sustain motor transition.

Boost phase guidance is an acceleration command pursuit guidance mode with the
objective being to orient the wmissile velocity vector to the predicted LOS to the
terget at intercept. Thie permits the ACS to provide mazximum missile turning during
thst period of time that the ACS is most effective for thet purpose (see Figure 7).

The sustain phase guidance is sn acceleration command proportional guidance mode.
This phase will complete any r ining heading change required and then maintain the
missile on the required intercept line. This is accomplished as the guidance law
drives the displacement and velocity components, relative to the reference coordimate
system, to fero prior to intercept. The reduced ACS control authority during sustain
and coast reducee the poseibility of wmissile over-correction as the missile epproaches
target intercept. The guidance laws used in both phsses are incorporated in the
typicsal logic implementstion shown in Figure 8.

The key points are: The missile trajectory is shaped to approach the predicted
aircraft/cerget LOS at intercept; the CCR/FGR are used during the boost phase of flight
to shape the missile trajectory; the PCR is used in the latter portion o€ flight to
ineure target intercept by nulling the cross~-course velocity and displacement
components. It should be noted that as time to intercept approaches zero, the actual
aircraft/csrget LOS approaches the predicted LOS. As this occure the HVM guidance
concept approsches, in & gross sense,the coaventional besmrider as the wnissile is
driven to the center of the PCR which is centered on the sircraft/target LOS. However,
there is a t significant difference. A typical beamrider missile requires the EO
besm to be maintained coatinuously on the target umtil intercept. The UVM guidance
concept uses the guidance raster to update the guidance filters. The wmissile
actually flies on theee filters and the absence of updates has a graceful degradation
eftect oa the accuracy of these filters rather tham a ca trophic effect. The
robustness of this epprosch has been demonstrated in ground-launched flight teste where
the wmissile has maintsined guidance accuracy while not receiving & portion of the
updates provided during flight.
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F-16 PENGUIN ANTI~SHIP MISSILE INTEGRATION
by

E Brodersen
Norwegian Defence Research Establishment
P O Box 25, N-2007 Kjeller
Norway

SUMMARY

~— -~y The Norwegian Penguin Mx3 anti-ship missile is currently being integrated for opera-

tion on the F-16 aircraft. Due to the inherent flexibility of both the aircraft and the
missile system, no hardware changes are required on the aircraft. Software changes are
designed such that the pilot can operate the weapon to its full performance by using
existing cockpit controls and displays in a way quite similar to other air-to—ground
missions. <

1 INTRODUCTION

The Royal Norwegian Air Force has established the requirement for the Penguin Mk2
anti-ship missile for carriage on the F-16 aircraft. Kongsberg Vipenfabrikk is contracted
for the missile development. The Norwegian Defence Research Establishment has been
respongible for the development of the target seeker and the inertial navigation system.
General Dynamics is contracted (via USAF) for the aircraft/missile integration and cer-
tification. Prototype test firings from a Norwegian F~16 are scheduled during 1984.

This paper outlines the main features of the Penguin weapon system as integrated into

the avionics and fire control system of the FP-16 aircraft. Figure 1 shows an F-16
aircraft equipped with Penguin during captive tests.

2 THE PENGUIN Mk3 AIR LAUNCHED MISSILE

This chapter describes the main characteristics of the Penguin Mk3 air launched
missile. This is necessary as a background for understanding the integration require-
ments and mechanization.

2.1 Outline Description

Penguin Mk3 is a major redesign of the ship-to-ship Mk2 version, now operational with
the Norwegian navy among others. Obvious differences between the Mk3 and the Mk2 are
that the Mk3 is longer, has wings of reduced span and has a greater range. The general
layout though, is similar.

Figure 2 illustrates the exterior and interior of the missile. The target seeker is
based on infrared detection. The canard fins are actuated by a cold gas powered
hydraulic motor. The altimeter is a radar altimeter. The control unit is all digital
and contains the autopilot, trajectory generation, missile internal information bus
control and other functions. The inertial navigation platform is a semi strap-down plat-
form (roll axis is gimbaled) using two-axes Ary tuned gyros. The platform provides
3-dimensional navigation and angular information. The warhead is a modified Bullpup type
with a delayed-action impact fuze. Penguin Mk3 will have a new single-chamber sustainer
rocket motor using a composite grain. The airframe is roll stabilized by electrically
powered ailerons.

2.2 Main Specifications

These are the Penguin Mk3 main specifications:

Length 3.20m
wingspan 1.00 m

Body diameter 0.20 m
Weight 350 kg

Weight incl launcher 400 kg
wWarhead weight 120 xg

Range 5-40 + km at sea level
Speed high subsonic
Turn angle after waypoint 0-90°+
Launch altitude 150-30 000 ft
Launch speed Mach 0.7-0.95
Off-boresign angle at launch 0-50%+
Captive flight altitude up to 40 000 ft
Captive flight speed up to Mach 1.2
Alrcraft saneuver limit 8 g




2.3 Modes of Operation

The basic requirement for the Penguin Mk3 weapon system is to provide the Norwegian
F-16s with stand-off “fire-and-forget“ anti-ship capability. The pilot must be able to
effectively attack targets in open waters, coastal waters and in fjord areas while flving
over land or sea. All existing P-16 targeting and fire control avionics must be at the
pilot's discretion for effective missile delivery. Fulfilling these requirements and
still maintaining simple system operation has beer one of the greatest challenges during
the weapon operation mechanization effort. A number of experienced fighter pilots have
made the most important contributions to the current mechanization solution.

The pilot operation of the Penguin weapon system is best understood by describing the
main weapon delivery modes which are (in parenthesis are the display mnemonics as viewed
on the Stores Control Display):

- RADAR MODE (RDR). This mode is optimized for targeting by means of the fire control
radar. The mode also include the capability of delivery against preprogrammed target
coordinates.

- HEAD UP DISPLAY MODE (HUD). This mode is optimized for targeting by means of the Head
Up Display optical sight. The mode has two options, namely HUD TURN (HLT or HRT, left
or right turn respectively) and HUD DIRECT (HUDD). The HLT or HRT option include the
possibility of establishing a turnpoint or waypoint by pointing with the aircraft. The
missile will turn to the left or to the right respectively at this waypoint. In adai-
tion this option gives the pilot the possibility of preprogramming a descent point
where the missile levels out to low level flight. The HUDD vption provides no such
possibilities, it is essentially an "aim-and-shoot" option. However, a triangulation
target ranging procedure will be at the pilot's discretion when using the HUDD option.

- MANUAL MODE (MAN). This mode is a back up mode in case some failure occurs in the
aircraft's fire control, inertial navigaticn or avionics bus communication system. In
this mode the pilot can fire the missile at degraded performance while aiming with the
aircraft bore-sight axis and keeping the aircraft straight and level.

Figure 3 presents an example of attack sequence using the RDR mode. The pilot lets
the radar paint the expected target area. Then he freezes the radar picture on the radar
display, breaks away and seeks terrain protection while he processes the display. He
slews the target and waypoint cursors to desired positions and fires the missile {(or
missiles). In this example the missile then separates and turns to the direction of the
waypoint while keeping the launch altitude. Thus the missile keeps clear of the terrain
before descending, turning and leveling out at the waypoint coordinates. Then it pro-
ceeds toward the target area where the seeker selects a target.

Figure 4 presents an example of attack sequence using the HUD mode, HLT option. The
pilot aims at the target by placing the HUD target designator (TD) box on the target. He
then makes a designation command by which the designated line-of-sight (DLOS) is stored
by the Fire Control Computer (FCC). The pilot wants to attack the target from the rear
side and holds his fire. He breaks away and seeks terrain protection while he maneuvers
his aircraft to the desired launch position. Here he points the aircraft to establish
the waypoint, which is computed as the sea level projection of the intersection between
the aircraft axis and the vertical plane through the DLOS. The missile is fired and
follows a trajectory similar to the one in Figure 3.

Figure 5 presents another example using the HUD mode, namely the HUDD option and
targeting by visual triangulation. The pilot aims and designates (First Designation) as
in Figure 4. A descent point (here called waypoint) is automatically computed on the
designated line-of-sight (DLOS 1). In this low altitude attack the HUD target ranging
computation may be extremely inaccurate and the corresponding location of the waypoint
may be highly undesirable. As in the example the waypoint may fall on land forcing thre
missile to descend into the rocks. In order to get a better visual ranging to the
target, the pilot flies his aircraft to the side, makes a second designation as shown
thus establishing a second line-of-sight (DLOS 2). The DLOS 1 and DLOS 2 intersection
coordinates are computed by triangulation algorithms in the FCC program giving a quite
accurate target ranging. Then the waypoint (or descent point) is computed correctly close
to the target. After separation the missile keeps the launch altitude until the waypoint
is reached.

3 F-16/PENGUIN INTEGRATION

From a physical fit and operating envelope standpoint the air-launch Penguin is
designed to be compatible with a wide variety of aircraft. A specially designed adapter
containing prelaunch missile electronics and ejector release unit assures compatibility
with existing launch racks. During missile release or emergency jettison the adapter is
always retained on the pylon. Figure 6 is a photo showing the carriage installation, and
the adapter is clearly visible.

The P-16 is currently being certified for Penguin missile carriage on weapon
station 3 and 7. However, it will be an easy task to extend to a 4 missile carriage con-
figuration (station 3, 4, 6 and 7), if that is desired.

T i e I ittt e e T
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3.1 Electrical Interface

The missile adapter acts not only as a mechanical interface between the missile and
the aircraft, it also contains all the necessary electronics for interfacing to the
avionics and store control system of the aircraft. The main electronic functions con-
tained in the adapter are:

- Missile DC power supplies fed from the aircraft 3 phase 110 VAC
line

~ Aircraft avionics digital bus remote terminal interface electronics
- Discrete signal termination and processing electronics
- Missile data bus terminal interface

- Digital processor for processing of targeting, waypoint, launch
sequencing, missile status/test and other data

- Digital processor for implementation of the missile inertial plat-
form transfer alignment filter

Figure 7 depicts the electrical interconnection between the aircraft and the missile.
No special wiring is required in the F-16 for the Penguin missile integration. Discrete
signals (power, arming, release etc) are connected to the standard Remote Interface Unit
(RIU) in the pylon and the missile will receive mode, target and alignment information
via the MIL-STD-1553 Protocol Avionics Multiplex Bus.

The only change required to the P-16 for accommodating the Penguin missile is soft-
ware change. The operational flight programs in both the Pire Control Computer (FCC) and
the Central Interface Unit (CIU) of the Stores Management System (SMS) have been
increased by some 8% each to include the Penguin tasks.

However, these tasks have been partitioned in such a way that the avionic subsystems
are not required to accomplish functions or provide interface outside their normal
duties. The SMS provides the same weapon control, arming and release functions that it
normally provides. The FCC will compute targeting data for the missile while com—
municating with the Head Up Display (HUD), the Radar/Electro-Optical Display (R/EO) and
the Fire Control and Navigation Panel (FCNP). The FCC will also pass the Inertial Navi-
gation System (INS) velocity and angular data to the missile for transfer alignment of
the missile inertial platform.

Figure 8 lists the interface wiring between the aircraft and missile. All targeting
data are transmitted via the double redundant avionics mux bus twisted wire pairs.
However, the discrete wire noted MANUAL MODE enables the pilot to command the missile
system into a back-up, degraded performance mode without communicating via the mux bus.

Figure 9 lists the data messages flowing on the MIL-STD-1553 serial digital avionics
mux bus between the aircraft and the missile system. Note that the missile system
(adapter digital processor) computes all waypoint coordinates in all HUD mode options,
based upon the targeting data coming from the aircraft FCC. In the RDR mode, however,
all waypoint computation is done by the FCC, thus the data noted MISSILE COMPUTED
WAYPOINT are invalid in RDR mode.

3.2 Missile Inertial Navigation System (INS) Alignment

The Penguin weapon operational concept requires a precise missile guidance and navi-
gation system to assure good target selection capability and a high hit probability even
in confined coastal waters. The heart of this system is the missile inertial navigation
platform. To provide the required navigation accuracy this platform must be aligned with
errors down in the milliradian range, velocity initialization must be better than 1 meter
per second. Also excessive bias and scale factor errors of the gyros and accelerometers
must be measured and corrected for. The only way to fulfill the above requirements on a
fighter aircraft is to perform a transfer alignment with the aircraft INS as the refe-
rence. This means to compare the data from the aircraft INS and the data from the
missile INS and then filter out the miasile INS errors based on differences in data. The
most convenient data to compare in this respect are velocity and angular data and this is
done in the Penguin alignment filter. The alignment filter is implemented on a 16 bits
microprocessor in the missile adapter as an 18 state Kalman filter using 3 velocity and 1
angular measurement (azimuth) as input. Figure 10 shows a block schematic of the alion-
ment filter structure. The RELATIVE MOTION COMPENSATION block in the figure compensates
for missile offset relative to the aircraft INS location when aircraft rotation occurs.

Figure 11 shows a typical filter resp d as the standard deviation
(milliradians) of the angular error estimates u a function of time (seconds). The pitch
(PI) and roll (RO) deviations are quickly reduced from initial values of 8 mrad to
approximately 1 mrad. However, the azimuth (AZ) deviation is significantly reduced only
when the aircraft performs a horizontal maneuver (3 g) which occurs after 60 seconds in
the example shown.
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3.3 Cockpit Operations

The inherent flexibility of the existing F-16 cockpit controls and displays shown in
Figure 12 makes it possible to add the Penguin missile without cockpit modifications.

3.3.1 Stores Control Panel (SCP) Operations

Selection of air-to-ground (A~G) on the SCP will automatically call up a Penguin
attack program, which may be preprogrammed to fit the mission scenario. If no prepro-
gramming has occured, the standard attack program shown in Figure 13 will be displayed.
The pilot can modify the attack program by pressing the switches adjacent to the
displayed mnemonics. The options available are listed in Figure 13.

The attack program display shown advises the pilot to go to the status page (STAT)
because some failure has occurred. Figure 14 shows an example of the status page
display. The example depicts a four missile carriage configuration and a somewhat unfor-
tunate situation. Station 7 is the cued station showing a degraded missile. Station 3
has a hung store. Missile on station 6 is still aligning (W) while the missile on sta-
tion 4 is aligned and ready.

3.3.2 Fire Control and Navigation Panel (FCNP) Operations

The FCNP enables the pilot to key into the FCC memory up to 3 different set of
targeting data consisting of target coordinates, waypoint coordinates, target estimated
course and speed and the time-of-day when these data were valid. The target coordinates
will be automatically updated based on the estimated course and speed and the time-of-
day. The updated target coordinates are continously displayed as cursor position on the
radar (R/EO) display and on the Head Up Display (HUD). The pilot may any time correct
the displayed cursor positions by slewing the cursors.

A spotter function is included in the FCC software for Penguin delivery. The spotter
function enables the pilot to store into the Penguin targeting memory locations the coor-
dinates of the display cursors. He does this by just hitting a switch button on the
FCNP. The spotter function is not only designed for Penguin anti-ship delivery missicns,
but also for reconnaissance missions.

3.3.3 Radar (R/EO) and Head Up Display (HUD) Operations

The operation and symbology on the R/EO and HUD are very similar to normal F-16 air-
to~-ground display operations. The normal x-y cursor is used as target cursor on the
R/EO, and an additional cross-hair symbol is generated for the waypoint. On the HUD the
normal air-to-ground Target Designator symbol is used for the target and the offset aim-
point Diamond symbol is used for the waypoint. In addition the FCC computes continuously
the range to the target in percent of the missile's maximum range capability and puts
this 3 digit number up on both displays. The pilot may fire when this number counts down
below 100.

3.3.4 Hands-On Operations

Normally all attack program options are selected long before the aircraft approaches
the weapon launching position. The remaining operations required are hands-on opera-

tions, that is the necessary controls are located on the throttle grip and the side ctick_

controller. Existing switches and controls are utilirzed to provide the following
functions:

Target and waypoint cursor slew

Left/Righ missile turn selection in HUD mode
Weapon station selection

Attack/Status SCP display selection

Target designation

S8ighting reinitialization

Launch command

4 CONCLUSIONS

lLessons learned

+ No hardware ch sary vhen integrating Penguin Mk3 on F-16. This is
thought to be chanetoricuc for advanced weapon systems and advanced aircrafts.

° It took about 2 years to develop the Penguin weapon and fire control software for the
F-16 avonics to a reasonable mature state. It is an iterative process involving many
people. Our experienced fighter pilots have made the wost significant contributions as
to cockpit operation definitions and software check-out.

* The Penguin integration required 2500 words of software program in the PCC and
3000 bytes in the CIU. This is probably a typical software volume for integrating an
advanced weapon on a fighter aircraft.
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Integration program status

- Integration software development completed February 1983.

- Integration certification flight tests completed spring 1983 at Edwards AFB and Eglin

AFB, USA.

Figure 1
F-16 with Penguin Mk3

Figure 3
Illustration of a Radar delivery mode

WERTIAL NAVIEATION PLATFONM

S i

- SWBARCE SECTION ———}— WAMMEAD SECTION —|———— WOTER JECTI00 —————+

Figure 2
Outline drawing of the Penguin Mk3 missile

Figure 4
Illustration of a HUD left turn delivery

sequence

Figure $

Illustration of a HUD direct delive mode
sequence showing the trInnggIotIon ggoczanro

mode sequence

Pcng%in Mk3 and suspension adapter mounted
on_the weapon pylon
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Fiqure 7
F-16 avionics/Penguin interface schematic

F-16 AVIONICS/PENGUIN INTERFACE
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Figure 9
F-16/Penguin serial bus interface data
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Figure 12 Cockpit controls and displays utilized for

Penquin operation

Figure 13

The_attack display on the Stores Control
Panel for Penguin weapon control
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Figure 14
The status display on the Stores Control

Panel for Penquin weapon control
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INTEGRATION OF FIRE CONTROL, NAVIGATION SYSTEM AND HEAD-UP DISPLAY

G M Barling,

Principal Systems Engineer,
Marconi Avionics Limited,
Airborne Display Division,
Rochester, Kent, England

SUMMARY

4 yThe inclusion of sophisticated Navigation function in a Head-Up Display/Weapon Aiming
Computer (HUD/WAC) is described together with integration of the resultant subsystem into
an overall Navigation/Attack system. 47

At the end of the paper, a growing trend in airborne systems computing is highlighted.

1. INTRODUCTION

The published theme of the symposium states that advances in systems concepts allied to
new technology have led to the possibility of integrating a variety of systems that have
traditionally been separate.

The word "integration® is, of course, capable of interpretation in two ways. Pirstly,
two or more subsystems can be said to be integrated if they interface with each other and
this is what is meant when integration of, for example, fire control and flight control
is discussed. The second interpretation of integration means that functions which have
historically been located in separate subsystems are located in one subsystem.

This paper concerns itself with the second interpretation of integration and the subject
is dealt with by describing the equipment that Marconi Avionics (MAv) supplied recently
to form one subsystem of an overall Nav/Attack system.

The subsystem itself is a development of a HUD/WAC which was, and still is, in production
at the time of the start of the development program.

Being a development of a HUD/WAC, the new subsystem naturally came to be called a Head-Up
Display/Weapon Aiming Computer/Mavigation System (HUD/WAC/NAV).

As readers will know, the concept of the HUD/WAC which carries out both Weapon Aiming
Computation and HUD Symbol Generation is not new. Such systems have been available for
some years now and have been reported upon widely. For this reason, this paper
concentrates mainly on the Navigation aspects of the system.

2. CONCEPT OF THE HUD/WAC/NAV

The concept of the HUD/WAC/NAV arose a few years ago. At that time, MAv were proposing a
HUD/WAC to an overseas customer who, in the middle of pre-contract negotiations, asked us
to propose also a Navigation Computer to meet the relatively sophisticated requirements
of a specification which he had prepared.

Detailed study of the customer specification led us to believe that there was no need to
provide a separate Navigation Computer, but that the requirements could be met by
inclusion of the Navigation functions in the HUD/WAC. This prop 1 was accepted and the
HUD/WAC/NAV was born.

{Por convenience the HUD/WAC/NAV will sometimes be referred to in the rest of this paper
as the HUD).

3. THE_OVERALL NAV/ATTACK SYSTEM
A simplified block diagram of the overall Nav/Attack system is shown in Pigure 1.

The main subsystems of the system are as follows:

Radar ~ This subsystem operates in both the Air to Air and Air to
Ground roles.

Radio Altimeter - Functionally self-evident.

Inertial Sensing Unit (1I8U)

- This subsystem provides outputs of aircraft attitudes and 3
axis speeds. In the prime mode, horizontal speeds are
derived from Doppler/Inertial mixing, vertical speed from
Barometric/Inertial mixing.

Doppler - This subsystem provides outputs of 3 axis speeds.

Air Data Computer - “This subsystem, besides seneing and computing of Air data
parameters, also outputs angle of attack warning data. This
data has two forms - one for display on the HUD Pilot Display
Unit, the second is an aural output to the aircraft audio
system transmitted via the HUD Navigation Control Unit.
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RUD - This consists of 5 units. These are the Pilot Display Unit
(PDU), Electronics Unit (EU), Navigation Control Unit (NCU),
NCU Power Supply Unit (NCUPSU) and Pilot Control Unit (PCU).

In Figure 1, the NCU is shown for convenience ag a separate unit. In fact, the NCU is
mounted on the rear face of the PDU as is shown in Pigures 2 and 3. ‘The rear face of the
PDU also contains other HUD controls. The NCU and other controls installed on the rear
face of the PDU provide a true "Up Pront" system controller.

Past selection of Air to Air Mode is provided by 2 pushbuttons on the throttle. Pushing
one or both (3 combinations) causes Air to Air mode to be selected with manual
(stadiametric) range set to one of three values. At the same time, the radar begins to
search and, after lock-on, radar range is used by the HUD replacing the selected value of
manual range.

From the stick, the HUD receives inputa of Pickle and Trigger.

The prime interface in the system is a digital data Bus conforming to ARINC 429M, the M
being short for "modified". The principal modification to the ARINC standard was to make
the Bus bi-directional with "handshake" discretes (Data Transfer Request, Data Transfer
Accept) introduced.

Within the system, all weapon aiming and navigation computing is carried out in the HUD
EU with the exception of a back-up computation of present position which is carried out
by the 1sU.

4. HUD COMPOSITION

As stated previously, the HUD consists of 5 units: PDU (with NCU attached), EU, NCUPSU
and PCU. These, with the exception of the PCU, are illustrated in Figure 2.

Entry and display of Navigation data is achieved using the NCU. This ie described in
more detail later.

The PU contains the ARINC 429M Bus Controller.

The NCUPSU contains the power supply for the NCU plus a standby Bus Controller which

takes over automatically when the HUD is switched off. This enables ISU computed present o '
position to be displayed on the NCU following a HUD failure. The NCUPSU also supplies
power using the aircraft battery to enable long term data storage within the EU when the
EU power is disconnected. Figure 3 shows a close-up view of the PDU/NCU combination. As
can be seen from the figure, the rear face of the PDU, upon which are installed the NCU
and other HUD controls at the top, also has a gpace on the top right for installation of
the display recorder camera. ' }
The controls located on the top of the PDU rear face consist of the following: i
~ RAD ALT/BARO/TARGET three position switch.
This selects the type of attitude to be displayed on the PDU. (ie. Radio, Barometric
or Target). With TARGET selected, Altitude may be set using the potentiometer below . |
the switch. The RAD ALT/BARO positions also select the type of air to ground ranging |
used if the radar is not locked. ,
- TARGET/WGSN potentiometer. X
This is used to set the Target Barometric Altitude and, in the Air to Air mode, to set
Target Aircraft wingspan. The values are shown on the PDU. i
- CAMERA ON/OFF two position switch.
This allows manual switch-on of the display recorder camera.
- BPS Potentiometer
The Barometric Pressure Setting potentiometer is used to set the pressure of the day
in millibars, the value being shown on the PDU.
- HUD/OFF switch and potentiometer.
K] This combined switch and potentiometer switches on the HUD, except the NCU, and allows
adjustment of the PDU display brightness. '
* - NCU/OFP/STBY combined switch and potentiometer.
c This control switches on the NCU and allows adjustment of the NCU display brightness.
After data has been loaded using the NCU, selection of the standby (STBY) position
allows the data to be retained in the EU memory when the EU power is disconnected.
This facility allows, for example, data loaded in the evening to be used for a mission
the following day. Use of the standby facility is indicated by illumination of the f
green Light BEmitting Diode installed above the switch.
- NORM/DCL (Mormal/Declutter) two position switch.
Selection of Declutter removes some of the symbols from the PDU display.
- Mode selector rotary switch.
] Selectable HUD PDU display modes are:
i f ; i
; “
L
l i —
—\—‘—~ *
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NAV Navigation
APP Approach
GEN General Flying
AA Air to Air Guns and Missiles
CCRP Continuously Computed Release Point
[o{e3§ 4 Continuously Computed Impact Point

e

The Navigation Control Unit (NCU) controls and displays are located at the bottom of the
PDU rear face. The controls and displays consist of illuminated push buttons located on
a legend-less panel and two opticators for data entry and dieplay.

Conventional NCU's using rotary switches would require more panel space to fulfil the
same functional requirements or, putting the point another way, use of illuminated push
buttons enables more functions to be placed on a given quantity of panel space.

The legends on the pushbuttons and examples of NCU use are given later in this paper.
Figure 4 shows the layout of the PCU. This unit is installed on the right hand side
console and contains the least used control functions for which there was no available
space on the rear face of the PDU. The unit is an integrated system panel and contains
the following controls

- A rotary switch for selection of ISU mode.

- On-Board Check Out System (OBCOS) control. This is a rotary switch for selection of
self-test of the NCU, HUD, ISU, ADC and Doppler. The result of the self test is
displayed on one of the NCU opticators.

- Doppler Off/Land/Sea three position mode switch.

- HUD standby sight On/Off and Brightness Control.

- Angle of Attack Warning System audio volume control.

5. MODIFICATIONS TO THE BASIC HUD/WAC

In order to convert, as it were, the basic HUD/WAC into a HUD/WAC/NAV fulfilling the
functional requirements specified, a number of changes to the baseline HUD/WAC equipment
were necessary, one of them being fundamental.

The necessary changes are summarised below:

(a) Changes to the FU

- The processor was changed to a three level interrupt type, the three levels being
50Hz, 25Hz and SHz.

- The Digital Data Bus was changed to ARINC 429M.

- A Bus Controller was added to the EU.

- The number of analog input channels was increased.

- The read/write data (scratchpad) store was increased.

- Scratchpad store hold-up by aircraft battery was added.

- The EPROM program store was increased in order to provide the Navigation Software.

- The NCU was added to the system, it being under control of the EU.

(b) Changes to the PDU

The NCU was added as an "Up-Front™ controller and containing a Standby Bus Controller.
(c) NCuPSU

This was added to the system to provide power for the NCU and for the Standby Bus
Controller.

(4) Pcu

This was added to the system to provide the least used controls. That is, those controls
for which it was considered less essential to be provided "Up-Front".

6. SYSTEM WEAPON AIMING FACILITIRS

As previously stated, my paper concentrates principally on the Navigation aspects of the
system. Por completeness, the weapon aiming facilities provided are summarised in this
section.

The weapon aiming facilities are as follows:




(a) Air to Ground
- Continuously Computed Impact Point (CCIP) for Bombs, Guns and Rockets.

- Continuously Computed Release Point (CCRP) for Bombs.

- Ranging using Radar, Radio Altitude or Barometric Altitude.

(b) Adir to Air
- Guna Snapshoot using radar ranging or stadiametic ranging.

- Maximum and Minimum range computation and display for Missiles.

7. SYSTEM NAVIGATION FACILITIES

This section describes the Navigation facilitjes provided by the overall aystem. The
navigation facilities are numerous and relatively sophisticated as can be seen from the
description below.

- Latitude/Longitude coordinates.

- Up to 18 waypoints are provided of which 4 are for storage of overflown points on
the ground (eg, targets of opportunity or similar points of interest).

- Storage within the EU of the coordinates of 10 pre-programmed destinations. These
are commonly used waypoints and may be called up as a waypoint in the aircraft route
plan.
- Speeds used for Navigation are Doppler/Inertial or Pure Inertial in the prime mode
backed up by Baro/Inertial following Doppler failure or if the Doppler stays in
memory for an excessive period of time. A last ditch back-up mode is use of air
data navigation following a partial failure of the ISU.
- Provision on the PDU of a flight director for guidance along the track, real or
offset, joining the current To/From destinations or, in the Intercept Sub-mode of
Navigation, guidance to intercept an airborne target. The flight director
- Pilot selectable display on the NCU of one of the following:
o Present Position
o Waypoint Coordinates
o Distance and bearing to the current destination
. o0 Coordinates of the pre-programmed destinations
© Groundspeed and track .
o Cross-track error concerning the current To/From waypoints. :

o  Current Windspeed and Direction

o Fuel and Time necessary to fly between any 2 waypoints either by direct flight
or by following the planned route.

! © Puel and time necessary to fly to the next destination from present position.
o In the Attack Sub-mode, the estimated time of day of arrival at the entry point
of the attack. In order to assist the pilot to arrive at the entry point of a
planned attack at the deasired time, a speed error symbol is displayed on the PDU.
© Weapons carried on the mission (shown on the PDU).
o Mission route plan (shown on the PDU). i

! - Pilot selectable automatic or manual destination change.

- Planned Fix on a waypoint or Random Fix, both by overflight.

Data entry either manually or using an automatic data loader.

- Data entry of
© Waypoint coordinates. Waypoints can be random or use can be made of the already
stored pre-programmed destinations.

‘ o Nominal groundspeeds and fuel consumption rates pertaining to each leqg of the
. route plan.

o Time of Day.

—

mechanisation uses a track hold control law computed in the HUD EU. -
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o Attack sub-mode data, including deasired time of arrival at the attack entry.
o Intercept sub~-mode data.

o Mission route plan (shown on the PDU).

o Windspeed and direction.

o Random fix data

o Desired left or right offset from track.

o Magnetic Variation and runway Magnetic Heading for the reference mode of ISU
alignment.

o Mission weapon data.

In the event of HUD failure, back-up Present Position calculated within the ISU
-and displayed on the NCU.

8. NCU OPERATION

In this section, the operation of the NCU controls is described in some detail and
illustrated by two examples. The NCU is used for entry and display of navigation and
other data and is, we believe, an elegant, unique solution to a complex problem.

8.1 Layout of the Controls and Displays

Shown in Figure 5 is the layout of the NCU with all pushbutton legends illuminated. This
is a situation which never happens in practice since the illumination of the legends, or
not as the case may be, is completely under the control of the EU software which allows
illumination of only those legende which are available for selection at the particular
time during the flight or during the particular phase of NCU usage. Additionally, some
functions are mutually exclusive. Por example, FIDO, the automatic data loader, is
available for selection only before wheels up. A second example concerns the MAN/AUTO
pushbutton. This refers to the type of destination change, either manual or automatic.
These are obviously mutually exclusive and, therefore, only MAN or AUTO will be lit at
any one time. Change from MAN to AUTO, or vice versa, is achieved by pushing the button.
As a third example, selection of AUTO causes the CHANGE DEST key to be blanked.

Referring to Figure 5, it can be seen that, for descriptive purposes, the NCU controls
and displays may be considered as consisting of four parts:

- Punctional Pushbutton Group
- Keyboard

- Small Opticator

- Large Opticator

(a) Functional Pushbutton Group
This is the group of 10 pushbuttons located above the two opticators. The following
functions are provided:

- Selection of destination change type (MAN or AUTO)

- Selection of the Attack and Intercept submodes of Navigation (ATK or INT)

- Automatic data loader operation (FIDO)

- Manual Destination Change (CHANGE DEST)

- Storage of the coordinates of overflown points (STORE POS)

- FPixes (PLANFIX, RANDFIX)

- Selection of whether the NCU will be used for display of data or programming
(entry) of data (DISPLAY/PROGRAM)

(b) Keyboard

This is a group of 12 pushbuttons. The lower halves of each pushbutton are used for
entry of numerical and other data. The upper halves are used to select the type of data
to be displayed or programmed.

(c) Small Opticator
This is a three "window" alphanumeric display used to give messages to the pilot
concerning, for example, system status or OBCOS results.

(d) Large Opticator

The large opticator is used for display of the data requested by the pilot, for example
present position, or to hold keyboard entered data during programming operations of the
NCU.

8.2 NCU _Display Example

Figure 6 shows the appearance of the NCU in the Display Select mode. As no data is to be
entered, the numerical part of the keyboard is blanked while the small opticator shows
that we are flying from waypoint 3 to waypoint 1 with the Doppler in memory. The top
halves of the keyboard show the wmenu of displays available for selection.
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Suppose that display of Present Position is desired. The pilot pushes POS and the NCU
appearance becomes as shown in Figure 7 with Present Position shown in the large
opticatocr. Of the available display selections, only POS remains illuminated as a
reminder of the data being displayed. A further push of POS returns the NCU to display
select mode.

8.3 NCU Program Example

From the display of, for example, Present Position, as shown in Figure 7, the pilot
presses DISPLAY and the NCU appearance changes tc the Program Select mode as illustrated
in Pigure 8. DISPLAY has changed to PROGRAM and the menu of programs available is
indicated in the upper halves of the keyboard pushbuttons.

Suppose that the loading of waypoint coordinates is desired. The pilot presses DEST and
the NCU appearance changes to that shown in Pigure 9. Of the program menu, only DEST
remains illuminated and the letter D has appeared in the small opticator as a reminder
that the next task is the entry of the destination (or waypoint) number. The keys O and
1 are illuminated ready for the entry of the first digit of the waypoint number which
must be a 0 or a 1.

After entry of the waypoint number, the NCU appearance changes to that shown in Figure 10
in which a waypoint number 06 has been entered.

The next task is to ACCEPT or REJECT this data by pushing the appropriate button.

If accepted, the next tagsk is to load the coordinates of waypoint 6 as shown in Figure 11
following which a further ACCEPT completes the entry of the waypoint number and its
coordinates.

(Note: The REJECT key is red when illuminated on the real NCU and, therefore, may not
appea§ to be illuminated in Figures 10 and 11 because of reproduction in black and
white).

8.4 Small Opticator Middle Window Indication Examples

Section 8.3 has given one example of how the small opticator is used during data loading
using the NCU.

Illustrated in Figure 12 are some examples of the appearance of the middle "window" of
the small opticator when it displays system status during normal flight - that is, when
the NCU is not in Program mode.

The referenced figure is self-explanatory except for the example given at the bottom
which indicates that we are flying from waypoint 3 to waypoint 2 with the Duppler
currently ii. memory.

8.5 Small Opticator OBCOS Indications

The appearance of the small opticator during self-test of the subsystem selected using
the OBCOS control located on the PCU is shown in Figure 13.

9. TESTING OF THE NAV/ATTACK SYSTEM

This section of the paper describes briefly the philosophy of integration and flight
testing of the overall prototype Nav/Attack system.

The testing comprises six phases as followe:

Phase 1

Each subsystem was acceptance tested before leaving its factory for delivery to the
systems integration and test rig site.

Phase 2

Upon arrival at the rig site, each subsystem was subjected to an identical acceptance
test using identical test equipment.

Phase 3

Progressive Integration Testing of the system on the rig against written test procedures.
In the context of integration testing, the word "progressive"” means that the subsystems
were, where possible, first tested in pairs, then triplets etc.

Phase 4

Ground test of the system on the trials aircraft against a written ground test procedure.

Phase 5

Flight Test. The flight test phase was essentially qualitative in that virtually no
per formance measuremerits were taken. The objective was to prove that the system was
functioning, but not in terms of accuracy measurements.

Phase 6

Flight Trials. This phase is quantitative and will determine the accuracies of the
Navigation and Weapon aiming modes.

e —— o
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For the latter part of the Flight Test phase and for the Flight Trials phase, an Airborne
Data Recorder (ADR) was installed on the aircraft to record from the data bus. The EU
software was also modified to output special parameters onto the data bus for recording
purposes. Since no instrumented range was available, other techniques had to be
developed for accuracy testing. These techniques, allied with the ADR and its associated
ground equipment, enable satisfactory flight trials analysis.

At the time of writing, the project is entering the Flight Trials phase.

10. CONCLUSION AND FUTURE TRENDS

In conclusion, this paper has described briefly a HUD/WAC/NAV system built to satisfy the
requirements of an overseas customer. Integration of Navigation and Fire Control within
a HUD has been shown in testing to be a viable concept. 1In particular, the NCU approach
of using illuminated pushbuttons is an elegant solution to the problem of providing a
complex navigation control and display unit in a limited space and of locating such a
device where it belongs, "Up-Front". This is due, in particular, to the fact that no
dedicated panel engravings are necessary.

For the future, we have to pose the gquestion -~

"Are we heading towards central computing with more and more functions, which have
historically been separated, integrated into one subsystem?"

However, it seems likely that such integration should be limited to those system LRU's
and sensors which are required to operate in a co-operative manner to achieve a given
function and one will certainly not see a widespread integration crossing many different
boundaries of redundancy, integrity and performance such as by integrating flight
control, engine control, navigation, stores management, etc, all into a single computing
complex, however all encompassing the theoretical integrity of such a complex might be.
Not only would such a system be highly expensive because of the need to design every
gystem up to the level of the most demanding, but it poses what are presently insoluble
problems in the field of common mode failures.

Therefore, as a basic systems design technique, I do not believe that we are moving back
towards the original central computer complex. On the other hand, in the area of
ajrcraft weapon system retrofit, where one is adding one or two quite distinctive
features to an existing aircraft, or integrating some of the existing functions within
the aircraft, it seems possible to adopt the benefits of central computing systems whilst
at the same time maintaining the existing levels of redundancy and integrity which are
available within the basic aircraft to which these new functions are being added.
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Figure 3

PDU and NCU
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Pigure 6 NCU Display Select Mode
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Pigure 9 NCU "DEST" Program
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NCU "DEST" Program (continued)
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I ®BIHHNIHY

! EXAMPLE

DOPPLER/INERTIAL NAVIGATION IN PROGRESS

PURE INERTIAL NAVIGATION IN PROGRESS BECAUSE DOPPLER IS IN MEMORY
AFTER ABOUT § MINUTES, ISU SWITCHES TO BAROVINERTIAL MODE

PURE INERTIAL NAVIGATION IN PROGRESS BECAUSE DOPPLER HAS FAILED

PURE INERTIAL NAVIGATION IN PROGRESS BECAUSE OOPPLER NOT TRANSMTTING
OR OFF. AFTER ABOUT 5§ MINUTES. ISU SWITCHES TO BARQ/INERTIAL MODE

BARG/INERTIAL NAVIGATION IN PROGRESS
HUD AIR DATA NAVIGATION N PROGRESS

AUTOMATIC NAVIGATION NO LONGER AVAILABLE

HUD FAIL

Figure 12 Small Opticator Middle “Window™ Indication Examples

FOLLOWING SELECTION OF A SUB-SYSTEM TEST USING PCU

T 7] seswucx
g SUB-SYSTEM FALL

Pigure 13 Small Opticator OBCOS Indications
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APPLICATION OF FLIGHT CONTROLS TECHNOLOGY TO
ENGINE CONTROL SYSTEMS
by
Rudolf J. Seemann and J.L. Lockenour
NORTHROP CORPORATION
Aircraft Division
Hawthorne, California

.

‘/ SUMMARY

The transition from mechanical to redundant digital electronic flight controls started in 1950 and is
at a rather advanced state. The first few full authority digital electronic engine control systems have
completed initial development. Many of the control laws and redundancy management techniques that were
pioneered in flight controls are directly applicable to digital engine controls.

Section 1 outlines the authors' recommended system design approach. Section 2 discusses some
considerations for the design of electronically implemented control laws. Section 3 describes a typical re-
dundancy management concept, based on digital flight control techniques, for a quadruplex engine control
system. This is followed by the authors' recommended analysis methodology to determine the probability
of control system failure. The conclusion of Section 3 discusses some implications that use the probability
theory has on the control system design requirements. Section 4 di the r ded integration,
development test and validation test approach of the authors. 57

1 GENERAL CONTROL SYSTEM DESIGN PHILOSOPHY
1.1 Engine Control System History

The first turbine engine became operational less than 50 years ago. Comparing today's sophisti-
cated hydromechanical turbine control system to the comparatively simple turbine control of the first
engine shows the tremendous progress made in the turbine controls field. This progress, in our opinion,
will be overshadowed by the progress that will be made in the next three to six years with the new
digital engine controls.

A turbine engine is a device that, unless controlled in an exact manner, has the tendency to self-
destruct. Control must be obtsined in -a relisble, efficlent and cost effective manner. In many ways this
is similar to the control of an unstable aircraft with which the authors are more familiur than turbine
engine controls., However, the application of digital control techniques and redund t con-
cepts demonstrated in flight controls, as well as the lessons learned in flight controls, are dh-ectly appli-

cable to engine controls.

1.2 Hydromechanical Control System Design Priorities
To adequately control a turbine engine is always a difficult job. This was especially true in the
early days of turbine engine control work. There was little analytical basis for the control work and
experimentation formed much of the basis for early control systems. Out of these experiences came the
control system priorities that still hold true for today's hydromechanical controls:
1. Engine protection against self-inflicted damage for self-destruction from:
a. Temperature limits being exceeded
b. Speed limits being exceeded
c¢. Pressure limit being exceeded
2. Engine stability is lost as expressed in:
a. Engine thrust fluctuations
b. Fan and compressor stall margins
¢. Augmentor spikes
3. Compatibility with aircraft inlet to satisfy engine requirements for:

a. Airflow corridor
b, Minimum burner pressure

4, Steady-State performance and accurscy of engine with regard to:
a. Thrust modulation
b. Thrust and fuel consumption requirements

c. Control sensitivity
d. Repeatability

5. Transient requirements of total engine to assure:
a. Thrust is a monotonic function of time for monotonic throttle command
b, Accelerstion and deceloration times are reasonable and repeatable
c. Combustion stability is always present

6. Reliable start and transition to normal operation is available

7. Engine msintenance is minimum and can be performed in a reasonable menner.
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It is the authors' opinion that prioritizing digital electronic control system requirements in this
manner can be detrimental to a successful digital electronic control system. It is expected that proper
use of the digital processors (with the necessary help of advanced multi-variable controls theory) will
make it possible to meet all these criteria without necessarily assigning a priority order and without
sacrificing overall safety or performance at any point in the flight envelope.

1.3 Control System Design Procedure

The recommended design procedure is shown schematically in Figure 1.1, Control System Design
Integration and Validation Flow Diagram. It describes the method used by the authors in d:sign of flight
control systems. It is felt that this method would be applicable to engine control in the same manner as
to flight controls.

1.3.1 Concept Development

Any control system has three major requirements: The first is the functional requirements which
relate to the plant that must be controlled. The second is the environmental considerations which must
be specified to ensure the survivability of the control system. The third is the related probability of
operation of the control system which is especially applicable if there are redundant control modes.

The functional control law characteristics determine the engine efficiency, utility, response charac-
teristic and performance. These characteristics are obtained by synthesizing the control laws and are
validated by analysis in the design phase and by testing prior to actual use on the engine. The environ-
mental characteristics specified under which the control system components must survive are determined
by the location of the components on the engine and/or with‘n the airplane. These considerations influ-
ence the basic selection of the control system components that can be used. They also affect the overall
control system architecture.

Probability of engine operation requirements are specified as the allowable probability of loss of
engine, probability of allowable mission abort, and probability of damage to the engine due to engine con-
trol system failure. The specified requirements can be used by the control system designer to determine
the required fault tolerant approach to meet the design goals for a fly-by-wire engine control system.
Redundancy considerations, in conjunction with the reliability of the individual subsystems, form the basis
of the engine operational readiness, the probability of operation, the probability of mission abort, as well
as maintenance and life cycle costs o ‘he engine.

Applying probability numbers based on Mean Time Between Failure (MTBF) data of components and/
or subsystems to determine probability of engine loss, ete., has severe implications on the requirements
for Continuous Built In Test (CBIT) and Initiated Built In Test (IBIT) of the engine control system.
The standard practice of using MTBF data in control system probability analysis subtly implies that prior
to each flight the control system is completely checked to verify that no latent failures are present in the
system. In addition, failures that occur and have provisions for failure isolation and system reconfigura-
tion must be identified and the system must be reconfigured. These CBIT and IBIT test requirements
must be identified and implemented as part of the fault tolerant design of the engine control system.

1.3.2 System Definition and Development

The combination of functional and probability of operation requirements results in the complete defi-
nition of the conceptual engine control system. The authors feel that it is prudent at this time that the
initial Fallure Modes and Effects Analysis (FMEA) and Single Point Failure Analysis (SPFA) be conducted
to determine if there are any fallure modes within the control system that have not been properly ad-
dressed. Merely conducting a single point fajlure analysis and a failure modes and effects analysis is not
sufficient since it only identifies potential problem areas and potential solutions. The potential solutions
must be validated through testing on the actual engine control hardware to assure that the conclusions
derived are correct. Therefore it is important that the testing facility be available that has the ability to
validate single point failure analysis results and failure modes and effects analysis results.

The functional analysis results must be validated in a simil — preferably on the same con-
trols test stand. The method proposed here for functional and redundancy I's verification is to
construct an engine controls test stand that will allow validation of control systems characteristics. The
definition of such a test stand must be considered in the conceptual engine control system design. The
validation of the control system operation as influenced by environmental characteristics is done as part
of the component testing and is not considered in the test stand design.

After the conceptusl design is completed, the system must be separated into individual line replace-
able units (LRUa) must be done. The line replaceable units are computers, actuators, sensors, etc.,
each requiring its own dedicated specification. Satisfactory results from the control system analysis, the
FMEA and the SPFA assure that the specification is ready for vendor selection and contract negotistions.
As psrt of the contract award negotiations, a definition of LRU development testing, acceptance testing,
environmental testing, reliability development, and life testing must be defined and made a part of the
contract,

1.3.3 Verific.tion, Validation, and Integration Testing

Based on the authors' experience in flight control systems, it Imost impoasible to integrate a
high authority digital engine control system or flight control system without the use of a control system
test stand. A generalizsed block diagram of such a control test stand is shown in Figure 1.2. A control
test stand is used to integrate the control system hardware, perform functional validation of the control
laws and redundancy g implementation of the engine control system design.
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Experience in flight control system has shown that it is extremely important to perform formal test-
ing with well-documented and rigidly controlled test procedures. It is helpful to perform some develop-
ment testing prior to the official tests in order to assure basic system operation and to allow identification
and resolution of early fundamental operation problems. Close cooperation is required between the
selected LRU vendors and the buyer to assure that the vendor's development test procedures, acceptance
test procedures, environmental test procedures, life test procedures, and the buyer's system integration
test procedrves, development test procedures and validation test procedures are properly coordinated.
This coorev.ation is especially important for the design of the integration test facility at the buyer's
facility, wrich places special requirements on many of the individual LRUs. These special requirements
will require extra features of the lab test units to allow visibility into internal operation of LRUs to aid in
problem identification and debugging.

The test stand facility must serve the purpose of conducting preliminary trial runs of tests to be
conducted at a later date on the engine in the test sell or on the aircraft. Time and money should,
therefore, be saved in the test cell and aircraft tests by debugging the test plans and procedures and by
allowing the test ceil and aircraft tests to be checks of critical points and a verification of previous
results.

Satisfactory completion of all testing on the engine controls test stand should be a prerequisite for
the control systems testing in the engine test cell. If a good representation of the thermodynamic engine
was used in the closing of the control loops on the controls test stand, the test results of the engine test
cell should be identical to the results obtained on the test stand. This in turn implies that the test cell
operation of the engine control system and the total engine operation is a validation of the previously
obtained engine controls test stand results. Proper use of the controls test stand therefore allows the
inexpensive operational use of the engine controls test stand to be substituted for many hours of expen-
give test cell runs.

The test procedures used and validated on the test stand can also be used on the engine test cell
operation and engine installation testing on the aircraft. Again, this will lead to further cost and time
savings in the final phases of the program when time is generally at a premium and delay costs are high.

2. TUNCTIONAL TURBINE ENGINE CONTROL LAWS

section briefly reviews typical current Hydro-Mechanical control law development for turbine
eng’ .d gives a general example of a hydro-mechanical control law. This will be followed by a dis-
3 .f expected parallels between turbine engine control and flight control system developments.

2.1 Engine Model for Control Law Discussions

The turbine engine model selected for detail discussion of the control laws is shown in Figure 2.1.
It is an afterburning, two stage turbine engine with the sensors and actuation system controls identified.
The engine is typical of those used in current generation fighters.

2.2 Typical Hydro-Mechanical Control Law Concept

Current turbine engine control systems schedule the inlet fan vane guides and high pressure
compressor vane guides as a function of component corrected speeds, These schedules are derived from
component tests and are designed to maximize component efficiencies along the operating lines which will
assure adequate stall margins for even the most severe operating conditions anticipated.

The fuel control is similarily designed to schedule fuel flow as a function of RPM, engine pressures,
engine temperatures, static pressure, free air temperature and Mach number to assure that none of the
operating limits of the turbine engine will be exceeded and the required operational characteristics are
maintained.

The general approach used in hydro-mechanical controls is to use a "predictor" control law that
predicts in advance the desired vane guide position, nozzle position or fuel flow desired based on pres-
sure, temperature or other sensor signals.

In brief, this design approach is well understood by the engine controls community and has a large
data base to support its use. The hydro-mechanical control computers development in support of this
control concept are an outstanding engineering achievement representing a mature technology.

2.3 Recommendations for Digital Electronic Turbine Control Laws

The potential performance improvements obtainable by modern electronic control systems in increased
thrust over the flight envelope, improved Specific Fuel Consumption (SFC), improved probability of
Mission Success, lower probavility of engine damage and engine loss and the promise of lower develop-
ment, acquisition, operating and life cycle cost will, in the authors' opinion, make the current approach
obsolete.

However, digital electronic computers show only small advantages when incorporating conventional
engine control laws into a digital hardware/software architecture. This can be vastly improved by adding
an electronic control law concept which also uses command position (or fuel flow) to drive the plant to be
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controlled to desired operating conditions and is implemented by following several guidelines used in the
development of digital flight control systems. The following guidelines should be observed:

1. The design approach should lend itself to small amplitude — piecewise linear systems analysis
using either state variable or complex plane ques.

2. The limit functions should be excluded from the control law snalysis, The inclusion of limit
functions prohibits initial use of linear analysis, which is a very powerful tool for validating the
initial design concept. Table 2.1 shows a list of 38 limit functions required for a generalized
two spool engine. Any or all of these limits can be functions of multiple variables used or not
used in the primary engine control laws.

3. The linear analysis should be followed by time domain non-linear analysis to evaiuate the effects
of limit functions and other nonlinearities.

4. Actuator control loops should be designed to be single command/feedback functions with only
one summing junction in the loop structure. Reduction of the actuation system(s) to first or-
der, second order or third order linear system must be possible.

2.4 Recommended Interface Between the Hydro-Mechanical and Digital Flight Control Subsystems

Designing control laws based on the preceding r dations is expected to produce superior
performance over the hydro-mechanical system. However, since the new control laws and mechanization
have not been proven to date, it is advantageous to build the initial systems such, that the control laws
of the electronic system are in control, but the hydro-mechanical control system is also active and ready
to take over should the electrical system perform unsatisfactorily or even fail. By the same token, it
must be possible to disconnect the hydro-mechanical system if that portion of the system should fail.
This switching concept is shown in Figure 2.2. For the case shown, the inlet Fan Vane control and HPC
Vane control is spring-loaded to the hydro-mechanical control. By applying hydraulic pressure to the
transfer valve the electrical control mode is selected. There are independent loop closures for the
electrical and hydro-mechapical actuation system. Through the use of the transfer valve, either loop
closure can be selected.

3. REDUNDANCY MANAGEMENT CONSIDERATION

This section first describes a typical redundancy management concept used in quadruplex digital
control systems. This is followed by an example of probability analysis applied to such a quadruplex
control system. The conclusion of this chapter discusses the authors’ approach to probability of opera-
tion specification for a control system, some implications that use of probabhility theory imposes on the
system design and the definition of the authors' "cost effective" design goals.

3.1 Typical Redundancy Management Concepts for Quadruplex Digital Processor Systems

One of the desirable features of a digital processor is its capability to process large amounts of
data, perform complex computations, and make complex logic decisions in an efficient manner. The unde-
sirable part about the digital processor is its failure modes. First, these failure modes can be cata-
strophic at any time without prior warning. This is in contrast to a mechanical system where failures are
normally preceded by detectable wear, leaks, or degraded performance. Second, there are many failure
modes that allow basic operation of the processor, but do not ailow performing the computations and the
desired logic decisions in the manner required by the system design.

3.1.1 Built in Test Concept

The problem of the processor operating but coming up with wrong solutions can be handled by
using a well-structured and dedicated method of testing. One should realize that a unique feature of the
digital processor is its capability of determining if the last set of computations performed by the proces-
sor were performed correctly. This {s accomplished by a testing method commonly called bullt-in tests
(BIT). BIT can be separated into two parts; continuous BIT (CBIT), which is run any time the func-
tional algorithms are being executed, and initiated BIT (IBIT), which is run when power is first turned
on or when selected by ground crew or pilot.

The concept of continuous BIT and initiated BIT must be an integral part of the control system
design. It is not a feature that can be added on at a later time, but must be considered in the initial
system design. The hierarchy of a red t system starts with the digital processors.
Once the processors' operation has been ver‘lﬂed all the interfaces between the digital processors and
between each processor and the outside world are tested. After that testing has been completed satisfac-
torily, testing is extended to the sensors and their interfaces, the actuators and their interfaces, and
also the discrete signals and their interfaces.

The continuous BIT is running continuously and checks the normal operation of the control system.
The initiated BIT checks, in addition to the normal operation, such items as failure detection monitoring
circuits, control system reconfiguration circuits, and display interfaces. Failure to pass these tests leads
in general to the disabling of the affected system portion(s).

A generally accepted philosophy is that a digltnl _processor can declare only itself as fafled. It is
considered imprudent to allow the other pr lare a particul failed. Considering
the amount of self-testing that is possible in a digltul processor, the authors feel that this is a proper
decision.
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A typical series of tests conducted by the digital processor to assure its operational status is:
1. A watchdog type monitor in the computer hardware that is of the "dead man" switch type.
2. A PROM memory test that performs a check sum of the y and pares it against a stored

number indicating the correct check sum.

3. A separate computation involving all the microcode instructions of each individual processor.
The correct results of the computation(s) is stored and compared to the actual results obtained.

4. A parity check that verifies the validity of data previously stored prior to its use.
5. A pattern check* of the RAM memory.

6. A pattern check* of the digital processor bus system and the registers.

7. A check of the power supply within the control system.

A pattern check consists of writing all zeros into the desired locations and then reading the infor-
mation back out to assure that the input and output information is identical. This process is
repeated with all ones, alternate zeros and ones, alternate ones and zeros, alternate zeros and ones
in pairs, and alternate ones and zeros in pairs.

If a processor can perform all the indicated functions for continuous BIT correctly, the processor
can be assumed to be working with a very high degree of confidence. Once the processor is operating
satisfactorily, the next step is to test the interfaces from the digital processor to the outside world.
These interfaces are:

1. The analog to digital and digital to analog converter
2. The discrete input and output signal interface system

3. The intercommunication systems between digital processors typically called the cross channel
data links,

4. The MIL-STD-1553 bus if such a device is part of the system.
3.1.2 Built in Test Applications

The analog to digital (A to D) and digital to analog (D to A) converter continuous built-in test is
best described with reference to Figure 3.1. This test uses a dedicated wrap-around test loop and the
previously described test patterns that were used in the RAM memory testing. The digital processor uses
the test pattern, one at a time, and sends the data out through the D to A converter. The wrap-around
test loop is activated and the analog data transfers directly through a buffer amplifier to the analog to
digital converter. The analog to digital converter receives the digitized data and verifies that the data is
within tolerance. Typical tolerance is *2 least significant bits. By using all test patterns and obtaining
satisfactory results the normal operation of the A to D and D to A converter is assured.

The discrete signal interface system is best described with reference to Figure 3.2. This system
also uses a wrap-around test similar to the analog to digital and digital to analog converter wrap-around
loop. The discrete signals coming into the digital processor are stored in a latch buffer and are coming
in through the parsallel interface. From there the signals are sent to the digital processor via the digital
processor bus. The output discretes are sent via the digital processor bus to the output latch buffer.
From the output latch buffer the discrete signals are transferred in the paraliel mode to the discrete hold
circuits. The hold circuits are the refresher type that require periodic updating for the discretes to
stay in the ON state. This assures that if the digital processor stops functioning the discrete signals
will go towards the OFF state typically within two to four samples. The wrap-around loop uses the serial
interface of the shift registers. The output latch buffers are wrapped around to the input latch buffers
and the testing is similar to the analog to digital converter test. The digital processor uses the test pat-
terns previously discussed and feeds the data to the output latch buffer in the parallel manner. From
there the data is transferred to the input latch buffers using the serial link between the input and out-
put latch buffers. The digital processor receives the data from the input latch buffer and compares them
for bit identical patterns. Using all test patterns, one pattern at a time, and obtaining good results
assures normal operation of the discrete interface. The experience of the authors is that the discrete
interface i{s & much more cumbersome and difficult task for design, test, and validation than the analog
signal interface.

The cross channel data link interface is best described with reference to Figure 3.3. This inter-
face {8 the communication link between the different digital processors of the engine control system. This
test uses again the previously discussed test patterns where each of the digital processors sends the test
patterns to the other processors, all working time synchronous. The digital processors start their com-
putational cycle, which typically varies from 10 to 20 milliseconds, at the same instant. Since all pro-
cessors start their task of continuous B{T simultaneously and all processors know what data is to be
received since they are also transmitting the same data, esch processor can check the data received from
the other processors and verify normal operations. Receiving all test patterns from the other processors
in the bit identical manner assures normal operation of the cross channel data link.

Many of the digital processor interfaces to the outside world have their own dedicated RAM memory.
This RAM memory requires a separate test, identical to the test for the previously discussed processor
RAM memory, which was described at the beginning of this section.
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The testing of the MIL-STD-1553 bus system is specified as part of MIL-STD-1553. The only
recommendations that the authors have is that if the dual bus which is specified in the MIL-STD is used,
the system should alternate between the A bus and the B bus. By using the buses in an alternate
manner, a failed bus is detected at the time the first failure occurs and a failed system is not carried
along without knowing that a fallure has occurred. Using the ssme bus until a fallure occurs can result
in having had a failure in the bus system not being used and when trying to use the second part finding
that the system had previously failed.

3.2 Typical Redundancy Management Concepts for Signals Interfacing With A Quadruplex Digital Control
System

3.2.1 Input Sensor Management

This section discusses the failure detection of redundant input sensor signals. In case of engine
controls, typical input signals are pressure signals, RPM signals, and temperature signals. Pilot command
signals and actuator position signals also fall into this category. The testing is best described with ref-
erence to Figure 3.4 which shows the data flow for the testing. One capability found in the digital sys-
tems that is not available in analog systems is the use of separate criteria for selecting the signals to be
used for computation and detecting if a signal is failed. Assuming the quadruplex channel system, shown
in Figure 3.4, each of the four processors receives all four sensor signals, one from its own A to D con-
verter and the other three from the cross channel data link. The typical procedure is to perform a rea-
sonableness test which also produces some flltering on the data.

This filtering is helpful in determining if the local channels sensor signal is within normal operating
limits relative to the other channel sensor signals. The standard procedure is that each processor can
only declare its own signal failed. The criteria typically used is that each sensor must be different (by
more than the failure threshold) from all three sensor signals in the same polarity direction. It is not
unusual to allow a signal to indicate that it has failed for several consecutive samples before the sensor is
officially declared failed. Such an occurrence is stored as failure indication data., That data should be
displayed at the post flight system check for maintenance action. If the signal is not within tolerance, it
is not used as part of the signal selection algorithm that determines the sensor signal value to be used in
the control computations.

The selected signal for computation is typically the average of the middle values if all four signals
of the previous computation have been declared good; it is the middle value if there are three good
signals; and it is the lower, nonzero value, if there are only two good signals remaining. The lower
nonzero value is chosen to prevent hardover signals and signals failed to zero from being selected.

Discrete signal failures are detected through a time relationship. Each digital processor receives all
four signals (either through its own interface of through the cross channel data links) and determines the
good/failed status of each signal and the switching action that should take place in the central system.

The closing or opening action of switch contacts on a multipole switch typically do not occur simul-
taneously. Consequently it is possible that there is a substantial time difference between the status
change of the first set of contacts and the last set of contacts on a multipole switch in response to a
typical command. The only exception is switches incorporating a mechanical overcenter device that makes
the switch assembly into a bistable device. The bistable switch bly is r ded for use with
redundant digital systems.

Assuming that 8 switching action is initiated by some component within the engine control system,
actual switching in the processor occurs after a majority of the good signals have changed state. For
example, if there are four good signals and three of the four signals have changed state, the processor
assumes that the switching command is correct and will perform the switching indicsted. Discrete signals
have a designated time limit, a typical number is 150 milliseconds, to complete switching. If the fourth
signal in the previous example completes switching prior to the switching time limit expiring, no failure is
declared. If the fourth signal does not switch prior to the time limit expiring, the processor will declare
the fourth signal failed. The same procedure is used if there are only three or two good signals.

One shouid note that in discrete signals it is quite possible to have two simultaneous failures,
making it impossible for the p to isolate the failed signals. It is therefore important to define for
each type of discrete signal the preferred state to which the processor will revert the system if it is no
longer possible to determine what the discrete status is. In some cases, the preferred state is a condi-
tional situation depending on other variables available.

3.2.2 Actuator Management

The r ining failure d tion pt is the actuation system fallure identificstion. This {ia the
most difficult concept and also has the most conceptual variation. The authors' preferred concept is the
electro-hydraulic servo valve with multiple coils, This concept is shown in Figure 3.5. The advantage of
the multiple coil concept is that it allows interface of multiple electrical channels to one actuator without
violating the electrical isolation requirements. Most engine control systems use the single-fluid actuator,
which is substantially simpler to control and monitor than the dual fluid system typically used in flight
controls. Since position accuracies of +2 percent are ptable for engine control syst » the electrical
command, mechanical feedback concept is recommended. This, in turn, will lead to the simplified in-line
monitoring concept shown in Figure 3.5. The in-line monitoring concept duplicates the drive circuit used
on the primary actuator for monitoring and compares the drive currents from the model drive circuit to
the actual circuit. Fallure identification of each circuit is nearly instantanecus and thereby prevents
large failure transients. This actuation system is three-fail operate electrically, but since there is only
one EHV and only one fluld system, there is no fail operational capability in the fluidic portion.
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There is an additional method of failure detection available for engine control systems. This con-
cept is based on resl time modeling of the thermodynamic engine in the onboard digital processor. This
concept is shown in Figure 3.6. Such a real time model was developed by General Electric and demon-
strated as part of the FADEC program. The results are published in a SAE paper (Reference 1). This
paper describes a real time modeling concept of the thermodynamic engine which provides all sensor
signals of the engine. This model can be carried in the digital processor controlling the engine and the
sensor outputs from the model can be used to control the engine. By using Kalman filtering techniques
to make the engine and sensor signals track together, one can determine failures of the sensors and con-
tinue to operate the engine in the presence of sensor failures, even if there is only one digital processor
in the engine control system.

3.3 Computing Probability of Engine Operation

There are several possible approaches to determine the probability of operation of an engine control
system. A typical approach is to determine the for each component and the probability of operation is
the sum of all the individual 's. This approach is not suitable for redundant fly-by-wire type control
systems. This is mostly due to the fact that there is a high dependency and interrelationship in
redundant control systems that defeats the summation technique.

For the probability of operation analysis of redundant electronic control systems the probability
block diagram modeling approach is recommended. This requires the construction of a block diagram rep-
resenting the total control system. The total enntrol system consists of the electrical power circuits, the
fluidic power systems, the electronic system segments, the wiring of the control system, the sensors and
the actuators of the control system. The basis for such a diagram is shown in Figure 3.7 for a gener-
alized control system. The solid lines represent a single digital processor system. Adding the dotted
lines results in a dual digital channel processor system. The fluidic portions are single channel. Each of
the components or blocks has its own MTBF and the probability of failure of that block is 1/MTBF.

By adding the sensors, electrical fuel control circuits and electrical actuator control circuits to the
output states defined by Figure 3.7 a probability of operation flow diagram can be constructed, as shown
by Figure 3-8. The control system is operational if a continuous path exists from the left side of the
flow diagram to the right side of the flow diagram. The individual branches of the flow diagram are con-
nected by AND gates and OR gates.

Figure 3-8 illustrates probability of operation for a nonredundant control system. Being single
channel, the system has poor probability of operation with the expected number of failures per million
flight hours determined by adding the probability of failure (or ) of each block.

Figure 3.9 represents a dual digital channel engine control system with the pr.viously used single
channel fluid systems. The outputs of Figure 3.7 are used as inputs to Figure 3.9 as in the previous
example. The sensors, electronic fuel control circuits and electronic actuator control circuits are also
dualized. The multiple EHV coil interface approach, previously di d, was d. Thc resulting
block diagram, shown in Figure 3.9, is substantially more complex than the previously shown singl