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FOREWORD

This report documents the results of a study to develop criteria for advanced
FCS, specifically for DFBW systems. The study was performed by the Grumman Aero-
space Corporation in Bethpage, New York 11714, for the Naval Air Development Cen-
ter in Warminster, Pa. 18974, under contract N62269-79-C-0430. Program direction
was administered by Mr. Charles Abrams, Technical Manager of Navy Digital Flight
Control Development at the Naval Air Development Center, and Mr. Donald Gertz,
Group Head, Navigation Guidance and Control Equipment at Grumman. Technical sup-
port was provided by Mr. Walter Kaniuka of the Naval Air Development Center and Mr.

Kurt Grobert of the Grumman Aerospace Corporation.
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SECTION 1

INTRODUCTION

Recent advances in aircraft flight control technology have caused related military
specifications to become outdated. With the advent of DFBW systems, electronics, sen-
sors, and actuators have become essential to flight safety. Supporting systems such
as electrical power generation and distribution have also become flight critical items.
In addition the requirements for new design techniques related to the FCS, software,

modes of operation, and the "illities" are inadequate and require further definition.
The current military specifications related to flight control systems are:

e MIL-C-18244A, Control and Stabilization: Automatic Piloted Aircraft; dated
16 March 1955

e MIL-F-18372, Flight Control Systems: Design Installation and Test of, Aircraft;
dated 31 March, 1955

e MIL-C-23866A, Approach Power Control Set AN/ASN-54; dated 4 February
1965 '

e MIL-F-9490D, Flight Control System Design, Installation and Test of Piloted;
dated 6 June 1975.

The following document although not formally employed, was also reviewed:
MIL-F-0000B, Flight Control Systems - Design, Installation and Test of Pilot Aircraft;
dated 6 October 1972.

These specifications basically apply to mechanical FCS with Automatic Flight Con-
trol System (AFCS) augmentation and reflect the state-of-the-art of the 1950's.

The DFBW system criteria study was initiated to examine the obsolescence problem
by surveying existing requirements, outlining requirements which require further
study and definition, and finally establishing a baseline criteria which can be expanded

in subsequent program phases into detailed requirements.
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SECTION 2

SUMMARY

The first phase of a Digital Fly-By-Wire (DFBW) criteria study has been complet-
ed under Contract N62269-79-C-043. This study was necessitated by recent advances
in Flight Control System (FCS) technology that have made present military FCS spec-
ifications outdated. Specifications such as MIL-C-18244A and MIL-F-18372 date back
to 1955; and although revisions/replacements have been contemplated, they have not
been accomplished. With present day advances in digital computer technology, DFBW
systems offering advanced control modes have become practical. Although DFBW is
also applicable to VSTOL aircraft, this study addresses only those areas common to

both conventional and vertical takeoff aircraft.

As the first step in the study, existing FCS specifications were examined in de-
tail to determine current criteria for conventional FCS and the applicability of these
criteria to a modern DFBW system. These specifications include: the standard Navy
specifications for FCS, MIL-C-18244A, and MIL-F-18372; MIL-C-23866A for the AN/ASN-
34 Approach Power Control Set; a proposed replacement for MIL-F-18372 which was
prepared in 1972 and was identified as MIL-F-0000B; and an Air Force FCS specification
MIL-F-9490D. Detailed paragraph-by-paragraph reviews of MIL-C-18244A, MIL-F-
18372, and MIL-F-0000B were completed and are included in the appendices of this
report. For each paragraph, specific comments and recommendations concerning ap-
plicability to a DFBW system are made. A matrix of criteria from these specifications
was then compiled for use in preparing criteria for a DFBW system.

Present military specifications generally are limited to conventional mechanical
and/or hydraulically operated primary/secondary FCS with electrical Stability Aug-
mentation Systems (SAS) and simple pilot-relief autopilot modes. Although the electri-
cal portion of these systems is usually not flight critical, flight safety is directly depen-
dent upon the electrical design in DFBW systems.

The second step of the study was to identify criteria for which new requirements and
capabilities are needed. This was accomplished by a review of the technical papers
presented at the July 1978 Flight Control Systems Criteria Symposium (Ref. 1) and

other available papers describing FCS in modern high-performance aircraft. Based on
these reviews, several new items such as redundancy, survivability, input/out, EMI/
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lighting protectidn, advanced control modes, digital computer characteristics, software,
and other associated functions were identified. A detailed description is contained in

the discussion section.

Several courses of action were considered in arriving at a baseline criteria for a
DFBW system. Among these was combining MIL-C-18244A, MIL-F-18372, and MIL-C-
23866A into a single document. Also considered was the feasibility of using MIL-F-
9490 as a baseline document. Both of these approaches were considered inadequate
since these specifications primarily address conventional FCS. Therefore, it was de-
cided to generate a new baseline criteria document by integrating the matrix of criteria
derived from the military specifications with the criteria derived from the review of
technical papers. This was the third step of the present study and a preliminary
baseline document is included in the appendices. This baseline document has not been

finalized since criteria must be developed for several critical issues.

As a fourth part of the present study, recommendations were prepared for addi-
tional study phases leading to the generation of a final criteria document for a DFBW
and a User's Guide. Among the tasks proposed were formulation of criteria for addi-
tional requirements identified in the present study, definition of unique VSTOL criti-
cal issues, generation and validation of an interim criteria document and a User's
‘Guide, coordination of an industry review, and preparation of final criteria document

and User's Guide.
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SECTION 3

DISCUSSION

This section of the report is intended to review the effort expended in formulating
the initial criteria for future DFBW systems. In Subsection 3.1 a methodology approved
by the Navy Technical Monitor is described. Subsection 3.2 contains a summary of the
criteria survey; whereas the detailed specific comments can be found in the appendices.
In addition to the related military specifications, these documents included a recent
symposium on FCS criteria sponsored by the Navy, Ref. 1, and recent literature related

to the early development of FBW systems.

In performing the survey, it became apparent that additional requirements had to

be established which more clearly set criteria for a DFBW system. This was due

to the emphasis of existing criteria on the more conventional FCS. Subsection 3.3
points out the need for further study in these areas. Subsection 3.4 contains two
documents which are basic building blocks for the development of a new all-inclusive
DFBW specification. One of these is the matrix of criteria which relate the requirements
of present specifications to each other paragraph by paragraph. This in a sense is

the working document from which updated criteria can be developed. The second
document is the outline of a baseline criteria document. This can be thought of as the
framework upon which to build the new criteria. Within the scope of this contract, a
preliminary version of this baseline document was generated and is contained in the
appendices.

3.1 STUDY APPROACH

From the standpoint of a prime contractor for military aircraft, technological
advances of the last five years make it possible to develop a DFBW aircraft with all
of its incumbent potential advantages of weight reduction, improved surﬁvability,
high maneuverability, and reduced cost. The flight safety aspects of a DFBW system
distinguish it from other mission related avionics in the sense that it must be operative
throught all phases of flight.

Despite its revolutionary implications FBW has a readily traceable history of
evolution. Early aircraft used manual control exclusively; when the pilot could no

longer move the control surfaces, a hydraulic boost was added. The next major im-
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provement was to fully powered controls; the mechanical linkage moves only the valves
on the hydraulic actuators. In this design, the pilot is no longer mechanically con-
nected directly to the control surface and must rely entirely on hydraulic power. In
this case, he has to be artificially provided with stick "feel" through sﬁch devices as
springs, viscous dampers, bellows, and bob weights, which generate the desired stick
forces and handling qualities. All modern, high-performance aircraft have fully pow-

ered control systems.

From power augmentation the next step was the employment of a SAS, where feed-
backs of aircraft motion are used to damp out unwanted motions or oscillations of the
aircraft. A SAS is commonly used in all modern aircraft to provide better flying qual-
ities.

The next advance was the employment of a Command Augmentation System (CAS),
which combines the damping function with an electrical feed-forward control signal,
allowing the use of higher feedback gain. CAS is being used successfully in several

modern military fighters.

The traditional mechanical FCS has grown in complexity to meet the increased
requirements. From the simple manual control of earlier systems, the FCS evolved into
complex nonlinear linkages, mixing assemblies, power actuation devices, and active
artificial feel systems containing hundreds of different parts and interconnections. For
these systems, the designer's task is further complicated by the contradictory re-
quirements for low weight and high reliability. The logical progression would be to

replace this mechanical FCS with a FBW system.

The Navy recognized that the documents which govern the design and development
of modern FCS are inadequate and, via a long term plan, proceeded to embark on
this initial study to develop an adequate controlling document, primarily one that re-

cognizes the state-of-the-art advances in technology as applied to a future FCS.

The specific methodology utilized for this study was iterative in nature and con-

sisted of two major tasks:
e Literature Survey

e Criteria Formulation.

The literature survey consisted of reviewing existingvmilitary FCS specifications,
both Navy and AF documents, the proceedings of the Flight Control Systems Criteria
Symposium (Ref. 1), and other pertinent documents related to advanced FCS. As an
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aid to the formulation of new criteria, a matrix, of applicable requirements from the

existing military specifications was generated (Subsection 3.4.1).

The second task, the criteria formulation, was based on the literature survey.
A preliminary version of the criteria formulation consisting of an outline of the pro-
posed requirements was generated (Subsection 3.4.2). Detailed requirements available
from the existing literature, where applicable, were rewritten and inserted into the
appropriate sections of the outline to form the Baseline Criteria Document. Other re-
quirements which need further study and definition have been included in the docu-

ment.

From the work performed during this study, recommendations were formulated to
provide a potential path for accomplishing the end objective. The phases associated
with this plan are elaborated in Section 4. It should be noted that the scheduling of

these phases is not shown since it depends to a large extent on the available funds.
3.2 SURVEY AND APPLICABILITY OF EXISTING CRITERIA

The governing documents for conventional flight control systems were reviewed
to determine the applicability /deficiencies of these specifications with respect to DFBW
systems. A summary of these deficiences is contained in the following paragraphs
with a complete specification review for MIL-C-18244, MIL-F-18372, and MIL-F-0000B

contained in Appendices A, B, and C respectively.

In addition, Subsections 3.2.2 and 3.2.3 contain summaries of pertinent discussions
from the Flight Control Symposium (Ref. 1) and a critique of other applicable documents

reviewed during the course of this study.

3.2.1 Military Specifications

The following are general comments relative to the existing military specifications

as related to DFBW systems.

e Present specifications (i.e., MIL-F-18372, MIL-C-18244A, and MIL-C-23866A)

are written to define the requirements on a subsystem level
e Manual and AFCS modes are inseparable in future FCS

e Present specifications do not account for the use of modern control techniques,
such as DFBW, multiplexing, fluidic control, fiber optics, distributed sensors,

and microprocessors
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e Redundancy requirements are not governed by reliability, fault tolerance, and

survivability considerations in present specifications

e Present specifications are not sufficiently broad to cover FCS for several
types of aircraft

e Present specifications do not account for the continued growth and expansion
of technology including new concepts in control, hardware modularity, soft-
ware language, etc.

e Requirements for prime and back-up systems do not evolve from reliability,

survivability and/or fault tolerance requirements in present specifications.

Some of the major interfaces not adequately controlled in present specifications

are:
e Displays and Controls:

- Display of FCS condition in terms of performance and failure status needs

to be expanded

- Cockpit controls are not adequately defined

e Propulsion:

Certain flight modes in the low speed regime require automatic thrust control.
Auto throttles have also been considered for automatic cruise modes. When
addressing direct flight path control, the problem becomes complex and multi-
variable in control function, which present specifications do not adequately
address. Other modes of concern are thrust vectoring on any of the three

axes
e Power Systems:

Power Systems (hydraulic, electrical, and pneumatic) reliability form an im-
portant part of the overall FCS requirements. Present specifications do not
adequately address interface control in this area. Consideration should be
given to reliability /redundancy and degraded mode performance consistent

with overall system design




o Other Avionics:

Flight control functions rely on inputs from other avionic equipment. Guid-
' ance modes, authority limits, and gain changes, for example, require inter-
[ face control. In present specifications interface definition is incomplete and
should be expanded.

The following subsections contain some specific comments for each of the current
specifications in terms of their limitations to define future FCS requirements. A detailed

set of comments for the navy military specifications are contained in Appendices A
through D.

3.2.1.1 MIL-F-18372 Flight Control Systems: Design, Installation, and Test of Air-
craft, Generation Specification for

® The definitions of Para 1.2.1 relating to classification of control systems do not
include complete FBW systems, fluidic controls, direct electrical linkage systems

as well as primary and back-up systems using propulsive and reaction controls

e Paragraph 3.1.2.3 and amplifying paragraphs reflecting the requirement of
completely isolated and independent hydraulic systems do not address the
recent advances and benefits of shared power systems and hydraulic switch-
ing valve technology. The use of these techniques, because of performance
benefits (primarily weight and survivability) are now well within the state of
the art (i.e., F-15 and the Space Shuttle)

e The prohibition of flexible push-pull type controls in primary and secondary
axes are stated in Para 3.1.1.18.4 and do not acknowledge successful use of ball

bearing type flexible cables in F-15 and contemporary aircraft

e Paragraph 3.1.1.16 concerning fastenings, does not reflect the multiplicity of
fastener designs now available to the flight control designer. A complete
treatment of fail safe design philosophy and positive locking self-retaining
bolts should be included

e Pilot control arrangement and geometry, as outlined in Para 5 of Subsection
3.2.1.2, does not reflect various hand-controller devices of both isometric and

displacement design types.
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In addition, the critical technology areas such as rotary mechanical actuators,
no backs, clutches, load limiting devices, flutter and buzz damper installation, etc.
should be included in the combined specification.
3.2.1.2 MIL-C-18244A Control and Stabilization Systems: Automatic, Piloted Aircraft,

General Specification for

e The categories of operation (Para 3.1.1) do not adequately cover primary con-

trol modes and advanced control techniques, particularly for marginally stable
vehicles

e Redundancy requirements inherent in FBW design concepts are inadequately

defined (Para 3.1.1.1.2)

e Component selection (Para 3.1.1.2) is too restrictive to satisfy state-of-the-art

technology.

Advanced FCS for modern aircraft demand more realistic maintenance procedures
and assured performance under aircraft environmental conditions. Two examples
include:

e The stipulated replacement time for any AFCS component of not more than 1/2

person hours is generally unrealistic (Para 3.2.1)

e Radio Interface Test requirements specified in Para 4.3.5.3 are inadequate

to assure proper operation of DFBW systems, particularly for lightning
protection.

This specification includes several design, data, and test requirements which
could result in high cost impact. Examples are:

e Data requirements specified in Para 3.5 could be reduced significantly with

minimum impact on the quality of the product

e By increasing the scope of the ground simulation testing (Para 4.2. 1), flight test

(Para 4.6) may be substantially reduced

e Flight verification of stability margins (Para 3.1.1.6.1) should be limited to

those parameters that are found to be marginal during ground simulations.

Attention should focus on electrical power generation systems, emergency power
systems, battery installations, electrical cable routing, and electrical component
mounting with considerable detail given to shielding, bonding, isolation of redundant

circuits and connector environment, and lightning strike protection.

3-6




3.2.1.3 MIL-C-23866A Control Set, Approach Power AN/ASN-54

This specification covers the design and performance requirements of a specific
Approach Power Control Set (APC). It has been the general intent of this specifica-
tion to produce an auto throttle system which will hold angle-of-attack (AOA) constant
throughout all commanded maneuvers and gust disturbances, except for small momen-
tary changes. It is also the intent of this specification to produce an overall system
design which will enable the pilot to maneuver the airplane as required to maintain the
proper flight path during final approach. Present low speed auto throttles provide
good speed trim and stability; however, their design features are such that the air-
plane response to flight path angle is very sluggish if small changes in AOA are to be
maintained. This causes the pilot to overcontrol to obtain a more rapid flight path
change, producing large AOA changes, with the final result being a constant pumping
of the stick all through the final approach. This stick pumping is unavoidable since
the flight path changes recognized are transient changés which exist only for small

durations.

The fact that past designs have not developed into good overall direct flight path
control systems that comply with the general intent of that military specification leads
one to conclude that the performance requirements as written are not adequate. Also,
since flight path control involves the longitudinal control system, it seems proper to
incorporate the contents of this specification within a specification structured for
overall FCS design and to specify in that document requirements for a direct flight

path control mode.

3.2.1.4 MIL-F-9490D (USAF) Flight Control Systems: Design, Installation, and Test of

Piloted Aircraft, General Specification for

This Air Force Specification is the most recent (1975) of the military specifications
relating to the FCS. In addition, there are several affiliated documents (Ref. 2-4).

A User's Guide is an excellent companion to any military specification and should
be a part of any new FCS specification package. References 3 and 4 act as a review

and critique of MIL-F-9490 and give two other points of view on the same requirement.

Paragraph 1.2 of MIL-F-9490 divides the FCS classification into two categories,
Manual Flight Control System (MFCS) and AFCS. The User's Guide gives the justifi-
cation of why the change from the classical, Primary, Secondary, and Automatic to
Manual and Automatic. To reduce the number of problems related to secondary FCS,

the differentiation between primary/secondary FCS requirements was dropped and
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combined into a single MFCS. The reason for doing away with secondary FCS as a

classification is questionable. Traditionally, flaps, slats, speed brakes, etc., have
been classified as secondary FCS. Reference 4 agrees with the deletion but recom-

mends four classifications, Manual, Aerodynamic Enhancement, Automatic, and Limited.

The Limited Classification has some value to DFBW.

The specification is deficient with respect to DFBW primary controls, reliability,
survivability, digital computer control, built-in-test (BIT), electrical power, and

EMI /lightning protection.

3.2.1.5 MIL-F-0000B Flight Control Systems: Design, Installation, and Test of Piloted

Aircraft, General Specification for

The definition of a Type IV system, which is a "Control-by-Wire Flight Control Sys-

tem" is defined in Para 1.2.1 and specifies some general requirements in Para 3.1.1.4.

This specification has a unique approach to secondary FCS and states, "No
system shall be so categorized (as a secondary FCS) until analysis demonstrates that
lack of performance or malfunction will not effect safety of flight." In other words,

a flap system that is safety of flight is considered part of the primary FCS and one
that is not part of the secondary FCS. It should state that any FCS category (includ-
ing Automatic) that is safety of flight should meet the more rigorous requirements of

the primary FCS.

In general, this specification is deficient in the same manner as Ref. 6.

There is a lack of detail with respect to:
e Redundancy
e EMI/Lightning
e Survivability
e Advanced Control Modes
e Digital Computer Characteristics
e System Test/Validation
e Maintainability

e Sensor Systems.




3.2.2 Flight Control System Criteria Symposium (Ref. 1)

At the symposium in July 1978 four different panel groups discussed the follow-

ing subjects pertaining to a new FCS specification to replace MIL-C-18244A:

(1) Control System Design

(2) Digital Hardware

(3) Digital Software
(3) Performance Requirements.

Detailed comments are included in Appendix V. The following are some highlights

from their discussion.

3.2.2.1 Control System Design

The specification requirements should include the desired mission performance,

not how to go about getting it. It should specify the velocity vector in space,

‘not the aircraft roll rate.

The probability of mission success and the probability of loss of control should

be specified, but not the degree of fail-operability

The magnitude of allowable transients should be related to the mission being
flown as well as the type of aircraft involved. Allowable transients for a
fighter are different than for a transport. There's also a difference between
a transient during the landing phase where it could be catastrophic versus

one at high altitude

The present classification of primary and secondary to manual and automatic for
DFBW should be changed

The degree of criticality of the control mode should be specified. For exam-
ple, failure of a mode that limits angle of attack is more critical than Altitude
Hold

Definition of a back-up system which could be mechanical, fluidic, or elec-
trical shall specify that it is only used in an emergency situation

BIT are those tests performed on the ground as opposed to airborne automatic
tests. The airborne tests should be called "In-Flight Integrity Management"
(IFIM)
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It is suggested that the term nelectrical" instead of "fly-by-wire" be utilized
because direct electrical link is associated with FBW. Fluidic and light trans-

mission FCS should have a different classification

In the automatic classification the following division is suggested: first,
pilot relief; second, active controls relating to the structure; third, safety

monitors; and fourth, automatic navigation with automatic carrier landings

In defining interface requirements, the details of those interfaces vary
greatly with the aircraft involved. Writing a general specification that does
anything more than list areas of concern should not be done. Details of in-

terfaces should be left to the detail specification

The term multimode flight control means that the modes are automatically
selected for mission segments and are optimized for those segments. There

should be some indication to the pilot as to which mode is engaged

The specification shouldn't inhibit the design procedures. If a design meets

the safety, reliability, and performance requirements, then it should be
allowed

The automatic carrier landing and the Approach Power Compensation (APC)

should be integrated into the same design.

3.2.2.2 Digital Hardware

Definitions are needed for the terms "abort" and "loss of control." An abort is

mission dependent and implies degraded handling qualities

The Quality Assurance portion of the specification should specify how the abort
rate or catastrophic failure rate is complied with: Is this accomplished
analytically or by some laboratory testing? The reliability for the abort rates
and catastrophic failure rates are the responsibility of the user to define and

should be in the specification

Allocating the MTBF for individual black boxes is the responsibility of the

contractor. Implementing this allocation is the responsibility of the vendor

Single point failures should be specified as having a very low probability of

occurrence
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Specifications should not imply or require a back-up flight control. The
contractor should decide whether or not back-up flight control is required

rather than be specified in the DFBW system

Navy's philosophy on peculiar ground support equipment or Automatic Test
Equipment (ATE) for maintainability has changed. Their present thinking is,
where necessary, peculiar ground support equipment or additional test equip-
ment should not be eliminated by the specification. Anything that can be

done to eliminate false removals at the aircraft level should be encouraged

The subject of finding intermittent failures during post flight checks with
non-volatile memory, that store comparator trips was discussed. Whether
this or a mechanical flag on the WRA is utilized is a function of the individual
design. However, a post flight identification of intermittent faults is a must

Spare memory and speed should be specified in the specification

Standardization of software and digital hardware will be required in the

future

Digital problems such as transport delays or digital noise should not be ad-

dressed in this type of specification

Fly-by-wire with digital electronics should not be the only concern. The

majority of problems are not with the electronics portion of the control sys-
tem, but with the actuation systems, the hydraulic system and the interface
with other systems. The design and development costs of these systems are

far greater than the electronics

Electrical actuation is not likely in the near future. Integrated actuators

and power-by-wire is more promising.

3.2.2.3 Digital Software

As a general specification it shouldn't address coding but it should be
oriented towards documentation, general guidelines, and functional require-
ments

It is a difficult task to define the relationship between software specifications
and the verification process. What is the extent of the verification process:
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e Generic software failures related to the multiplicity of potential computing

paths within the software were discussed

e The distinction between flight critical and mission effective software was dis-
cussed. More stringent requirements for the software that is required for

flight critical functions is desirable

e The question arose as to whether the Navy is going to be reponsible for
maintaining the flight control software. If it is, there should be different

requirements on documentation and controls

e It was agreed that utilization of higher order language (HOL) reduces the main-

tainability tasks, but requires further studies to evaluate all the tradeoffs.
3.2.2.4 Performance Requirements
e APC should be integrated into the FCS

e The FCS specification should identify the interactions with displays, struc-

tural loads, and flutter disciplines

e Although the control laws are mission task dependent they should not con-

fuse the pilot from mission phase to mission phase and from task to task

e The specification should define the levels of reliability and maintainability in
terms of mission task degradation, and the redundancy management problem

should be left to the designer

e The medium of FCS implementation, that is, whether it's mechanical, electrical,
fluidic, optical, or any combination thereof, should be left to the designer.
And he should have the latitude to choose all hardware from the sensor to
the effector within the constraints of the specification or the "ilities"

e The FCS specification needs a User's Guide which should include different design

approaches.

3.2.3 Other Applicable Documents

This section summarizes six recent papers (Ref. 10 through 15) related to digital

flight controls from the many that were reviewed.
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3.2.3.1 "Design and Development of the Digital Flight Control System (DFCS) for the
F-18" (Ref. 10)

e The F-18 is a high performance fighter aircraft that uses a control-by-wire
(CBW) control system. Primary control uses redundant digital processors

to compute surface position

e A direct electric link (DEL) is a backup mode which provides no augmenta-

tion and is used after multiple failures

e The stabilizer uses a mechanical backup system to provide pitch and roll

control in the event of three or four processor or power supply failures

e Early design decision involved determining basic control concept, the level
of redundancy, redundancy management, and degraded mode of operation

e Level 1 handling qualities are achieved following one electronic failure, and at
least Level 3 qualities are achieved following a similar electronic failure. For

any failure condition that might occur, Level 3 handling qualities are achieved

e In-line monitoring which could reduce the level of redundancy required from
a quadruplex to a triplex was not developed and therefore a quad system was

used

e In-service failure rates of sensors such as rate gyros and accelerometers

dictated an unaugmented backup mode termed DEL

e Until in-service experience with carrier based FBW control is acquired, a
mechanical backup mode is required to provide get home capability because

of electromagnetic interference and corrosion

e Notch filters are required to attenuate undesirable motions which are sensed

by sensors due to aeroelastic bending modes

e Flap position limits are scheduled as a function of dynamic pressure and
Mach. Ailerons droop to match flaps

e At high AOA the leading edge flaps are extended to increase lateral-
directional stability. For digital processor failures there is an analog backup

mode for leading and trailing edge flaps

e Pitch axis Command Augmentation Systems (CAS) uses pitch rate and normal
acceleration blended with longitudinal stick and with gain scheduled by air
data
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Roll axis CAS uses lateral stick with roll rate with air data scheduled gain
Forward loop integrator maintains trim without the need for the pilot trimming

Aileron and differential tail surface authority is reduced as a function of

increasing AOA to combat adverse sideslip

Yaw axis CAS uses yaw rate and lateral acceleration and is gain scheduled
as a function of AOA and limited as a function of dynamic pressure. Stick-
to-rudder interconnect (SRI) is used during rolling maneuver and is gain

scheduled as a function of ACA

In the power approach flight configuration, sideslip rate is also blended with

the other parameters of Yaw CAS

Rudder Toe-in is programmed as a function of AOA to modify the aerodynamic
pitching moment to reduce liftoff speed, improve bolter, and augment the

longitudinal static stability

The control law development for the F-18 FCS used a 10 db gain margin and

at least 45° phase margin as a design goal

Modifications to the early control laws resulted in increasing the pitch rate
feedback gain and replacing the low-pass filter with a lag-lead filter. This
jncreased the bandwidth and quickened the pitch response. This helped to
improve the tracking capability provided to the pilot

Three test facilities were used for software verification and interface testing

- A software development facility consisting of the flight control computers
interfacing with a flight simulator, mission simulator, and a Head-Up Dis-
play

- An avionic laboratory containing the hardware on a test bench

- An iron bird facility with simulation of the air-frame for closed loop opera-
tion

Flight tests indicated the roll axis was too sensitive and hardware changes
were called for. The design changes were first tested on the flight simula-

tor and then incorporated into flight hardware.

3.2.3.2 "Impact of CCV Requirements on FCS Design" (Ref. 11)

Controlled Configured Vehicles (CCV) require FBW FCS because of unstable

longitudinal control. A three channel FBW was chosen as optimum
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Multimode control laws including direct lift, side force control, fuselage

pointing, and maneuver load control are suitable to digital computers

Fixed gain for backup using rate gyros and accelerometers provide Level 3
flying qualities

Mission requirements dictate variable gain scheduling as a function of air data or

calculations using some form of self-adaptive approach

DFBW employed because of extensive signal processing and flexibility re-

quired by multimode control laws

Gain scheduling technique was chosen over self-adaptive methods because of

available digital air data. Air data are required for mission success

For flight safety no more than 3.5 failures/million hrs. For mission success no

more than 350 failures/million hrs

Each command channel must have an independent hydraulic source

Key cost parameter is life-cycle costv complixity rating. Assumption was that
the more complex configurations require more maintenance actions, need

greater spares, and/or is more difficult to troubleshoot

Dual-fail operational capability required for the FBW electronics, including

secondary actuators

Hydraulic system requires third source

Electric power is DC and requires third source plus a battery
Auxiliary sources are required for redundancy

A self-test coverage of 95% states that one in 20 failures go undetected
Self-test, in-line monitoring and BIT are all required

Digital computers can delay issuance of faulty commands, thereby allowing up

to 200 msec to isolate failure (otherwise it requires 50 msec)

Self test of sensors requires sensing elements and monitoring networks to
evaluate performance. This requires additional hardware adding complexity
and expense. Coverage is only 74% for rate gyros and 97% for accelerometers.

Therefore, self test for rate gyros is questionable

Output of Linear Variable Differential Transformer is the difference of two

coils. The sum of the voltages may be used as a self-test signal because it
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is a constant and can be monitored continuously. By spring loading even

mechanical failures can be detected achieving 100% coverage

e Selected configuration has 6 skewed rate gyros and triplicate accelerometers,

transducers, computers, and secondary actuators with on-line monitors

e Duplex actuators for mission critical controls.

3.2.3.3 "Air Data System Redundancy Required for F-16 FBW Flight Controls" (Ref. 12)

e The F-16 utilizes a CCV concept of longitudinal relaxed static stability to real-
ize increased performance benefits. A quadruple-redundant FBW is used to

achieve dual fail performance capability
e The air data system is commensurate with the reliability of the FCS

e MIL-STD-1553 modified MUX-bus interfaces with Head-Up display, FCS, and

inertial navigation systems
e Secondary FCS provides high-lift, aerodynamic braking, etc.

e Flight controls, horizontal stabilizers, flaperons, and rudder. Leading edge

flaps as a function of Mach and AOA

e Pilot inputs are thru displacement-type, force-sensing control stick and rud-

der pedals commands which are quadruple
e Quad redundant rate gyros and accelerometers are utilized
e The integrated servo actuators have dual hydraulic supplies

e Redundancy management involves signal selection, failure detection, failure
isolation, and recovery from system faults. Basic concept is an extension of

the F-111 design

e The quad data is séparated into a triple channel of on-line data and a single
channel in standby. Prior to a failure, the mid value of the triple channel is
utilized for system computations. After the first failure, the stand by channel

replaces the failed signal within the triple channel
e After a second failure, the signal nearest zero is selected

e Line replaceable units include the Air Data Computer, Normal/Lateral Acceler-

ometer Assembly, etc.
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3.2.3.4

The Air Data Computer is a central processor special purpose, fixed memory
(2592 16-bit word) computer

Continuous failure monitoring is desig'ned into the central processor and is

performed every iteration cycle

Two types of BIT, continuous performance monitoring and ground initiated

BIT, are contained in the system.
"F-18 Flight Control Fault Tolerant Design" (Ref. 13)

The F-18 FCS is quad redundant in electronics driving five surface actuators

which are themselves quad
The primary mode of the FCS is full authority DFBW

The FCS computers transmit information to the mission computer for display
to the pilot

Back-up control is provided with analog Direct Electrical Linkage (DEL) for
ailerons and rudders. A mechanical linkage is provided for stabilizer back-up.

Reversion to the back-up modes is automatic

The electronics consist of two Flight Control Computers with two channels per
Weapon Replaceable Assembly (WRA)

The rate sensors are located in two WRA's consisting of two channels per WRA

The computers have two voting nodes, one for sensor selection in the software

and a current sum vote at the actuators
Cross channel data between processors is by serial data buses
There are identically stored programs in each channel

The computation iteration rates in the computers are 160, 80, 40, 20, and 10/

sec
Data management structure is designed to minimize transport delays

One channel in each computer interfaces with the 1553 multiplex data bus.

The bus is dual and the Mission Computer is the bus controller

The multiplex bus carries data for outer loop control and for BIT initiation;

and transmits sensor data, flight test data and BIT results

The surface command is converted to an analog signal by a 12-BIT digital to

analog converter
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With BIT, if a failure is detected, the failure is isolated to the WRA and this

information is transmitted to the Mission Computer

A signal selector is placed in a signal path to reduce system failure transients

to a level that is safe for flight

A signal balancing scheme typical of analog system mechanizations is used to
reduce transient levels for first and second failures. Another method is used
to limit third failure transients which takes into consideration the magnitude of

the difference and departure rate of the two remaining signals

The Electro Hydraulic Valve (EHV) is the only other voting node in the signal
path. Each EHV has four coils driven from the four channels and therefore

hydraulic flow is the sum of the 4 coil currents. If one coil current goes

hardover the high gain of the electrical feedbacks from the remaining good

channels will limit the actuator output

A quad servo actuator has 4 EHV's and two hydraulic systems. Each LVDT is
excited from the appropriate channel and excited by 8 VRMS at 1800 Hz. Each
channel is offset from 1800 Hz to eliminate beat frequency coupling. The sta-

bilizer and flaps are quad

The aileron and rudder actuators are designed for a dual redundant electrical
interface. The actuators have one hydraulic system. It is fail-operational
with respect to electrical failures. Channels 1 and 4 drive the left aileron and

rudder actuators with channels 2 and 3 driving the right aileron and rudder

An important design consideration in a DFBW system is power turn on and re-

set performance. It must account for bus switching and shutdown

Non-volatile memory (NVM) is designed into each computer to insure that the
system will recover from a power interruption with the same failure status as
existed before. The failure information for a given channel is stored in that
channel's NVM

Input power for the Flight Control Computers (FCC) is +28 VDC. If voltage
drops below 16 VDC the power supply will switch to the battery input line for

7 sec

Reset logic is designed into the F-18 allowing only the resetting of the last

similar failure detected
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Control law computations are performed at multiple rates. Pilot stick force
command inputs are computed at 80 iterations per second, command augmenta-

tion requirements at 40, mode logic at 20 and 10, etc.

The synchronization of the control computation at the major frame (100psec)
is implemented as a software algorithm within the executive block of computa-

tions

Processor monitoring is accomplished through a combination of hardware and
software monitors including watchdog monitor, parity monitor, scratchpad read/

write test, etc.

During flight testing the only backup mode that was automatically engaged was
the fixed gain CAS model. This occurs with loss of AOA or air data signals.
This was due to mistracking of left and right probes. The failure threshold

levels for these sensors is not a digital problem.

3.2.3.5 "Software Development and Procurent Procedures for Future DF CS-Equipped

Aircraft” (Ref. 14)

HOL should be used in place of assembly language and provides:
- Reduced coding and debugging costs

- Improved reliability, documentation, and portability

- Ease of program modification

HOL requires more memory locations and computation time

Verification is defined as the iterative process of determining whether the
product of selected steps of the computer program development process ful-
fills the requirements levied by the previous step. Stated in simpler terms,
verification is the determination that the software performs it's intended fune-

tion

Software does not wear out and should not experience a mean time between -

failures

Software should be written under the discipline which reduces the probability
of error

Computer program life cycle consists of the following:
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- Analysis

- Design

- Code and Debug

- Integration and Test

- Installation and Test

- Operation and Support

A common problem in DFCS software development is that of computer memory
being nearly or fully utilized early in the aircraft program development.

A 20% memory reserve at the time of program delivery is a good design prac-
tice
DFCS software has a "real-time" requirement with limited time and memory

available

Limited but well tested software maintenance is required
Extensive Built-In-Test is required

Software documentation consists of the following:

- Specifications

- Manuals

- Progress reports

- Analysis reports

- Test data

- Flight data

Computer programs without documentation are useless

The government should have unlimited rights to obtain, reproduce, and use
in any fashion (including release to other contractors) all data produced and

delivered

A DFCS operational program will have reduced maintenance requirements

Referencing entire Government Standards can often result in conflicts between
two or more Government Standards. Therefore, only appropriate sections and

not entire Government Standards should be referenced.
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3.2.3.6 "Digital Fly-By-Wire Flight Control Validation Experience" (Ref. 15)

Basic function of the flight control equipment is to augment or provide air-
craft stability for controlling the path of the aircraft and reducing structural

loads

With advances in technology and confidence in flight control equipment the
basic design of the aircraft are configured with active controls. These vehi-
cles are called control configured vehicles (CCV). One active control function
is this class is longitudinal stability, called relaxed static stability (RSS)

Other modes of the flight control equipment are maneuver load control (MLC),

gust load alleviation (GLA), elastic mode control and flutter suppression

Automatic flight path control or "outer loop" functions such as Heading and

Altitude Hold are not necessarily safety of flight modes

Task is to generate criteria for new critical issues such as quality assurance,

verification, validation and reliability

Design Validation is the analysis to determine if the design meets the require-

ments. It will consist of:
- Reliability analysis
- Sneak path analysis

Developmental tests are devised by the contractor with buyer approval and

shall consist of the following:

- Component or laboratory testing of system's components to assure that the

equipment meets all operational and environmental requirements
- Software verification

- Design Evaluation

Breadboard
Subsystem Test Iron Bird
Flight
Breadboard
Integrated System Tests Iron Bird
Flight

e During the integrated testing, combining software and hardware, transient

power and simulated failures should be performed. These tests should build
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to a total integrated system test with all elements of the system in an aircraft

simulator or in the aircraft itself

Integrated system tests can be performed in an iron bird and should include:
- TFailure modes and effects

- Reliability

- EMI

It is not possible to run all possible tests on all possible facilities. A reason-
able test matrix is the answer with most realistic results and without unneces-

sary repetition
A decommissioned F-8 aircraft formed the backbone of the iron bird. It was

the key element in the system verification, validation and flight qualification.

The iron bird was more like an airplane than a simulator

The software should not contain complex instructions which will make program
verification and debugging complex and costly. It may cost some penalty in

core requirements, but will save in the long run
The software verification should cover:

- Control laws

- Executive

- Computer 1/0

- Computer redundancy management

- Sensor redundancy management

- In-flight self test

- Preflight tests

Characteristics of advanced flight control systems are:
- Increased level of reliability required

- Increased system complexity

- Increased use of software programs

The F-8 group, did not know of any method for demonstrating the absence of
potential common-mode failures or generic design faults to their low level of

probability
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e Every possible fault that can be imagined should be induced during system tests.
In order to effectively induce faults the system must be designed from the

beginning to allow fault introduction

e System should be stressed to the maximum. The philosophy of testing should not
be to show that the system works, but to try to make it fail

e To find the software errors in a large computer program through all possible
paths would require an inordinate length of time. Exhaustive testing becomes
impossible. It would take 7 years to test the Titan missile and still it would not
be proven full of errors. The program testing can be used to show the presence
of bugs, but never to show their absence. It is impossible to prove that it is

error free

e The designer must produce a system design which is elegant because of its

simplicity not because of its complexity.
3.3 ADDITIONAL REQUIREMENTS OF DFBW SYSTEMS

During the survey of existing criteria to determine the applicability to the next
generation of DFBW systems, it became apparent that several new requirements must be
addressed and that several existing requirements need be considered in a new' light.
These requirements have emerged or changed complexion primarily because of the
elimination of the mechanical FCS, advances in control technology, improvements in the
state-of-the-art of control system hardware and the need to provide a cost-effective

system which meets the requirements of future Naval aircraft.

This section is intended to enumerate some of the more significant requirements and
point out the reasons for this importance. Considerations which are to be addressed

during a subsequent phase of this effort will be discussed relative to each requirement.

3.3.1 Redundancy to Meet High Reliability

It is evident that redundancy along with its associated redundancy management has
taken on a much more significant role with the advent of DFBW systems. The reliability
of state-of-the-art sensors, computers, and actuators, being what they are, demand
that a multiplicity of hardware be used. Since this system is critical to the aircraft

flight safety, the redundancy management must be foolproof. That is to say that the
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recognition of a failure and the isolation of that portion of the system must be accom-
plished with a high degree of confidence. False alarms and missed alarms should be
minimized by the Redundancy Data Management System (RDMS). With the advent of high
speed, solid state airborne digital computers, the effectiveness of the RDMS can be

substantially improved.

The actual level of redundancy of each portion of the system is a function of the
flight criticality, the inherent reliability and the self-testability of the hardware. For
example, the rate output from a set of gyros may be flight critical in the pitch axis, but
not in yaw which may lead to a requirement greater redundancy in the pitch axis than in
the yaw axis. This requirement may be satisfied in several ways: namely, using

additional rate, sensors, data from dissimilar hardware, or analytic redundancy

techniques.

Redundancy levels must be examined throughout the aircraft related systems. It is
obvious that the redundancy of the electric and hydraulic power systems must be

considered relative to their impact on flight safety.

3.3.2 Survivability

Survivability to small arms fire has created a design objective for conventional
flight control systems for many years. However, with DFBW systems coming into
prominence, a different interpretation has been given to this requirement. It is more
realistic to define a fail-operational requirement with electronic systems. Dispersion of
equipment is certainly more realizable with electronic boxes than with a mechanical
system, although it is known that aircraft are flying today with dual mechanical
systems. Dispersion for the purpose of accomplishing a more survivable aircraft impacts
many subsystems as well as electrical and hydraulic lines runs. It should be recog-
nized, however, that certain equipment do not lend themselves to dispersion and armour
plate may be required to protect that portion of the system. An example of this are the
FBW actuators which must be redundant for each critical flight control surface. The
survivability requirement which may lead to a highly dispersed set of hardware may
have an adverse affect on maintainability. This will have to be considered along with
the irhpact on the Environmental Control System (ECS) as well as the hydraulic and

electric power sources.

3.3.3 Input/Qutput

The type of Input/Output and associated data transmission utilized is clearly

related to the accuracy and rate at which the data is required. It is also a strong
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function of whether the design approach includes cross strapping or in-line channel
redundancy or some combination. High accuracy and cross strapping favors digital
transmission whereas channel redundancy and high rate favors analog transmission.
Optical data transmission satisfies high bandwidth and EMI protection. If two way
digital transmission is utilized then consideration must be given to the military standard
1553B type of system. Other bus structures are to be considered that utilize one-way
digital transmission. The I/0 and transmission scheme must be redundant within itself

to meet the survivability/reliability requirement.

3.3.4 Sensor System

The sensor system for a generic DFBW system is composed on inertial, air data, and
command and feedback transducers. Because these devices are part of a flight critical
system failure tolerance is extremely important. Due to the survivability requirement,
the sensors may be dispersed which in the case of inertial and air data transducers
requires normalization of the data so that the failure detection scheme can be effective.
Consideration will be given to skewed inertial sensors to minimize the number of
sensors. A common set of sensors will be examined for sensing angular rate, linear
accelerations, and aircraft attitude and heading. Since the sensors must individually be
characterized, the subject of where this takes place should be addressed in future

studies.

The type of command/feedback transducer will be examined as to their built-in
failure detection capability. To preclude any single point failures redundant electric

power will be included in future specification criteria.

3.3.5 EMI/Lightning Protection

Special consideration must be given to EMI/Lightning Protection due to the
susceptibility of electronic systems to this type of disturbance. It is well known that
electronic systems have ceased to function in lightning storms. For an aircraft with a
DFBW system this could be disastrous. Techniques for protection against this environ-
ment will have to be greatly enhanced. This is particularly true with respect to
composite aircraft which do not provide a metal shield for penetrating lightning. EMI is
particularly disturbing to a digital computer which can, if not properly protected, have
its memory altered. Approaches to protecting this equipment from EMI will be con-
sidered to assure safe operation of the DFBW system.

3-25



3.3.6 Advanced Control Modes

A considerable amount of work has recently been devoted to the development of
advanced control modes to either improve the aircraft performance or extend its useful
life. These control modes will be considered for inclusion into new FCS criteria.

Direct flight path, direct lift and direct side force control are just a few techniques
which could prove very useful in meeting mission requirements and improve landing
characteristics. Relieving repeated stresses at the wing root may be accomplished using
a Maneuver Load Alleviation (MLA) control mode. This type of control system has been
demonstrated to extend the aircraft's predicted life. Redundancy in this case may be
unnecessary as long as a self test scheme can be implemented with a high degree of

confidence.

Reversion modes may not be considered advanced but they are critical to flight
safety and represent a significant change in philosophy. Heretofore, an SAS was either
deemed good or turned off. With a DFBW system several reversion modes may be
included in the program depending on the failure mode. Basically these reversion
modes, which may be anything from digital to analog to fluidie, provide a means of

"graceful" degradation from the primary full-up sophisticated digital mode.

3.3.7 Digital Computer Characteristics

The basic intelligence of a DFBW system is contained within the redundant digital
computer complex. This portion of the system not only contains the control laws which
convert pilot commands and feedbacks to surface commands but also contains the RDMS.
The RDMS is required to identify a failed component and isolate the failure so that it
does not contaminate the signal flow to the next function. For example, all computers
are required to act on identical sensor data. The commands from the redundant
computers should then be bit-by-bit identical if the computers are all "healthy".

In-line BIT and comparison monitoring are techniques to be examined for inclusion into a
new FCS criteria document. End-to-end tests through to actuator position can be

utilized as a reasonableness test each iteration.

In order to perform the above functions along with other related functions (e.g.,
air data) the computer must have the required speed and memory. General requirements
for the computer complex will include such items as synchronization, architecture,
modularization, and standardization. Specific requirements will be established relative
to the use of standard hardware (e.g., AYK-14) and software (e.g., MIL-STD-1679).
The use of HOL will be exanﬁned for applicability to this system.
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3.3.8 Actuators

It is well recognized that FBW actuators must be full authority and redundant to
meet performance and reliability requirements. Although most actuators in use today
are uniquely designed for a specific application, much work has been in progress to
develop generic types of FBW actuators (e.g., electrohydraulic, all electric, force
position summed). It is recognized, that some designs incorporate inherent voting
schemes within the basic actuator, whereas other designs can be better managed by the
computer system. The redundancy of the actuator may depend upon the use of
redundant surfaces or upon the criticality of the control function. The performance may
be measured in terms of frequency response, load, and transient capability.
Consideration in the guideline specification will be given to such items as basic design

type, voting schemes, and performance parameters.

3.3.9 System Test and Validation

During this early phase of the study it has become very apparent that the success
or failure of the DFBW system is dependent upon the thoroughness of the system test and
validation effort. Although the validation techniques using analysis, simulation, and
laboratory integration have been used in the past, it is clear that these techniques must
be much more thoroughly pursued in the development phase of a DFBW system. The
basic reason for this concern is the flight safety aspect of the design and the multi-path
nature of the digital system with respect to control functions and redundancy
management. It is obvious that the embedded software which controls the system

operation is much more difficult to validate and control than the analog counterpart.

The portion of the new specification which will govern the test and validation
practices to be used will initially address the requirements for performing such tasks.
Consideration will be given to test witnessing, instrumentation test conditions, and
tolerances. In addition guidelines will be stipulated to perform analysis tasks to
provide evidence that the system meets such requirements as reliability, survivability,
failure mode and effects, and EMI/lightning. Special consideration will be given to
software verification since this represents an advance in the State-of-the-Art in test
practices. Consideration will be given to verification techniques being developed in

conjunction with HOL.

Criteria will be established for the full gamut of laboratory and aircraft tests to

verify system performance with and without failures. Qualification and Acceptance type
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testing will also be defined to assure reliability goals. Finally, the documentation

requirements will be defined for several of the major test and validation techniques to

be used.

3.3.10 Operational Status

In view of the redundant nature of the DFBW system, special emphasis must be
placed on defining operational status prior to each flight, that is to say that the system
reliability is predicated upon the entire redundant complex system being operational.
This can only be determined if each and every redundant path is checked. This may
require the insertion of certain failures to verify multiple paths. This entire subject
can be classified as "Self-Testability" of the system, which is vital to the success of a
redundant system. For example if a quad redundant system is designed to be DUAL FAIL
OP, the system should be checked with all combination an