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This document contains information subject to the International Traffic in Arms Regulation
(ITAR) and/or the Export Administration Regulation (EAR) of 1979 which may not be ex-
borted, released _or disciosed to toreign nationals mside or outside the Linited Stateg without
first obtaining an export license. A violation of the ITAR or EAR may be subject to-a
penalty of up to 10 years imprisonment and a fine of $100,000 under 22 1J.8.C. 2778 or
Section 2410 of the Export Administration Act of 1979 _Include this notice with any repro-

the procedures in DoD 5220.22-M Industrial Security Manual,
Section 11-19 or Dol 5200.1-R, Information Security Program
Regulation, Chaptg; IX._ For unclassified, limited documents,

DESTRUCTION NOTICE - For classified documents, foliow

destroy by any method that will prevent disclosure of contents

or_reconstruction of the document.

Beneficial comments (recommendations, additions, deletions) and any pertinent
data which may be of use in improving this document should be addressed to:
ASD/ENES, Wright-Patterson AFB OH 45433-6503 by using the Standardization
Document Improvement Proposal (DD Form 1426) appearing at the end of this
document or by letter.
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AIR FORCE GUIDE SPECIFICATION
FLIGHT CONTROL SYSTEM

GENERAL SPECIFICATION FOR

This specification is approved for use within the Deparument of the Air Force
and is avzilable for use by 8ll Departments and Agencies
of the Deparument of Defense within the distribution limitations noted.

1. SCOPE

1.1 Scope. This specification delineates the operational needs and general parameters for a physical
product family idemified as Flight Control Systems(FCS) for piloted serospace vehicles. Flight control
systems are described to include all elements used to transmil flight contro) commands from the pilot and
other sources to selected force and moment producers. Flight control commands may result in contro! of
the air vehicle's flight path, flight wrajeciory, auitude, angle of atack, angle of sideslip airspeed,
aerodynamic configuration, and response characteristics. Elements included are the pilois’ controls,
displays and logic switching, transducers, system dynamic and air daia sensors, signal computation, test
devices, transmission devices, actuators, uninierrupiible power, and signal transmission lines dedicated to
the flight control system. Excluded are aerodynamic surfaces; surface attachments, hinges, pins and cranks;
engines; fire control devices; crew displays and instrumeniation. Interfaces of flight control systems with
related air vehicle subsystems are defined. Verification provisions are included.

1.2 Applicability. All paragraphs of this specification shall be used for each flight control system
specification. Those numbered paragraphs found 1o be not applicable in the 1ailoring process shall be listed
by paragraph number and title but shall be marked “N/A" in the wilored FCS specification {or the specific
air vehicle.

1.3 Use. This specification cannot be used for contractual purposes without rewriting the scope and
providing supplemental information which relates 10 operational requirements for the specific air vehicle.
The scope must be generated to reflect the coverage of each specific air vehicle FCS specification. The
supplemémal information must be derived by assessment to the siated operational needs and by
interpretation of the rationale, guidance, and lessons learned provided in the appendix to this specification.

1.3.1 Structure. This specification is structured to require tailoring to specific operational needs. It
establishes the paragraph numbering and flight control area for a specific air vehicle. Secuon 3,
Requirements, defines which needs and parameters will be stated but leaves blanks within the statement
paragraphs for requiremenis to be tajlored for the specific air vehicle under consideration.

1.3.2 Instructional handbook. The instructional handbook, which is contained in the appendix herein,
provides the rationale for specified requirements. guidance for inclusion of supplemenial information, and a
lessons learned repository.

1.4 Deviations. Deviations from Government or contractor generated air vehicle FCS specifications which
can be shown to accrue substantial benefits to the Government shall be brought to the attention of the
acquisition activity for consideration of change. Deviations should be numbered sequemially and identified
in the numbered paragraphs affected. Addendum paragraphs should be added to the air vehicle FCS
specification identifying each change and providing the rationale, justification, and benefits expected.

1.5 Contractor required documentation. Documentation and daia shali be generated and updated as
necessary during FCS development and test to fulfill requirements contained in the applicable contract data
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requirements list (CDRL). Where the CDRL shows a requirement only for data accession list/internal data,
such data shall be generated to fully and completely document each developmem effort and task.

1.6 Classification
1.6.1 Flight control system classifications

1.6.1.1 Manual flight control systems (MFCS). Manual flight control systems consist of electrical,
electronic, mechanical, hydraulic, optical and pneumatic elements which transmit pilot control commands
or generate and convey commands which augment pilot control commands and thereby accomplish flight
control funcuons. This classification includes the longitudinal, lateral, directional, lift, drag, and wing
geometry cantrol systems as well as their associated augmentation, performance limiting, and control
functions.

1.6.1.2 Automatic flight control systems (AFCS). Automatic flight control systems consist of electrical,
electronic, mechanical, hydraulic, optical, and pneumatic elements which generate and transmit control
commands to provide pilot assistance through automatic or semiautomatic control of the flight path,
attitude, or airframe responses to disturbances by references internal or external to the air vehicle. This
classification includes automatic pilots, stick or wheel steering. automatic coupled pilotage, structural mode

P o, R Ty S

conirol, and similar conirol mechanizations.
1.6.2 FCS operational state classifications

1.6.2.1 Operational State I (normal operation). Operational State 1 is the normal state of flight control
system performance, safety, and reliability. This state satisfies the level 1 flying qualities requirements within
the operational flight envelope and level 2 within the service envelope and the stated requirements cutside of
these envelopes.

1.6.2.2 Operational State II (restricted operation). Operational State 1I is the state of less than normal
amitireant Amararisan A AaarfAarrmaones whinh tnualivracs Aanradatinn ar failira A Al 0 wAartian Af tha Avarall
ThWIRALIGLIL ViRl aliuilg W 'JCI IV Ilidlive Willbll JIIVWIYL D HCEI GuUOUIV VI 1allui L S Ull.l" O ULV U LN VYRl all
flight control system. A moderate increase in crew workload and degradation in mission effectiveness may
result from a limited selection or normally operating FCS modes available for use; however, the intended
mission may be accomplished. This state satisiies at least level 2 flying qualities requirements within the

operational flight envelope and level 3 within the service envelope.

1.6.2.3 Operational State 111 (minimum safe operation). Operational State II1 is the state of degraded
flight control system performance, safety, or reliability which permits safe termination of precision tracking
or maneuvering tasks, and safe cruise, descent, and landing at the destination of original intent or alternate;
but in Siate II1 pilot workload is excessive or mission effectiveness is inadequate. Phases of the intended
mission involving precision tracking or maneuvering cannot be completed satisfactorily. This state satisfies
at least level 3 flying qualities requirements.

1.6.2.4 Operational State IV (controllable to an immediate emergency landing). Operational State IV
is the state of degraded FCS operation at which continued safe flight is not possible; however, level 3 flying
qualities necessary to allow engine restart auempt(s), a controlled -descent, and immediate emergency
landing shall remain. '

1.6.2.5 Operational State V (controllable to an evacuable flight condition). Operational State V is the
ch

state of degraded FCS operation at which the FCS capability is limited to maneuvers required to reach

[{1]

flight condition at which crew evacuation may be safely accomplished.
1.6.3 FCS criticality classification

1.6.3.1 Critical. A function is critical if loss of the function results in an unsafe condition or inability to
maintain FCS Operational State 111
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1.6.3.2 Mission critical. A mission essential function is mission critical if interoperability of that function
with the FCS is essential to accomplish the mission and failure or degradation of that function could result in
an unsafe flight condition or control capability below Operational State 11.

1,6.3.3 Fli g'- phase essent

1 ¥,
condition or inability to maintain FCS Operauonal Siate 11} only during specific flight phases.

1.6.3.4 Noncritical. A function is noncritical if loss of the function does not affect flight safety or resuh in
control capability below that required for FCS Operational State HI.

2. APPLICABLE DOCUMENTS

2.1 Government documents

. R Y R P S B e b Fanslomes e m ool ol

z.i.l p ”CE“O"S. J1angarus, Bl'll.l I‘IBHUDDUAS l neé IUIIUWHIg bPCLIIILﬂuUID. dalidaiuy, ﬂl-ld
handbooks form a pan of this document to the extent specified herein. Unless otherwise specified, the
issues of these documents are those listed in the issue of the Depanment of Defense Index of Specifications
and Standards (DoDISS) and supplememnt thereto, cited in the solicitation (see 6.2).

SPECIFICATIONS
STANDARDS

{Unless otherwise indicaied, copies of federal and military specifications, standards, and handbooks are
available f[rom the Standardization Documents Order Desk, Bldg 4D, 700 Robbins Avenue, Philadelphia PA
19111-5094.)

2.1.2 Other Government documents, drawings. and publications. The following other Government
documents, drawings. and publications form a part of this specification (o the extent specified herein.
Unless otherwise specified, the issues are those cited in the solicitation.

(Copies of specifications, standards, handbooks, drawings, publications, and other Government documents
required by contractors in connection with specific acquisition functions should be obtained from the
contracung activity or as directed by the contracting activity.)

2.2 Non-Government publications. The {ollowing documents form 2 pan of this document 1o the extent
specified herein. Unless otherwise specified, the issues of the documenis which are DoD adoptied shall be
those listed in the issue of the DoDISS cited in the solicitation. Unless otherwise specified, the issues of
documents not listed in the DoDISS are the issues of the documents cited in the solicitation.

{Applications for copies should be addressed to the (name and address of the source.)

{Non-Government standards and other publications are normally available from the organizations that
prepare or distribute the documents. These documents also may be available in or through libraries or other

informational services.)

2.3 Order of precedence. In the event of 2 conflict between the text of this document and the references
cited herein (except for associated detail specifications, specification sheets, or MS standards), the text of

this document takes precedence. Nothing in this document, however, supersedes applicable laws and
regulations unless a specific exemption has been obtained.
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3. REQUIREMENTS

3.1 System requirements. The flight control system (FCS), a subsystem of the ___(a)  vehicle, shall
provide manual and automatic control of the vehicle. The system shall provide (b) to enhance
operational utility and flexibility for mission accomplishment.

3.1.1 MFCS performance requirements. The MFCS shall interface with and supplement, as required,
the characteristics of both the pilot and the air vehicle to allow the flying qualities, special performance, and
mission requirements to be met.

3.1.2 AFCS performance requirements. The AFCS shall interface with and supplement the
characteristics of the air vehicle to provide, as selected, flight path and attitude control, airframe response
and functional performance as specified in the numbered subparagraphs of this section. A pilot interface
shall be provided through an AFCS controller. The controller shall be implemented through the (a)
and shall, for the AFCS mode selected, provide functions, responses, and control as shown below:

Attitude Hold (Pitch) (b)
Auitude Hold (Roll) (c)

Heading Hold (d)
Heading Select N (-
Aliitude Hold (f)

(g} (h

The authority of the pilot to maneuver the air vehicle through the AFCS shall be (i) .

A damping ratio for non—~dominant responses of at least __(j)__critical shall be provided for nonstructural
AFCS controlled responses. The AFCS shall be functionally compatible with any automatic AFCS limiter
and its associated warning sysiem and not overpower such limiters at the extremes of the flight envelope
resulting in unsafe conditions that would require immediate pilot action.

3.1.2.1 Attitude hold (pitch and roll). Auitudes shall be maintained in smooth air with a static accuracy
of __{a} degreesin pitch attitude with wings level and ___(h) degrees in roll attitude. The rms attitude
deviations shall not exceed __(¢)  degreesinpitchor _{d) _ degrees in roll attitude and shall provide at
least Operational State __(e) _ in turbulence at the rms gust intensities correspondingto __{f) _ probability
of exceedance (table I). Accuracy requirements shall be achieved and maintained within ___(g)  seconds
of mode engagement for a 5 depree attitude disturbance. Auitude hold engage limits shall be {h)
degrees in pitch and ___(j) __ degrees in roll.

3.1.2.2 Heading hold. In smooth air, heading shall be maintained within a static accuracy of __(a)
degrees. Deviations shall not exceed _(b)__ degrees in heading and shall provide at least Operaticnal State
— (&) inturbulence at the rms gust intensities corresponding to__(gd)  probability of exceedance (lable
I). When heading hold is engaged, the aircraft shall roll towards wings level at a rate not to exceed __{g)
deg/sec and a roll acceleration not 1o exceed ____(f)  deg/sec/sec. The reference heading shall be that
heading which exisis when the mode is engaged within a tolerance of ___{g)  deprees.

3.1.2.3 Heading select. The aircraft shall automatically turn through the smallest angle 1o any heading
selected or preselected by the pilot and maintain that heading. In smooth air, heading shall be maintained
within a static accuracy of __ (3} _ degrees. Deviations shall not exceed (b) degrees in heading and
shall provide at least Operational Siate () in turbulence at the rms gust intensities corresponding to
_(d) probability of exceedance (table I). The contractor shall determine a bank angle limit which
provides a satisfactory turn rate and precludes impending stall. The heading selector shall have 360 degrees
control. The aircraft shall not overshoot the selected heading by more than {e) degrees,or _(f}
degrees in landing configuration. Entry into and exit from the turn shall be smooth and rapid. The roll rate

shall not exceed ____ (p)  dep/sec and roll acceleration shall not exceed (h) dep/sec/sec.
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3.1.2.4 Laternl acceleration and sideslip limits. Except when side force control or directed sideslip is
deliberately induced, the performance specified in table 1l shall be provided whenever any lateral-
directional AFCS function is engaged. Lateral acceleration refers to apparent (measured, sensed) body axis
acceleration st the aircraft center of gravity, unless otherwise noted,

3.1.2.5 Altitude hold. Engagement of the altitude hold function at rates of climb or descent less than _(a)
fpm shsal) select the existing indicated alitude and control the aircrafi to this altitude as reference. The
resulting norma) acceleration shall not exceed __(h) gincremental. For engagement at rates of climb or
descent above ____(a) _ fpm, resulting normal acceleration shall not exceed ____{¢) g incremental
maneuvers. Within the aircrafi thrusi-drag and performance capability and at sieady bank angles, the mode
thall provide control accuracies specified in table 111. These accuracy requirements apply for an airspeed
range __(d) . For other airspeeds the accuracy requirements shall be ___{e} . Following engagement or
perturbation of this mode at 2000 fpm or iess, the specified accuracy shall be achieved within ___(f)
seconds. Any periodic residual oscillation within these limits shall have a period of at least _{g) _ seconds.

TABLE 1. Rms gust intensities for selected cumulative
exceedance probabilities, ft/sec TAS.

PROBABILITY OF EXCEEDANCE

FLIGHT ALTITUDE
SEGMENT (FT) 2x30-4] 1071 10-2 10-3 10-4 10-5 10-6

Up to 1000 4.0 5.1 B.0 10.2 12.1 14.0 23.1
(LATERAL)

TERRAIN
FOLLOWING  Up 10 1000 35 |44 |70 | 89 10.5 | 121 | 175
(AGL) (VERTICAL)

500 3.2 4.2 6.6 8.6 11.8 15.6 18.7
1,750 2.2 .6 6.9 9.6 13.0 17.6 21.5
3,750 1.5 3.3 7.4 10.6 26.0 23.0 28.4
7.500 0 1.6 6.7 10.1 15.1 23.6 30.2
15,000 0 0 4.6 8.0 11.6 22.1 30.7
NORMAL 25,000 0 0 .7 6.6 8.7 20.0 31.0
FLIGHT
CLIMB
CRUISE 35,000 0 0 0.4 5.0 8.1 16.0 25.2
AND 45,000 0 0 0 4.2 8.2 15.1 23.1
DESCENT 55,000 0 0 0 2.7 7.9 12.1 17.5
(ASL)
65,000 0 0 0 0 4.9 7.9 10.7
75,000 0 0 0 0 3.2 6.2 8.4
OVER
80,000 0 0 0 0 2.1 5.1 7.2
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3.1.2.6 Altitude select. Engagement of the altitude select function at rates of climb or descent less than _

—f{a)  fpm shall result in the aircraft automatically climbing or descending to any altitude preselected by
the pilot or within an automatic navigation or guidance program. The resuling normal acceleration shall not

exceed (b} g incremental, and the resulting climb or descent shall not exceed (3} fpm.
For engagement at rates of climb or descent above __{a)  fpm, resulting normal acceleration shall not
exceed ___{c)  gincremental maneuvers. Within the aircraft thrust-drag and performance envelope. and
at steady bank angles, the mode shall provide control accuracies specified in table I1I. These accuracy
requirements apply for an airspeed range __(d) . For other airspeeds, the accuracy requirements shall be
(e} . Following engagement of this mode, the specified accuracy shall be achieved within ___{()
seconds after initial crossing of selected altitude. Any periodic oscillation within these limits shall have a

period of a least (g

TABLE Il

seconds.

AFCS latera) acceleration and sideslip limits.

-~
)

Flight Condition

Incremental
Sideslip - Degrees

Lateral
Acceleration 1-g

Coordination in
steady banked turns

Lateral Accelerations

Rolling at:
300/sec
900%sec

over 90%sec

Caordination in steady
“straight and level” flight

TABLE 111

. Control accuracy for altitude hold AFCS function.

Alttude
in

feel

Bank angle in degrees

3.1.2.7 Automatic hovering. Position shall be maintained relative 1o the point of reference to an accuracy

of __{a) _feet. This accuracy requirement applies during gust intensities of __ (Db}

point of reference, velocities up to (£ knots.

-y

fi/sec, and wind, or .
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3.1.2.8 Mach hold. The Mach number existing at the engagement of Mach hold shall be the reference.
Alfter engagement and stabilization on Mach hold. the AFCS shall maintain indicated Mach number and the
error shall not exceed ___(a)  Machor __(b)  percent of indicated Mach, whichever is larger, with
respect to the reference. Any periodic osciilation within these limits shall have a period of at least __{g)
seconds. A mode response or maximum time to capture reference suitable for the mission phase shall be
[d) _ seconds. Adjustment capability of atleast __{e) _ Mach shall be available to aliow the pilot to vary
the reference Mach number around the engaged Mach number.

3.1.2.9 Alirspeed hold. The airspeed existing at the engagement of airspeed hold shall be the reference.
Indicated airspeed shall be maintained within ___{3) _knots or __[{b) __ percent of the reference speed,
whichever is greater, up to ___{c) _degrees bank angle. Any periodic oscillation within these limits shall
have a period of at leasi ___(d)  seconds. The mode response or maximum time to capture reference shall
be __{g)  seconds in the most demanding mission phase. Adjustment capability of atleast __{f} _knots
shall be available to allow the pilot to vary the reference around the engaged airspeed.

3.1.2.10 Automatic navigation and guidance. The AFCS shal! provide automatic control to imcrcept
and maintain the wrack defined by the following equipment/subsystems:
Maneuvers commanded by the AFCS during any phase of such operation shall not place the air vehicle in
hazardous attitudes or result in flight limitations being exceeded. Switching and sequencing, and air vehicle
body axis rates and accelerations shall result in smooth, nonoscillatory air vehicle conurol and rapid
reduction of error. There shall be no residual oscillations greater than those allowed in the flying qualities
requirements for this air vehicle. Requirements for specific equipment/subsystems are as follows:

31.1.2.11 Controf stick (or wheel) steering. The conirol stick (or wheel) steering function, as a selectabte
operating mode, shall __{a) . The maneuver limits of the AFCS and the control force limits established by
the flying qualities requirements shall apply during control stick (or wheel) steering operations. The pilot
shall retain full authority to maneuver the air vehicle within the applicable force and maneuver limits of the
flying qualities by reversion to the ___(b) __ function of the FCS. Any reversion or change of mode shall be
adequately annunciated to the pilot.

3.1.2.12 G loss of consciousness (GLOC) systems. When a GLOC signal is received, the aircraft shall roll
through the shortest route possible to wings level and then execute 2 dive recovery using the maximum g’s
available'upto __{a) _ g's. Once the recovery is accomplished, which will be determined by _(b) _. the
aircraft shall hold level altitude flight until {c} . [f the throttle setting is not sufficient to maintain
ahitude, ___{d) _. Wamning of autorecovery shall be annunciated to the pilot. The pilot shall have control
authority to override any autarecovery. There shall be automatic logic 1o prevent activation of the GLOC
recovery system during the {ollowing critica) flight phases: ___(e) .

3.1.2.13 Ground collision warning system(s) (GCWS). The minimum acceplable performance of the
GCWS shall be as foillows:

3.1.3 General FCS design. The design of the FCS shall be entirely suitable for the purpose, mission, and
general requirements of the air vehicle. The FCS shall be as simple, direct, and {foolproof as possible with
respect to design, installation, operation, inspection, and maintenance. The design shall not include
features or deuwils which experience has shown 1o be hazardous or unreliable. Each contro! and each
control loop shall be designed to operate with the ease, smoothness, and positiveness appropriate (o its
function.

3.1.3.1 System arrangement. Assembled elements, subsysiems, and separate channels and control loops
of the FCS shall be arranged and located in the air vehicle

3.1.3.2 Trim controls. The FCS shail provide trim control conforming to the following requirements: __
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3.1.3.3 System operation and interface. Separation and isolation shall be provided between ___(3)  to
make the probability of propagated or common mode failure extremely remote. Operational performance
shall be met by the FCS ___(b) _seconds after power is applied. Positive means of disengagement shall be
prowded for ___(¢) __. Mode selection logic shall enhance operauonal and mission capability ‘and shall

£AN Tranciante Ao
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exceed {e) .
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3.1.3.4 Failure immunity and safety. Within the permissible flight envelope, no single failure in the FCS,
which is not extremely remote, shall result in any of the following effects before a pilot or safety device can
take effective corrective action.

a.
b.
c.

3.1.3.5 Redundancy. The redundancy requirements shall be as shown in table IV. Exceptions to this
requirement should be identified on a8 component level in cases where cost/complexity/safety trade-offs may
indicate less redundancy is requ1red Specific approval to implement less redundancy must be received from

the Government or
i+ quullullulll. |

3.1.3.5.1 Redundancy management. In FCS which utilize electric or electronic redundant channels,
redundancy management shall provide

a2 Ca_ b ?lta. | =y | R P I PR .7 I JEPY Ty SR [ S mareins about nominal shall be as
o7 l J U Dl&ll.)llll)r CUl dil CIuatd 10 p r\..a. l.ﬂE n:qu:rcu gdlll d"(.] pndac margins ap0ut nomi ﬂd ai1dl l oC ay

shown in table V. For gain or phase variations within the indicated frequency bounds, no oscillatory
instabilities shall exist with amplitudes greater than those allowed for residual oscillations in 3.1.3.8, and any
non-oscillatory divergence of the aircraft shall remain within the applicable limits of the flying qualities
requirement.

TABLE 1V. Redundancy levels.

CONTROL LOQP REDUNDANCY

MFCS
PITCH
ROLL
YAW
HI LIFT
DRAG
AFCS
ATTITUDE
NAV/GUID
HOLD
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TABLE V. Gain and phase margin requirements (db, degrees).

™~ Airspeed ~
Airspeed Below VoMIN At At
Mode VOMIN t0 Limit Airspeed INERT
Frequency Hz Vo A AX (VL)
< 0.06
0.06 £ Iy, <First
Aero
Elagtic
Mode
fm > First Aero-
Elastic
Mode
Where: 2 = Limit airspeed
VoMIN = Minimum operational airspeed
VoMAX = Maximum operational airspeed
Mode = A characteristic acroelastic response of the pircraft s

described by an aeroelastic characteristic root of the

coupled aircraft/FCS dynamic equations-of-motion

The minimum change in loop gain, at nominal phase, which
results in an instability beyond thart allowed as a residua! oscillaton
The minimum change in phase. st nominal loop gain which
results in an instability

GM = Gain Margin

PM = Phase Margin

fin = Mode irequency in Hz {FCS engaged)
Nominal Phase = The contracior’s best estimate or measurement of FCS and
and Gain aireraft phase and gain characteristics available at the time

of requiremem verification

During the gain and phase variations, the AFCS loops shall be stable for any amplitudes greater than those
allowed for residual oscillations in 3.1.3.8. In muliple loop sysiems, variations shall be considered with all
gein and phase values in the feedback paths held at nominal values except for the path under investigation.

A path is defined 10 include those elements connécung a sensor 1o

aerodynamic and non-aerodynamic closed loops. at least 6 db gain margin shall exist at zero airspeed. The
margins specified shall apply regardless of system implementation and shall be maintained under flight
conditions of most adverse center-of-gravity, mass distribution, and external store configuration throughout

the aperational envelope and during ground operations.

1 nradacare For hth

frnem r rmArne
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3.1.3.6.1 Sensitivity analyses. Tolerances on feedback gain and phase shall be established at the system
level based on the anticipated range of gain and phase errors which will exist between nominal test vatues or

predictions and in-service operation due to such factors as poorly defined nonlinear and higher order

dynamics, anticipated manufacturing tolerances, aging, wear, maimenance, and noncritical materiel

failures.  In addition, these tolerances shall also include normally anticipated uncenainties in predicted
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aerodynamic characteristics, aeroelastic effects, and structural modes. For digital flight control systems, the
tolerances established shall specifically include the effects of sampling rates, digital system delay, input and
output filters, digital filter implementation, and integration technique. Gain and phase margins shall be
defined, based on these tolerances, which shall assure satisfactory operation in fleet use. These gain and
phase tolerances shall be established based on variations in system characteristics either anticipated or
allowed by component or subsystem specification. The range of variation 10 be considered shall be based on
a selected probability of exceedance for each type of variation. The exceedance probability shall be based
on the criticality of the flight control function being provided. The stability requirements established through
this sensitivity analysis shall be entered in table IV,

’

3.1.3.7 Operation in atmospheric disturbances. During normal operation the FCS shall provide a safe
level of operation and maintain mission accomplishment capability while flying in atmospheric disturbances.
For essential and flight phase essential FCS functions, at least Operational State ___(3) _ shall be provided

- inc P | fah [ —— Lo LT TV
for gust imensities corresponding to exceedance probabilities __{(b)___and __{g} . respectively {table I).

Noncritical controls shall provide at least Operational State ___(d} _ in atmospheric disturbances at the
intensities corresponding to __{e) __ probability of exceedance (table I) . Noncritical controls operating in
disturbances with gust intensities above those specified shall not degrade flight safety or mission effectiveness
below the level that would exist with the control inactive. __{f) _ means to inactivate the noncritical control
for flight in heavy disturbances shall be used when required. The dynamic analysis or other means used to
sausfy this requirement shall include the effects of rigid body motion, () » and the flight control
system. Significant nonlinear effects shall be represented by conservative nonlinear or equivalent linear

representations. The analytical form of the atmospheric disturbance models specified in the flying qualities
reaunremem: with the excention of the discrete oust. chall be used for flicht cantral analveac at tha intancite
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levels specified herein. The discrete gust 10 be used shall be defined as a single full wave of a (1-cos)
function with a peak amplitude of 40 ft/sec which may be encountered anywhere within the operational
flight envelope. Varying gust amplitudes up to 40 ft/sec shall produce near linear air vehicle response. The
gust wave length shall be tuned to produce maximum excitation. The gust intensity levels apply at the
turbulence penetration airspeed V. At the maximum level flight airspeed, V., these intensity levels are

reduced to {h) of the specified levels for atmospheric disturbances.

3.1.3.8 Residual oscillations. For normal operation and during steady flight, FCS induced aircraft
residual oscillations at all crew and passenger stations shall not exceed {a)  o'sverticalor (b o's

s at all crew and passenger stations shall not excee {a) pg'svertical or
lateral peak to peak acceleration. Residual oscillationis in pitch attitude angle shall satisfy the longitudinal
maneuvering characteristic requirements of the flying qualities specification. Residual oscillations in roll and
yaw attitude at the pilot’s station shall not exceed ___(c)  degrees peak 1o peak for flight phases requiring
precision control of attitude.

3.1.3.9 System test, display, reporting, and monitoring ;;rovisions {TDRM). Test and menitoring
incorporated into the essential and flight phase essential FCS shall include:

Table VI defines the applicable tests and the air vehicle functions to the flight phase:
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TABLE VI. Applicable tests and the air vehicle functions to the flight phase.

PHASE

TEST PREFLIGHT INFLIGHT POSTFLIGHT
PHASE .

TEST PREFLIGHT INFLIGHT POSTFLIGHT

3.1.3.9.1 Preflight. Preflight BIT shallbe _{a) __ and include any test sequence (see table VI) prior to
takeoff. Preflight tests shall not rely on ground test equipment for their successful completion. Interlocks
shall be provided to prevent in-flight engagement and 10 terminate preflight BIT when the conditions for
engagement no longer exist. It shall be possible to perform preflight tests by manipulation of the following
equipment: by .

Test provisions shall include the capability for determining the integrity of 1he following by the corresponding
test: {c)

The functional capability of the following in their fail operational modes shall also be determined by the
corresponding test: {d) .

The overall tests performed (BITs, V1, PPM, SPCL) contain the following specific related 1ests:

3.1.3.9.2 InNight. Inflight TDRM of equipmem performance and critical fhght conditions shall aperate
during ___(a)  and shall be capable of detecting: h) .

Inflight TDRM shall be passive and not propagate any failures to the __(c) __ flight controls.
Inflight TDRM shall include, but not be limited to, the following capabilities: {d)

3.1.3.9.3 Postflight. PostNight shall __{a} _ and include the test sequences shown in table VL. Postflight
test, display, and reporting shall be capable of _{h) . Postflight maintenance tests shall have interlocks to
prevent inflight engagement and to terminate these tests when conditions suitable for maintenance testing no
longer exist.

3.1.3.9.4 Inflight monitoring. Continuous inflight monitoring of equipment performance and critical
flight conditions shall operate during ___(a) __ and shall be capable of detecting: (b)

Inflight monitoring shall be passive and not propagate any failures to the _(g) ___ flight controls.

Inflight monitoring shall include, but not be limited to, the following capabilities: id)

3.1.4 MFCS design. This section of the specification deals with overall design philosophy of the flight
control system. This section is normally completed by the contractor after conducting a series of trade
studies to satisfy that system's safety, mission completion, and sysiem reliability requirements. Care must be
taken when completing this section to assure that it is in compliance with the overall acquisition strategy of

weapaon system bemg procured (For example, some acquisition sirategies may insist that no design guidance

11
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be included in any specification). Where requirements in other sections of this specification are
performance related requirements, the intent of this section is to provide protection to both the contractor
and the procuring activity to assure that the system design is within safety and reliability requirements, and to
further assure the procuring activity that major modifications to that design cannoi be accomplished without
government concurrence. From the procuring agency standpoini, care must be exercised to assure that over
specification does not result in Engineering Change Proposals (ECPs) for minor changes or for routine

changes during normal system development.

The MFCS shall be mechanizedasa __{a)  using __(b} _ for pilot control of pitch, roll, and yaw. The
systern shall provide ___ (¢} to enhance operational utility and flexibility for mission accomplishment. It
shall be designed to provide a satisfactory physical interface between the pilot and the air vehicle such that
every pilor action required to monitor and control the FCS to accomplish every phase of any assigned
mission shall be consistent with established flying qualities requirement and pilot training practices.

3.1.4.1 Mechanical MFCS design. Mechanical components shall be designed with paramount
consideration given to reliability, maintainability, supponability, strength, and simplicity. The mechanical
signal transmission paths between the pilot, sensors, or command generator to the surfaces shall be
redundant to the extent required to meet the system safety requirement of

3.1.4.1.1 Reversion--boosted systems. The mechanical FCS shall provide Qperational State
capability when boost is unavailable. Means shall be provided to re-engage boost following reversion to the
mechanical system. Boosted, mechanical FCS shall provide Operationa) State ____________ capability.

3.1.4.1.2 Use of mechanical linkages. Mechanical linkages and antificial feel devices/systems used for

signal conversion shall not have friction/free play that results in operation below Operational State
Linkages and feel devices shall be balanced appropriately for the desired axis to meet the structural mode
and force requirements for this air vehicle. Residual imbalances shall be consistent with feel requirements.

3.1.4.2 Electrical/electronic MFCS design. Electrical/electronic fly-by—wire flight control systems shall
be designed to withstand all induced and natural environments such as lightning, EMI, etc. Redundancy
shall be employed to achieve the safety requirements of the air vehicte. Reliability, maintainability,
suppontability, simplicity, and survivability shall be major design parameters. The design is required to have
operaticnal State I capability.

3.1.5 AFCS design. AFCS design shall provide those functions and services which fulfill not only the stated
needs for the air vehicle, but also the needs for a satisfactory interface with the pilot operator. AFCS design
shall be integrated with and complement the MFCS design such that switching between these systems
produces no noticeable air vehicle responses. AFCS design shall have no adverse effect on MFCS
operational integrity.

3.1.5.1 System management. The fa}  management funciion shall be responsible for ensuring that
the automatic flight control system does not permit failures to place the aircraft in an unrecoverable
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—{c) . respectively. Failuresofthe __{d) management function shall __{e) ‘Appropriate __(f)
to the cvew with ____ (g} 1o re-engage {h) shall be provided.

3.1.5.2 Mission flight controls. Mission flight controls are the modes of the automatic flight control
system that provide trajectory guidance or trajectory stabilization automatically without pilot input. Mission
flight control guidance commands (e.g., flight director, bomb Nav, terrain following. integrated fire and
flight controls, autopilot, etc.) shall be managed by (a} . The guidance signals shall allow neither
transients greater than specified in 3.1.5.1 nor erroneous commands. Interface requirements shall be

(b)Y . Failures of the mission flight control system shallnot __{c} . Appropriate methods of interlocks

far engagemem!dnsengagemem of mission flight controls shall be provided with {d) for flight safety.

12
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3.1.6 Mission accomplishment reliability. The probability of mission failure per flight due to relevant
materiel failures in the FCS shall not exceed .

3.1.7 Quantitative flight safety. The probability of air vehicle loss per flight, defined as extremely remote,

—a o | mf ol o JES U | g

auc to relevani materniel IBHUICS in ithe FCS shall noi CKCBBU

3.1.8 Survivability. The FCS shall be designed to withstand and operate in unnatural, induced, hostile
environments, which would not atherwise cause loss of the air vehicle, without sulfering abonive impairment
of its ability to maintain at least Operational State

3.1.8.1 All engines out control. The FCS and its power sources shall be designed such that loss or
reduction of rotatinnal speed of all power generating engines below power generation speed shall not result
in less than FCS Operaticnal State . Transients due to change in operational state shall conform to
3.1.3.3 requirements of this specification. Provisions shall be made for reversions to normal operation when
sufficient engine generated power is restored.

3.1.9 Invulnerability. Degradation in flight control system operation due to shall be
within the limits specified in the following subparagraphs.

3.1.9.1 Invulnerability to natural environments. The flight contro! system shall be designed to withstand
the full range of natural environment exiremes esiablished for this air vehicle without permanenmt
degradation of performance beiow FCS Operational State__{a)___, or temporary degradation below FCS
Operational State ____(bY . Reductions below Swate ___{a) _ shall be experienced only at adverse
environmenial extremes not normally encountered and shall be wransient in nature only, and the function

“shall be recovered as soon as the aircraft has passed through the adverse environmeni. SyStem components

and clearances with structure and other components shall be adequate 10 preclude binding or jamming.
inswability, or out of specification operation of any portion of the system due to possible combinations of
temperature effects, ice formations, lpads, deflections, including structural deflections, _feY _ .and

build up of manufacturing tolerances.
Specifically, the FCS shall be abie (0 withstand the following natural environmental conditions: _(d) .

3.1.9.2 Invulnerability to lightning strike and static atmospheric electricity. Flight control system shall

maintain Operational Siate _m)__ capability or better when subjected to electric field and lightning
discharges except that a temporary, recoverable, or extensive loss of performance 10 Operational Suate
— (b)Y _  is allowable in the event of a direct lightning strike.
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worst—case-induced temperatures and temperature shock, acceleration, vibration, noise and shock,

induced pressures, explosive and corrosive atmospheres, electromagnetic interferences (EMI). and nuclear
radiation including electromagnetic pulse. projected in missions for the air vehicle, without permanent
degradation or loss of capability to maintain FCS Operational State _{a) __. These induced environments
within structural and crew survival limits shall not result in temporary degradation during the exposure to the
environment below FCS Operational Siate ___(b) __ capability. Specifically, but not exclusively, the FCS

shail be designed to withsiand the following: (c)
1.1.9.4 Invulnerability to onboard fallures of other systems and equipment. The FCS shall meet its

failure state/reliability budget, as allocated within the weapon system, for self-generated failure (within the
FCS) and for those FCS failures induced by failures of other interfacing systems within the weapons systems.
In addition, the FCS design shall comply with the following:

a. Essential and flight phase essential flight control systems shali retain FCS capability of Operationai
State ___(a)  or better after sustaining the following failures: 153

13
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b. Flight control systems, including the associated structure hydraulic, pneumatic, and electrical
sysiems shall be designed so that the probability of losing the capability of maintaining FCS operation to no
Jess than Operational State ____(¢) __ as a result of an engine or other rotor burst is extremely remote.

c. {d)

3.1.9.5 Invulnerability to maintenance error. Flight control systems shall be designed so that it is
physically impossible to install or connect any component item improperly without one or more oven
modifications of the equipment or the aircraft. Provisions for adjusting the flight control system on the
aircraft, except during initiai buiidup, major overhaul, software modification, or rigging during major
maintenance activities, shall be minimized. All line replaceable units (LRUs) shall be designed 1o permit
making internal adjustments only on the bench. The system shall require only a minimum of rerigging
following replacement of LRUs. All control linkages and other flight control mechanisms shall be designed
to resist jamming from inadvertent entry of maintenance tools or other materiel. In addition

3.1.9.5.1 Invulnerability to software maintenance error. The following provisions shall be implemented
for systems using digital computations to prohibit the implementation of the incorrect version of software:

3.1.9.6 Invulnerability to pilot and flight crew inaction and error. Flight control systems shall be
designed to minimize the possibility of any flight crew member controlling or adjusting system equipment to a
condition or state which could degrade FCS operation. Included shall be:

3.1.9.7 Invulnerability to enemy action. Essential and flight phase essential FCS on combat aircraft,
including associated structure and power supplies, shall not be degraded below Operational State
because of damages due o0

3.1.9.8 Invulnerability to bird strikes. Flight control system shall maintain Operational State
capability or better when subjected 10 one or more bird strikes on a leading edge of the aircraft. This shall be
accomplished by:

3.1.10 Maintenance provisions. Design and installation of the FCS shall permit trained FCS maintenance
personnel to safely and easily perform required maintenance under all anticipated environmental
conditions. Means shall be provided to facilitate the accomplishment of all required maintenance functions
including:

3.1.10.1 Operational checkout provisions. The design and installation of the FCS shall provide for
ground operation as required to verify FCS functional performance, airworthiness and freedom from

failures. Operation of the main propulsion engines shall not be required for this checkout. Power for the
checkout shall be supplied by

3.1.10.2 Malfunction detection and fault location provisions. Means of having a high probability for
detecting malfunctions and failures, and monitoring critical perrormance conditions as required to locate
faults to the replaceable unit, shall be provided for

3.1.10.2.1 Malfunction indication. Indications which show that a malfunction has been detected and
where the fault is located shall be provided by

3.1.10.2.2 Provisions for checkout with portable test equipment. Provisions shall be made to check out
elements of the installed FCS by using portable test equipment identified as

3.1.10.3 Accessibility and serviceability. The FCS and its elemenis shall be designed, insalled, located,
and provided with access so that inspection, rigging, removal, repair, replacement, and lubrication can be
readily accomplished.

14
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Suitable provisions shall be made 10 facilitate correct rigging of the FCS. The number of rigging positions
shall be kept to a practical minimum. Rigging positions shall be readily accessible and located where
adequate space is available for the rigging operation. Powered control surface actuator outputs shali not be
rig~pinned.

3.1.10.4 Malntenance personnel safety provisions. The FCS and its elements shall be designed to
preclude injury of personnel during the course of ali maintenance operations including testing. Where
positive protection cannot be provided, precautionary wamings or information shall be affixed in the aircraft
and to the equipment to indicate any hazard, and appropriate warnings shall be included in the applicable -
maintenance instructions. Safety pins, jacks, locks, or other devices intended to prevent actuation shall be
readily accessible and shall be highly visible from the ground. or include streamers which are highly visible.
All such streamers shall be of a type which cannot be blown out of sight such as up into a cavity in the air
vehicle.

3.1.11 Structura) integrity. The FCS and its elements shall be designed to meet the load, strength,
deformation, damage tolerance, stiffness, and durability requirements of .

3.1.12 Wear life. Assembled unit elements of the FCS shall remain economically repairable and meet
reliability requirements for a wear life equal 1o

3.2 Subsystem and component design requirements. Subsystems, subfunctions. components, elements,
and assemblies of the FCS and subsysiems interfacing with the FCS shall be designed, fabricated, and
installed as indicated in the subparagraphs of this section.

3.2.1 Cockpit controls and displays. The design and location of the FCS cockpit control elements and
displays shall be in accordance with . Additonal requiremenis are stated in the following

subparagraphs.

3.2.1.1 Cockpit controls. Whenever 8 FCS control is interfaced with redundant flight control channels,
mechanica! and electrical separation and isolation shall be provided 10 make the probability of common
mode failures

3.2.1.1.1. Removable cockpit flight controls. Removable cockpit flight controls shall be positively
retained during all flight conditions.

3.2,1.1.2 Movsble rudder or directional pedals. Movable rudder or directional pedals shall be
interconnected to insure positive movement of each pedal in both directions.

3.2.1.2 Pillot displays. Wherever any display or annunciator is interfaced with redundant flight control
channels, mechanical and elecurical separation and isolation shall be provided to assure that common mode
faitures do not occur.

3.2.1.2.1 FCS annunciation. The FCS control panel, associated panels, or integrated displays shall
provide means to display:

AFCS engaged

mode engaged

3.2.1.2.2 FCS warning annunciation. FCS warning annunciation shall be provided in the cockpit to allow
crew 1o assess the operability of redundant or monitored FCS. Annunciation shall be designed to clearly
indicate the associated degree of urgency.

a. First degree - immediate action required (warning may be audible)

13
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b. Second degree - caution, action may be required
¢. Third degree - informational, no immediate action required.

Warning annunciation shall include, but not be limited to the following:

3.2.1.2.3 Cockpit indicators. Suitable indications shall be pravided in the cockpit to indicate to the
pilot(s)

3.2.2 Sensors. Sensors used for flight control system functions shall be designed and located such that
adequate sensing of the desired aircraft and flight control system parameters can be accomplished. Sensors
shall be designed to operate throughout the power range specified for the air vehicle. Locations shall be
chosen which minimize exposure to conditions which could produce failures or undesirable output signals.
Signa! and impedance levels for remote sensors shall be designed to minimize EMI effects and to prevent
signal level changes due to transmission path loading effects. Closely spaced, redundant electromagnetic
sensors shall be designed to prevent cross coupling of signals among the sensors. If self-1est or in-flight
monitoring BIT are used, the sensors and flight control system shall be fail safe in design in regard w0 the
operation of the BIT.

3.2.3 Signal transmission. All signal transmission concepts, devices, lines, components, and subsystems
dedicated to the FCS shall be covered by requirements in this section.

3.2.3.1 General requirements. All signal transmission elements, components, and subsystems of the FCS
shall be designed and suitably protected to resist jamming by objects. Where feasible, advantage shall be
taken of shielding afforded by heavy structural members, existing armor, and other equipment for
protection of important elements of the FCS. Signal transmission elements shall be protected from usape
such as steps and handholds. Clearance between FCS elements and structure or other components shall be
provided as necessary to insure that no probable combination of temperature effects, air loads, structural
deflections, vibration, buildup of manufacturing tolerances, or wear can cause binding or jamming of any
portion of the FCS. In locally congested areas, the minimum clearances which may be allowed after all
adverse effects are accounted for shall be

3.2.3.1.1 Computer signal transmission. Signal transmission of commands between the flight control
computers and devices or modules designed 1o act on the cormmands shall be performed by using direct
. When redundant computing paths are provided, they shall be isolated or
separated to meet invulnerability and failure immunity requirements.

3.2.3.2 Mechanical signal transmission, general. Elements used for mechanical signal transmission shall
meet the structural integrity requirements of this specification. Capability shall also be provided to transmit
forces to override interference or jams in the mechanical loop up to a level of at least

3.2.3.2.1 Control cable installations. Wire rope type cable subsystems used for FCS signal ransmission

shall mmaat samisiramante af thic cmanifiantimem with rasmans g4 marfarmenmeas cnfaty maimtaiemability calinbilivyg
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structural integrity, and wear life. Requirements for component design and usage shall be as shown in

3.2.3.2.2 Push-pull signal transmission installations. Push-pull type subsystems used for FC$ signal
transmission shail meet other requirements of this specification with respect to performance, safety,
maintainability, reliability, structural integrity, and wear life. Requirements for componemt design and usage
shall be as shown in

3.2.3.2.3 Control chain. Roller chain may be used for signal transmission in FCS mechanization.
Connecting links shall be retained by cotter pins; spring clips shall not be used. The chain used shall be of
standard aircraft quality and conform to requirements of
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3.2.3.3 Electrical signal transmission. The following requirements apply to all essential and flight phase
essential signal paths: .

3.2.3.3.1 Muliplexing. Signal transmission circuits shall be __{a} _ type wilizing (b) as the
transmission media for the data bus. The data bus, line, and its interface electronics, multiplier terminal unit

shall {c) .

3.2.4 Signal computation. The methods of signal computation used in the FCS shall be fully suitable 10
mission, environment, and other requirements imposed upon the FCS.

3.2.4.1 Transient power effects. Flight control computers shall not suffer adverse effects, which result in
operation below FCS Operational State , due to power source variations within the limits specified for
the applicable power system. In the event of power source interruption, no adverse effects shall result which
limit operation or performance of flight control computers upon resumption of normal quality power.

3.1.4.2 Mechanical signal computation. Mechanical signal computation shall be accomplished by means
of elements. Nonlinearities and parameler variations shall not cause adverse effects which
cause degradation in flying qualities or the FCS operational state.

3.2.4.3 Electrical signat computation. At the time that the production configuralion baseline is
established by the procuring agency, a percent growth capability for computation shall exist within
each flight conurol computer. Scaling, shall provide satisfactory resolution and sensitivity to
ensure continuous safe operation for all possible combination of maneuvering demand and gust or other

plausible disturbances, and to preven: unacceptable levels of nonlinear characteristics or instabilities.

For failures which may cause a hazardous deviation in the aircraft flight path, each computation channel
shall have provisions for rapidly disabling its command outputs or servos unless other fail-safe provisions
exist.

Support and maintenance provisions shall

3.2.5 Controf power. Sufficient electrical, hydraulic, and pnecumatic power capacity shall be provided in
all flight phases and with all corresponding engine speed settings such that the probability ol losing the
bility to maintzain at least FCS Operational State 111 airplane performance shall not be greater than

. Essential and flight phase essential flight controls shall be given priority over
noncritical controls and other actuated functions during simulianeous demand operation.

3.2.5.1 Hydraulic power subsystems. All hydraulic power generation and distribution systems normally
used for flight controi shaii be designed in accordance with .

‘The FCS shall operate in accordance with this specification when applied with such power.

3.2.5.2 Electrical power subsystems. Electrical power generation and distribution subsystems should
comply with requirements of this specification and the following: . For
fly-by-wire air vehicles, electrical systems which provide power to essential or flight phase essential conurols
shall be designed to ensure uninterruptible, isolated, redundamt power of adequaie quality to meet FCS

requirements after any malfunction not considered extremely remote.

3.2.5.3 Pneumatic power subsystems, Pneumatic power using ram-air, engine biced air, stored gas,
mechanically compressed air, or generpied gas may be used for noncritcal flight control functions.
Pneumatic power systems shall conform 10

3.2.6 Actuation. The design, installation, and performance of flight control actuaiion components,
subsystems, and interfaces shall comply with this specification. Load capability of actuation components
and subsystems shall be in accordance with
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3.2.6.1 Mechanical force transmitting actuation. Mechanical force transmitting devices shall be
designed in accordance with the following requirements:

3.2.6.2 Mechanical torque transmitting actuation. Mechanical torque transmitting devices shall be
designed in accordance with the following requirements: . Backlash accumulation shall
not prevent the system from performing its required function throughout the service life of the airplane.

3.2.6.3 Hydraulic actuation. Hydraulic actuation subsystems and components shall be designed in
accordance with the following requirements: . If hydraulic bypass provisions are
necessary to prevent fluid lock, excessive friction load or damping, . In actuation systems
designed for manual control following hydraulic failure, provisions shall be made to

3.2.6.4 Electromechanical actuation. Electromechanical actuation subsystems and components shall be
designed in accordance with the following requirements:

3.2.6.5 Pneumatic actuation. Pneumatic actuation subsystems and components shall be designed in
accordance with the following requirements:

3.2.6.6 Interfaces between actuation systems, support structure, and control surfaces. The interface
between actuation system, support structure, and control surfaces shall comply with

3.2.7 Component design. Design of components and elements shall be entirely suitable for use in the FC§
and shall be such that the other requirements established for the FCS are not infringed by that design.

3.2.8 Component fabrication. The selection and treatment of materiel, and the processes and assembling
methods used in fabrication shall

3.2.9 Component and element installation. Installation of FCS components shall meet

3.3 Integrity requirement. The FCS component’s hardware and software and integrity subsystems shall
meet the integrity requirements of this section.

3.3.1 Structural integrity. Load transmission and elements of the FCS shall meet the load, strength,
stiffness, deformation durability, and damage tolerance requirements for each element as follows:

- a.

b.

3.3.2 Mechanical integrity. FCS mechanical devices such as rudder pedals, stick, inertial sensors,
actuators, etc., and integrating subsystems shall meet the requirements for load, strength, function,
environment, and durability as follows:

b. . :

3.3.3 Electronic integrity. FCS electronic and electro-mechanical devices such as computers, convertors,
power supplies, servo’s, etc., and integrating subsystem electronics shall meet the functional, environmental,
and durability requirements as follows:

b.
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3.2.4 Software integrity. Sofiware elemenis (units, components, and flight programs) of the FCS and
integrating subsystems shall meet the requirements as [ollows:

b. .

4. VERIFICATION

4.1 System verilication. Verification of the system requirements shall be performed by analyses (includes
simulation), Inspection, demonstration, ground tesi, and flight test.

The approach used for quality assurance shall provide s planned and systematic pattern of all actions,
structured and time phased throughout the program, to provide adequate confidence that the FCS, its
elements, and sofiware conform to the established technical requirements. Compliance with each
applicable requirement in section 3 shall be verified as required by its dedicated section 4 paragraph. The
lack of a specific verification requirement for any ponion of a design requirement in section 3 does not
relieve the contractar of responsibility for full compliance with the requirement. The verification processes
shall be thoroughly documented and shall clearly show that methods used are suitable and proper, that the
procedures followed are comprehensive and thorough. that requirements have been met. and that high
quality is a built~in attribute.

When requirements are verified by analyses and flight test, the flight envelope shall be analyzed 10
determine worst case combinations of airspeed, altitude, gross weight, center of gravity, and maneuver.
Flight tests shall be conducted at, or sufficiently near, these cases to validate the adequacy of analytical
resulis. Analytical results shall not be accepied until such validation is accomplished. Test insurumentation
shall include appropriate measurement of attitudes, rates, accelerations, controller position and force levels,
surface position, thrust, altitudes, alitude rate, and interna! flight contro!l system signals and swates as
required o verify hardware and, if used, sofiware performance.

Requirement verifications which must be completed 10 suppon the release of the air vehicle for first flight
shall be

The processes incident to verification of each requirement shall be documented in engineering detail to the
extent necessary to show the quality and flight-worthiness status which is exhibited for each unit of product.

4.1.1 MFCS performance verification. MFCS performance shall be verified by inspection. analysis, and

ground and flight test. Test conditions, fixtures and methods are s follows:

4.1.2 AFCS performance verification. AFCS performance requirements shall be verified as indicated in
the subparagraphs of this section. The specified damping ratio for nonstructural AFCS controlled response
shall be verified by

4.1.2.1 Attitude hold (pitch and roll). Atitude hold shall be verified by inspeciion, analyses, and l'hghl
test. Test condition, fixtures, and methods are as follows:

4.1.2.2 Heading hold. Heading hold performance parameters shall be verified by a combination of flight
tests and . Flight testing shall be performed

4.1.2.3 Heading select. Heading select performance parameters (heading accuracy, overshoot, roll rate
and acceleration, bank angle limits, and smallest angle to select heading) shall be verified by flight test and
Flight testing shall be performed .
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4.1.2.4 Lateral acceleration limits and sideslip limits. Lateral acceleration shall be verified by flight tests
and - Flight testing of lateral acceleration limits shall be performed

4.1.2.5 Altitude hold. Resulting normal acceleration, accuracy, and time to achieve accuracy shall be

verified in smooth air by flighttestand ___ . Flight testing shall be performed

Ability to engage or not engage shall be verified by attempting to engage during a ¢limb or descent of
fpm at all fight test points.

4.1.2.6 Altitude select. Resulting normal acceleration, accuracy, and time to achieve accuracy shall be
verified in smooth air by flight test and __(a) . Flight testing shall be performed () . Abilitytwo
engage or not engage shall be verified by attempting to engage during a climb or descentof __(¢} fpm atall
flight test points. Ability to maintain sustained load factor or climb or descent rate shall be verified by
engaging (d) feet above and below selected altitude.

4.1.2.8 Mach hold. The Mach hold requirements shall be met during maneuvering flight incident to cruise
and in steady flight including climb and descent. Verification shall be made by flight test and
Flight testing shall be performed

4.1.2.9 Airspeed hold. Time to stabilization and accuracy of airspeed hold shall be verified by a
combination of flight test and . Operation during landing approach shall also
be verified. Flight testing shall be performed

4.1.2.10 Automatic navigation and guidance. Verification of navi

tic navigation and guidance. erification of navigation and guidance requirements chall

be through qualitative assessment by the pilot during and by

4.1.2.11 Control stick (or wheel) steering. Control stick (or wheel) steering flying qualities, accuracy,
stick force, and maneuvering limits shall be verified by a combination of flight test and
Flight testing shali

4.1.2.12 G loss of consciousness (GLOC) systems. The GLOC recovery system shall be tested to verify
that nuisance activations will not occur and that the recovery minimum altitude lost or oceurs within
of the set altitude.

4.1.2.13 Ground collision warning systems. The GCWS performance requirements shall be verified by

#

4.1.3 General FCS design. The FCS design requirements contained in subparagraphs of 3.1.3 shall be
verified by and _

4.1.3.1 System arrangement. System arrangement shall be verified by

4.1.3.2 Trim controls. Trim control requirements shall be verified by

4.1.3.3 System operation and interface. Sysiem operation and interface requirements shall be verified by

4.1.3.3.1 Warm-up. The time requirements for warm-up shall be verified by

4.1.3.3.2 Disengagement. Disengagement requirements shall be verified by

4.1.3.3.3 Mode compatibility. The mode compatibility requirements shall be verified by

4.1.3.3.4 Failure transients. Compliance with [ailure transient requirements shall be verified by
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4.1.3.4 Failure Immunity and safety. Compliance with the failure immunity and safety requirements shall
be demonstrated by

4.1.3.5 Redundsncy. Redundancy shall be verilied by and

4.1.3.5.1 Redundancy management. Redundancy management requirements shall be verified by

4.1.3.6 Stability. Verification of air vehicle stability shall be performed by analyses, simulation, and
ground and flight test. Prior to first flight, ground testing shaii

4.1.3.6.1 Sensitivity analysis. Stability margins established under this paragraph shall be verified by
analysis. This analysis shall include variations due to tolerances affecting system characteristics and
uncenainties in modeling.

"4.1.3.7 Operstion in atmospheric disturbances. Operation in atmospheric disturbance shall be verified
by .

4.1.3.8 Residual ascillation. Compliance with the requirements for residual oscillation shall be verified by
Residual oscillations shall be measured at

4.1.3.9 System test, display. reporting, and monitoring provisions (TDRM). The test and monitoring
methods incorporated in the FCS shall be verified

4.1.1.9.1 Preflight built-in test (BIT). The proper operation of preflight BIT shall be verified by ground
test and ___(p} . Ground test shall demonstrate __(b) . Prevention of inflight engagement shall be
verified ___ {g} .
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4.1.3.9.3 Postflight. The proper operation of postflight tests maintenance BIT shall be verified by ground
testand ___{a) . Verification test shall demonstrate __(b) . Prevention of in-flight engagement shall be
verified __(¢) .

4.1.3.9.4 Inflight monitoring. The proper operation of the FCS inflight monitoring shall be verified by
__(a) . Ground test shall demonstrate __(b) . Prevention of inflight monitor failure propagation where
the normal activity of the air vehicle may be disturbed shall be verified _{g) ____.

4.1.4 MFCS design. MFCS design requirements of 3.1.4 for satisfactory physical interface shall be
verified by , those [or breakout force and [ree play by . and those for mechanical
element characteristics by

4.1.4.1 Mechanical MFCS design. Compliance with this requirement shall be verified by:

a. Engineering tests that show adequate strength 10 a safety factor of 1.5 for the ratio of limit to ultimate
1Y ] vy

a A
cad. Tests shall also show the system’s ability 1o clear 8 jam.

b. Environmental tests that show the sysiem’s nbility 1o resist corrosion, withstand acceleration and
vibration, compensate for thermal propenties, and function under required load.

¢. Endurance tests performed under load (or a number of cycles that show the system's ability 10 last for
the service life of the aircraft or the specified MTBF.
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d. Maintenance demonstration that shows the system adjustments/calibrations are accessible and can
be done on the aircraft.

e. Functional/operational tests that cenify the system is operational after maintenance actions or initial
assembly and that the redundancy provided is achievable under all failure conditions.

4.1.4.1.1 Reversion--boosted systems. The requirement shall be verified in a system test. The test shall
simulate realistic surface loadings and provide a realistic representation of, if not the actual,
mechanical-boosted system. The test shall demonstrate the ability of the mechanical system to perform in
the boosted and reversion modes and the engage/disengagement of the modes from the cockpit.
Limitations, if any, shall be noted for inclusion in the simulation effort.

4.1.4.1.2 Use of mechanica) linkage. Mechanical linkages and artificial feel devices shall be tested as
described in 4.1.4.1.1. In addition, a maintenance demonstration and an endurance test shall be
accomplished.

4.1.4.2 Electrical/electronic MFCS design. The electrical/electronic portion of the mechanical flight
control system shall be tested by all the tests described in 4.1.4.1 and 4.1.4.1.1, integration tests and flight
tests.

4.1.5 AFCS design. AFCS desigr"n requirements shall be verified by and

4.1.5.1 System management. This requirement shall be verified by

4.1.5.2 Mission flight controls. This requirement shall be verified by

4.1.6 Mission accomplishment reliability. Mission accomplishment reliability shall be verified by

4.1.7 Quantitative flight safety. The quantitative flight safety requirement shall be verified by

4.1.8 Survivability. The survivability requirement shall be verified by

4.1.8.1 All engine out control. The ail engine out control requirements shall be verified by

4.1.9 Invulnerability. Verification to invulnerability requirements shall be made by

4.1.9.1 Invuinerability to natural environmenis. Flight control invulnerability to natural requirements
shall be demonstrated by

4.1.9.2 Invulnerability to lightning strikes and static atmospheric electricity. Flight contro! system
invulnerability to lightning strike and static atmospheric electricity shall be verified by demonstrating the
ability to maintain at least the required operational state capability or better when subjected

4.1.9.3 Invulnerability to induced environments. Flight contro! system invulnerability to induced
environment reguirements shall be verified by

4.1.9.4 Invulnerability to onboard failures of other systems and equipment. Compliance with the
invulnerability requirements to onboard failure of other systems and equipment shall be demonstrated by __

4.1.9.5 Invulnerability to maintenance error. Flight control system invulnerability to maintenance error
requirements shall be verified by
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4.1.9.5.1 Invulnerability to software maintenance error. Flight control system invulnerability to
sofiware maintenance error requirements shall be verified by

4.1.9.6 Invulnerability to pilot and crew inaction and error. Compliance with the invulnerability 1o pilot
fn

nd Night craw inaction and srror reoutirements shall be demonstrated b\n’
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4.1.9.7 Invulnerability to enemy action. Flight control system invulnerability to enemy action shall be
verified by

4.1.9.8 Invulnerability to bird strike. Flight control system involunerability to bird strikes shall be
verified by .

4.1.10 Maintenance provisions. The maintenance provision requirements shall be verified by

4.1.10.1 Operational checkout provisions. The operstional checkout provisions shall be verified by ____

4.1.10.2 Malfunction detection and fault location provisions. Malfunction detection and fault location
provisions shall be verified by

4.1.10.2.1 Moaltunction indication. Requirements lor use of instrumentation in malfunction detection
and fault location shall be verified by

4.1.10.2.2 Provisions Tor chec

test equipment shall be verified b

4.1.10.3 Accessibility and serviceability. The requirements for accessibility and serviceability shall be
verified by

4.1.10.4 Maintenance personriel safety provisions. The required safety provisions for mainienance
personnel shall be verified by

4.1.11 Structural integrity. Structural integrity requirements shall be verified by

4.1.12 Wear life. Wear life requirements shall be verified by

4.2 Subsystem and component design requirements. Requirements contained in the subparagraphs of
this section shall be verified as indicated in their respective verification subparagraphs.

4.2.1 Cockpit controls and displays. shall be used to verify compliance with
4.2.1.1 Cockpit controls. The separstion and isolation between redundant FCS channels and cockpit
controis shail be verified by __{a} . The probability thai common mode {ailure is (Y  shall be verified
by {2} _ .

4.2.1.1.1 Removable cockpit controls. Positive retention of removable cockpit flight controls shall be
verified by

4.2.1.1.2 Movable rudder or directional pedals. Positive interconnection of rudder pedals shall be
verified by

4.2.1.2 Pilot displays. The separation and isolation of pilot displays shall be verified by fa) . The
probability that common mode failures do not occur shail be veriiied by __{b} .
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4.2.1.2.1 FCS annunciation. FCS$ annunciation shall be verified by

4.2.1.2.2 FCS warning and status annunciation. FCS warning and status annunciation requ:remcnls can
be verified by

4.2.1.2.3 Cockpit indicators. Compliance with indicator requirements shall be verified by

4.2.2 Sensors. Correct sensor location and operation shall be verified by analyses, inspection, and tes:.

4.2.3 Signal transmission. Signal transmission requirements shall be verified by inspection as having
complete coverage of the dedicated concepts, devices, lines, compenents, and subsystems used in the FCS.

4.2.3.1 General requirements. The general requirements for élesign of signal transmission elements,
components, and subsystems shall be verified by

4.2.3.1.1 Computer signal transmission. The method of signal transmission, isolation and separation of
redundant computing paths, and direct signal transmission shall be verified by inspection of
Failure immunity requirements shall be verified

4.2.3.2 Mechanical signal transmission, general. The general requirements for mechanical signal
transmission shall be verified by

4.2.3.2.1 Control cable installations. The requirements for contral cable installations shall be verified by

4.2.3.2.2 Push-pull signal transmission installations. The requirements for push-pull signal
transmission installations shall be verified by

4.2.3.2.3 Control chain. Control chain requirements shall be verified by

4.2.3.3 Electrical signal transmission. FCS essential and flight phase essential electrical signal
transmission requirements shall be verified by inspectionof ________, by testing of ,and
by analysis of all potential failure mades invalving electrical signal transmissions.

4.2.4 Signal computation. The methods of signal computation used in the FCS shall be verified by

4.2.4.1 Transient power effects. The flight control system operational state capability during power
system variations shall be verified by

4.2.4.2 Mechanical signal computation. A dynamic and steady state analysis shall be performed on
mechanical computation systems to verify that n effects are present due to nonlinearities and

parameter variations.

4.2.4.3 Electrical signal computation. Growth capability shall be verified
shall be used to verify the adequacy of signal scaling. Proper operation of computauon
channel disengagement, if applicable, and other fail-safe provisions shall be verified by

4.2.5 Control power. Sufficient contral power shall be verified by

4.2.5.1 Hydraulic power subsystems. Hydraulic power subsystem requirements shall be verifiedby ____
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4.2.5.2 Electrical power subsystems. Requirements for electrical power subsystems shall be verified by _

4.2.5.3 Pneumaltic power subsystems. Verification of pneumatic power systems requirements shall be
zccomplished by

4.2.6 Actuation. Verification of FCS actuation components and subsystems shall be accomplished by __

4.2.6.1 Mechanical force transmitting actustion. Verification of requirements for mechanical force
transmission shall be by

4.2.6.2 Mechanical torque transmitting actuation. Verification of mechanical torque transmission
requirements shall by eccomplished by

4.2.6.3 Hydraulic actuation. Hydraulit actuation component requirements shall be verified by

4.2.6.4 Electromechanical actuation. Electromechanical actuation subsystems and components shall be
verified by

4.2.6.5 Pneumatic actuation. Pneumatic actuation subsystems and components requirements shall be
verified by

4.2.6.6 Interfaces between actuntion systems, support structure, and control surfaces. Requiremenis
for the interlace between actuation systems, support structure, and control surfaces shall be verified by

4.2.7 Component design. Component design requirements shall be verified by

4.2.8 Component fabrication. Component fabrication requiremenis shall be verified by

4.2.9 Component and element installation. Installation of FCS components shall be verified by

4.3 Integrity requirements. The FCS integrity requiremems for hardware, sofiware. and integrating
subsysiems shall be verified by:

b.

c.

d.

4.3.1 Structural integrity. The integrity for the FCS and integrating subsystem elements shall be verified
by .

4.3.2 Mechanica! integrity. The integrity of the FCS and integrating subsystems mechanica) devices shall
meet the functional, environmental, usage, and life requirements for the device as follows:

b.
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electro-mechanical devices shall meet the functional performance under the environments, usage, and

4.3.3 Electronic integrity. The integrity of the FCS and integrating subsystem electronic and .
durability requirements as follows:

a.

b.

4.3.4 Software Integrity. Software verification shall follow a build-up approach to evaluate the success of
the functional and integrated mechanization. Sofiware verification shall meet the following:

a.

b. . )

- i Suwe s -

5. PACKAGING

5.1 Al deliverable items shall be prepared for shipment as directed by the acquisition activity.

6. NOTES (This section contains information of a general or explanatory nature that may be helpful, but is
not mandatory.)

6.1 Intended use. The flight control sysiems are intended 1o be used in piloted air vehicles.
6.2 Acquisition requirements. Acquisition documents must specify the following:
a. Title, number, and date of the specification.

b. Issue of DoDISS to be cited in the solicitation, and if required, the specific issue of individual
documents referenced (see 2.1.1.).

6.3 Consideration of data requirements. The following data requirements should be considered when
this specification is applied on a contract. The applicable Data Item Descriptions {(DID's) should be
reviewed in conjunction with the specific acquisition to ensure that only essential data are
requested/provided and that the DID’s are tailored to reflect the requirements of the specific acquisition.
To ensure correct contractual application of the data requirements, a Contract Data Requirements List (DD
Form 1423) must be prepared to obtain the data, except where DOD Far Supplement 27.475-1 exempts
the requirement for a DD Form 1423. )

Paragraph DID Number DID Title 'Suggesled
MW Tailarens
AN 4 @LIV ul&

The above DID’s were those cleared as of the date of this specification. The curremt issue of DOD
5010.12-L, Acquisiion Management Systems and Data Requirements Control List (AMSDL), must be
researched to ensure that only current, cleared DID's are cited on the DD Form 1423.
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6.4 Abbreviations

O A g (FCS) flight safety allocadon factor for FCS
AC, ac alternating current
A/D analog-to-digital
AFCS automatic flight control system
AFLC Air Force Logistics Command
AFTEC Air Force Test and Evaluation Center

) AGE Aerospace Ground Equipment
APU Auxiliary Power Unit
ARINC Aeronautical! Radio, Incorporated
ARP Aerospace Recommended Practices {(Society of Automotive Engineers)
ASD/ENFTC Aeronautical Systems Division/Flight Stability & Control Branch, Flight
Technology Division, Directorate of Flight Sysiems Engineering

BIT built-in test
CAS command/contro) augmentation system

O CCcv Control Configured Vehicle
CFIT Controlled Flight Into Terrain
Cy 8 change in rolling moment due to change in sideslip angle
Cm a change in pitching moment due to change in angle of auack
CDR critical design review
CPU Central Processing Unit
CDRL contract data requirements list
CTOL Conventional Takeoff and Landing
c.g., €8 center of gravity
D/A digital~to-analog
db decibels, 20 log output/input
DC, dc direct current
deg/sec degrees per second

O DFBW Digital Fly-by-Wire
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DH Decision Height
deg/sec/sec degrees per second per second
DFO dual fail-operational
DME distance measuring equipment
DT&E development test and evaluation
EBU Emergency Backup Unit
EFCS electric flight control system
EMI electromagnetic interference
EMP electromagnetic pulse
EPROM erasable programmable read only memory
FBW Fly-by-Wire
FCS | Flight Control System
fn made frequency in Hz
FAA Federal Aviation Administration
FCA functional configuration audit
FMEA failure modes and effects analysis
fpm - feet per minute
fi/sec feet per second
B gravitational unit of 32.2 fi/sec?
GLA Gust Load Alleviation
GM gain margin
GCWS Ground Collision Warning System
GLOC G Loss of Consciousness
HOL Higher Order Language
Hz hertz——oscillatory frequency in cycles per second
ICAQO International Civil Aviation Organization
IFIM Inflight Integrity Management
IFM Inflight Monitor
infsec? inches per second per second
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instrument landing system
Input/Output

knots, calibrated airspeed
pounds per inch

line replaceable unit

manuaj flight control system
Maneuver Load Conuro!
Motor-Pump-Servoactuator Package
microwave landing system

mean time between failure/fault
Meantime Between Actions
Meantime to Repair

operational flight program
Precision Approach Radar
physical configuration audit

pilot induced oscillation

phase margin

physical parameter measurement
programmable read anly memory
pounds per square inch

maximum acceptable pir vehicle loss not due to FCS

qualified products list

Random Access Memory

Redundancy Data Management System
Relaxed Static Stability

Runway Visual Range

overall air vehicle flight safety requirement
radians per second

responsible engineering office
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RFP request for proposal

ms root mean square

ROM read only memory

SAS stability augmentation system

SCAS stability and control augmentation system
SFO single fail-operational

TACAN tactical air navigation

TAS true airspeed

TBD to be determined

TF/TA terrain following/terrain avoidance -
Vo MAX maximum operational airspeed (MIL-F-8785)
Vo MIN minimum operational airspeed (MIL-F-8785)
Vg turbulence penetration airspeed

VH ‘ maximum level flight speed

\'28 limit airspeed (MIL-A-8860)

VAP vunerability analysis plan

VHF very high frequency

VOR VHF omni-directional range

VISTOL Vertical/Shont Takeoff and Landing
"WRA Weapon Replaceable Assembly

Z0C zone of confusion

6.5 Definitions
6.5.1 Abort. An abon is mission dependent and implies degraded handling qualities.
6.5.2 Acceptance. The determination by the user/customer that the product meets his requirements.

6.5.3 Active control system. A system which actively commands the movement of control surfaces on the
basis of sensor inputs to provide some function or characteristic not available in the aircraft passively.

6.5.4 Aerodynamic closed loop. A loop which relies on aerodynamics for loop closure such as stability
sugmentation. A nonaerodynamic closed loop does not rely on aerodynamics for loop closures. An
example is a servo-actuator loop.

6.5.5 Airspeeds. MIL-F-8785 defines airspeeds associated with flying qualities and MIL-A-8860 defines
pirspeeds related to landing and flutter.
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6.5.6 Assembler. A program which transtates pneumonic assembly language instructions into the binary
instructions used by the processor, assigns values to named addresses, and performs other functions as an
aid to the programmer in writing a software program.

6.5.7 Alert height. A height (100 feet or less above the highest elevation in the touchdown zone), base
upon the characteristics of the aircraft and the particular airborne Category Il system above which 2
Category 111 approach would be discontinued and a missed approach executed if a failure occurred in one of
the required redundant operational systems in the aircraft or in the ground equipment.

6.5.8 All weather landing system. An all weather landing system includes specifically all the elements of
airborne equipment and more generally includes the ground-based equipment necessary for completion of
the afl weather landing. Al weather landings comprise the operations and procedures required to canduct
spprozaches and landings during Categories 11 and 1! visibility conditions defined by the International Civil
Aviation Organization.

6.5.9 Automatic landing system. A landing sysiem which provides automatic flight contrel to touchdovn
ar ta touchdown and beyond.

6.5.10 Category 1 operations. An instrument approach procedure which provides for approaches to a
decision height (DH) of not less than 200 feet and visibility of not less than 1/2 mile or RVR (Runway Visual
Range) 2,500 feet (RVR 1,800 feet with operative touchdown zone and runway centerline lighus).

6.5.11 Category I1 operations. An instrument approach procedure which provides approaches to minima
of tess than DH 200 feet/RVR 2,400 feet to as low as DH 100 feet/RVR 1,200 feet.

6.5.12 Category 111a operations. Operations with no decision height limitation, to and along the surface
of the runway with external visual reference during the final phase of the landing and with runway visual
range not less than 700 feet.

6.5.13 Category IIIb operations. Operations with no decision height, to and along the surface of the
runway with runway visual range not less than 150 feet and with reliance on the sysiem for pan or all of the
rollout along the runway and with external visual reference for guidance along the taxiway.

6.5.14 Category Illc operations. Operations with no decision height, to and along the surface of the
runway and taxiways without reliance on external visual reference.

6.5.15 Channel. The term describing a single signal or contro! path within a device or system that may
contain many paths. A channel is an entity within itself and contains elements individual to that channel. A
model may be used as a reference channel in a detection/correction system.

6.5.16 Classes. Airplane classes are defined using the MIL-STD-1797 definitions for the following
classes:

6.5.16.1 Class 1. Small, light airplanes such as:
Light utility
Primary trainer
Light observation

6.5.16.2 Class II. Medium weight, low-to-medium maneuverability airplanes such as:

Heavy wtility/search and rescue
Light or medium transport/cargo/tanker
Early warning/electronic counter-measures/airborne command, control or communications

K}
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relay
Antisubmarine
Assault transport
Reconnaissance
Tactical bomber
Heavy attack
Trainer for Class 11

6.5.16.3 Ciass II1. Large, heavy, low-to-medium maneuverability airplanes such as:

Heavy transport/cargoftanker

Heavy bomber

Patrol/early warning/electronic countermeasures/airborne command, control, or
communicaticns relay

Trainer for Class 1l

6.5.16.4 Class IV. High-maneuverability airplanes such as:

Tactical reconnaissance
Observation
Trainer for Class IV

Where MIL-F-83300 applies, the corresponding MIL-F-83300, Class I, II, III or IV applies.

6.5.17 Compiler. A program which translates a higher order language into the language of a particular
computer and performs the assembler functions.

6.5.18 Comparison monitor. A device which compares signals and/or warning outputs from two or more
sources and provides its own signal to indicate that the two or more outputs are within or outside specified
tolerances.

6.5.19 Computer. A systern containing a processor, variable storage memaory, program storage memory,
and input and output interface circuits including control, timing, power supplies, etc. The computer can
perform a large variety of functions by the sequential execution of a set of basic operations in the processor.
The commands for the set of operations is called the software program and is stored in the program memory.
(The hardware necessary 1o convert input signals to the proper digital form and aiso the hardware necessary
to convert the output signals tc the proper form are usually included within the definition of a computer.)

6.5.20 Control Configured Vehicle (CCV). An aircraft whose basic aerodynamic and/or structural design
includes the use of an active control system. -

6.5.21 Control law. An algorithm which defines the relationship between the input and output of a flight
controt system. .

6.5.22 Control wheel (stick) steering. An AFCS mode which permits pilot manual control inputs to be
introduced into the system through the wheel or stick when the AFCS is engaged and controlling the
airplane.

6.5.23 Damping ratio. In actuality, most engineering systems during their vibratory motion encounter
friction or resistance in the form of damping. Damping, in its various forms such as air damping, fluid
friction, Coulomb dry friction, magnetic damping, internal damping, etc., will always stow down the moticn,
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and cause the eventual dying out of the oscillation. If the damping is heavy. oscillation will not occur; the
system is said to be overdamped. If the damping is light, oscillation is possible; the sysiem is s2id 10 be
underdamped. A critically-damped system is one in which the amount of damping is such that the resultant
mation is on the borderline between the two previous ones. An overdamped system has a damping ratio
greater than one. An underdamped sysiem has a damping ratio less than one, and a critically damped
system has a ration equal to one.

6.5.24 Decision height. Decision height, with respect to operation of aircraft means the height at which a
decision must be made during an ILS (Instrument Landing System) or PAR (Precision Approach Radar) .
instrument approach to either continue the approach or to execute a missed approach. This height is
expressed in feet above runway datum altitude and for Category I1 ILS operations, the height is additionally
expressed as a radio altimeter reading.

6.5.25 Direct Lift Control (DLC). A system that will enable the pilot to give vertical wranslation to the
aircraft withoul a rotauonal moment.

6.5.26 Dual load path. A type of passive paralleling wherein two separate load carrying paths exist. Each
load path is capable of carrying sufficient load such that failure of either member will not jeopardize system
performance.

6.5.27 Elastic Mode Suppression. Active control to increase the damping of lightly damped structural
bending modes excited by gusts.

6.5.28 Electrical Flight Control System (EFCS). A flight contro! sysiem wherein one or more axes of
vehicle control is. at one point or another, completely electrical. Non-electrical backup or other reversion
means may exist. Electrica!l flight control is commonly referred 10 as fly-by-wire, especially where the
application is either manual or essential.

6.5.29 Essential FCS. A function is essential if loss of the function results in an unsafe condition or
inability to maintain FCS Operational State II1.

6.5.30 Extremely remote. The probability of an event occurring which, although theoretically possible, is
not expected in the life of an individual aircraft. For the purpose of this specification, the extremely remote
probability for a specific aircraft is defined as numerically equal to the maximum aircraft loss rate due 1o
relevant FCS material failures specified in 3.2.3.1.

6.5.31 Fall operational. The capability of the FCS for continued operation without degradation following
a single failure and to fail passive in the evem of a related subsequent failure.

6.5.32 Dual fail operational. A system that will continue 10 operate with no degradation in performance
with 100 percent probability after the first failure and operate with no degradation in performance with a 95
percent probability afier the second failure.

6.5.33 Fail passive. The capability of the FCS to automatically disconnect and to revern to a passive siate
following a failure. Allowable failure transiem or cut of rim condition shail result in no significant steady
state deviation from the vehicle flight path which could impair safe flight.

6.5.34 Fall safe. The capability of the FCS in a single channel mode of operation to reven to a safe state
following an auomatic disconnect in the event of failure or pilot initiated disconnect. Safe siate may be
achieved by authority limiting and positive removal of actuation motive power. The allowable authority
limits need to be established to provide the desired performance objectives and in consideration of structural
design limits and sale recovery characteristics.

6.5.35 Fallyre. The inability of an item to perform within previously specified limits, usually considered
permanent.
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6.5.36 Failure, latent. A failure that has the potential of being detected under specific conditions. When
this condition occurs, the failure is then detectable through the sysiem response or a display annunciation to
the pilot.

6.5.37 Failure rate. The number of failures of an item per unit measure of life (flights, time, cycles,
events, miles, etc.) as applicable for the item.

6.5.38 Fault. An anomaly in the performance of a system.

6.5.39 Fault tolerance. A system which is able to continue 10 provide critical functions after the
occurrence of a fault.

6.5.40 Firmware. A set of binary machine language instructions stored in read-only memory in a
computer for the purpose of providing a step-by-step control of the processor.

6.5.41 Flight control systems. Flight control systems (FCS) include all components used to transmit flight
control commands from the pilot or other sources to appropriate force and moment producers. Flight
control commands may result in contro! of aircraft flight path, attitude, airspeed, aerodynamic
configuration, ride, and structural modes. Among components included are the pilot's controls, dedicated
displays, and logic switching, transducers, system dynamic and air data sensors, signal computation, test
devices, transmission devices, actuators, and signal transmission lines dedicated to flight control. The
interfaces of flight control systems with related subsystems are defined.

6.5.42 Flight director subsystem. A subsystern which provides the pilot a display of actual and desired
flight parameters. When operating in a flight director mode, the pilot's task is to minimize the difference
between the displayed actual and desired values through control actions. Many modern flight control
systems have integrated many of the automatic flight controls and flight director functions.

6.5.43 Flight envelope. Alitude and Mach range of an aircraft.
6.5.44 Flutter suppression. Active control to suppress aeroelastic modes.

6.5.45 Fly-by-wire (FBW). The use of electrical signals to connect the pilot's control devices with the
control surfaces.

6.5.46 Fully-powered control system. See power—operated control.
6.5.47 Gust~-Load Alleviation (GLA). Active control 1o redhice loads due to gusts.

6.5.48 High Order Language (HOL). An HOL is “independent of” the particular computer rather than
“dependent on” the paricular computer. HOLs such as FORTRAN, JOVIAL, PASCAL, eic., are
completely machine independent and require a compiler to convert them to the language of the particular
machine.

6.5.49 Inflight monitoring. Continuous automatic monitoring of system performance normally performed
inflight as a safety check.

6.5.50 Integrated Actuator Package (IAP). An actuator design wherein the driving hydraulic source is
contained within the package.

6.5.51 Integrated circuits. An entire functional electronic circuit, fabricated on one tiny monolithic
silicone chip. It may contain anywhere from a few to thousands of transistors, resistors, diodes, capacitors,
etc.

6.5.52 Large Scale Integration (LSI). An integrated circuit on a single small silicone chip, upon which
more than 1000 digital gates have been fabricated.

M




Downloaded from http://www.everyspec.com

AFGS-87242A

6.5.53 Maneuver-Load Control (MLC). Active redistribution of the increased loads dug 1o maneuvers in
order to reduce structural loads.

6.5.54 Microelectronics. Synonymous with integrated circuits.

6.5.55 Microprocessor. A digital CPU fabricated on one or more LSI chips. All conwin an
Arithmetic/Logic Unit, several regisiers, and the necessary control. When daw storage, a clock, some
input/ourput interface circuits, and a power supply are added, the microprocessor becomes a
microcomputer. It may mean just a CPU or an ¢ntire microcomputer.

6.5.56 Processor.
a. Short {or microprocessor.

b. A software program which includes the compiling of » given program language, e.g., BASIC
processor, COBOL processor.

6.5.57 Multimode FCS. Multimode flight control systems encompass those modes automatically selected
for the mission segments and are optimized for those segmenits.

6.5.58 Nonaerodynamic loops. Inner [zedback loops within an FCS which do not rely on aerodynamics
for loop closure. Examples include AFCS servo loops and actuator {eedback loops.

6.5.59 Noncritical FCS. A function is noncritical if loss of the function does not affect flight safety or resutt
in contro) capability below that required for FCS Operational State 11,

6.5.60 Paraflel trim. Aliows the pilot to reduce the steady state control forces to zero by changing the
cockpit controller force neutral point with no change in the cockpit controller 10 contro! surface(s)
relationship.

6.5.61 Power-boosted control. ‘A reversible control wherein pilot effont is exerted through mechanical
linkages and is boosted, directly in proportion to the force of the input, by a power source.

6.5.62 Power-operated control. An irreversible control wherein the pilot, through mechanical linkages or
other means, aciusites a power control package 1o control an aerodynamic surface or other device.

6.5.63 Random failure. Any failure whose occurrence is unpredictable in an absolute sense which is
predictable only in a probabilistic or statistical sense. Random failures are those which cannot be attributed
to wearout, defective design, or abnormal stress, and can occur 8t any time within the equipment’s useful
life.

6.5.64 Redundancy. A rdesign approach such that two or more independent failures, rather than a single
failure, are required to produce a given undesirable condition. Redundancy may take the form:

a. Providing two or more components, subsystems, or channels, each capable of performing the given
function.

b. Monitoring devices to detect failures and accomplish annunciatdon and automatic disconnect ar
automatic switching.

¢. Combination of the two above {eatures.

6.5.65 Redundancy Management. The process of managing redundant elements in order to identily a
failure and then reconfiguring the sysiem to remove the effects of the failed element and continue operation
with unfailed elements.
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6.5.66 Relaxed Static Stability (RSS). The use of active contro! to allow the static stability of the basic
unaugmented airframe 1o be relaxed. The aircraft with the active system operating will have the normal
stability margins.

o
ol
2
D
€
]
3

Relevant failure, Any random or normal wearout failure gecurring in service prior 1o end of

specified service life when the equipment is properly operated within design load and environment limits. A
normal wearout failure is relatively improbable on a new part, but undergoes a relatively rapid rise in
probability of occurrence after an extended period of service (operating hours or calendar time). Wearout
is typical of seals, bearings, motor brushes, fatigue-critical structure, etc. A realistic system reliability
computation must include proper allowance for such failures wherever they are not avoided by scheduled
replacement/overhaul procedure in service.

6.5.68 Reversion. The capability 1o revert to a backup or alternate contro! from normal control means.
The alternate control may use mechanical or electrical signal ransmission and powered actuation.

6.5.69 Ride-Control System. Active control to improve the quality of the ride for the crew and
passengers.

6.5.70 Series Trim. Allows the pilot to reduce the steady state control forces to zero by moving the control
surface(s) to a different position in relation to the cockpit controller fixed neutral point.

6.5.71 Software. A set of instructions intended to be stored in programmable memory of a computer is for
the purpose of providing step-by-step control 1o the processor. This includes source program instructions

requ.inng assemmy or compuauon as well as Dlnary machine languagc instructions.

6.5.72 Stability Augmentation System (SAS) An active control system which augments the natural
stability of an aircraft.

6.5.73 Transient Fault. A temporary anomaly in the performance of a system.

6.5.74 Turbulence cumulative exceedance probability. The cumulative probability of experiencing
turbulence at an intensily equal to or exceeding a given level. This probability accounts for both the
probability of encountering turbulence and the disiribution of the RMS intensity of the turbulence, if
encountered.

6.5.75 Validation. The determination that a resulting product meets the objectives that led 1o the
specification for the product. This determination usually includes operation in a real environment.

6.5.76 Variable geometry control system. Those components and subsystems which transmit control
commands from the pilot(s) and which produce forces and moments to change the aerodynamic
configuration of the aircraft. Variable geometry controls include those for changing wing sweep angle and
wing incidence angle, folding wing tips, deploying canard surfaces, and varying the angle of the nose of the
aircraft with the body.

6.6 Subject term (key word) listing

actuators
analog controls
computers
digital controls
electrical power
flight controls

flight test
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guidance and control
hydraulics
mechanical controls
navigation

£ensors

stability and control

6.7 International standardization agreements. Cenain provisions of this specification (Requirement
Guidance for 3.1.3.9) are the subject of international siandardization agreement (STANAG 3221). When
amendment, revision, or cancellation of this specification is proposed that will modify the international
agreement concerned, the preparing activity will take appropriate action through intermnational
standardization channels, including departmental standardization offices, 10 change the agreement or make
other appropriate accommadations.

6.8 Responsible engineering office. The office responsible for development and technical maintenance
of this specification is ASD/ENFTC, Wright-Patterson AFB, OH 45433-6503. Requests for additional
information or assistance on this specification can be obtained frem ASD/ENFTC: DSN 785-5730.
Commercial (513) 255-5730. Any information obtained relating to Government contracts must be
obtained through contracting officers.

6.9 Changes from previous issue. Marginal notations are not used in this revision to identify changes with
respect 1o the previous issue due to the extensiveness of the changes.

Custodian: Preparing activity: Air Force - 11
Air Farce - 11

*  Project No. 6610-F353

371138
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10. SCOPE

10.1 Scope. This appendix provides rationale,
guidance, lessons learned, and instructions to assist
the procuring activity in tailoring sections 3 and 4
of AFGS-87242A for fight control systems to a
specific piloted pir vehicle.

-10.2 Format

10.2.1 Requirement/verification identity.
Section 30 of this appendix parallels sections 3 and
4 of the basic specification: paragraph titles and
numbering are in the same sequence. Section 30
provides each requirement (section 3) and
associated verification (section 4) as stated in the

basic specification. Both the reguirement and

venficauon have sections for rationale, guidance,
and lessons learned.

10.2.2 Requirement/verification package.
Section 30 of this appendix has been arranged so
that the requirement and associated verification is
a complete package io permit addition to or
deletion {rom the criteria as a single requirement.
specified without an

A reﬂulrnmrnl is not

assocxaled verification.

10.3 Responsible engineering office. The
responsible engineering office (REQ} [lor this
appendix is ASD/ENFTC, Wright-Pauerson AFB
OH 45433-6503, DSN 785-3433, Commercial
(513) 255-3433.

10.4 Classification

10.4.1 Flight control system classifications

10.4.1.1 Manual Night control systems
Fa W 3 Falagy J . mmcnt el o ma s amaaal

tMmruvo). manum iugn; conugl sysu:ms conssi Ol
electrical, electronic, mechanical, hydraulic,

optical, and pneumatic elements which transmit
pilor control commands or generate and convey
commands which augmem pilot control commands
and thereby accomplish flight conirol functions.

39

10.4.1.2 Automatic flight control systems
(AFCS). Automatic flight controf systems consist
of electrical, elecuronic, mechanical, hydraulic,
optical, and pneumatic elements whicth generate
and transmit control commands to provide
automatic or semiautomatic contro! of the flight
path, auitude, or airframe responses to
disturbances by reierences intermai or externai 1o
the »air vehicle. This classification includes
aumtomatic pilots, stick or wheel steering, sutomatic
coupled pilotage, structural mode control, and
similar control mechanizations.

10.4.2 FCS operational state ctassifications

Operational State |
operation). Operational State | is the normal state
of Night contro) system performance, safety, and
reliability. This state satisfies level 1 {lying qualities
requirements within the operational flight envelope
and level 2 within the service envelope and the

stated requirements outside of these envelopes.

{norma)

10.4.2.2 Operational State 11 (restricted
operation). Operational State 11 is the swate of less

w ommreen]l asniiimoeant mmaratitem Ar Pimefa T oo

u“lall nyJimnal CI‘UIPIIICIII UP‘I GUYI Wi el iWiiiialive

which invaives degradation or failure of only &

,portion of the overail flight control system. A

moderate increase in crew workload and
degradation in mission effectiveness may resuli
from a limited selection or normally operating FCS
modes available for use; however, the intended
mission may be accomplished. This state satisfies
at least level 2 ﬂying qualities requiremems within

the clperal.iunal lugm enveiope and level 3 within
the service envelope.

10.4.2.3 Operational State III (minimum safe
operation). Operational Siate [I1 is the state of
degraded flight contral system performance,
safety, or reliability which permits safe termination
of precision tracking or maneuvering tasks. and
safe cruise, descent, and landing at the destination
of original inient or alternate; bui in State 111 pilot
workload is excessive or mission effectiveness is
inadequate. Phases of the intended mission
involving precision tracking or maneuvering ¢cannot
be completed satisfactorily.. This state satisfies at
least level 3 flying qualities requirements.
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10.4.2.4 Operational State IV (controllable to
an immediate emergency landing). Operational
State IV is the state of degraded FCS operation at
which continued safe flight is not possible;
however, sufficient control remains to allow engine
restart attempt(s), a conwolled descent, and

immediate emergency landing.

10.4.2.5 Operational State V (controllable to an
evacuable flight condition). Operational State V
is the state of degraded FCS operation at which the
FCS capability is limited to maneuvers required to
reach a flight condition at which crew evacuation

may be safely accomplished.

10.4.3 FCS criticality classification

10.4.3.1 Essential. A funciion is essential if loss
of the function results in an unsafe condition or
inability to maintain FCS Operational Siate I11.
10.4.3.2 Flight phase essential. A function is
flight phase essential if loss of the function resulis in
an unsafe condition or inability to maintain FCS
Operational State IIl only during specific flight
phases.

10.4.3.3 Noncritical. A function is noncritical if
loss of the function does not affect flight safety or
result in control capability below that required for
FCS Operational State I1I.

20. APPLICABLE DOCUMENTS

20.1 References. The documents referenced in
this appendix are not intended 10 be applied
contractually. Their primary purpose is to provide
background information for the Government
engineers responsible for developing the most
approprialc performance values (filling in the

blanks) for the requirements contained in the
specification proper.

20.2 Avoidance of tiering. Should it be
determined that the references contained in this
appendix are necessary in writing an RFP or
building a contract, excessive tiering shail be
avoided by calling out only those portions of the
reference which have direct applicability. It is a

prpmpy | £fal _ e . W

goal oI ine uepamnem of Defense that the pracuce

of referencing documents in their entirety be
eliminated in order to reduce the tiering effect.

20.3 Government documents

SPECIFICATIONS

Military

MIL-U-3963 Universal Joint, Antifriction
Bearings

MIL-B-5087 Bonding, Electrical, and Light-
ning Protection, for Aerospace
Systems

MIL-W-5088  Wiring, Aerospace Vehicle

MIL-E-5400 Electronic Equipmeni, Aero—
space, General Specification for

MIL-H-5440 Hydraulic Systems, Aircraft
Types 1 and I1, Design and In-
stallation Requirements for

MIL-A-5503 Actuators; Aeronautical, Linear
Utiility, Hydraulic, General
Specification for

MIL-P-5518 Pneumatic Systems, Aircraft;
Design, Installation, and Data
Requirements for

MIL-C-6021 Castings, Classification and In-
spection of

MIL-E-6051  Electromagnetic Compatibility
Requirements, Systems

MIL-)-6193 Joints, Universal, Plain, Light
and Heavy Duty

MIL-G-6641 Gearbox, Aircrafi Accessory
Drive, General Specification for

MIL-1-7064 Indicator, Position, Elevator
Trim Tab

MIL-E-7080 Electric Equipment, Aircraft,
Selection and Installation of

MIL-F-7190 Forgings, Steel, for Aircraft/

Aerospace Equipment and Spe-

cial Ordnance HPPIICEUDHS




O

MIL-D-7602

MIL-C-7958

MIL-M-7969

MIL-M-7997

MIL-P-8564

MIL-M-8609

MIL-S-B698

MIL-H-8775

MIL-F-8785

MIL-A-8860

MIL-A-8861

MIL~-A-8865

MIL-A-8866
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Drive, Turbine, Air, Aircraft
Accessory, General Specifica-
tion for

Controls, Push-Pull, Flexible
and Rigid

Motors, Alternating Current,
400-Cycle, 115/200 Vol Sys-
tem, Aircraft, General Specifica-
tion for

Motors, Aircraft  Hydraulic,
Constant Displacement General
Specification for

Prieumatic System Components,
Aeronautical, General Specifica-
ticn for

Motors, Direct Current, 28-Volt
System, Aircraft, General Spec-
ification for

Structural Design Requirements,
Helicopters

Hydraulic System Components,
Aircraft and Missiles, General
Specifications for

Flying Qualiiies of Piloted Air-
planes

Airplane Surength and Rigidity,
General Specification for

Airplane Suength and Rigidity,
Flight Loads

Airplane Suength and Rigidity,
Miscellaneous Loads

Airplane Strength and Rigidity
Reliability Requirements, Re-
peated Loads, Fatigue and Dam-
sge Tolerance

ﬂ.lr“_piaﬁ- Sifiﬁg'u“l and Pugldu,
Ground Tests

41

MIL-A-8870C

i

-]
o
-~

MiL-A-

MIL-P-8875

MIL-5-8879

MiL-H-8890

MIL-H-8891

MIL-A-8892

MIL-A-B893

MIL-5-9419

MIL-F-9490

MIL-A-21180

MIL-A=-22771

MIL-C-27500

Airplane Strength and Rigidity
Vibration, Fluuer and Diver-
gence

Airplane Sirength and Rigidity
Flight and Ground Operations
Tests

Pump, Rotary, Power-Driven, .
Fuel, Aircraft, 400 GPH (Taper
Threaded Ports)

Screw Threads, Controlled Ra-

dius Root with Increased Minor

Diameter; General Specification
for

Hydraulic Components, Type
11, (-65% 10 +450°F), General
Specification for

Hydraulic Systems, Manned
Flight Vehicles, Type 111 Design,
Installation and Daia Require-
ments for, General Specification
for

Airplane Surength and Rigidity,
Vibration

Airplane Strength and Rigidity,
Sonic Fatigue

Switch, Topggle, Momentary,
Four-Position On, Center Off,
General Specification for

Flight Control Systems-—Design,
Insiallation and Test of, Piloted
Aircraft, General Specification
for

Aluminum-Alloy Castings, High
Swrength

Aluminum Alloy Forgings, Heat
Treated

Cable, Power, Electrical and
Cable Special Purpose, Electri-

rat Chislded and Unchielded,

COi SHULIHYY  Gilu Wit

General Specification for



MIL-V-27162

MIL-M-38510
MIL-8-52779
MIL-F-83142
MIL-F-83300
MIL-A-83444
AFGS-87221

MIL-H-87227

MIL-A-87244

AFGS-87249

STANDARDS
Military

MIL-STD-130

MIL-STD-203

MIL-STD-250
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Valves, Servo Control, Electro- MIL-STD-454
hydraulic, General Specification
for
MIL-STD-461

-

EIIVII uuiuculﬁl
ronmental Protection, and En-
gine Bleed Air Systems, Aircraft,
General Specification for

St el

Eomum_
eI U E=IN0 2 A

Microcircuit, General Specifica-
tion for

Software Quality Assurance Pro-
gram Requirements

Forging, Titanium Alloys, Pre-
mium Quality

Flying Qualities of Piloted V/
STOL Aircraft

Airplane Damage Tolerance Re-
quirements

Aircraft  Structures, General
Specification for :

Hydraulic Power Systems

Avionic/Electronic Integrity Pro-
gram Requirements (AVIP)

Mechanical Equipment & Sub-
systems  Integrity  Program
(MECSIP)

Identification Marking of U.S.
Military Property

Aircrew Station Controls and
Displays: Assignment, Location,
and Actuation of, for Fixed
Wing Aircraft

Aircrew Station Controls and
Displays for Rotary Wing Air-
craft

42

MIL-STD-462

MIL-STD-810
MIL-STD-882
MIL-STD-883

MIL-58TD-1472

MIL-STD-1521

MIL-STD-1530
MIL-§TD-1553

MIL-STD-1599

MIL-STD-1797

MIL-STD-1798

MIL-STD-1803

Standard General Requirements
for Electronic Equipment

Electromagnetic Emission and
Susceptibility Requirements for
the Control of Electromagnetic
Interference

Eleciromagnetic  Interference
Characteristics, Measurement
of

Environmental Test Methods

and Engineering Guidelines

System Safety Program Require-
ment

Test Methods and Procedures
for Microelectronics

Human Engineering Design Cri-
teria for Military Systems,
Equipment and Facilities

Technical Reviews and Audits
for Systems, Equipments, and
Computer Software

Aircraft Structural Integrity Pro-
gram, Airplane Requirements

Digital Time Division Command/
Response Multiplex Data Bus

Bearings, Control Systemn Com-
ponents, and Associated Hard-
ware Used in the Design and
Construction of Aerospace Me-
chanical Systems and Subsys-
tems

Flying Qualities of Piloted Air-
ft

rra
[ R ThS

Mechanical Equipment & Sub-
systems Integrity Program
(MECSIP)

Software Development Integrity
Program (SDIP)

DOD-STD-2167 Defense System Software Devel-

opment




O

Downloaded from http://www.everyspec.com

AFGS-87242A
APPENDIX
DOD-S5TD-2168 Defense System Software Quali- (Copies of AFSC DHs are available from
ty Program ASD/ENES,  Wright-Pauerson AFB  OH
45433-6503.)
MS-15981 Fasteners, Externally Threaded, n s er e
Self-Locking, Designand Usage ~ 20-4 Other documents
Limitations for AFFDL-TR-70-121 Liquid Metal  Actuator
. . Package Design Study fora Fly-
MS5-24665 Pin, Cotter (Split) by-wire FCS. February 1971
MS-33540 Safety Wiring and Couer Pin- AFFDL-TR-71-78 Design Criteria for High Au-
ning, General Practices for thority Closed-Loop Primary
Flight Contro} Sysiem, August
MS-33588 Nuts, Self-Locking. Aircraft Re- 1972
liabilty and Maintainability
Usagc Requircmenls for AFFDL-TR‘73-83 Conuol Conﬁgured Vehicle
Ride Contro! System (CCV-
MS-33602 Bolts, Self-Rewining, Aircraft RCS), July 1973
Ry A Y AFFDL-TR-73-105 Survivable Flight Control
esign and Usage, Require- R
System Final Repont, December
ments for
1973
HANDBOOKS AFFDL-TR-74-116 Background  Information
» and User QGuide for MIL-
Military F-9490D
MIL-HDBK-5 Maeuallic Materials and Elements AFFTC-TR-76-15 Flight Test and Evaluation

for Aerospace Vehicle Struc-
tures

MIL-HDBK-17 Plastics for Aerospace Vehicles
Transparent Glazing Materials

(Copies ‘of federa! and military specifications,
standards, and handbooks are available from the
Standardization Documents Order Desk, Bldg 4D,
700 Robbins Ave, Philadelphia PA 19111-5094.)

Air Force Systems Command

AFSC DH 1-2 General Design Factors

AFSC DH 1-4 Elecuromagnetic Compatibility
AFSC DH 1-5 Environmental Engineering
AFSC DH 1-6 System Safety

AFSC DH 2-1  Airframe

AFSC DH 2-2 Crew Stations and Passenger Ac-

commodations

43

of 8 Muhi-Mode Digital Flight
Contro! System Implemented in
an A-7D (Digitac} Val 1. June
1976

AFFDL-TR-76-116 The Development and Solu-
tion of Boundary Integral Equa-
tions for Crack Problems in
Fracture Mechanics

AFFDL-TR-77-7 Validation of MIL-
F-9490D--General Specifica-
tion for Flight Conirol Systems
for Piloted Military Aircraft Val-
idation. Vol II: YF-17 Light-
weight Fighter; Vol III: C«5A
Heavy Logistics Transpont Vali-
dation, April 1977

AFWAL-TR-81-3113 Digitac 11 - Digital Flight

Control  Sysiem  Advanced
Techniques Evaluation, Septem-
ber 1981

AFWAL-TR-82-3081 Flying Qualities of Air Ve-
hicles (Proposed Mil Standard)
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ASD-TR-88-5034 Ground Collision Warning
Systern Performance Criteria for
High Maneuverability Aircraft,
December 1988

AFSCR 800-37 Joint AFLC/AFSC Lessons
Learned Program

FAA-§85-73-1 SST Longitudinal Control Sys-
tem Design and Design Pro-
cesses-—Hardened Stability
Augmentation System, June

1973

FAA Adv Cir 120-29 Criteria for Approving CAT
I and I Landing Minima for
FAR 121 Operators, September
1970

FAA Adv Cir 20-57A Automatic Landing Sys-
tems (ALS), January 1971

FAA Adv Cir 120-2BA Criteria for Approval

FMntmme =y T T omoam Bl - LIF_ .l
\ategdry 1JI Landing weather

Minima, March 1984

NASA TN-D-6867 Ground and Flight Test
Methods for Determining Limit
Cycles and Structural Resonance
Characteristics of Aircraft Stabil-

ity Augmentation Systems, June
1972

NASA CR-124834 A Proposed Criterion for
Aircraft Flight in Turbulence,
1971

TO 1-1A-14 Installation Practices, Aircraft

Electrical and Electronic Wiring

ANSI B25.1-75 Precision Power Transmission
Roller Chains, Attachments and
Sprockets, Connecting Link,
Cotter Pin Type

ARP 988 Electrohydraulic Mechanical
Feedback Servoactuators
ARP 1281 Servoactuators: Aircraft Flight

Controls, Power Operated, Hy-
draulic, General Specification
for

Digital Fly-by-Wire Flight Con-
trol Validation R-1164 Experi-
ence, June 197§

STANAG 3221 Automatic Flight Control System
(AFCS) - Design Standards and
Location of Controls

@
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30. REQUIREMENTS AND VERIFICATIONS

3.1 System requirements. The flight control sys-
tem (FCS), a subsysiem of the ___{a) ____ vehicle,
shall provide manual and automatic control of the
vehicle. The system shall provide ___(b} o en-
hance operational utility and flexibility for mission
accomplishment.

REQUIREMENT RATIONALE (3.1)

A system approach is an overriding principle in the
synthesis of new control systems. This requirement
forces identification of, and tailoring to, a set of ba-
sic parameters needed to fulfill the function of, and
operational needs which have been identified {or
the vehicle and its mission.

REQUIREMENT GUIDANCE

Blank (a) would be the name/number of the ve-
hicle; (b) would be phases such as automatic con-
wrol of path following, control of ground roll and
maneuvering, automatic missile evasion maneu-
vers, integration of vehicle management and mis-
sion management functions. Limiting functions
implemented through the FCS should be consid-
ered.

REQUIREMENT LESSONS LEARNED

MIL~F~9490 (4 February 1955) and revisions
through MIL-F-9490B (7 August 1957) con-
tained only system requirements. As flight control
systems became more complex, the need was real-
ized for incorporation of lessons learned in the
specification. Consequently, MIL-F-9490C (13
March 1964) included lessons learned. 1t placed
constraints on the choice of design solutions to al-
low only those which had proven feasible during
service use. The specification contained require-
ments for system performance as well as for system
insiallation snd component design. MIL-
F-9490D (6 June 1975) expanded the coverage of
lessons learned: it contains, as general require-
ments, all tessons learned to date. Unless other-
wise specified, all references 1o MIL-F-9490 in
the following Guidance paragraphs are to the D re-
vision. The background guide for the requirements
of MIL-F-9490D is in AFFDL-TR-74~116.

45

4.1 System verification. Verification of the sys-
tem requirements shall be performed by analyses
(includes simulation), inspection, demonsiration,
ground test and flight test.

The approach used for quality assurance shall pro-
vide a planned and sysiematic pattern of all ac-
tions, structured and time phased throughout the
program, to provide adequate conlidence that the
FCS, its elements, and sofiware conform to the es-
tablished technical requirements. Compliance with
each applicable requirement in section 3 shall be
verified as required by its dedicated section 4 para-
graph. The lack of a specific verification require-
ment for any portion of 8 design requirement in
section 3 does not relieve the contractor of respen-
sibility for full compliance with the requirement.
The verification processes shall be thoroughly doc-
umented and shall clearly show that methods used
are suitable and proper, that the procedures fol
lowed are comprehensive and thorough, that re-
quirements have been met, and that high quality is
8 built-in attribute.

When requirements are verified by analyses and
flight test, the flight envelope shall be analyzed to
determine worst case combinations of airspeed, al-
titude, gross weight, center of gravity, and maneu-
ver. Flight tests shall be conducted a1, ot
sufficiently near, these cases to validate the ade-
quacy of analytical results. Analytical results shall
not be accepted until such validation is accom-
plished. Test instrumentation shall include appro-
priate  measurement of  attitudes, rates,
accelerations, controller position and force levels,
surface position, thrust, altitudes, altitude rate, and
internal Nlight control sysiem signals and states 8s
required to verify hardware and, if used, sofiwvare
performance.

Requirement verifications which must be com-
pleted to support the release of the air vehicle for
first Right shall be .

The processes incident to verification of each re-
quirement shall be documented in engineering de-
tail to the extent necessary 1o show the quality and
flight-worthiness status which is exhibited for each
unit of product.
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VERIFICATION RATIONALE (4.1)

It has long been recognized that good quality is not
inspecied into a product at the end of the develop-
ment/production processes. This verification re-
quirement provides the means for assuring that
quality is an attribute which is built into the FCS, its
elements and its software. It also establishes the
need for verifying conformance with each technical
requirement, and for providing documentation for
this conformance and the processes used in arriv-
ing at that end.

Flight-worthiness certification of the air vehicie is
required before it can be released for first flight.
~ This verification requirement provides the means
for listing in advance those verifications, either
complete or partial, which must be completed 1o
show that the FCS is airworthy and that the air ve-
hicle may be released for first flight.

The final paragraph of the verification requirement
esiablishes the need for setiing down in record
form the significant points of the verification pro-
cess such that an engineering assessment can be
made of the quality and flight-worthiness of the
unit of product after the process has been com-

pleted.
VERIFICATION GUIDANCE

1o require-
ments as indicated in the dedicated verification
paragraph for each requirement paragraph in sec-
tion 3. The methods which may be used include
analysis, inspection, test, and others as discussed
below.

Software/computer programs. MIL-5-52779 and
MIL-STD-1521 are DoD documents approved for

nll damnastemante Ansemalinn

use U]’ aii UL paiuicnng auu aptiiLics Ul Lllc ﬂll
Force, and may therefore, be used with this specifi-
cation. The standardization of software proce-
dures and documentation, and the goal of a
common DoD software language, provide great op-
portunity for increased efficiency in system acquisi-
tion.

Analysis. Compliance with requirements in cases

whara tactina ar inemartinn wanld ha hazardeance nr
Wik iw Leguiip U Mispeuruidil wuliu Ut (ldoai uivug, Wi

otherwise impractical, may be verified through

analyses. These analyses may be linear or nontin-
ear, deterministic or probabilistic in nature, and
may include piloted and nonpiloted simulations, as
best suited and adequate for the application.
Where test verification is limited by test sample
considerations, or is clearly inadequate, com-
pliance should be verified by the appropriate ana-
Iytical techniques. Analyses required for design of
FCS today ge beyond the methods normally asso-
ciated with linear and nonlinear analyses.

In order to imply the wider range of analytical tech-
niques that may be required, the words determinis-

tin amd mesahabilictina hows hanm sica - Then iensmaud 3
UL alid i GUAouldlic Nave oEen UseU. 1iie infent is

to encompass not only the usual linear and nonlin-
ear analytical control techniques, which may or
may not be stochastic in nature, but also to include
areas of analysis which may fall panially or com-
pletely outside the realm of mathematics, such as
failure mode effect analysis and software verifica-
tion and validation.

It is the intent to point out that the analytical meth-
ods to be used should be appropriate lor the prob-
lems to which they are to be applied.

Several of the requiremenis included in section 3
can only be verified by analysis. Preliminary com-
pliance demonstration for many more of the re-
quirements of section 3 may also be provided
through analysis.

Requirements which wiii iikely be demonstrated
through analysis include:

- Reliéi)ility and failure immunity
= Invulnerability

~ Maintainability

- Operatign in turbulence

- Gain margins at high frequencies and phase
margins at all frequencies.

Technical areas which interface with that of flight
controls often require analyses which include the
FCS. Some of these analyses which may be useful
in FCS validation are:

- Reliability and maintainability analysis

- Failure mode effects and criticality analysis
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- Vulnerability analysis

- System hazard analysis

- Subsystemn hazard analysis

= Operating and suppont hazard analysis

Where compliance with specification requirements
through analytical predictions is used, the docu-
mentation should define the major assumptions
and approximations used and verify that the mod-
eling and analysis procedures used are conserva-
and walidation through comparison with flight,
wind tunne), or ground testing datws. In cases of dig-
ital flight control applications, validation should re-
quire comparison to simulation aor emulation results
obtained through the use of a general purpose ma-
chine. Where digital mechanization i5 involved in
the flight control system, pre-analysis of the simu-
lation mechaniration is required 10 assess its validi-
ty. The artifacts introduced by the simulation
mechanization used should be investigated 10 as-
sess and minimize their effects on the simulation
results. In all cases the wolerances should be estab-
lished on analytical prediciions used to demon-
surate compliance with specification requirements.
These wolerances should reflect anticipated varia-
tions in systemn or component characteristics, such
as:

a. Parameters that change with temperature,
atmospheric pressure and other environmental fac-
tors.

b. Parameters that change with {ailures or
manufacturing tolerances.

c. Parameters that critically alfect system per-
formance or stability.

d. Parameters that are not accurately known
(if they are significant).

€. Parameters ihat change as a resuli of aging
or wear.

In an operauonal flight program for a digital flight
control system, simulation will be required to evatu-
ate such areas as integration techniques, filter im-
plementations. iteration intervals, and failure

A
=~

isolation and switching. Emulation can serve in the
early siages of design 10 evaluaie the elfect of inter-
rupts and the implemeniation of background tasks.

Piloted simulaiions shouid be performed during
FCS developmem to define and verify required
funcuional characteristics and to evaluate degraded
mode effects. Asa minimum, the following simula-
tions should be accomplished:

a. Piloted simulations using computer simula-
tion of the FCS prior 1o hardware availability.

b. Piloted simulations using actua) FCS hard-
ware prior to first flight.

¢. Piloted simulations for digital FCS prior to
each flight that is preceded by major sofiware mod-

ificatinns,
ificauons.,

The requirement for piloted simulations following
major software modifications places the same em-
phasis on major software modifications as on FCS
hardware before its firsi inflight operation.

Sofiware modifications in general will introduce
some unknowns into the compuier structure.
Modules of code which are modified and the flow-
through to other modules should be reverified.
Rather than proceed through a complete reverifica-
ton of the complete flight following software modi-
fications, piloted simulaticns can be performed.to
find any major or critical prablems before begin-

ning flight tests.

In the application of piloted simulation 1o the eval-
uation of the FCS development, it is paramount,
particuiariy for fighter aircraft, that the simulation
go beyond 1 g flight. The simulation must address
critical areas such as high angle of auack, P10, and
landing tasks. Sensitivity studies should be per~
formed to determine the range of uncenainty in
aerodynamic characteristics, sensed parameters, or
other characteristics for which the flight control
system can compensate, and provide level 3 flying
qualities.

In view of the potemiial imporntance of motion cues
in evaluating handling characteristics and faiture
effects in these critical areas, a porion of the pi-
loted simulation for highly maneuverable aircraft
may need to be conducted on a motion-based sim-
ulator.
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Inspection. Compliance with requirements by
measuring, examining, testing or otherwise com-
paring a unit of product with the specific require-
ments may be verified by inspection of
documentation or inspection of the physical unit.

Compliance with requirements associated with the
physical arrangement of parts, or the physical rela-
tionship of parts should be verified by inspection of
documentation and inspection of the physical in-
stallation. Documentation may include documents
showing the qualification stawus of components
which have been qualified to the requirements
specifications, or drawings showing clearances or
other physical relationships. Where applicable,
flight control system software specifications, docu-
mentaticn, and analyses should be inspected or re-
viewed as pant of the verification process. Unless
otherwise specified, the supplier may use his own
or any other facilities suitable for the performance
of the inspection requirements specified herein.
The government reserves the right to perform any
of the inspections set forth in specifications where
such inspections are deemed necessary to ensure
supplies and services conform to prescribed re-
quirements. )

Many of the paragraphs in section 3 cover elements
or subsystems, etc., which réquire compliance with
military specifications or contractor prepared spec-
ifications. Requirements may be stated in terms of
physical arrangement of physical clearances.

in the case of demonstration of compliance with
such specifications, tests may be conducted on the
element or subsystem specifically for this purpose.
However, these tests are requirements of the com-
ponent or subsystemn specification but compliance
with section 3 requirements can often be verified
by inspection of the qualification status of the ele-
ment or subsystem which is maintained incident to
more specification requirements.

In the case of requirements involving physical rela-
tionships, physical inspection will provide the de-
sired proof of hardware and software.

Where digital implementation is employed, visual
inspections and walk-throughs need to be per-
formed at appropriate points during the develop-
ment cycle. Various types of documentation, in
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addition to the actual flight code of the operational
program, can benefit from these walk-throughs,
which are usually done by multidisciplinary teams
which can bring varied perspectives to assess the
emerging sofiware. Such inspections have proven
to be effective in the timely elimination of many
types of software problems.

Test. To the extemt feasible, compliance with
quantitative requirements should be verified by
tests. Tests should include hardware tests and soft-
ware tests and may be conducted in the laboratory,
on the ground, or during flight.

Verification by test is the preferred method for
demonstrating compliance with requirements. Due
to safety or cost considerations, many requirements
cannot be demonstrated during flight testing. In
some cases analytically predicted trends are vali-
dated during flight at a critical or representative set
of flight conditions and analysis trends are used to
extrapolate these validated analysis trends to show
compliance at all flight conditions not specifically
tested.

Verification by ground or operational mockup test-
ing is generally preferred where flight testing is not
feasible.

Instrumentation used in conducting verification
tests should:

a. Conform to laboraiory standards whose
calibration is traceable to the prime standards at
the U.S. Bureau of Standards.

b. Be accurate to within one-third the toler-
ance for the variable 10 be measured.

c. Be suitable for measuring the test parame-
ter(s).

d. Be verified no less frequently than every 12
months. . .

Test conditions should be established for operation
which accurately represent in-service usage during
both ground and in-flight operations. Flight
phases and flight envelopes are usually defined in-
cident to flying qualities requirements. Load, and
load cycle spectra for use in wear life tests are usu-
ally developed incident to structural analyses and
tests. Environmental test methods and procedures
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should be based on MIL-STD-461 or MIL-
STD-810. Among the tests usually performed are:

a. Pulse tests for lightning. Flight control
electronics should be tested for indirect eflects of
lightning. The criteria used to harden electronics
in prior air vehicles was to apply a 500-volt square
wave pulse or a damped sinusoid. The duration of
the puise was 5 microseconds with a irequency of i
MHz for the damped sinusoid. '

b. Dielectric strength tesis. Each circuit of
electrical and electronic componenws should be
subjected 10 a test equivalent to the application of a
root mean square test voltage of three times the
maximum {(but not less than 500 volis) surge DC or
three times the maximum surge peak AC volage o
which the circuit will be subjected under service
conditions. The test voltage should be of commer-
cial frequency and should be applied between un-
grounded terminals and ground, and between
terminals insulated from each other, [or 8 period of
one minute. Tests should be accomplished at nor-
mal ground baromerric pressure and no breakdown
of insulation or air gap should occur. Circuits con-
taining rnp:mrnn or other timilar elecironic pans

which may be subject 10 damage by application of
above voltages should be subjected o twice the
surge peak operating voltage for the specified peri-
od. If the maximum peak operating voliage is
greater than 700 V, the rms value of the test volage
should be 1.5 times greater than the maximum
peak operating voliage. Electrical and electronic
compom:ms should also be 1ested for resistance to

i am awirviim aly unﬂn marn-

al sﬂy ul cukduwu ﬂl u“lﬁ lllﬂ‘\llllulli bl d b g e d

fied in the altitude test.

c. Electromagnerjc interference limits. The
lugl’ll conirol sysiein and LOmMpONEnts should be as-
sembled and arranged in a manner as specified in
the system or componemnt specification, with inter-
connecting cables and supporting brackets repre-
sentative of an actual installadon.  Provisions
should also be made for inverting all componenis
with respect to the ground plane, or positioning in
such a manner as to permit measurements from the
bottom of all components. Measurement of ra-
diated and conducted interference limits should be
made in accordance with MIL-STD~461 with the
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sysiem switches, controls and components oper-
ated as in actus) service.

d. Sand and dusi. Each component with sim-
ulated external connections attached should be
subjected to individual tesis before and afier expo-
sure. Any dust film or dust penetration should not
result in a deterioration of the performance of the
component.

e. Fungus. Equipment which has parts of or-
ganic materia) or other maierials which may grow
fungus should be subjected to a fungus resistance
test. The component should be subjected to indi-
vidual tests before and after exposure. Any fungus
present should not result in a deterioration of the
performance or service life of the component.

{. Extreme temperature tests. Dynamic op-
eration using expected high and low temperature

and temperawre shock should be verified on all
components subject 1o binding or malfunction re-
sulting from:

{1) Differential expansion or contraction
of mating parts.

(2) Deterioration of lubricant.
)
(4)
(5)

(6)

actleristics.

Deterioration of hydraulic fluid.
Deterioration of any type seal device.
Deterioration of electrical part.

Altered hydraulic or electrical char-

The component should be subjected 10 individual
tests before, during, and after exposure. From
these tests and a visual examination there should
be no evidence of damage or deterioration which
would preveni ihe component {rom meeting its op-
erational requirements.

Individual component high and low temperature
extremes selected for each test should be deter-
mined by careful analysis of the environmental
conditions to which the component will be exposed
during dynamic operation. For these temperature
exuremes, the items above should be checked

ﬂsdllul u";“ aﬁc:ﬁc&ncv\l‘s (0 see il thau will deteri-

orate under the same conditions. If lhey do, a dif-
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ferent lubricant, fluid, seal, or electrical part
should be specified. -

g. Humidity and corrosion and icing. Com-
ponents subject to failure due to corrosion, en-
wrance of moisture, or formation of ice should be
given humidity tests and salt spray tests. In addi-
tion, if ice formation might be detrimental to the
equipment, an icing test should be conducted as
follows:

(1) Cool test items to ~12°C (10.49F) or
lower.

_ {2) Reduce ambient air pressure to simu-
late 40,000 feet pressure altitude and maintain for
at least 15 minutes.

(3) Increase ambient air pressure to
ground level by introducing warm moist air at a
temperature of at least 49°C (120°F) and a relative
humidity of 95t 5 percent. Continue circulating
warm moist air until the test item temperature is at
least 59C (419F). liems 1, 2, and 3 constitute one
cycle of testing.

Twenty-five cycles should be performed to deter-
mine acceptability. Following each five cycles, the
test item shoutd be functionally checked while at a
-12°C (10.49F) temperature. At the conclusion of
the 25 cycles, and following the functional check,
the equipment should be examined for evidence of
internal moisture, corrosion, or other defects.

h. Alitude. Electrical equipment and other
flight control system items which may be adversely
affected by high-altitude operation should be
tested. A percentage of the total life test cycles,
consistent with service requirements of the compo-
nent, but not less than 25 percent, should be con-
ducted at the high-altitude condition.

i. Vibration, shock and acceleration. All
equipment subject to failure or malfunction due to
vibration, shock, or high accelerations should be
tesied.

j. Combined temperature-altitude tests.
Components and systems subject 1o leakage, or
which may experience cooling problems, should be
subjected 10 combined temperature-altitude tests.

k. Component life testing. = Components
which are subject to wear, fatigue, or other deterio-
ration due to usage, should be life tested under
realistic environmental conditions for a number of
cycles representative of the desired life expectancy
of the component. In most cases, life test require-
ments are defined in government specifications,
but should be revised to reflect actual expected
usage. Hydraulic components should be tested
while using hydraulic fluid at a typical fleet environ-
ment fluid cleantiness level.

l. System life testing. The mechanical por-
tions of the complete FCS, such as pulleys, cable
rods, torque tubes, control sticks or wheels, etc.,
should be tested as a complete system mockup in
which loads, relative distances and locations, and
other characteristics are realistic.

m. Miscellanecus tests. Equipment which is
located so that it is subjected to rain, sunshine,
sand, and dust should be tested accordingly. Com-
ponents failing a service condition test should not
be resubmitted for test without furnishing complete
information on the corrective action taken subse-
quent to the failure. This information should be
furnished to the procuring activity or in the test re-
port, depending upon location of testing. Depend-
ing upon the nature of the failure encountered and
corrective action required and at the option of the
procuring activity, the rework or modifications ac-
complished should also be incorporated into the
other test samples. Where rework or modifications

-may be considered as sufficient to affect perform-

ance under the other service condition tests already
completed, at the option of the procuring activity,
these tests should be repeated in the specified or-
der,

Components to be used under a particular category
of service application, which have previously been
subjected to and accepted under the requirements
of a lower, or less severe category application, ei-
ther as an individual component or as a component
of the same or a different system, should be sub-
jecied io a rerun of those service condition tests

which vary with category of service application.

n. Functional mockup and simulator tests.
Where one of the first air vehicles in a new series of
aircraft will not be available for extensive testing of
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the FCS prior to flight of that model, an operation-
al mockup which funciionally, statically, and dy-
namically duplicaies the flight conurol system
should be constructed. For essential and flight

phase essential flight controls, an accurate electri-

cal representation should be provided. Production
configuration componenis should be used for all
flight contro! system parts, and the hydraulic sys-
tem should be compatible with air vehicle hydraulic
system requirements. Primary aircraft structure
need not be duplicated: however, production con-
figuration mounting brackets should be used and
should be attached 10 the structure which simulates

Machaniral compo-

i =15 -1 20 Lot 1]

1 .
acwua! mounting compliance.

nents of the FCS should be duplicated dimension-
ally. Inenia and compliance of flight control
surfaces should be duplicated or accurately simu-
lated. The operational mockup should be coupled
with a computer simulation of aircraft characteris-
tics and external inputs to the flight contro! system.
The f[ollowing minimum testing should be con-
ducted on the operational mockup, or other appro-

metnts sacs Familive

Plull!; AEDE BB Wi )
(1) Power supply variation tests lo dem-
onstrate satisfactory operation over the range of al-

lowable variaiions specified in the applicable
control power specifications.

(2) System fatigue tests (where system in-
stallation geometry or dynamic characteristics are
critical 1o fatigue life) to demonstrate campliance
with the requirements. The duty cycle required
shall be established as representative of flight and

ground usage.

(3) Stability margin tests to verify those
requirements which can be verified by test using an
aireraft simulation or the operational mockup, but
whicth cannot be economically or safely demon-
strated in flight.

(4) Tesis to determine the effects of
single and multiple failure on performance, safety.
and mission completion reliability; and the devel-
opment of emergency procedures to counteract the
effects of lailures.

(5) Miscellaneous tests to demonstrate
FCS performance, and compatibility among FCS
and with interfacing systems.
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(6) Sysitem wear life where component
wear lile is interactive.

(7) Temperature variation tests duplicat-
ing normal operation or failure of temperature reg-
ulating elements shall be performed on
components whose performance is determined to0
be sensitive 1o variations in temperature.

The operational mockup is a ool used for valida-
tion of the flight control system design prior to first
flight and is also a useful tool in flight control devel-
opmeni. The more nearly this too! functionally re-
sembles the flight vehicle installation, the greater
the confidence ievei in the test resuits. ideaily, an
airframe with a flight control system installed and
with aircraft flight dynamics simulated would be the
mockup. Use of an airframe for the operational
mockup is becoming more popular—especially
where the FCS airframe interaction is expected 10
be complex.

Inclusion or exclusion of means for simulation of

conural surfsce aerodynamic hinge moments is de-

pendent upon specific usage and should be just-
fied. Where aircraft structural compliance is
simulated in liew of airframe pans. verification
should be established through a detaited analysis of
compliance.

The specified tests may be performed individually
or, where feasible, a single test may satisfy mutltiple
requirements. For example, structural strength
and rigidity may be verified during performance
(response) test, and fatigue requiremenis may be
verified as a part of endurance testing. Note that
the specified minimum tests may be performed on
allernate test facilities. Separate component life/
loading testing, for example, may be justifiable in
some Cases.

When performing power supply variation tests,
each component should be tested individually or
assembled, or both, into a system in 8 manner as
specified In the component ar system specification.
Rated electrical, hydraulics and other required
power sources should be applied and all calibration
settings placed at maximum rated positions. After
completion of the warmup period, the power
sources should be varied and modulated, through-
out their specified and possible limits. No steady
siate or transient modulation changes in the power
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source, within possible limits, should cause a varia-
tion or modulation in the system’s performance
which may result in undesirable or unsatisfactory
operation. With rated power applied, the system’s
switches, controls and components should be oper-
ated as in actual service. Observation of the rated
power source should note no variation or modula-
tion of the power source beyond permissible opera-
tional limits when the system is operated against
load conditicns varying from no load to full load
conditions.

Fatigue tests may be accomplished by cycling loads
on components fixed in one or bath hardover posi-
tions or in an intermediate position such as by hy-
draulic pressure impulse testing. It should also be
noted that for fatigue testing, the “appropriate al-
ternate test facility” could be the aircraft fatigue
test rig. See MIL-A-8866 for discussion of fatigue
scatter factors and MIL-A-8867 for fatigue test re-
quirements. Note that required fatigue tests in-
clude all linkages, controls, etc.

Subsystem math models used to analytically predict
stability margins for feedback systems should be
verified on the operational mockup to the extent
practical. This practice is encouraged since the
FCS hardware such as sensors, electronics and ac-
tuators included on the operational mockup elimi-
nate error included in the analytical predictions
due to nonlinearities and other math modeling
problems associated with these components.
Where significant differences between the analyti-
cal predictions and the operational mockup mar-
gins are observed, further frequency response or
other tesis should be performed to identify the
components which are improperly modeled. Once
these components are identified, the correspond-
ing math models can be corrected and analytical
margin predictions refined.

One of the major uses of an operational mockup is
evaluation of failure effects within the FCS. The
program should also include performance oriented
tests or simulations to verify predicted performance
and to evaluate system compatibility.

For essential and flight phase essential controls, the
following mockup tests of AFCS BIT and failure re-
version capability should be considered:

,,,,,,,,,, poeiity 220 e S llatlL IRl
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a. Overtemperature test of AFCS computers,
panels, and sensors to evaluate the BIT capability
of detecting failures induced by progressive over-
heating.

b. Wire hardness failures (shorts between
wires and ground and open circuits) to evaluate
BIT capability to detect wiring damage/failures.

The main objective of these tests is not necessarily
1o make individual components less vulnerable to
hazards or enemy action. Rather, the primary ob-
jective is to ensure that true redundancy exists by
verifying that individual failures in each channel
(1) are detected, (2) are remedied, and (3) are not
the cause of multichannel failures.

While the application of the temperature variation
test is relevant 1o the overall flight control system, it
is a consequence of the potential thermal effects on
electrical signal computation.

As the aircraft designs continue 1o place more ca-
pability, power, and performance into smaller inte-
prated packages with space at a premium, the
thermal environments within these packages be-
come ever more hostile for electrical flight control
components. It is essential that the effect of these
environments on the flight control sysiem be
known, particularly as they affect the reliability and
performance of digital flight control systems, and
redundant systems in general.

For the flight worthiness cerification, each ele-
ment, subsystem, etc. of the FCS should demon-
strate conformance with its approved and released
engineering control documentation.

Testing which should be completed before first
flight and support flight worthiness certification in-
cludes:

airspeed stability margin requirements for feed-
back systemns depending on aerodynamics for loop
closure and to demonstrate stability margins for
nonaerodynamic loops. Primary and secondary
structure should be excited, with special attention
given to areas where feedback sensors are located
with loop gains increased to verify the zero airspeed

requirement. For redundanmt and muliiple~loop
systems, the stability requirement in degraded con-
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figurations should also be demonsirated. (These
tests are perflormed in conjunction with structural
testing. They are designed to determine if structur-
al mode frequencies are propagating into the FCS
and, if so, if there is proper compensation.)

b. Functional, dynamic, and static tests to
demonstrate that al) FCS equipment items are
properly installed and that steady state responses
meet FCS specification requirements. These tests
should inctude integrated FCS and test instrumen-
tation as inswalled on the prototype air vehicle.
Compliance with the applicable residual oscillation
reguirements should be demonstrated.

c. Electromagnetic interference (EMI) tests
to demonstrate compliance with requirements.
Measurement of interference limits should be
made in accordance with MIL-STD-461 and
MIL-E-6051.

d. An integrity test to ensure strength and
soundness of components and connections, ade-
quate clearances, and proper operation.

e. Ground vibration tests with active controls
using soft suspension sysiem to simulate {ree-{ree
condition. Flight control sensor outputs and open
loop frequency response data should be recorded
for correlation with analytical results used in pre-
dicting servoelastic and aeroservoelastic stability.

f. Taxi tests with increasing speed and all
feedback loops closed to examine servoelastic sta-
bility above zero airspeed. Flight coniro! sensor
outputs and control surface deflections should be
recorded.

g. Testing wo verify that installed flight control
lightning hardeners conform to the developed cri-
teria.

The complete FCS should pass all of the operation-
al mockup tests prior to first flight except that only
20 percent of the required fatigue life demonstra-
tion need be completed.

Cenification that a component is safe for Night be-
cause of prior qualification and use on other air-
craft may be allowed provided that the component
design is identical to the previously qualified part in

all significant respects and that its capability to op-
erate under all conditions specified for its new
application has been proven.

The documentation process should include a writ-
ten summary, describing the work done to satisfy
requirement verification, the results obtained and
pertinent supporting facts.  Significant points
should include:

a. Reference to the requirement being vali-
dated. .

b. Identification of the documenis used for
engineering control of the unit of product.

c. Identification of the method, equipment,
instrumentation, and procedures used.

d. Identification of the unit of product used.
e. Resulis gbtained.
{f. Criteria which applies to the results.

The method. format, arrangement, etc. used for
presenting the information should be chosen such
that it offers an organized. complete, clear, and

concise writien record of the {acts relevant to the

verification.
VERIFICATION LESSONS LEARNED

In specilying testing as the means by which require-
ments are o be verified the following lessons
learned should be considered.

8. Thereis a need to consider program abjec-
tives in deciding the leve! of testing required. Be-
cause of the differences in pratotype development,
full-scale development, and pilot production pro-
grams, the extent of testing feasibility may be be-
yond the scope of testing required.

b. Following some system modifications, the
retesting required can be significanty less than the
retesting feasible.

c. A test may be feasible, but not necessarily
desirable when taken to the maximum extent. For
example, the practical limitations of cost and time
on the realizability of thorough or exhaustive test-
ing of softiware must be taken into account when
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deciding on the extent of testing required. When
such a case arises, an effective application of analy-
" sis is required for the interpretation of test results so
that a required confidence level of performance is
achieved.

d. Soflware verilication and validation is a
test, and a requirement is needed to address the is-
sues of software.

e. Appropriate FCS acceptance tests should
be defined by the detailed specification. Where in-
terfacing componentis of the FCS are procured
from various sources, sufficient acceplance testing
should be performed 10 ensure overall system per-
formance repeatability.

With the advent of comprehensive built-in test and
inflight monitoring in modern aircraft, the potential
for imerface problems between FCS components
exists as a result of the levels ol sensitivity within

-the components. This lesson serves to ensure prop-
er integration during the development phase and to
establish the allowable tolerances of interfacing
components.

This interface problem is typified for fly-by-wire
flight control systems by the need of the flight con-
uol computer vendor to have integrated servoac-
tuator packages or sensors on the premises during
development to verify that acceptable interfacing is
achieved.

Verification testing ofien leads 10 anomalies which
are explained by statements such as those shown
below. The verification documentation recording
the facts should contain statements which address
the factors which underlie each of these state-
ments, thus leaving the recorded results free from
doubt that any such factors influenced those re-
sults.

a. Manufacturing defect/error--quality con-
trol oversight.

b. Contaminated during assembly/manufac-
turing/handling.

c. Power source not per design conditions/
power cables faulty.

d. Test fixure improperly designed. Breaks/
damages/overloads unit.

e. Test fixture/rig not properly calibrated--
loads too high.

f. Test instrumentation out of calibration--
unit operated out of envelope.

g. Materials/heat treatment/finish not per

specification.
h. Operator error-—procedures not followed.

3.1.1 MFCS performance requirements. The
MFCS shall interface with and supplement, as re-
quired, the characteristics of both the pilot and the
air vehicle to allow the flying qualities, special per-
formance and mission requirements to be met.

REQUIREMENT RATIONALE (3.1.1)

In those air vehicles covered by this specification
the pilot is responsible for mission accomplish-
ment. The MFCS provides the means by which the
pilot controls the air vehicle for that purpose since
one of the primary characteristics of the MFCS is
that it is mechanized so that the pilot is a highly ac-
tive element in the control loop. It is not intended
that the FCS alone insure that the established flying
qualities and performance requirements are met;
however, the FCS shall not prevent those require-
ments from being met. The fiying qualities, special
performance and mission requirements are the per-
formance parameters which insure that the capabil-
ity exists to accomplish the mission.

REQUIREMENT GUIDANCE

When using the MFCS, the pilot must be able to
consistently maneuver and control the air vehicle
with accuracy, ease, and safety to meet mission re-
quirements under all required flight conditions, op-
erating environments, and vehicle configurations.
As an active element in the MFCS, pilot action, in
the general case, may range from direct manual
control of surfaces to a supervisory or voting role in
zations used range from direct mechanical manual
systems through boosted and fully powered me-
chanical systems to the fully fly-by~wire systems.
The MFCS includes those systems which enhance
lift and drag, and provide stability and control aug-
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mentation system {SCAS), command/contro! aug-
mentation system (CAS), stability augmentation
system {SAS), etc.

Experience has shown that design practices may
have a strong influence an MFCS performance. A
few of the lessons learned with respect to design
practices are gutlined below.

a. Selectable command modes. Pilows will se-
lect and adapt to special augmentation modes dur-

ing weapons delivery and other special flight phases

where special mission task requirements conflict
with normal flying qualities. Consider selectabte
command modes, where pertinent; but inconsis-
tencies in display indications or the results of cock-
pit control motions can be confusing to the pilot.
For example, reversals of sense must be avoided.

b. Stabilization axis. In contro! system de-

signs in which the pilot’s lateral controller operates

bath ailerons and rudder or their equivalent, con-
sideration should be given o the resultant effective
axis of rotation. The optimum resutiant effective
axis of rotation is a function of the task, e.g., airto
air gunnery, air to ground gunnery, and weapon
delivery.

¢. Gust and exiernal disturbance response.

Designs where specific measures are tsken 10 im-

prove the gust and external disturbance response of
the gircraft are recommended.

d. Limit cycles during weapons delivery. FCS
should be designed paying particular atention to
the avoidance of the limit cycle during {light condi-
tions at which weapons will be delivered. The limit
cycle should be undetectable 10 the pilot. Simifar-
iy, if system gain changing takes place during weap-
on delivery, while the servos are moving, no
thumping sensations should be experienced by the
pilot and flying qualities must remain satisfactory
throughout, despite the gain changes.

e. Trim changes. Apparent trim changes
originating in the augmeniation or control systems
should be avoided whether due o exiended low

s aes maL—mmoa currtame nr in a aarmal

lrcqucncy ICapuine lll UIC YT U W o fiviia
accelerometer sensing less than 1 g in a ¢limb or
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dive. An automatic trim system reducing these ap-
parent trim changes to below pilot threshold will
normally be acceptable. Where there are direc-
tional trim changes with speed change during a
weapon delivery run, sysiems designed to minimize

i =was -t =oAlipal

the uim change are desu-able

f. Constant stick forces. Sysiems incorporat-
ing washout filters on sensor outputs or elsewhere
in the sysiem should be designed 1o avoid changes
in stick force with time during susigined constant

normal acceleration wurns.

g- Symmetrical stick forces. Contrel systems
incorporating models should be designed to pro-
vide identical sensitivity for nose~down and nose-—
up commands. Whatever the system design, the
stick forces for a given magnitude response should

|8 h
be the same irrespective of the sign of the com-

mand. This applies both laterally and longitudinal-
ly.

h. Aircraft flexibility. There can be effects
beyond the impact of aeroelasticity on aircraft han-
dling and flight contro! systems. For example, the
design of a control-augmentation system o be used
in pan for weapon delivery must address itsell to
the effects of aircraft flexibility on weapon delivery
accuracy. A reduction in amplitude of flexible
body oscillation may be necessary to reduce oscilla-
tory boresight errors. Static boresight errors due to
loading in high-g maneuvers should also be consid-
ered in esiimating delivery accuracy degradation
due to flexibility.

i. Hysteresis. Hysteresis or backlash at any
point in the control-augmentation sysiem should
be controlled either by antibacklash springs or by
other means, at least to the point that limit cycles
existing anywhere are impercegtible to the pilot at
any fNlight condition at which weapons may be deliv-
ered.

j. Gun moments. The effect of firing high
repetition rate smal} caliber weapons or large pro-
jectiles from the aircraft may cause perturbations of
the vehicle. These should be evaluated and com-
pensated for in the coniro) system design.

k. Growih capability. A candidate system
pt should be carefully examined for growth

capah:l ty befare selection for design and develop-
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ment. The complexity of a system can escalate as Attitude Hold (Pitch) — b
knowledge of aircraft dynamic characteristics are Attitude Hold (Roll) N (-2 N
refined and the detail problems of designing flight- Heading Hold —qdy
critical controls become known. Heading Select (&)
Altitude Hold —m
4.1.1 MFCS performance verification. MFCS — —1(h

performance shall be verified by inspection, analy-
sis, and ground and flight test. Test conditions, fix-
tures, and methods are as follows:

VERIFICATION RATIONALE (4.1.1)

Flight test is the only means for including all the
variables which influence assessment of MFCS per-
formance. Factors such as affordability, feasibility,
risk, etc., may limit the scope of flight testing. For
such programs, the use of analysis or simulation or
both may provide the means for the necessary veri-
fication.

VERIFICATION GUIDANCE

Determine the feasibility and cost effectiveness of
using analysis and simulation in the process of veri-
fying MFCS performance. S$elect the method or
methods which provide an acceptable assessment.
If a mix is chosen, consider the scope of the data
base required from the flight test to make the anal-
ysis, simulation or both, credible and sufficient.

VERIFICATION LESSONS LEARNED

Care must be taken when procuring an ‘off-the-
shelf’ aircraft to ensure that cenification require-
ments match the mission for which it will be
procured. In this case methods of verification must
be carefully reviewed.

3.1.2 AFCS performance requirements. The
AFCS shall interface with and supplement the
characteristics of the air vehicle 1o provide, as se-
lected, flight path and attitude control, airframe re-
sponse and functional performance as specified in
the numbered subparagraphs of this section. A pi-
lot interface shall be provided through an AFCS
controller. The controller shall be implemented
through the __{a)  and shall, for the AFCS mode
selected, provide functions, responses, and control
as shown below:

The authority of the pilot 10 maneuver the air ve-
hicle through the AFCS shall be (i) .

A damping ratio for non-dominant responses of at
least _(j)  critical shall be provided for non-
structural AFCS controlled responses. The AFCS
shall be functionally compatible with any automatic
AFCS limiter and its associaled warning system and
not overpower such limiters at the extremes of the
flight envelope resulting in unsafe conditions that
would require immediate pilot action.

REQUIREMENT RATIONALE (3.1.2)

The AFCS flies the aircraflt and thus relieves the

wilas of ola el il mamambiite maiao
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manipulation which is required to perform selected
functions during various flight phases incident o
mission accomplishment. To provide this relief in a
manner which is satisfactory to the pilot, the AFCS
must duplicate to a great extent the characteristics
of the pilot and provide performance within limits
satisfactory to the applicable flighi phases. A con-
troller should be provided to allow the pitot to ad-

calosrtad rafavanrac FYats! marlneee
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just the
maneuvering which increases the utility of the
AFCS and enhances mission accomplishment.
The damping ratio is common to all uses of the
AFCS; other performance characteristics and lim-
its are specified in the subparagraphs of this sec-
tion.

REQUIREMENT GUIDANCE

The performance specified in this section is in-
tended to include “not to exceed” values which are
felt necessary 10 satisfy operational requirements.
Performance is usually specified with respect to
sensor indicated values. Sensor accuracy may be
based on the needs of some other function such as
display for use in manual control. Where perform-
ance is not specified with respect to a FCS sensor
reference, sensor error must be included in meet-
ing the required one.
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Air Force Manual 11-] defines AFCS (Automatic
Flight Control System as used for the Air Standard-
ization Coordinating Committee) as: "A system
which includes all equipment to automatically con-
trol the flight of an aircraft or missile to a path or
attitude described by references internal or exter-
nal to the aircrafi or missile.™  The term
“autopilot™ is an outdated term not now defined
but in antiquity was defined in AFM 11-1 as:
“That pan of an automatic flight control sysiem
which provides automatic stabilization with respect
to internal references.,” The requirements con-
tained in the subparagraphs of this section address
the most common AFCS funcdons. The intent of
this Appendix, and the corresponding specifica-
ticn, is not to limit the AFCS functions but to pro-
vide a guide for the most common and generic
functions. The subparagraphs of this section
should be extended to provide for configuration
peculiar automatic functions, and where feasible,
integration of systems to provide functions such as:
automatic control of engine thrust, NAV speed,
terrain following, terrain avoidance, automatic ma-
neuvering, auack, takeoff, landing. eic.

The performance requirements of the AFCS as-
sume that the pilot will not be in the active control
loop. However, during use of the AFCS Control-
let. the pilot provides supervisory inputs to accom-
plish the task at hand, establish a new flight phase,
provide wrack guidance commands for which infor-
mation is not available or is unsuitable for use by
the AFCS. The pilot monitors AFCS operational
performance and usually makes selection of func-
tions needed to accomplish the desired task. Auto-
matic switching for sequential tasks
accomplishment may be included in the AFCS. In
any event, the reference established by these ac-
tions may require adjustment or change as the mis-
sion progresses. STOL and possibly other
aircraft may have unigque requirements for control
(airspeed, heading, attitude, etc) while using pilot
inputs for path control or precision maneuvering
{air refueling, approach, hovering, etc.) where
navigation or guidance commands are not available
for AFCS use.

The AFCS Controller functions should be used lc;
provide that facility.

Blank (a) should be filled by the words “control
stick™ or “conirol wheel™, whichever is appropriate
in the wailoring process. If a separate controller is
provided as an assembled item of the AFCS, that
item should be listed in blank (a).

Blank (b) might be filled by one or more of the
following:

(1) Changing to a new pitch attitude.
(2) Maneuvering with pitch attitude stabi-
lization.

(3) Change pitch auitude reference by
use of the pitch trim control located on the sick
wheel.

{4) Conurolling rate of sink with consiant
seek angle during VTOL/STOL operations.

Blank (¢) might be combined with (b) or filled by
one or more of the following:

{1) Changing 10 & new roll attitude.

(2) Maneuvering with roll auitude stabili-
zation.

(3) Change roll auitude reference by use
of the roll trim control locaied on the sick or
wheel.

Blank (d) might be filled by the following:

(1) Break and reestablish heading refer-
ence lockon through use of roll auiwude conuroller.

(2) Change 10 roll auitude hold mode
through use of roll auitude controller.

Blank (¢) might be combined with blank (d) or
filled by :

(1) Slew heading reference at a rate pro-
porticnal 10 roll attitude controller force/displace-
ment.

(2) Slew heading reference at a constant
rate using the roll trim control located on the stick
or wheel.

(3) Change 10 roll attitude hald mode
through use of roll attitude controller.
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Blank (f) might be filled by:

(1) Change to pitch attitude hold mode
through use of the pitch attitude controller.

(2) Change altitude reference through
use of the pitch trim control located on the stick or
wheel.

Blanks {g) and (h) might be filled by any other
function and response which might be required
such as:

(1) Mach hold.

Mach number reference change by
use of pitch trim control located on the stick or
wheel.

{2) Airspeed hold.

Airspeed reference change by use of
pitch trim control located on the stick or wheel.

(3) Alutwude select.
Altitude reference selected by pilot.
(4) Terrain following

Pilot selectable set clearance and ride
setting.

Blank (i) should be filled by showing the pitch and
bank attitude limits which will be allowed through
the controller. For AFCS which used the generic
vertical displacement type gyro, these limits have
usually been +25 in roll and +50 in pitch; however,
these limits may not be adequate for the planned
system. The pilot shall always have full capability
to maneuver the Air Vehicle within the applicable
force and maneuver limits established by the han-
dling qualities requirements. Reversion to some
other FCS mode may be required to fulfill that re-

quirement.
Blank ()

A damping ratio of 0.3 critical has proven satisfac-
tory as a minimum value in previous AFCSs. This
ratio is the equivalent second order viscous damp-
ing ratio where the critical ratio is defined as unity.
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Some aircraft have had autopilot modes, such as
altitude hold, that could overpower the authority of
automatic angle of attack limiter or stall inhibitor
sysiems to position the pitch control surfaces and
result in unsafe flight conditions, especially at low
speed extremes of the flight envelope. If this in-
compatibility does exist, the crew should be alerted
to the fact that they are entering the regions
through appropriate cockpit display annunciation.

REQUIREMENT LESSONS LEARNED

Specifying performance 1o include sensor error
may lead to deviation requests where sensors are
government furnished and can be shown to not
provide consistent or adequate performance as
needed 10 meet the requirement.

A 1 4

ATD P . o HY o Ry o i
H.1.4

ALY periurmdanie verlicallivn.
performance requirements shall be verified as indi-
cated in the subparagraphs of this section. The
specified damping ratio for nonsuuctural AFCS
controlled response shall be verified by

AT
Al

VERIFICATION RATIONALE (4.1.2)

Each requirement in this section will be individually
verified by a means specified in its verification sub-
paragraph. The means of verifying the specified
damping ratio is léft blank to allow the most feasi-
bie method to be used.

VERIFICATION GUIDANCE

Analysis, simulation, and bench and flight tests are
methods used for verifying AFCS damping ratios.
Unless otherwise specified, AFCS performance re-
quirements apply in smooth air and include sensor
error. Specified damping requirements apply only
to the response characteristics for perturbations an
order of magnitude greater than the allowable re-
sidual oscillation.

VERIFICATION LESSONS LEARNED
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3.1.2.1 Attitude hold (pitch and roll). Auitudes
shall be maintained in smoaoth air with a siatic accu-
racyof __(a) _ degrees in pitch attitude with wings
teveland ___(b)  degree in roll atitude. The rms

stiiiude deviations shall not exceed {cy _ de-

grees in pitch or ___{) __ degrees in roll auitude
and shall provide at least Operational State __fe}
in turbulence st the rms gust intensilies corre-
spondingto ____([) __ probability of exceedance
{wable I). Accuracy requirements shall be achieved
and maintained within ___(g) . seconds of mode
engagement for 8 § degree auitude disturbance.
Attitude hold engage limits shallbe _(h) _ de-
grees in pitch and {i) degrees in rol}

REQUIREMENT RATIONALE (3.1.2.1)

When attitude hold is desired, this requirement es-
tablishes performance criteria based on experience
and state-of-the-ant capability. Establishing pitch
and bank attitude deviation limits in turbulence Is
intended to provide the pilot with a reasonably

stable platform during flight.

REQUIREMENT GUIDANCE

Values previously required were: (a) £0.5. (b)
+1.0, () 5. (d) 10, (e) 11, (0 10-Z, (g) 3.5, (h)
+15, (i) to60.

The accuracy requirement of £ 0.5 degrees for atui-

cda hald mvredas
tude hold modes represents a typical alr wransport

requirement, and state—of-the-an capability. The
accuracy requirement in turbulence applies only up
10 the turbulence amplitude limits specified for the
chosen probability of exceedance. Auitude hold
and other pilot assist functions will normally be
classified as noncritical functions and, as such, the
turbulence requirement stated will normally apply
only in light turbulence. It is important 10 avoid au-
tomatic mode disengagementi in light turbulence.
Noneritical funciions shall provide at least Opera-
tiona! State 11 in turbulence up 1o 102 wrbulence
intensity exceedance probability and shall no: de-
grade flight safety or mission effectiveness below
the level that would exist with the mode inactive.

The S-degree pitch angle and the 10-degree roli
angle limit in turbulence is intended to provide the

plIDl with a rcnsonnuly stable pluuul m duri ul5 Iubln
in the turbulence environment to which the attitude

hold loops will be designed. A system which is easi-
ly saturated in turbulence will have rouble meeting
these requirements and should be avoided.

For high maneuverability, aircraft accuracy re-
quiremenis shall be achieved and maintained with-
in 3 seconds of mode engagement. For light, small
aircraft and those with low to medium maneuver-
ability, a value of 5 seconds is recommended.

For rotary wing air vehicles, the accuracy require-
menis should apply only under conditions of fixed.
collective pitch.

Attitude hold

based on the aircraft mission and performance ca-
pabilities. The values suggested above are general-
ly accepied for large air vehicles.

hould he detarmined

AR AN A T P B AALS

Attitude hold maneuver limits are not included in
this general. requirement due 1o the lack of agree-
ment on maneuver limits. MIL-F-9490C set ma-
neuver limits for the auitude hold function $60
degrees in roll, £ 15 degrees in pitch, and 7 de-
grees yaw angle for control stick sieering applica-
tions. Maneuver limits will normally be established

[ e
for each procurement based on the requirements

of thar procurement.

4.1.2.1 Attitude hold (pitch and roll). Auitude
hold shall be verified by inspection, analyses, and
flight test. Test condition, fixtures ang meihods
are as follows:

would be desirable, a combination of flight testing
inspection, simulation, and analyses is used for ver-
ification because of cconomic consideration.

VERIFICATION GUIDANCE
In the past, it has been suggesied that flight testing
be performed at the comers of the design envelope
and in the center. Analysis then filled in the other
points of the envelope. It may be more meaningful
if the flight testing is also performed in the porton
of the envelope where the aircraft primary mission
is performed. Transpons could be checked at

cruise, aircraft designed for weapon delivery

el Ry LLRgNes A0 WeLpL BRUYLR

checked at low aliitude along its Mach range, etc.
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Piloted simulation iron bird or interpretation of
FCS computer generated strip charts are examples
ol acceptable analysis.

VERIFICATION LESSONS LEARNED

3.1.2.2 Heading hold. In smooth air, heading
shall be maintained within a static accuracy of __
[2) degrees. Deviations shall not exceed __(b}

_ degrees in heading and shall provide at least Op-
erational State ___(¢)  in wurbulence at the rms
gust intensities corresponding to ___(d) __probabili-
ty of exceedance (table 1). When heading hold is
engaged, the aircraft shall roll towards wings level
at a rate not to exceed ___(e} _degrees/sec and a
roll acceleration not 10 exceed (fy degrees/
sec/sec. The reference heading shall be that head-
ing which exists when the mode is engaged within a

wlerance of ____{p) _ degrees.

REQUIREMENT RATIONALE (3.1.2.2)

When heading hold is desired, this requirement es-
tablishes performance criteria based on experience
and state-of-the-arn capability. Establishing head-
ing hold limits in turbulence is intended o provide
the pilot with a reasonable navigation accuracy dur-
ing ftight.

REQUIREMENT GUIDANCE

Values previously required: (a} +0.5, (b) 5.0, (c)
11, {d) 10-2.

The heading hold static accuracy requirement of
0.5 degree reflects the current state-of-the-art.
Typical air transport heading hold requirements,
which may be considered in pertinent applications
are as follows: when selection of this mode is made
while the aircraft is turning, the airplane should re-
turn to wings level at a roll rate not to exceed 6.0
deg/sec, a roll acceleration not to exceed 3.0 dep/
secZ, and should hold the heading that exisis at the
time the airplane is within approximately 3 degrees
of wings leve]. Desirable rates and acceleration vary
with air vehicle mission and should be determined
in design.

For rotary wing air vehicles, the values used for
blank {(a) should be:

1.0 for airspeeds less than 50 knots, and
0.5 for airspeeds greater than 50 knots,

with all other values remaining near those previous-
ly used in MIL-F-%4%90 and in typical air wrans-
ports.

Selection of the reference heading depends on the
dual criteria having been satisfied, e.g., (a) heading
hold is selected, (b) the roll attitude is approxi-
mately wings level. These criteria ensure that the
aircraft will not be forced to make an appreciable
turn in the opposite direction in order to capture a
heading thait existed while the aircraft was in a turn
and heading hold was engaged. It is important io
avoid automatic mode disengagement in light tur-
bulence. Heading hold is normally classified as a
noncritical function which shall provide at least Op-
erational State II capability in atmospheric distur-
bance designated for 10-2 turbulence exceedance
probability and shall not degrade flight safety or
mission effectiveness below the level that would ex-
ist with the mode inactive.

REQUIREMENT LESSONS LEARNED

A 5-degree rms deviation requirement for opera-
tion in light wurbulence is desirable. This prevents
design of an easily saturable mode while not re-
stricting the functional design of the overall AFCS.

4.1.2.2 Heading hold. Heading hold perform-
ance parameters shall be verified by a combination
of fiight tesis and . Flight testing shall
be performed .

VERIFICATION RATIONALE (4.1.2.2)

Although a flight test of all design points would be
desirable, a combination of flight testing and analy-
ses is used for verification because of economic
considerations.

VERIFICATION GUIDANCE

In the past it has been supgested that flight testing
be performed in the center and a1 the corners of
the design envelope. Analysis then filled in the
other points of the envelope. It may be more
meaningful if the flight westing is performed in the
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portion of the envelope where the aircraft primary
mission is performed. Transpons could be
checked at cruise, aircraft designed for weapon de-
livery checked at low altitude along its Mach range,
etc.

Piloted simulation or interpretation of FCS com-
puter generated strip charts are examples of ac-
cepable analysis.

If flight test is the only verification required, delete
*and ." from the first sentence of 4.1.2.2,
snd do not include information on analysis.

VERIFICATION LESSONS LEARNED

3.1.2.3 Heading select. The aircraft shall auto-
matically wurn through the smallest angle to any
heading selected or preselected by the pilot and
maintain that heading. In smooth air, heading
shall be maintained within a swatic accuracy of __
{a) _degrees. Deviations shall not exceed __(b}
_degrees in heading and shall provide at least Op-
erational Swate ___ (g} __ in turbulence at the rms
gust intensities corresponding to __{d} _ probabili-
ty of exceedance (iable 1). The contractor shall
determine a bank angle limit which provides a satis-
factory turn rate and precludes impending stall.
The heading selector shall have 360 degrees con-
wol. The aircraft shall not overshoot the selected
heading by more than __ (g} _ degrees, or __({J
degrees in landing configuration. Entry into and
exit from the turn shall be smooth and rapid. The
rol} rate shall not exceed __(g) ___ deg/sec and roil
acceleration shall not exceed ___(h)  dep/sec2.

REQUIREMENT RATIONALE (3.1.2.3)

The roll rate and acceleration upper limits are spe-
cified to preclude an overly rapid response. The
requirement for smooth and rapid roll-in and roll-
out of the turn is s1ated to ensure that the response
is not unduly sluggish.

REQUIREMENT GUIDANCE

Values previously required: (a) +0.5. (b) 5.0, (c)
11, (d) 10, (e) 1.5, (f) 2.5. (g) 10720, and (h) 5/10.

61

The imposition of limits on roll rate and roll accel-
eration when maneuvering to the new heading esia-
blishes an upper limit for the rates and
accelerations but does not address an acceptable
minimum. The requirement for smooth and rapid
response assures that minimum rates, as well as
maximum rates, will be acceptable. The lower sug-
gested vafues for roll rate and roll acceleration are
for light aircraft and low 10 medium maneuverabili-
ty air vehicles. Higher values are suggested for high
maneuverability aircraft.

Care must be taken to make sure the overshoot and
rate/acceleration requirements are compatible.

REQUIREMENT LESSONS LEARNED

4.1,2.3 Heading select. Heading select perform-
ance parameters (heading accuracy, overshoot,
roll rate and acceleration, bank angle limits, and
smallest angle 10 select heading) shall be verified by
flight test and . Flight testing shall be
performed .

VERIFICATION RATIONALE (4.1.2.3)

Although a flight test of all design points would be
desirable, a combination of flight testing and analy-
ses is used for verification because of economic
considerations.

VERIFICATION GUIDANCE

In the past it has been suggested that flight testing
be performed with delta heading of 30 degrees, 90
degrees, 150 degrees, and 190 degrees at each of
four represenwative in flight conditions and two
landing conditions. Analysis then filled in the oth-
er points of the envelope. The flight testing should
be performed in the portion of the envelope where
the aircraft primary mission is performed.

Piloied simulation or interpretation of FCS com-
puter generated time histories are examples of ac-
ceptlable analysis.

If the option of using analysis is not desired, then
delete “and R
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VERIFICATION LESSONS LEARNED

3.1.2.4 Lateral acceleration and sideslip limits.
Except when side force control or directed sideslip
is deliberately induced, the performance specified
in table II shall be provided whenever any lateral-
directional AFCS function is engaged. Lateral ac-
celeration refers to apparent (measured, sensed)
body axis acceleration at the aircraft center of grav-
ity, unless otherwise noted.

REQUIREMENT RATIONALE (3.1.2.4)

This requirement is necessary to maintain accept-

ahla flicht nath control, nnnd nmng qnnluna: and in
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certain applications, to restrict lateral acceleration
limits to an acceptable level because of structural
limits. The lateral acceleration limits, rolling, are
specified to maintain acceptable crew or passenger
comfort.

REQUIREMENT GUIDANCE

The mission of the air vehicle will determine the
laterai acceleration limits. Transport aircraft may

have limits based on passenger comfort. Effects of
angle of attack and c.g. position should be eva-
luated.

AFCS performance requirements include “not to
exceed” parameters associated with atcurate con-
trol of the flight path and are specified at the c.g.
These values should not conflict with flying quali-
ties limits which are generally specified at the crew
station and are designated for crew comfort and/or
fatigue reasons.

The requirement has been changed from absolute
to incremental values of sideslip angle and lateral
acceleration to account for steady-siate trimmed
sideslip angles which are required 1o support the
vehicle and the store asymmetries.

Vehicle asymmetries, especially those caused by
asymmetric stores, will require a steady-state side-
slip angle to balance the unsymmetrical aerody-
namic forces. Non-zero bank angles may also be
required 1o support steady-state trim. Under these
conditions it is necessary to replace the absolute
sideslip angle restriction with incremental sideslip
from unaccelerated flight reference sideslip values.

Values previously required are listed in table ViI:

TABLE VII. AFCS lateral acceleration and sideslip limit values.

Flight Condition Incremental Lateral
Sideslip Acceleration
Coordination in Steady 2 0.03 g
Banked Turns
Lateral Accelerations ]
Rolling at .
309/sec +0.1¢g
90%sec +0.2¢
over 90%sec +05¢g
Coordination in 'Sleady 1 +002¢g
“Straight Level™ Flight

62
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REQUIREMENT LESSONS LEARNED

An aircraft’'s roll rate capability will vary within the
aircrafi's flight envelope and, as roll rate capability
varies, 50 will the required lateral acceleration lim-
its. For example, if an aircraft with a 90 deg/sec
maximum roll rate capability can cnly roll a1 30
deg/sec in some panion of the envelope. then at
that condition the tolerance should be +0.1 g, not
+0.5 g

4.1.2.4 Lateral accelerstion limits and sideslip
limits. Lateral acceleration shall be verified by
flight tests and . Flight testing of
fateral acceleration limits shall be performed

VERIFICATION RATIONALE (4.1.2.4)

Lateral acceleration limits are imposed because of
safety and invulnerability to failure requirements.
A combination of flight testing and analyses is used
for verification because of economic consider-
ations.

VERIFICATION GUIDANCE

In the past, it has been suggested that {light testing
be performed at the corners of the envelope and in
the center. Analyses then filled in the other points
of the envelope. It may be more meaningful if the
flight testing is performed in the portion of the en-
velope where the aircrafi’s ission is performed.
Transporis could be checked at cruise, aircraft de-
signed for weapon delivery checked at low altitude
along its Mach range, etc.

Lateral acceleration is usually verified in Night test
at zero, §0 deg/sec, and maximum roll rates in
smooth air. In the past it was recommended that
these maneuvers be performed at the corners of
ithe design envelope and in the cenier.

In the past it has been required that lateral acceler-
ation, rudder pedal, and stick force would be veri-
fied in flight west at +45 degrees of bank in
coordination tums performed in smooth air in at
least four camners and center of the flight envelope.

Simulator work or interpretation of FCS computer
mode! generated time histories are examples of ac-

ceptable analyses.

If analysis is not desired for verification, delete
“and e

VERIFICATION LESSONS LEARNED

3.1.2.5 Altitude hold. Engagement of the ahi-
tude hold function at rates of climb or descent less
than ___{a) _ fpm shall select the existing indicated
aliitude and control the aircraft to this altitude as
relerence. The resuliing normal acceleration shall
not exceed ___(b) __ g incremental. For engage-
ment at rates of climb or descent above __{a)
fpm, resulting normal acceleration shall not exceed
—{c) g incremenal maneuvers. Within the
pircraft thrust-drag and performance capability
and ot steady bank angles, the mode shall provide
control accuracies specified in table 111. These ac-
curacy requirements apply {or an airspeed range _
{d} . For other airspeeds the accuracy require-
ments shall be ___{e)} . Following engagement or
periurbation of this mode at 2000 fpm or less, the
specified accuracy shall be achieved within __{[}__
seconds. Any periodic residual oscillation within
these limits shall have a peried of at least ___{g}
seconds.

REQUIREMENT RATIONALE (3.1.2.5)

The intent of the altitude hald requirements is w0
define the normal periormance expected for ac-
ceptable flight path control, flying qualities and, in
some cases, crew/passenger comforn.

REQUIREMENT GUIDANCE

The values previously used for airplanes are: (2)
2000, (b) 0.2/.5. (d) up 1o MACH 1.0, (¢) double
the wble VIII values above MACH 2.0, (f) 30. and

{g) 20.

The value for blank (c) is » compromise between
minimum allowable avershoot and maximum desir-
able g excursion and should be determined by anal-
yses and simulation. |
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TABLE VIII. Control accuracy for altitude hold AFCS function in airplanes.

55,000 +0.1% a1 55,000
to varying linearly
80,000 to +0.2% at 80,000 160 ft. 190 fi.
or or
Altitude 30,000 +0.1%
in 10 +0.3% +0.4%
feet 55,000
whichever whichever
is larger is larger
0 +30 fi
to
30,000
0-1 1-30 30 - 60
Bank angle in degrees

Alitude hold requirements include acceleration
amplitude limits. For reference, commercial trans-
ports normally limit normal acceleration for ali-
tude hold engagement of 0.15 g incremental.
Residual oscillations are permitted within the am-
plitude limits specified herein. Response require-
ments are specified similar to those used in a recent
commercial transport AFCS development and in a
recent USAF fighter AFCS development.

Altitude hold is usually engaged in some condition
other than steady state flight; for example, when
climbing to a predetermined cruise altitude or de-
scending to a holding altitude, either straight ahead
wings level or in a turn. In a passenger carrying air
vehicle engage/disengage transients should not
cause undue concern to the passengers or require
that seat belts be fastened during autopilot opera-
tions. In a non-passenger-carrying air vehicle
where the pilot(s) are required to be restrained by
seat belts at all times while airborne, a larger tran-
sient normal acceleration may be acceptable.

In addition to the altitude hold accuracies specified
for steady bank angles, performance in maneuver-
ing flight should also be considered by the designer.
.Also, the designer should not overlook the need to

Py, | ~lala [P IR . J—

control alitude excursions during airspeed

changes. Altitude hold deviations during normal
configuration changes should also be considered.

REQUIREMENT LESSONS LEARNED

Provisions should normally be included 10 disen-
gage altitude hold at a given anple of attack. Expe-
rience has shown that an air vehicle can get in a
situation where more thrust is required than is
available at the chosen power setting. In this case

the altitudse hald faature will continue tn increace

intisnas AR SfALAAS W VY ELE wensainEal L L=l R el il O

angle of attack until s1all. Under cerain conditions
the stall may be unrecoverable.

Disengagement of akitude hold by momentary
application of stick or yoke force with regression to
a lower mode, e.g., attitude hold, should be
avoided to preclude the possibility of an accidental
disengagement and a subsequent undetected loss of
altitude. Such an incident for a commercial air-
craft, while the crew was preoccupied, resulted in a
loss of aircraft. Disengagement of altitude hold
should be effected only by deliberate pilot action.

Altitude hold and airspeed hold tolerances in-
crease with airspeed. Experience has shown that
tolerances may need to be relaxed for flight near
Mach 3.0. Otherwise, the tight loops needed to
hold Mach may result in large alitude variations

and degraded ride quaiiiies.

@
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4.1.2.5 Altitude hold. Resulting normal accelera-
tion, securacy, and time to achieve accuracy shall
be verified in smooth air by flight test and
. Flight testing shall be performed .
Ability to engage or not engage shall be verified by
attempting to engage during a climb or descen of _

e fpm at all fight test points.
VERIFICATION RATIONALE (4.1.2.5)

Although a flight test of all design points would be
desirable, a combination of flight testing and analy-
sis is used for verification because of ¢conomic
considerations.

VERIFICATION GUIDANCE

In the past it has been suggesied that flight testing
be performed at the corners of the design envelope
and in the center. Analysis then filled in the other
points of the envelope. Itis more meaningful if the
flight testing is also performed in the portion of the
envelope where the aircraft primary mission is per-
{ormed.

Piloted simulation or interpretation of FCS com-
puter generated time histories are examples of ac¢-
ceptable analyses.

If analysis is not desired for verification, then de-
[ete “and "

VERIFICATION LESSONS LEARNED

3.1.2.6 Altitude select. Engagement of the alu-
tude select function at rates of climb or descent less
than ____{a}  fpm shall result in the aircraft
automatically climbing or descending to any ali-
tude preselected by the pilot or within an automatic
navigation or guidance program..The resulting nor-
mal acceleration shall not exceed __ (b)Y g
incremental, and the resuling climb or descent
shall not exceed __{a} _ fpm. For engagement at
rates of climb ar descent above (a) fpm,
resulting normal acceleration shall not exceed __
{c) __ gincremental maneuvers. Within the air-
craft thrust-drag and performance envelope, and

65

at steady bank angles, the mode shall provide con-
trol accuracies specified in table 111. These accura-
¢y requirements apply for an airspeed range __(d)
—. For other airspeeds, the accuracy requirements
shall be __{e) . Following engagement of this
mode, the specified accuracy shall be achieved
within ____{[) _ seconds after initial crossing of
selected altitude. Any periodic oscillation within

these limits shail have a period of at least __{g} _ -

seconds.
REQUIREMENT RATIONALE (3.1.2.6)

This requirement is similar 10 3.1.2.5, Ahitude
hold, except that it allows for the anainment of an
alitude preselecied by the pilot, or aumomatically
selected by a guidance or navigation program.

REQUIREMENT GUIDANCE

The values used by this requirement are identical to
those given in the guidance for 3.1.2.5, Aliwude
hold. Refertothat section for additional guidance.
Requirements for akitude attainment and capture
are based on reasonable g and climb and descent
rates. An additional restriction may be necessary
o limit aircraft pitch attitude during approach to
selecied altitude.

REQUIREMENT LESSONS LEARNED

4.1.2.6 Altitude select. Resulting normal acceler-
ation, accuracy, and time to achieve accuracy shall
be verified in smooth air by flight iestand _(a) .
Flight testing shall be performed ___(h) . Ability
to engage or not engage shall be verified by at-
tempting to engage during a climb descent of _{c)
— [pm at all Night test points. Ability to maintain
sustained load factor or climb or descent rate shall
be verified by engaging ___{d} _ feet above and
below selected ahiwude.
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VERIFICATION RATIONALE (4.1.2.6)

Consul the rationale provided for 3.2.1.5, Alu-
tude hold, for blanks (a), (b), and (c¢). Bilank (d)
provides ior the verification of the approach to and
capture of the selected altitude.

VERIFICATION GUIDANCE

Verification of 4.1.2.5 provides guidance for this
requirement with the exceptionof __{d} . The
value of (d) should be selected with the
maximum spread between engagement altitude and
selected altitude to assure that load factor or rate of
climb or descent is not exceeded. '

. VERIFICATION LESSONS LEARNED

3.1.2.7 Automatic hovering. Position shall be
maintained relative to the point of reference to an
accuracy of ___(a) _ feet. This accuracy require-
ment applies during gust intensities of (b)

feet/sec, and wind, or point of reference, velocities

upto__.(c) _ knots.
REQUIREMENT RATIONALE (3.1.2.7)

This requirement provides the means to satisfy, in
air vehicles capable of hovering, the need to con-
trol, with respect to a reference point external to
the air vehicle, both position and velocity along the
longitudinal, lateral, and vertical axes. The gust
intensities, and wind and reference point velocity
requirements allow the operational capability 10 be
tailored for the environmental conditions and sen-

sor systemns performance which will be found dur- .

ing field operations.
REQUIREMENT GUIDANCE

Previously used values: (a) +4to 10, (b) 5, and (c)
45,

Accuracy requirements should be based on the
mission specified for the air vehicle and the capa-
bility which it is feasible to provide during the hover
mode of operation. Values in the range of +4 to
+10 feet may be used for longitudinal, lateral, and

-

vertical positional accuracy. These accuracies
should be maintained in gust intensities up to 5 feet
per second rms and wind or reference point veloci-
ties up to 45 knots.

REQUIREMENT LESSONS LEARNED

4.1.2.7 Automatic hovering. Automatic hover-
ing requirements shall be verified by

VERIFICATION RATIONALE (4.1.2.7)

Automatic hovering requirements should provide
the capability needed in the air vehicle to accom-
plish a part of the specified mission. The processes
used during verification document the extent to
which the required capability has been provided
and form the basis for planning operational usage

nf tha air vahinla
Ul it gii v¥ernlicie.

VERIFICATION GUIDANCE

Automatic hover requirements may be verified by
simulation and flight tesis. The most feasible meth-
od or combination of methods should be used.

The most feasible method of verification is to use
simulation to cover the entire range of required op-
eration, then choose points to be covered by a lim-
ited flight test, then use the flight test data to refine
the simulation, and then complete the verification.

VERIFICATION LESSONS LEARNED

3.1.2.8 Mach hold. The Mach number existing at
the engagement of Mach hold shall be the refer-
ence. After engagement and stabilization on Mach
hold, the AFCS shall maintain indicated Mach
number and the error shall not exceed (a}

Machor ___(b)  percent of indicated Mach,
whichever is larger, with respect to the reference.
Any periodic oscillation within these limits shall
have a period of atleast _{¢) _seconds. A mode
response or maximum time to capture reference

)
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suitable for the mission phase shallbe ___(d)
seconds. Adjustment capability of at least __{e)
Mach shall be available to allow the pilot to vary
the reference Mach number around the engaged
Mach number.

REQUIREMENT RATIONALE (3.1.2.8)

The Mach hold mode provides the Mach hold ca-
pability in cruise flight where opumum range or
time will result, or in climb out where the best rate
or angle of climb Mach will be maintained.

REQUIREMENT GUIDANCE

Values previously required: (a) £0.01, (b) £2.0,
(¢) 20, (d) 20, and (e) 10.01.

The requirement is applicable 10 8 Mach hold
mode using either the autopilol pitch axis or an au-
tomatic throttle system. This makes possible two-
degrees—of-freedom control simuhaneously
selecting two contrcl modes, e.g.. dliiude control
through pitch and Mach through autothrottle. This
enables Mach hold to be engaged during maneu-
vering flight where the system is unable to contro)
Mach within the requirements, or under conditions

where the system is able 1o control Mach but at the

expense of altitude. For example, lor a sysiem
which controls Mach by pitch, if a Mach upset re-
quires a descent in order to maintain Mach, an
ever increasing rate of descent will occur as the air-
craft descends to lower ahitude. The pilot is re-
sponsible for maintaining safe flight under these or
similar conditions.

3.1.2 for tran.

Minimum damping is snecified in

AVEEFrAiaaumiEs WmAsssiprasd g

sient response l‘ollowmg a disturbance; however,
there is no damping requirement for small oscilla-
tions within the performance tolerance bands. Es-
tablish a maximum time for recapture of the
cormmanded Mach following a disturbance which is
suitable for the mission phase. This value will be
based on the control characteristics of the individu-
al aircraft being developed and should be included

in the FCS specificaton.

REQUIREMENT LESSONS LEARNED

Mach hold tolerance increases with airspeed. Lim-

ited cxpenem:l: has shown tolerances need 0 be
relaxed for flight near Mach 3.0. Otherwise, the

tight loops needed to hold Mach may result in large
altitude varintions and degraded ride qualities.

1t is very difficult to engage the mode at the contro}
airspeed required in adverse weather. ARINC
Characterisiic No. 558 (Air Transport Automatic
Throttle System) indicates a full range of adjust-
ment for their system.

This requirement is applicable to a Mach hold
mode using either the autopilot pitch axis or an au-
tomatic thronle system. The RFP and the FCS
specification should define which is to be used.
Experience on installing automatic throtue systems
has shown that some adjustment capability must be

made available for the pilot.

4.1.2.8 Mach hold. The Mach hold requirements
shall be met during maneuvering flight incidem to
cruise and in steady flight including climb and de-

" scent. Verification shall be made by flight test and

67

. Flight testing shaii be periormed

VERIFICATION RATIONALE (4.1.2.8)

A combination of flight test and analysis is used 10
verify Mach held [or econamic reasons.

VERIFICATION GUIDANCE

It is recommended that flight tests be performed at
the exiremes of the design envelope and in the cen-
ter. It may be more meaningful if the flight testing
were concentrated in the position of the envelope
where the aircraft primary mission is performed.

Piloted simuiation and interpretation of FCS com-
puter generated sirip chants are examples of ac-
cepiable analyses.

If analysis is no
lete “and

VERIFICATION LESSONS LEARNED
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3.1.2.9 Airspeed hold. The airspeed existing at
the engagement of airspeed hold shall be the refer-
ence. Indicated airspeed shall be maintained with-
in (a) knots or (bl percent of the
reference speed, whichever is greater, upto _(c)

degrees bank angle. Any periodic oscillation with-
in these limits shall have a period of at least __(d)

seconds. The mode response or maximum time to

canturse rnfnrnru-n cshall ha fa)
apid

carnnde in tha
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most demanding mission phase. Adjustment capa-
bility of at least __(f) __ knots shall be available 10
allow the pilot to vary the reference around the en-
gaged airspeed.

REQUIREMENT RATIONALE (3.1.2.9)

Airspeed hold mode provides the capability to
maintain aifspeed in cruise ﬂiglll. where Upl.uuuxu

range or time will result.

REQUIREMENT GUIDANCE
Values previously required: (3) 5. (b) 2. (¢)
160, (d) £20, and (f) £10.

The value inserted in blank (e) should reflect the
fnaximum time (o capture reference based on the

most demanding mission requirement.

Airspeed hold requirements are specified which
are similar to those used in commercial applica-
tions. Minimum damping follows the general re-
quirements in this specification for the transient
response following a disturbance; however, there is
no damping requirement for small oscillations with-

ol mms tmlamm e aa
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This requirement is applicable to an airspeed hold
mode using either the autopilot pitch axis or an au-
tomatic throttle system. The RFP and the FCS
specification should define which is to be used.

REQUIREMENT LESSONS LEARNED

Airspeed hold tolerance increases with airspeed.
Experience has shown tolerances may need 10 be
relaxed for flight near Mach 3.0. Otherwise, the
tight loops needed to hold airspeed may result in
large altitude variations and degraded ride quali-
ties.

Experience in installing automatic throtde systems
has shown that some adjustment capability must be
made available for the pilot. It is very difficult to
engage the mode at the control airspeed required
in adverse weather.

4.1.2.9 Airspeed hold. Time to stabilization and
accuracy of airspeed hold shall be verified by a
combination of flight test and . Operation
during landing approach shall also be verified.

_Flight testing shall be performed

VERIFICATION RATIONALE (4.1.2.9)

Although an extensive flight test would be desir-
able, a combination of flight test and analyses is
used to verify airspeed hold for economic reasons.

VERIFICATION GUIDANCE

In the past it was recommended that flight tests be
performed at the corners of the design envelope
and in the center. It is more meaningful if the flight
testing were concentrated in the portion of the en-
velope where the aircraft primary mission is per-
formed.

Piloted simulation and interpretation of FCS com-
puter generated time histories are examples of ac-
ceptable analyses.

If analysis is not desired for verification, delete
and "

VERIFICATION LESSONS LEARNED

3.1.2.10 Automatic navigation and guidance.
The AFCS shall provide automatic control to inter-
cept and maintain the track defined by the follow-
ing equipment/subsystems:

Maneuvers commanded by the AFCS"during any
phase of such operation shall not place the air ve-
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hicle in hazardous attitudes or result in flight limita-
tions being exceeded. Switching and sequencing,
and air vehicle body axis rates and accelerations
shall result in smooth, nonoscillatory air vehicle
cantrol and rapid reduction of error. There shall
be no residual oscillations greater than those al-
lowed in the Qlying qualities requirements for this
air vehicle. Requirements for specific equipment/
subsystems are as follows:

REQUIREMENT RATIONALE (3.1.2.10)

Dynamic progress in the avionics field and changes
now occurring in the available navigation and guid-
ance equipment and systems, together with the in-
creasing use of digiial compuiationsl capability,
provide great and varying choices in the use of the
AFCS 10 provide high qualily automatic navigation
and guidance during various phases of flight for pi-
lot relief and mission accomplishment. The dy-
namic progress made in AFCS mechanization and
performance allows great latitude in maneuvering
the air vehicle while maintaining a high level of pi-
lot confidence and flight safety.

REQUIREMENT GUIDANCE

The avionics suite which is installed in the air ve-
hicle drives displays {or the operating crew and ¢an
provide commands to the AFCS which may be
used 1o implement automatic navigation and guid-
ance. Some of the choices which may be available
are listed below:

- VOR

- TACAN

- 1L§

- MLS

- Ground Pasitioning
- Surlace Following
- Obstacle Avoidance
- Weapon Delivery

- Fire Control

Detailed requirements have been developed for
VOR, TACAN, and ILS. These performance re-

quirements established for VOR/TACAN opera-
tion were based on the aviauon industry practices
of the early 19705 and are now considered inter-
national standards, thus much of the detai! may be
superfluous. However, for MLS, ground position-
ing and other navigation and guidance sysiems
which may be used in the near future, there is as
yet no detailed generalized requiremenis. In lieu of
detailed generalized requirements, it is suggested
that accuracy in terms of percentage of sieady siate
path error be required until the detail procurement
specification is developed.

The following detailed requirements were pub-
lished in AFFDL-TR-74-116

8. VOR/TACAN. When preconditions for ra-
dia) capiure are satisfied. the AFCS shall cause the
aircraft 1o maneuver 10 acquire the radial beam
center. Maximum roll rate and attitude commands
shall be limited 1o provide a smooth capure and
subsequent tracking of the radial. The following
performance requirements for a VOR are siated in
terms of crosstrack error (feet) and radial error
{expressed in microamps; 1 degree = 15 micro-
amps) 1o provide for systems using either ARINC
547 or 579 VOR receivers. For ARINC 547 receiv-
ers only the radial error applies. Crosstrack error
applied to the ARINC 579 receiver operating in the
primary mode (collocated VOR/DME). and radial
error applies in the reversionary mode (DME inop-
erative or not available).

b. VOR capture and tracking. QOvershoot shall
not exceed §5,800 ft (20 microamps) beyond the
desired VOR radial beam center in 3 no~wind con-
dition for captures $0 nautical miles or more from
the station with intercept angles up to 45 degrees.
Following capiure at 50 nautical miles or mare, the
aircraft shall remain within a root-mean-square
(rms) average of 5,800 fee1r (20 microamps) from
the VOR radial beam center. Average tracking er-
ror shall be measured over a S-minute period be-
tween 50 and 10 nautical miles from the station or
averaged over the nominal aircrafy flight time be-
tween the same distance limits, whichever time is
shorter.

¢. TACAN capwre and tracking. Overshoot
shall not exceed 6,300 fi beyond the desired
ground track line in a no-wind condition for cap-
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ture 120 miles or more from the station with inter-
cept angles up to 30 degrees. The required 0.3
damping ratio shall be exhibited for c¢ontinuous
tracking between 120 miles and 20 miles from sta-
tion,

d. Overstation. The VOR/TACAN mode shall
intlude automatic means for maintaining the air-
" craft within +1 degree of aircraft heading or ground
track existing at the inbound edge of the VOR
Z0C. During overflight of the ZOC, adjustment of
the present course heading or its equivalent shall
cause the roll AFCS to maneuver the aircraft to
capture the appropriate outbound radial upon ex-
isting from the ZOC. The VOR/TACAN capture
maneuvering limits may be reinstated during over-
station operation in a no-wind condition.

e. Automatic instrument low approach system.
The approach mode of the AFCS shall respond 1o
localizer signals for lateral guidance and glide slope
signals for vertical guidance. The system shall be
designed to automatically steer the aircraft w a
minimum decision height of 100 fi during ICAO
Category II weather minimums. The sysiem shall
provide timely warning to permit the pilot to com-
plete the landing if runway visual contact is estab-
lished or to safely execute a go-around following
any single failure combination of failures not shown
to be extremely remote. The sysiem shall comply
with the tracking requiremenis for probable combi-
nations of headwinds to 25 knots, tailwinds to 10
knots, and crosswinds 1o 15 knots, with the proba-
bility of occurrence of such winds as shown in table
L

(1) Localizer mode. The AFCS shall
cause the aircraft to maneuver to acquire the local-
izer beam. Heading or roll rate and/or attitude
commands shall be limited to provide a smooth
capture and subsequent tracking of lhe localizer
beam. Overshoot shall not exceed 0.5 (.3: mi-
croamps) radial error from localizer beam center
for captures with initial intercept angles of 45 de-
grees at 8 miles from runway threshold and increas-
ing linearly to 60 degrees at 18 miles from runway
threshold in a8 no wind condition. During localizer
capture the systermn shall exhibit a damping ratio of
at least 0.1 within the noted capture ranges, includ-
ing the effects of system nonlinearities. The system

mhall e cmem el aea A e L a1 P, T . |
ailall ue LUIBIUCTUD 0o tracxlng wnenever tne 1o1-
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- 40,000 feet from the localizer transmitter.

lowing conditions are satisfied; localizer beam error
is 1 degree (75 microamps) or less, localizer beam
rate is 0.025 degrees/second (2 microamps 1 sec-
ond) or less, and roll attitude is 5 degrees or less.

nnnpa beam n—nrlqnn the svcteam shall exhihit 2

Duri tracking the system shall exhibit a
damping ratio of 0.2 or greater at a distance of
The
AFCS shall maintain the aircraft 2-sigma position
within 0.33 degree (25 microamps) of localizer
beam center whenever the aircraft is between (1)
40,000 feei horizomal distance from the localizer
transmitter, and (2) the point where 100 feet above

the ground is reached; these criteria shall be based
an a Category 11 localizer nrnnpd installation and

el 4] =2 AN Adelaaiiianss

10,000 foot runway is defined by 1ICAO Annex 10.

(2) Glide slope mode. The pitch AFCS
shall cause the aircraft to maneuver to acquire the
glide slope beam. Neither the position of the air-
craft above or below the glide slope nor vertical
speed of the aircraft at time of mode selection shall
be incorporated as a precondition for mode en-
gagement. When preconditions are satisfied, over-
shoot shall not exceed 0.16 degree (35 microamps)
of radial error from glide slope beam center when
capturing from below the beam in level flight at an
altitude greater than 800 ft above the glide slope
transmitier datum altitude in a no-wind condition.
The sysiem shall exhibit a damping ratio of 0.085
or greater subsequent to the first overshoot for the
conditions defined. On a Category I1 ILS ground
facility (including 10,000 foot runway) as defined
in ICAO Annex 10, the pitch AFCS shall maintain
the aircrafi glide slope antenna 2-sigma opposition
within 0.16 degree {35 microamps) of beam center
or within 12 fi of beam center, whichever is great-
er, between the altitudes of 700 feet and 100 ft
above the glide slope transmitier datum,

(3) Go-around mode. The automatic go—
around mode shall be manually engaged only. The
AFCS shall be designed such that no single failure
or combination of failures not extremely remote
will cause the aircraft to maneuver to increase the
rate of descent upon engaging the go—around
mode. If the go-around mode is designed for con-
current operation with other automatic control sys-
tems, a single switch location or pilot action shall
engage all systems into the appropriate mode for
go-around. Should one or any combination of

concurrenily operating automatic control systems
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be inoperative at the time of AFCS go-around
mode engagement, the AFCS shall comply with the
performance requirements based on normal go-
around procedures including manual management
of thrust, flaps, and ianding gear.

(4) Piich AFCS go-around. The piich
AFCS shall cause the aircraft to smoothly rotate
sufficienily to establish a positive rate of ¢limb such
that the aireraft will not intersect the obstacle clear-
ance planes defined in FAA Advisory Circular
120~29 more often than 1 in 106 evens for the
wind conditions defined under Automatic Instru-
meni Low-Approach Sysiem, and including high
altitude, hot day conditions as defined by the pro-
curing activity. In the event of inadvertent loss of
an engine just prior 10 or during automatic go-
around, the system shall not cause the aircraft 1o
approach siall within 30 seconds of mode engage-
ment, based on design approach speed. If operat-
ing procedures require the mode 10 be disengaged
upon inadvertent loss of an engine, a timely warn-
ing shaii be provided for ihe pilot 10 initiate the dis-
engage procedure. Disengagement under this
condition shall be accomplished manually.

{5) Lateral-heading AFCS go-around
performance standards. The lateral-heading
AFCS shall maintain the aircraft 4-sigma position
within the lateral boundaries of the obstacle clear-
ance planes during wind conditions as specified

above. This capability shall be maintained in the

event of the most critical engine failure just prior to
or during automatic go-around. If normal proce-
dure is to disengage the go-around mode after in-
advertent loss of one engine, under ithe wind
canditions cited a2 pilot of normal skill shall be able
to recover airplane heading such that intersection
with the obsiacle clearance planes will occur no
more than 1 in 106 events during recovery,

(6) Minimum go-around altitude. A
minimum ahilude for engaging automatic go
around shall be established such that the probabili-
ty of incurring structural damage to the landing
gear, wing tips. or control surface is extremely re-
mote. The minimum altitude shall inelude normal
performance under the wind conditions specified
above and the probability of inadvertent loss of an

engine at any time within 12 seconds preceding

mode engagement.

n

{. All weather landing system. The following
all weather landing system requirements pertain 1o
the latter stages of the approach: i.e., that portion
of the approach below the decision hCight or the

alen ne:gm ﬂll WCBU‘SI:I’ lanumg SYSIBm anau -
ply with the following landing accuracies:

(1) Longitudinal dispersion of the main
landing gear touchdown point shall not exceed .
1500 feet with a 2-sigma probability, with a mean
touchdown point beyond the glideslope intersec-
tion with the runway. The 1500 fi dispersion need
not be symmetrically located above the nominal
touchdown point. The pircraft sink rate at touch-
down shall not exceed the structural limit of the
landing gear except as an extremely remote occur-
rence.

(2) The latera) dispersion of the aircraft
centerline at the main tanding gear at touchdown
shall not exceed 27 feet on either side of the run-
way centerline with a 2~sigma probability. The roll
out guidance system (normally used during ICAO
Category 1ilb or Illc visibility conditions) shali
cause the aircralt 1o track parallel Lo or convergem
with the centerline of the runway.

(3) The sysiems shall meet these require-
ments considering reasonable combinations of
head winds to 25 knots, tail winds to 10 knois, and
crosswinds to 15 knots, according to the probabi{ity

ol encountering these winds and their associated
wrhulence, along with expected variations in air-

Rl -2 hi oy 10 Sernpr St 22 LI

craft configurations and expecited variations in
ground facility performance.

(a) Al weather landing performance
standards--variations af aircraft and airborne
equipment configurations. All weather landing
performance requirements shall be met while in-
cluding the effects on performance of the {ollowing
aircraft and airborne equipment variations ex-
pected to occur in normal service.

- Landing weight and center of
gravity variations.

- Landing flap setting variations.

- Aircraft approach speed varia-
tions.

- Glide siope and localizer air-
borne receiver centering errors.
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~ AFCS all weather landing system
sensor, computer and servoactuator tolerances.

- Performance tolerances of auto-
matic control systems operating concurrently with
the AFCS all weather landing system; e.g., stability
augmentation systems, load alleviation systems.

{(b) Performance standards--ground
based equipment variations. Proof of compliance
with performance requirements for all weather
landing systems shall include the effects of ex-
pected variation in type and quality of the ground
based equipment. ILS beam structure, associaled
tolerances and alignment errors, monitoring,
touchdown zone lighting, terrain clearances, and
controlled or critical taxi zones shall be considered
to meet the requirements for Categories Il or I11
operations as defined by ICAQ Annex 10.

REQUIREMENT LESSONS LEARNED
One of the more common CGulplﬁiuLS from mili
and commercial pilots relates to limited capture
performance for the outbound radial. Generally
these complaints have occurred because the AFCS
remains in a tracking mode during station over-
flight. Consequently, outbound capiures are ham-
pered by extremely limited bank angles, eic.,
designed to ensure good tracking performance. Fu-

ture configurations should provide for more favor-
ahlas

development of more comprehensive control laws
or providing capture logic reset as a function of sta-
tion overflight. Because of the limitations of pilot
perception and aircraft maneuverability under the
combined influence of limited visibility and opera-
tions at extremely low altitudes, the primary em-
phasis of design for all weather landing systems is in

terms of assuring safety of operation of the system.
Allhnugh
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all weather

landing state—of-the-art hag
been generally established through government
and military programs, codification of all weather
landing requirements has cccurred to a greater de-
gree in civil programs because of their relationship
with and obligations to various regulatory agencies
around the world. Thus, it was rational for MIL~
F-9490 to draw upon the civil codifying experience
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for not only that which is presently existing, but to
include trends which are obvious to the industry as
additional experience with various all weather
landing systems’ configurations is accrued. For this
reason, the requirements given herein are based on
the performance accuracies, reliability require-
ments, and methods of showing compliance with
the requirements as defined in FAA advisory circu-
lars 20-57A, 120-28A, and 120-29.

4.1.2.10 Automatic navigation and guidance.
Verification of navigation and guidance require-
ments shall be through qualitative assessment by
the pilot during and
by

VERIFICATION RATIONALE (4.1.2.10)

The qualitative requirements are best verified by
pilot opinian since the basis for providing automat-

" jc navigation and guidance is 1o perform the se-

lected flight phase function to the satisfaction of
the pilot while accomplishing, under any condition,
the mission for which he is responsible. Optional
methods are available for obtaining pilot opinion
and for verification of the quantitative require-
menis on path error.

VERIFICATION GUIDANCE

Pilot apinion should be obtained during flight test-
ing when feasible. Pilot opinion obtained during
flight simulation may be a more cost effective and
an equally satisfactory method when a flight simula-
tion, based on flight test performance, is available,
The quantitative requirements may be verified by
flipht test, analysis, simulation, or combinations of
these methods.

VERIFICATION LESSONS LEARNED
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3.1.2.11 Control siick (or wheel) steering. The
control stick (or wheet) steering function, as a se-
lectable operating mode, shall ___(a) . The
maneuver limits of the AFCS and the control force
limits established by the flying qualities require-
menits shall apply during control stick (or wheel)
steering operations. The pilot shall retain full au-
thority to maneuver the air vehicle within the appli-
cabie force and maneuver limits of the flying quali-
ties by reversion tothe __(b) __ function of the
FCS. Any reversion or change of mode shall be
adequately annunciated to the pilot.

REQUIREMENT RATIONALE (3.1.2.11)

Control stick (or wheel) steering (CSS or CWS) isa
separate operating mode in some puto pilots and
allows the pilot 10 enter the AFCS control loop to
provide an attitude hold/rate command or attitude
hold/attitude command contro! function. Re-
sponses and forces unnatural to the pilot, and unin-
tentional interruption or disengagement of the
AFCS during this operating mode, is undesirable
due to safety—of-flight and flying qualities consid-
erations. The capability 1o revert to FCS operation
which allows full capability to manguver the air ve-
hicle is & fundamenta} requirement for any AFCS
operation.

REQUIREMENT GUIDANCE (3.1.2.11)

Blank (a) should specily the required operation of
the CSS (CWS) mode such as rate command/atti-
tude hold or auitude command/attitude hold. It
may be possible 10 mancuver outside the atitude
hold limits while in this mode and then the new
attitude held when lorce is released within the lim-
its. A violation of the limits should be annunciated
to the pilot. However, if the force is released out-
side the attitude limits, the pilot should be warmned
that the sysiem is not holding the atdtude or the
aircraft should be automatically returned to the
limit anitude. The uim controls located on the
stick (or wheel) may be used 1o change the primary
AFCS reference in this mode (such as anitude or
heading) or perform some type of integration in or-
der to eliminate stand-off or other errors which
may persist during tracking or positioning. In those
vehicles having an automatic hover mode of opera-
tion, stick steering should provide the capability lor
vernier control needed during hovering. Blank (b)
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should indicate a system or function of the FCS
provides the required maneuverability and force
levels, such as MFCS, CAS, AFCS controller func-
tion, etc. Positive, conspicuous, unmistakable, in-
dication should be given to the pilot that a rever-
sion has actually taken place at the operating level
of the FCS. The pilot display requirements of this
specification should cover this facet of the CSS/
CWS implementation asailored for the air vehicle,

REQUIREMENT LESSONS LEARNED

4.1.2.11 Control stick (or wheel) steering. Con-
tro! stick (or wheel} steering flying qualities, atcu-
racy. stick force, and maneuvering limits shall be
verified by a combination of flight test and
Flight testing shal)

VERIFICATION RATIONALE (4.1.2.11)

The performance of the control stick (wheel) steer-
ing impacts flight safety. A combination of flight
testing and analyses is used for verification because
of economic considerations.

VERIFICATION GUIDANCE

The ability 10 maneuver the air vehicle through
control stick steering shall be verified by test during
other autopilot tests. Verify also the following {ly-
ing qualities: rates, stick forces, etc. Demonstrate
the compatibility of control steering with the nor-
ma) and single channel performance of the flight
director in 2t least four corners and center of the
flight envelope. The asymmetric roll gradient
should be evaluated as a result of pilot comments
and anthropometric considerations. Due to the lo-
cation of the controller, right roll forces are harder
and more awkward to apply than left roll forces.
For example. windup turn maneuvers to the right
are considered by some pilots to be much harder 1o
accomplish as precisely as windup turns to the lefi.
Thus, the right roll force gradient may be reduced
from the 80 percent force level.

VERIFICATION LESSONS LEARNED

Four variations of the command—defleciion rela-
tonships of the side-siick controller were eva-
tuated.
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3.1.2.12 G loss of consciousness (GLOC) sys-
tems. When a GLOC signal is received, the air-
craft shall roll through the shortest route possible to
wings level and then execute a dive recovery using
the maximum g’s avaiiabieupto __{g) g’s. Once
the recovery is accomplished, which will be deter-
mined by ____{b) ___, the aircraft shall hold level
altitude flight until __(c) . If the throttle setting is
not sufficient to maintain altitude, ____(d) .
Waming of autorecovery shall be annunciated 10
the pilot. The pilot shall have control authority to
override any autorecovery. There shall be auto-
matic logic to prevent activation of the GLOC re-
covery system during the foliowing criticai flight

phases: ____ fe} .
REQUIREMENT RATIONALE (3.1.2.12)

Some class A mishaps have been attributed to
GLOC. In order to improve flight safety, GLOC
systems have been proposed. GLOC systems pro-
vide automatic dive recovery and maintain level al-

titnida fliaht thranah antamaris inmite inin tha aie.
ULUUR JURGL BT UUR aulUiTiduds HNPULL N wic ail

craft's flight control system.

REQUIREMENT GUIDANCE

It is suggested that the blanks be filled in as follows:

a. Blank (a). This value is determined by the
aireraft's structural limitations. Stores loading
should be taken into consideration.

b. Blank (b). This may be clearance of a set
altitude,' accomplishment of level flight, etc.

c. Blank (c). This value may be a specific time
or until the pilot regains control of the aircraft.

d. Blank {d). The sysiem shall maintain con-
stant altitude until the AQA limit is reached, then
descend on that limit or maintain constant altitude
until a minimum Mach limit is reached, then de-
scend on that Mach number.,

e. Blank (e). These may be takeoff, landing,
automatic terrain following, etc.

REQUIREMENT LESSONS LEARNED
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4.1.2.12 G loss of consciousness (GLOC) sys-
tems. The GLOC recovery system shall be tested
to verify that nuisance activations will not occur
and that the recovery minimum altitude iost or oc-
curs within of the set altitude.

VERIFICATION RATIONALE (4.1.2.12)

The performance of the GLOC system impacts
flight safety. A combination of flight testing and
analysis is used for verification because of econom-
ic considerations.

VERIFICATION GUIDANCE

It is suggested that the blank may be a TBD per-
centage of the set altitude.

VERIFICATION LESSONS LEARNED

3.1.2.13 Ground collision warning system(s)
(GCWS). The minimum acceptable performance
of the GCWS shall be as follows:

REQUIREMENT RATIONALE (3.1.2.13)

Some class A mishaps have been attributed to con-
trolled flight into terrain (CFIT). In order to pre-
vent CFIT mishaps, GCWS have been devised
which use radar altitude and aircraft trajectory to
warn of impending CFIT. The algorithms used in
the GCWS must take into consideration the air-
craft’s control system and flight characteristics.
The GCWS may display wamnings via a Head Up
Display or Electronic Attitude Direction Indicator,
similarly to an autopilot flight director mode. Fu-
ture systems may initiate an automatic dive recov-
ery, making the GCWS an AFCS mode. There-
fore, GCWS have been included as an additional
AFCS mode. :

REQUIREMENT GUIDANCE

It is suggested that the blank be filled in with re-
quirements from ASD-TR-BE-5034.

REQUIREMENT LESSONS LEARNED

v
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4.1.2.13 Ground collision warning system. The
GCWS performance requirements shall be verified
by

VERIFICATION RATIONALE (4.1.2.13)

The performance of the GCWS impacts flight sale-
ty. A combination of flight testing and analysis is
used for verilication because of safety and econom-
ic considerations.

VERIFICATION GUIDANCE

It is suggested that the blank be [illed in with verifi-
«<ation procedures from ASD-TR-88-5034.

VERIFICATION LESSONS LEARNED

3.1.3 General FCS design. The design of the
FCS shall be entirely suitable for the purpose, mis-
sion, and general requirements of the air vehicle.

The FCS shall be as simple, direct. and {oolproof

as possible with respect to design, installation, op-
eration, inspection, and maintenance. The design
shall not include features or details which experi-
ence has shown to be hazardous or unreliable.
Each conuol and each control loop shall be de-
signed to operate with the ease, smoothness and
positiveness appropriate to its function.

REQUIREMENT RATIONALE (3.1.3)

The opening statement for this section introduces
the need for suitability, minimum complexity,
avoiding past mistakes, and accommodating the pi-
lot in the FCS design. The qualitative performance
siatemnents alert the designer to his obligation to un-
derstand the needs which the air vehicle is to satis-
fy. the mechanizations which have had major defi-
ciencies in the past, and the importance of provid-
ing a satisfactory imterface with the pilot.

REQUIREMENT GUIDANCE

Other requirements such as flight safety, mission
reliability, flying qualities etc., as well as antici-
pated future usage have led to more complex
mechanizations of the FCS than was required to
meet the purpose and stated needs. Great effont is
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required 10 get such designs simplified since each
design specialy is usually unwilling 10 allow trades
downward in their assigned area.

REQUIREMENT LESSONS LEARNED

4.1.3 Generel FCS design. The FCS design re-
quirements contained in subparagraphs of 3.1.3
shall be verified by and

VERIFICATION RATIONALE (4.1.3)

Requirements in this paragraph may be verified by
inspection, analyses, simulation or flight 1est, or
combinations of these methods. The blanks are
provided to allow the most feasible methods to be
specified.

VERIFICATION GUIDANCE

The pilot's opinion from piloted simulation and
flight test should be used to verily suitability and
operating characteristics of the design. Use engi-
neering analyses and inspection to verify simplicity,
direciness, foolproofness, and hazardous or unreli-
able features and design details.

VERIFICATION LESSONS LEARNED

3.1.0.1 System arrangement. Assembled ele-
ments., subsysiems, and separate channels and can-
tral loops of the FCS shali be arranged and located
in the air vehicle .

REQUIREMENT RATIONALE (3.1.3.1)

The arrangement of the FCS must enhance per-
formance and promote safety, maintainability, reli-
ability, invulnerability, failure immunity and other
general requirements of the specification tailored
per this guide. Integration and common usage of
functional hardware, and the sensitivity of FCS
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hardware to locations and environments within the
Air Vehicle, makes it necessary to specify the ar-
rangement which will be used for at least the major,
critical, ponions of the FCS. The blank allows the
arrangement to be specified, thus providing a fixed
baseline configuration arrangement for design and
analysis of the FCS.

REQUIREMENT GUIDANCE

System arrangement should be determined by the
general requirements of the FCS specification such
as reliability, flight safety, maintainability, etc. In-
vulnerability requirements may require distribution
of system elements. Requirements for locating
components of the FCS are contained in 3.2.9 of
this Guide Specification and has an influence on
how the subsystems, control ioops and major as-
semblies of the FCS will be arranged. One factor
which is not specifically called out in the require-
ments statement references is that of FIRE in the
air vehicle. The arrangement chosen should show
that fire zones have been considered as serious
threat areas and that requirements for containing
fires in fighter aircraft may not satisfy the require-
ments for invulnerability of the FCS. AFSC DH
1-6, DN3J1 and DN3N1 contain some guidance
for use in establishing configurations and arrange-
ments which consider FIRE as one of the important
design factors.

In addition to traditional FCS hardware arrange-
ment and an arrangement to satisfy specified re-
quirements, sensors and electronic assemblies for
the FCS are items which also need to be considered
under this title since arrangement and rearrange-

ment of these items can have far reaching effects
on FCS performance in the operational environ-
ments. Integrated sensor assemblies, remotely lo-
cated from center of gravity positions, are planned
for future aircraft and multi-channel electronics
for redundant control are often packaged as one
assembly. The blank should be filled to reflect the
FCS needs for arrangement of these, and other,
items to meet the various requirements for FCS
and to help identify and keep constant some of the
parameters which influence, and are used to pre-
dict, FCS performance.

REQUIREMENT LESSONS LEARNED

Auto ignition temperature, in standard atmo-
sphere, can occur at 4685F for JP-4 jet fuel and
8245F for 100/130 grade aviation gasoline.

Flame temperatures in such fires run from 16509F
to over 2000°F.

Pilots in Southeast Asia, 1970 time frame, found
that:

a. Fires in flight burn as long as fluid is avail-
able.

b. Thirty seconds is available after wing fire
flame becomes visible before an explosion may oc-
cur.

Selected components/assemblies used in FCS {ail
after the elapsed time, in seconds and in the mode
shown below:

]

15-20 sec
90 sec

Hydraulic Hoses
Hydraulic Swivel units
Hydraulic Tubes (Return)

Push Pull Tubes - 2024 AL - 10 sec
1.0070D ~ .035" wall
Servoactuators 30 sec
Brackets — cranks 60 sec
Feel Springs 100 sec
Transducers 100 sec
Trim Acwators 300 sec
Electric Wiring 11 sec

1000°F Flame Eailure Mode

90 sec Melis

90 sec if actuator is hardover ~ 300 sec otherwise
600 sec Melts
420 sec Seals fail
300 sec Melts
300 sec Binds
300 sec Binds
11 sec
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4.1.3.1 System arrangement. Systemn arrange-
ment shall be verified by

VERIFICATION RATIONALE (4.1.3.1)

The stated requirements for arrangement accom-
modate the operational needs and mission require-
ments af the air vehicle. Verification that the de-
sign does accommodate those needs and require-
ments is a fundamental step in determining that the
vehicte can fulfill its operational role.

VERIFICATION GUIDANCE

Inspection is a feasible method of verification of
this requirement. During the design and assembly
process the system arrangement should be verilied.
Inspection of drawings covering the general ar-
rangement of the air vehicle and the layouts in the
airframe could be one verification step. The final
event in this process could be the physical configu-
ration sudit (PCA) for the air vehicle configuration
item.

VERIFICATION LESSONS LEARNED

3.1.3.2 Trim controls. The FCS shall provide
trim control conforming to the following require-
menis:

REQUIREMENT RATIONALE (3.1.3.2)

Trim allows the pilot to adjust the force levels
which he must apply at the cockpit controls to con-
trol) the air vehicle. The trim force levels, range
and rate capabilities, which must be provided are
established by the flying qualities requirements for
the air vehicle. The range of both the forces and
rates are such that hazards may develop as a result
of improper design, inoperative or malfunctioning
tim. The requirements in this paragraph must
contro! trim associated hazards to an acceptable
level while accommodating the needs of the pilot.
The blank allows tailoring the requirements [or the
FCS mechanizaton.

REQUIREMENT GUIDANCE

Flying qualities for the air vehicle conmain require-
ments for trim force levels, ranges and rates of op-
eration, characteristics, eic., in terms applicable to
the pilot and aerodynamic performance of the air
vehicle. The requirements provide values which
must be uranslated into design requirements for the
trim controls for the FCS. Air vehicle configura- |
tion and its aerodynamic characteristics, FCS -
mechanization and function, etc., may lead to re-
quirements for trim conurols. These may include:

a. Series trim — When series trim is used, no

worse than Operatlonal Siate 1] should result from

the control becoming inoperative in any position,
except for cases where such nonoperation can be
shown to be extremely remote.

b. AFCS operated trim - Engagement of the
pitch channe! of the AFCS should automatically
initiate needed pitch trim. Manually operated uim
should be inhibited or cause AFCS disengagement.
Methods for detection or prevention of runaway
trim while in an AFCS mode should be incorpo-
rated.

c. Automatically commanded trim - Automat-
ically controlled wrim should incorporate positive
means to avoid hazardous adverse trim near stall
angle of auack.

d. Automatic interconnect ar augmentation ~
h-ng‘nc which use this feature should have nrmn.

P CERAS Pl W e

sions which hold or retum trim to an appropriate
position when the interconnect or augmentation
command is removed.

e. Multicrew air vehicle using electric trim ~
Interlocks in the circuitry should be provided to
prevent simultaneous trim commands for operation
in opposite directions.

f. Automatic takeofi position - Means should
be provided to set all trim to the takeoff positions
by & single command from the pilot.

g- FCS with reversion modes of operation ~
Trim capability should be provided as necessary to
meet the flying qualities requirements while operat-
ing in FCS reversion modes.

In addition to unique requirements, above, these
are some general requirements which should be
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considered for every FCS. These include: Each of
the principal axes of the FCS should have the capa-
bility which allows the operating crew to change any
steady state forces required at the cockpit to trim
the air vehicle. The selected trim position should
be maintained indefinitely unless changed by a trim
command. Whenever a condition worse than Op-
erational State I1I would result from a power oper-
ated trim failure, that is not extremely remote, the
pilot should be provided with a means to easily and
quickly disconnect the primary trim function and
an alternate capability for trimming the force lev-
els. Each cockpit control for trim should operate in
the plane and sense of the forces affected. Design
of the trim controls should preclude inadvertent or
abrupt operatian. Stalling of uimming devices due
te actuator loading should not result in a hazard.

REQUIREMENT LESSONS LEARNED

When hydraulic power is used to drive the trim ac-
wator, the control valves must open and close rap-
idly
ments. Such valve action can produce very large
pressure surges in the hydraulic system, leading to
component failures. Design should prevent such
effects in interfacing systems.

to achieve hlgh response and small trim incre-

e SRl TS aai S fidns

Caution must be used in establishing the maximum
total trim position limits such that the available au-
thority of the pilot's direct longitudinal control or
the pilot's longitudinal force (strength) capability is
not exceeded for any flight condition.

The design should consider the need to trim longi-
tudinal forces to zero for all conditions expected
for takeoff and initial climb in order 10 enhance
survivability when ejection is required during that
period of flight operation.

1.3.2 Trim controls.
enis shali be verified by

Trim control require-

g &

VERIFICATION RATIONALE (4.1.3.2)

Trim control requirements are basically a means of
enhancing flight safety by specifying design ap-
proaches which control the hazards associated with
misuse, failure, malfunction, etc., of such controls.
Verification of the requirements specified esta-
blishes the suitability of the control and the exient
and level of the hazard which remains. Analysis,
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simulation, inspection, and ground and flight tests
may be used in the verification process. The blank
allows tailoring for each program.

VERIFICATION GUIDANCE
Ground tests and inspection should be used to
verify most of the stated requirements. When
those requirements have additions from the identi-
fied listings, analysis and simulation may be re-
quired for some of the verifications. In every in-
stance flight testing should be conducted incident
to the flying qualities testing 10 verify that all design

rem tirameantc ara mat

WAL AIIeD WA srevue

VERIFICATION LESSONS LEARNED

The effects of trim operation on interfacing systems
should be considered during verification testing on
the air vehicle. Measurements should be made on
interfacing power systems to ensure that surges,
noise, spikes, etc., which may be generated by trim
operations do not exceed authorized limits.

Flight tests should be conducted 1o verify that, un-
der the most adverse conditions, positioning trim to
its limits of travel does not create a hazard in con-
trol of the flight path.

Flight tests should verify that control forces can be
reduced to zero at the most adverse takeoff condi-
tions in those air vehicles having pilot ejection es-
cape systems.

3.1.3.3 System operation and interface. Sepa-
ration and isolation shall be provided between __
{a} 1o make the probability of propagated or
common mode failure extremely remote. Opera-
tional performance shall be met by the FCS _(b)
seconds after power is applied. Positive means of
disengagement shall be provided for {c) .
Mode selection logic shall enhance operational and
mission capability and shall provide ____{d) = .
Transients due te failures, disengagements and
changes in operating modes shall not exceed ___(g}

REQUIREMENT RATIONALE (3.1.3.3)

Flight safety and mission accomplishment reliabil-
fty are the basis for this requirement. Air vehicle
elements which interface with essential flight con-
trols, and which suffer malfunction or failure, must
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not be allowed to cause [ailure in these flight con-
trols.

The time required to bring the FCS from its shut
down state to operationai status should be a design
consideration and under engineering control. Op-
erating efficiency and crew effectiveness are im-
proved by short, controlled, warmup time periods
whether it be incident to flight or maintenance ac-
tivity, Any hazard associsted with an unknown
FCS status due to warmup can be controlled with
confidence when the time required is known to be
controlled by design.

Safety considerations require that provisions be
made to free essential flight controls from malfunc-
tioning, falled or otherwise distressed elements
which are not essential and which might degrade
FCS performance or otherwise create a hazard.
Disengagement provides one means by which the
pilo: or safety device may take effective action fol-
lowing single failure or failures combinations, a
condition brought out in the requirement for failure
immunity and safery.

When a choice of FCS mode selections is made
available, it is necessary to specify a mode hierar-
chy and to ensure that the mode selection logic ¢an
handle all possible combinations of desirable and
inadverien: selection. Logic is needed 1o prevent
the selection of incompatible modes.

Establishing limits on transients due to failures in
the FCS is fundamental to flight safety and accep-
tance of the air vehicte. Establishing those limits in
terms of aerodynamic performance of the air ve-
hicle provides a means for correlating the require-
ments for flying qualities, human engineering. and
flight control. Expressing the limits in terms of
gerodynamic performance also allows direct mea-
surement during flight using available flight test in-
strumentation.

REQUIREMENT GUIDANCE

These requirements apply to FCS design. The FCS
design must include features which implement
these requirements. The FCS specification should

not attemot to levy requirements on other Air Ve.

Sitre GLumaiigrr A AW T Y Seees wriliniiog Wer WA

hicle Subsysiems/loops/services.

Blank (a) should be used to identify the controls/
subsystem/services which will be interfaced with es-
sential or flight phase essential flight controls and to
which the tailored rcquiremems apply. Two classes

oy .! an ool alomm ol ha mmmeldacadsd.
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Intra-FCS Interfaces: These are noncritical
FCS subsystems/loops which interface with FCS
subsysiems/loops which are classified as esseniial or
Might phase esseniial. An example might be the
autopilat toop in a fully fly-by-wire FCS or the
AFCS in a fully capable mechanical FCS.

Inter-FCS Interfaces: These are subsystems,
services, etc., such as structures, power, naviga-
uon, guidance, fire control, propulsion which inter-
face with essential or flight phase essential flight
conuo! subsystems/loops. An example might be
the electric power generation and distribution sub-
system. compass heading service of the navigation/
guidance subsysiem, the terrain following subsys-
tem, hydraulic subsystem, etc.

Blank (b) should be filled by a number represent-
ing the clock time allowed for the FCS 10 warm-up

after power is applied.

The requirement applies to electronic, electrical,
mechanical, hydraulic, pneumatic and other pow-
ered system elements. Specified system perform-
ance must be achievable following the warm-up pe-
riod. Typical values are 90 seconds for air vehicles
requiring quick reaction (from alen siatus to take-
off readiness) and 3 minutes for those having no
special requirement for quickly reaching readiness
for wakeofl. Class 1V air vehicles (fighter types) are
usually placed in the quick reaction caiegory and
large cargo air vehicles in the category which has no
special requirement for quick reaction. The user's
requirements and temperature ranges encountered
in operational use should be reviewed as pan of the
tailoring process. The word “warm-up” relates to
a period of nonaperation between the time power is
applied and the time that full functional capability
is reached. This should not be confused with the
vulnerability requirements for withstanding speci-
fied conditions. Withstanding requirements apply
to time periods prior to the application of power as
well as time periods extending after warm-up and
afier rezching operational status. The two require-
ments are not retated and should be stated and ver-
ified as separate requirements.
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Blank (c) should be filled by identifying (listing)
the subsystems/loops/services which shall have a
positive means of disengagement.

For this requirement, disengagement means dis-
ablement and/or disconnection of selected or
otherwise operating functional elements from the
operating FCS. Provisions for disengagement of
electric controls from the essential controls should
be required in those systems which have fully capa-
ble backup mechanical controls or which have
electric controls with functions and elements not
classed as essential. Disengagements must be posi-

tive under sl loads and conditions.

ol e d e igmen o

uucugogﬁ
transients are on the order of £.5g normal or lateral
acceleration at pilots station, or t3deg/sec rate.
The pilot must be informed of each disengagement.
This requirement is separate and distinct from any
requirement for a means of selecting, changing or
otherwise choosing functions and operating modes
for the FCS. Disengagement shall not preclude re-
engagement of the controls except in those cases

where interlocks within the system are not satisfied

due to malfunction and/or inaction on the part of
the crew.

Blank (d) should be filled by requirements which
insure flexibility of FCS operation, ease of mode

selection and a design of mode selection logic
which:

a. MakKes correct mode selection by the crew
highly probable.

b. Prevents the engagement of incompatible
modes (table IX) that could create an immediate
undesirable situation or hazard.

c. Disconnects appropriate previously engaged
modes upen selection of higher priority modes.

d. Provides arming of appropriate modes while
certain modes are engaged.

¢. Provides for the engagement of a more basic
FCS mode in the event of a failure of a higher
priority mode.

Blank (e} should show the limits on incremental g,
roll rate, bank angle, and spatial excursion of the
air vehicle. These limits should be such that pilot

action can prevent a hazard following transients of
this magnitude.

One part of the flying qualities document for pi-
loted airplanes contains requirements limiting air-
plane motions following system or component fail-
ure. Another part of that document contains re-
quirements covering characteristics of flight control
systems under failure conditions. These require-
ments are established primarily to prevent danger-
ous or intolerable conditions from developing in
flight path, body axis attitudes or rates, load factor,
etc., after failures develop and before the pilot can
begin corveciive action with the cockpii conirols.
The aerodynamic response of the air vehicle to
changes in FCS output after failure is evaluated in
terms of flying qualities and hazard levels 1o estab-
lish the limits. These limits, as specified in the fly-
ing qualities requirements for the air vehicle, are
those quantitative values which should be used for
completing the blank in this FCS requirement.

1 the transients associated with one pan
of the flying gualities documem for piloted air-
planes contains requirements limiting airplane mo-
tions following sysiem or component failure.
Another pant of that document contains require-
ments cavering characteristics of flight control sys-
tems under failure conditions. These requirements
are established primarily to prevent dangerous or
intolerable conditions from developing in flight
path, body axis attitudes or rates, load factor, ete.,
after failures develop and before the pilot can begm
corrective action with the cockpit controls. The
aerodynamic response of the air vehicle to changes
in FCS output after failure is evaluated in terms of
flying qualities and hazard levels to establish the
limits.

In general,

FCS design must then limit FCS outputs after fail-
ures such that these aerodynamic bounds and flight
path deviations are not exceeded due to any failure
which can be shown not to be extremely remote.

REQUIREMENT LESSONS LEARNED

No attempt should be made to include in this para-
graph of the tailored FCS specification require-
menits for design performance, or features, of inter-
facing subsystems or services which are not dedi-
cated to the FCS.
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E |E H AIR|E|R|S|L |A
NlA|R|AlA] |E A D|I |[RIA|T T
O|P (G|TIT]HIAIA]l ] D 11 jJL |1
RIOIEITITIEIDIL] IR GIAIE|SIN|C|O|C
MININIT [T AT |S LjL U K|A
A CIT|T|D|N]p IMP Lj1jL|S |P|F D|T
LID|YIVU|U|1|GI|T|AIE OfDEMPOS H
E D|D{N| |UIC|E CclE|VIO}RIL|T]|C |R
M| L |M|E |E|GIS|D|HID Al |1t |O|E{L]{E]JO|O
All |A E|E TIL AITIS|O|E|N|T
N[V [N|B|BlH|L|HIH|H] |A|1|[P|TIHISIWIRI|T|T
u|E |uloio|olelolo|olv]clzialr |1 [L]1 |t |R|L
AlRJalL]L]LlclLiLiLlo}Al E|T]O|N]|OININ|O |E
tiy|L|D|D|D|TiD|D|P|R |N| RIHIN|GIN{G|G]|L |S
NORMAL MANUAL X X X | X
MANUAL WEAPON DELIVERY X X XIx
EMERGENCY MANUAL X X Ix
| PITCH ATTITUDE HOLD_ X x| xIx yixlxl |X X X | X
|ROLL ATTITUDE HOLD X[ X x[xix X | X | X[ x X | X
HEADING HOLD X X ix]x X1 X X X X
| HEADIN LECT X X% X|xIXlx X X
ALTITUDE HOLD Xl x]xix wlxlxt 1 X X X | X
MACH HOLD Xbxlx] Ixl Iy vl x XIXEX X
AIRSPEED HOLD X1 XX Xy 1 x XXX X
LYOR ; A X Y XX X X | X
TACAN X X X XxIxIXIx X Ix
LOCALIZER X x[x1x xIxI XXX % X X
GLIDE PATH X X X X
LOAD ALLEVIATION X L X I xIxX e b I I X IXIXIXIXTX [ X
RIDE SMOQTHING X1 xiIx] Ixixiy iyl x XiX XIXIX 1X
FLUTTER SUPPRESSION x| X XX xixIxIxixXIy lx XIxIXIx|xIX X
TERRAIN FOLLOWING X] x|x x| x X[ XX x X |X
STICK STEERING XX XXX
I STRUCTURAL LOAD CONTROL| X | X |X [ X | X{ XIXIXIXIX|x | % XIXIXIxIXIX X
AUTOMATIC THROTTLES X| X [ X[ X[X] XXX [X xI XX XIXIX[X[X]X[X

The effects of FCS [ailure transients seem best spe-
cified as requirements which relate 1o man-ma-

failures.

chine responses to sudden changes in FCS outputs.
The burden of translating these requirements is

placed on the FCS designer who must determine
pceur and what changes in sur-

what failures may occur ar

face (or other moment producer) position, etc.,

may result from FCS output changes due to such

4.1.3.3 Sysiem operation and interface. System
operation and interface requirements shall be veri-

fied by

81
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4.1.3.3.1 Warm-up. The time requirements for
warm-up shall be verified by

4.1.3.3.2 Disengagement.
guirements shall be verified by

Disengagement re-

4.1.3.3.3 Mode compatibility. The mode com-
patibility requirements shall be verified by

4.1.3.3.4 Failure transients, Compliance with
failure transient requirements shall be verified by _

VERIFICATION RATIONALE
1.3.3 - 4.1.3.3.4)

Verification of these requirements ensures that the
FCS does include the identified design features
which enhance safety and operational utility of the
air vehicle. Verification allows accurate planning
for use of the system in the field and the proper
training of the operating crew.

VERIFICATION GUIDANCE

Verify through ground test that each of these re-
quirements has been met. In addition, verify
through flight tests that the requirements for disen-
gage/reengage, mode selection logic, and transient
effects have been met. An operating mackup may

offer a feasible method of ground testing for verifi-
catinon of several of thege

L=raa W2 BTV A Ui LIt et

requirements, provided it
refiects the true configuration/performance of the
installed FCS. In many cases, propagation effects
verification is only feasible at the assembly level by
use of a specially designed engineering test stand.
Ground testing for verification of these require-
ments should be completed as part of the flighh
worthiness testing for the air vehicle.

VERIFICATION LESSONS LEARNED

Verification of most of these requirements has
been shown to be best accomplished through ex-
haustive ground testing; however, a few of the re-
quirements, selected for criticality, should also be
verified during flight tests, In conducting verifica-
tion tests for transient effects during flight, it has
been found that a time delay of about two seconds
should be allowed between a failure annunciation
in the cockpit and the initiation of pilot corrective

82

action to realistically evaluate the hazard potential
produced by the transient,

J.1.3.4 Failure immunity and safety. Within
the permissible flight envelope, no single failure in
the FCS, which is not extremely remote, shall re-
sult in any of the following effects before a pilot or
safety device can take effective corrective action.

b.

c.

REQUIREMENT RATIONALE (3.1.3.4)

The intent of this requirement is 1o control inflight
hazards which may result from single failures in the
FCS. For noncritical controls the pilot may be re-
quired to detect and compensate for failures.

REQUIREMENT GUIDANCE

The blank should be filled by listing failure effects
which may create significant inflight hazards.
These include:

a. Fhmer, divergence, or other aeroelastic in-
stabilities within the permissible flight envelope of
the aircraft, or a structural damping coefficient for
any critical flutter mode below the fail-safe stability
limit specified for structural design of the air ve-
hicle.

b. Uncontrollable motions of the aircraft or
maneuvers which exceed limit airframe loads or
cause severe physical stress on the aircrew.

c. Inability to land the aircraft safely.

Any asymmetri¢, unsynchronized, unusual

r lack of operation of flight controls that

results in worse than FCS Operational State I11.

e. Exceedance of the permissible flight enve-
lope or inability to return to the service flight enve-
lope.

For this requirement, extremely remote is defined
as numerically equal to the maximum aircraft loss
rate due to relevant FCS materiel failures shown in
3.1.7 of the tailored FCS specification.
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When the pilot is required to detect and compen-
sate for a failure, neither extreme alertness nor ex-
ceptional skill nor strength shall be required on the
part of the pilot.

REQUIREMENT LESSONS LEARNED

4.1.3.4 Failure immunity and safety. Com-
pliance with the failure immunity and safety re-
quirements shall be demonstrated by

VERIFICATION RATIONALE (4.1.3.4)

In complex systems, verification of the require-
ments in this paragraph should follow a well struc-
tured and comprehensive outline and cover the en-
tire scope of the FCS. Analyses, simulation, in-
spection, and ground and flight testing may be re-
quired. The blank may require a listing or matrix
of methods, by item, based on the design sp-
proach, impiementation and mechanization meth-
ods chosen and configurations available in the FCS
for the specific air vehicle. A structured, time
phased effont distributed over the design and devel-
opment time schedule may be required.

VERIFICATION GUIDANCE

Verifications for failure immunity and safety ex-
tend beyond the listings of this requirement. The
process can begin with the failure modes, effects
and criticality analysis for the FCS, extend through
the hazard analysis {or the air vehicle, and contin-
ue to fault tree and any other such analyses. These
analyses should identily those fajlures and failure
combinations which are not classed as exxremely
remote. Analyses, simulation, and ground and
flight tests should then be used, as appropriate, to
show that none of the failures, not extremely re-
mote, can result in any of the conditions listed.
Saftware development and the verification and va)-
idation methods used should be respansive (o these
requirements and should insure that each is ad-
dressed in sufficient detail to show compliance.

VERIFICATION LESSONS LEARNED

2.1.,3. 2 Bedundancy., The redundancy require.
iher Ly require

e Benfial BvLruSRALEWSARYE -y

ments shall be as shown in wable IV. Exceptions to
this requirement should be identified on a compo-
nent level in cases where cost/complexity/safety
trade-offs may indicate less redundancy is re-
quired. Specific approval 1o implement less redun-
dancy must be received from the Government pro-
curing activity.

p= L -

REQUIREMENT RATIONALE (3.1.3.5)
Redundancy may be needed 10 satisfly the reliabil-
ity, invulnerability, failure immunity or other re-
quirements for the air vehicle. The redundancy
required may not be the same for MFCS and the
AFCS or lor the various contro! loops or control
functions. Table IV, with blanks, provides the
flexibility needed to iailor the requirements to the
specific air vehitle.

REQUIREMENT GUIDANCE

Redundancy has been defined as a design ap-
proach such that two or more independent failures,
rather than a single failure, are required to produce
a given undesirable condiiion. More specifically
for FCS it means 8 mechanization which will retain
functional integrity after failures, and provide the
same or similar performance capability. In prac-
tice, it takes the form of providing duplicate or a)-
ternate componenis, channels, or subsystems, each
capable of performing the given function. The
structural configuration, aerodynamic characters-
tics and mission flight phase requirements of the air
vehicle have a strong influence on the redundancy
required to meet the reliability, invulnerabitity, fail-
ure immunity and ather requirements of the air ve-
hicle. Analyses, simulation and trade studies will
be needed to determine the redundancy for the se-
lecied spproach for FCS mechanization 1o fulfill
overall system requirements. The blanks should be
filled by using terms such as those shown below or
combinations of these terms.
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Redundancy terms
a. None - No redundancy is required.

b. Fail-Safe - A condition or requirement
wherein the control device or system ceases to
function but the conditions or consequences result-
ing from the failure are not hazardous and do not
preclude continued safe flight. The condition fol-
lowing failure may be completely passive, or it may
involve driving to a predetermined nonactive con-
dition. In FCS it is the capability in a single chan-
nel mode of operation to rever to a safe state fol-
lowing an automatic disconnect in the event of a
failure or pilot initiated disconnect. Safe state may
be achieved by authority limiting and positive re-
moval of actuation motive power. The allowable
authority limits need to be established to provide
the desired performance objectives and in consid-
eration of structural design limits and safe recovery
characteristics.
¢. Fail=Passive - A condition or requirement
wherein the failed device or system ceases to create
any active output. In the purest sense a device that
fails passively would simply remove its presence
from the control system. However, a device is still
considered a fail-passive type if it remains in the
system but acts only as an additional load. Some-
times referred to as Fail-Soft. In FCS it is the ca-
pability to automaticalily disconnect and to revert to

a naccive ctate fallaudineg a failhiire Allauwahla failiire
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transient or out of trim condition is to be within the
limits as established for the particular air vehicle.

d. Fail-Functional - The capability of the FCS
for continued operation with degradation following
noncritical failure(s).

e. Fail-Operational - The capability of the
FCS for continued operation without degradation
following failure(s). This general term describes a
condition or system wherein operation continues
after a failure. A more explicit description is given
by Single Fail-Operational and Dua! Fail-Opera-
tional. In a true fail-operative situation, a failure
will cause no nominal loss of performance.

f. Single Fail-Operational (SFO) - A condi-
tion or requirement wherein an active control de-
vice or system can sustain any single failure and re-

main operative. Unless specifically stated, it is un-
derstood that no nominal loss of performance oc-
curs after the failure.

g. Dual Fail-Operational (DFO) - A condition
or requirement wherein an active control device or
system can sustain any two failures within the sys-
tem and remain operative. It is implicit with DFO
that the system be able to accept identical failures
in two of its channels. Unless specifically stated, it
is understood that no nominal loss of performance
occurs after one or two failures.

REQUIREMENT LESSONS LEARNED
Fleet histories have shown that single thread me-
chanical FCS can provide adequate reliability, fail-
ure immunity, etc., such that redundancy in mech-
anization is not required. In electric flight controls,
redundancy is easily obtained and is commonly
used in single and dual fail-operate systems. Elec-
trical FCS using the fully control-by-wire mechani-

_____________ R PR S J— R

zaiion approach for an acrodynamically unsiabie
fighter has used quadruple redundancy to provide
two-fail operational, fail-safe redundancy. In
practice, the minimum redundancy replication is
usually exceeded by one level for flight phase es-
sential and critical controls.

The need {or greater redundancy in the flight con-
trol function is currently reflected in the effort to

Aasvelom reranfionrahla calfohaaline cuctame In
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these systems, redundant control surfaces with re-
dundant control loops are among the approaches
being investigated.

4.1.3.5 Redundancy. Redundancy shall be veri-
fied by and

VERIFICATION RATIONALE (4.1.3.5)

Verification of the redundancy which has been
provided is essential if confidence is to be had in
the functional reliability, invulnerability, failure im-
munity, etc., of the FCS for operational missions
and general flight safety. The functional levels
which have been provided in the design may be
verified by methods such as inspection, analysis,
simulation and test. The blanks are provided to
allow flexibility in choosing the most feasible meth-
ods.
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VERIFICATION GUIDANCE

Select the most feasible method for verifying the
redundancy levels specified. In most cases, analysis
and simulation will be the most feasible. An lron
Bird type test stand can provide one of the best sim-
uladons for verification, especially for redundant
mechanical loops and combinations of mechanical
and electric loops. Ground tests using an aircraft
may prove {easible but not 1o the same extent asan
Iron Bird test stand. Flight testing may be used to
some extent if necessary but safety is an overriding
consideration as the hazard level increases with re-
duction in functional redundancy below the design
level.

VERIFICATION LESSONS LEARNED

3.1.3.5.1 Redundancy management. In FCS
which utilize redundant channels,
redundancy management shall provide

REQUIREMENT RATIONALE (3.1.3.5.1)

Redundancy management has become a major de-
sign area in the implementation of electric and con-
chl-by-wire FCS. Thus, a requirement is needed
w define the ¢ \.upauuuy and services which are tobe
provided through management of the various fea-

tures redundant within a control channel or control
system.

REQUIREMENT GUIDANCE

The blank should be filled in using inner loop (ba-
sic contral of the aircraft) as the primary consider-
ation. For example: “fault detection, fault isola-
tion within the manual FCS to prevent and protect
the air vehicle from unaccepiable transients or loss
of control. Table X outlines the redundancy man-
agement technique(s) used:”

The redundancy management approach should be:

a. Based on meeting the flight safety and mis-
sion reliability requirements of this specification;

b. Consistent with the use of the system test
and moniloring provisions of this specification;

¢. Addressed in the software requirements
definition when applicable;

d. Fully responsive to the need for the pre-
flight BIT to insure that the designed redundancy is
present before flight.

The design should address not only what is re-

ard imtha BEC ircalf Juar ale har te raa rad i
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supporting and interfacing systems which are con-
sidered flight safety ¢ritical or flight phase essential.

Vating planes and in-line monitoring (sel{-test)
may be used to isolate cenain first failures and a
majority of the second like-failures. Hardware
self-test features (e.g., the waichdog timer, word
count, parity checks on MUX bus receipts.

memory nnnw and wrnnarnund:\ may be used for

failure molauon Software driven sel{-tests include
memory sum checks, which are accomplished in
background, and event driven tests which are acti-
vated when failures are discovered. Two imponant
rules for redundancy management are:

a. For electrical signal computation, no com-
puter shall interfere with the operation of another.

b. Pilor intervention shall not be required for
systemn reconfiguration in the event of a failure.

One imponant factor in the implemeniation of re-

dundancy management s the coverage it provides.

Coverage has been defined as the conditional prob-
ability that, given a failure, the system continues to
perform its function. Coverage as high as 1.0 can
be obtained for a first [ailure and a probability of
0.94 or better for the second failure. Flight safety
ond mission reliability requirements impact the
probability values (redundancy managemen! cov-
erage) which should be specii' ied. Aucmpu should

oty amale

bom vl ahis tha asd 1
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eic., while utilizing the lowest failure coverage.
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TABLE X. Outline of redundancy management techniques (example only).

cross channel data links
command selection

Horizontal tails
Aileron
Rudder

Flaps
Speedbrakes
e.g.

- Signal selection

= Fault isolation

- Reconfiguration

- Recovery from fault

- Cross channel data transmission
- Cross channel synchronization
.= Actuator management

Item Technique
Sensors _ _
rate gyros, input voting - select average value
angle of attack, - select middle value
e.g- - select smallest value
Command Paths
Processing channelized

Redundancy management should provide protection/suppression of failure transients, and efficient
effective system operation for maximum mission reliability and safety. Redundancy management
should be employed at various levels within the system or channel to perform such tasks as:

output cornmands only
output voting - select average value
- select middle value
- select smallest value
- only channel which uses
information can select
value.

single servo/command hydraulic average

REQUIREMENT LESSONS LEARNED

It has been shown that for long missions, a redun-
dancy management method which uses inter-unit
selection at the LRU level can provide a more reli-
able system than one employing a one higher level
of redundancy and using mid-value signal voting as
the only means of redundancy management, fault
detection, and isolation. System architectural stu-
dies have indicated that optimum failure survivabil-
ity and failure isolation, to the LRU level, requires
that systems have three voting/monitoring planes.
Two of these planes should be in sofiware. One
should be at the sensor/controller interface and the
other at the output surface command interface.
Interactions due to redundancy management

methods must be studied carefully during develop-
ment to prevent such things as inferactions between
self-test routines, unforeseen timing situations in
self-test of cross-computer data links, generation
of sneak circuits which defeat the basic redundancy
provided in the design. etc.

4.1.3.5.1 Redundancy management. Redun-
dancy management requirements shall be verified
by

VERIFICATION RATIONALE (4.1.3.5.1)

The coverage provided by the methods selected for
redundancy management need to be verified.
Since coverage is usually defined as a-conditional
probability that, given a failure, the system will con-
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tinue (o perform its function; analysis, simulation,
and flight test may be used in the verification pro-
cess. The blank provides the means by which the
verification methods which are most feasible can be
used, thus tailoring the requirement to the specific
air vehicle and the conditions under which it is de-

veloped.
VERIFICATION GUIDANCE

One pan of the criteria for determining acceptable
probability of coverage values for first and second
failures is the mission reliability and flight safety re-
quirements stated in this specification. A second
pan of the criteria is the redundancy management
generated transients which should not exceed the
faihire transient values stated in this specification,
and in the flying qualities requirements, for all en-
vircnments specified for the air vehicle. In gener-
al, analysis and simulation are the mosi flexible and
cost effective methods of verification. Where an
Iron Bird type flight contro! system test facility is
not available, simulation may not prove 10 be a suit-
able method. Flight testing is always a desirable
method and should be used when possible to verify
analyses and simulations. Pilot evalyation during
flight in various intensites of atmospheric distur-
bance is essential if redundancy management capa-
bility and suitability is to be fully verified.

VERIFICATION LESSONS LEARNED

3.1.3.6 Stability. For all closed loop FCS, the
required gain and phase margins about nominal
shall be as shown in table V. For gain or phase
variations within the indicated frequency bounds,
no oscillatory instabilities shall exist with ampli-
tudes greater than those allowed for residual oscil-
lations in 3.1.3.8, and any non-oscillatory diver-
gence of the aircraft shall remain within the appli-
cable limits of the flying qualities requirement.

During the gain and phase variations, the AFCS
loops shall be stable for any amplitudes greater
than those allowed for residual oscillations in
3.1.3.8. In muhiple loop systems, variations shall

be considered with all gain and phase values in the
feedback paths held at nomina) values except for
the path under investigation.

A path is defined to include those eclements con-
necting a sensor to 8 force or moment producers.
For boith aerodynamic and non-aerodynamic
closed loops. at least 6 db gain margin shall exist at
zero girspeed. The margins specified shall apply
regardless of system implemenuation, and shall be
maintained under Might conditions of most adverse
center-of-gravity, mass distribution, and external
store configuration throughout the operaticnal en-
velope and during ground operations,

REQUIREMENT RATIONALE (3.1.3.6)

Suability margins are required for FCSs to allow for
variadons in system dynamics. Three basic types of
variations exist:

8. Math modeling and data ervors in defining
the nominal system and plant,

b. Variations in dynamic characteristic caused
by changes in environmenial conditions, manufac-
turing tolerances, aging, wear, noncritical materiel
failures, and off-nominal power supplies.

c. Maintenance induced errors in calibration,
inswllation, and adjustment.

REQUIREMENT GUIDANCE

The blanks in table V should be filled by require-
ments as shown in table X1 or by requirements
which have been determined through sensitivity
analysis, in which case they should not be less than
50 percent of those in table X1. If the latter is cho-
sen, then requirement 3.1.3.6.1 must be included
in the specification, otherwise 3.1.3.6.1 should be
omitted.

The gain and phase margin definitions listed are
commonly used within flight control technology.
and are not the classical definitions found in most
texibooks. These margins are both positive and
negative. A negative gain variation (reduction) can
lead to instability on a basically unstable airframe
which relies on the feedback system for dynamic
stability. Positive and negative phase margins de-
note the amount of lag and lead that may be added,
respectively, before instability occurs.
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The math models to be used for these stability anal-
yses will vary with each procurement. The contrac-
tor will determine what math model complexity is
required for each procurement and should include
this mode! description in the FCS Development
Plan.

The gain and phase margins shown in table XI are

in the range of values used in previous successful
procurements, and are considered the minimums
which will provide largely trouble-free service dur-
ing fleet usage. NASA TN-D-6867 recommends
the 6 db zero airspeed requirement and provides a
discussion of NASA ground and flight testing of
stability augmentation systems. AFFDL-TR-73-
105 recommends a 12 db requirement.

TABLE XI. Recommended gain and phase margin requirements {(db, degrees).

Airspeed
Airspeed Below VoMIN At At
Mode V, Limit Airspeed 1.15 Vi
OMIN
Frequency Hz Vo nm ax (V)
f_< 0.08 GM = & dh GM = +4.5 db GM = +1.0 db GM =0
fm< 0.08 GM=6db GM = $4.5 db GM = +3.0 db GM = ¢
(No Phase PM = + 309 PM = + 20° PM =0
0.06 €Iy, <First Requirement (Stable at
Aero- Below GM = 16.0 db GM = +4.5 db Nominal
Elastic VOMIN) PM = ¢+ 450 PM = ¢ 30° Ph:.ase and
Mode Gain)
fm > First Aero- GM = $8.0 db GM = $£6.0 db
Elastic PM = 1 60° PM = ¢ 450
Mode
Where: VL = Limit airspeed
VoMIN = Minimum operational airspeed
VoMAX = Maximum operational airspeed
Mode . = A characteristic aeroelastic response of the aircraft as

described by an aeroelastic characteristic root of the
coupled aircraft/FCS dynamic equations—of-motion

GM = Gain Margin

The minimum change in loop gain, at nominal phase, which

results in an instability beyond that allowed as a residual oscillation

PM = Phase Margin = The minimum change in phase, at nominal loop gain which
results in an instability

fm = Mode frequency in Hz (FCS engaged)

Nominal Phase = The contractor's best estimate or measurement of FCS and

and Gain aircraft phase and gain characteristics available at the time

of requirement verification

Margins are specified for aerodynamically closed
loops and nonaerodynamic loops. An aerodynam-
ic loop is one which relies on aerodynamics for loop
closure such as a stability augmentation or AFCS
loap. Nonaerodynamic loops do not rely on aero-

dynamics for loop closure. An example i5 a servo-
actoator loop.

A recommended practice for higher frequency
modes is to gain stabilize all modes (+180° phase

o
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margin). A feedback signal attenuation of at least
20 db/decade beyond the actuator cutoff frequen-
cy is slso commeonly used. AFFDL-TR-73-83, for
example used a 1809 phase margin criterion be-
vond 5 Hz.

These margins can be determined using classical
linear analysis techniques, adjusted for known non-
linearities. Normally in test, a lower frequency
mode will se1 the test margins and gain margins at
higher frequencies will be unobservable. Conse-
quenily, compliance with these gain and phase
margin requirements will likely be demonsirated
through analysis of open loop frequency response

marmcyess s e S L=

characteristics.

The stability margins specified vary in size with
mode frequency and airspeed. The reduction in
margin at V. reflects a willingness 1o accept re-
duced stability and/or performance while flying
outside the operational envelope. The increased
margins at higher frequencies reflect needs based
upon the uccreasmg accuracy of state-of-the-art
modeling and testing techniques at higher frequen-

cies.

The modification to the stability requirement para-
graphs reflects the experience gained in recent air-
craft development programs in the areas of flight
control structural dynamics interaction and digital
flight control impiementation. This experience
highlighted the need for a comprehensive analyti-
cal approach, complementing the test verification
process, to provide the required stability margins.

Inherent to the success of the analytica! approach
is the comprehensiveness of the model used in the
analysis. Overly simplistic models, although valu-
able in visualizing trends, may lead 10 optimistic
predictions as pointed out in the related discussion
in AFFDL-TR-77-7. The analysis model must
provide a valid representation of the airframe
structural dynamics and control system characteris-
tics. To this end, it must account for all anucipated
nonlinearities, predictiion uncenainties and, in the
case of digital flight contrels, sampling effects.

Aeroservoelastic instability is one manifestation of
flight control-structural dynamies interaction that
defies detection by traditional ground tests.

Working this area has shown that a fully integrated
analytical approach, involving the disciplines of
aerodynamics, structural dynamics and flight con-
trols, is required to insure the required stability.

The analytical model of the aircraft aerodynamic
characteristics used 1o evalyate limit cycle margins
may use rigid body representations, adjusted for
flexibility effects, with sufficient allowance for un-
certpinties in predicting aerodynamic damping and
flexible-10-rigid ratios. To evaluate stability mar-
gins relative to zero airspeed servoelastic instability
and in-flight aeroservoelastic inswability, the ana-
Iytical mode) must account for the effects of aero-
dynamic and inertial coupling between axes, air-
frame structural modes, and the frequency depen-
dent nature of the aerodynamic derivatives.

When digital flight conuro! computers are used,
characteristics peculiar to digital implementation
need 1o be considered and appropriately modeled.
For example, sampling effects may introduce sig-
nificam phase shift in the flight control loop closure
with an sitendant reduction in stability margins, as
described in AFFTC-TR-76-15. As the suability
margins need to be satisfied regardless of system
implementation, the analysis mode! or a digital sys-
tem must be sufficiently representative of the real
time characteristics,

Figure 1 illustrates a typical FCS block diagram.
Several feedback loops are shown; however, only
one fsedhack nath is thoun, since anly one sensor

WY e ww i n e O S S Srerwy Wil L - )

and one moment producer are involved. Thus,
only one contro! path exists and only one siability
requirement applies.

REQUIREMENT LESSONS LEARNED

An example of problems encountered in the past
with nonaerodynamic loop sability is the B-52
stick steering AFCS. During ground testing of the
A/A 42G-11 AFCS, a 4.2 He insiability was en-
countered in the pitch control system. This prob-
lem occurred the first time the equipment was in-
stalled in B-52 60-002 and resulted in a 4.2 Hz
unstable oscillation aof the control column which
would build up until an automatic disconnect oc-
curred through the overpower circuit. This prob-
lem was eliminated by attenuating the loop gain
near 4.2 Hz through filter modification and reloca-
tion of the pitch force wansducer. To avoid such



Downloaded from http://www.everyspec.com

AFGS-87242A
APPENDIX

problems, a stability analysis of the nonaerodynam-
ic loops should be accomplished with column iner-
tia, feel system characteristics, and other MFCS
parameters properly modeled. In some applica-
tions the pilot may couple with the system and pilot
mass or inertia may have to be included in the anal-

ysis. The full range of excursions expected in ser-
vice should be simulated or otherwise analyzed, es-
pecially where breakout dead zones, hysteresis,
and rate limiting result in significan1 nonlinear sys-
temn characteristics.

Actuator
Dynamics
REF_ —» GACT (S) »
Disturbance
@ — [HS) &

T

H36) ¢

Airplane
Dynamics

Sensor
Qutput
Gap(S) >
G(S) = Forward Loop

H, (5) «

L 6 ’

Transfer Functions

H; (S8) = Feedback Shaping
Transfer Functions

FIGURE 1. Typical FCS block diagram.

As pointed out in AFFDL-TR-77-7, the varia-
tions in gain and phase margins as a function of
relative mode frequencies (see table XII) are
somewhat cumbersome to apply. However, exist-
ing data do not provide sufficient basis to revise
these requirements. It is generally agreed that 6 db
gain and 45 degrees phase margin are adequate,
and may even be conservative, once all aerody-
namic and aeroelastic characteristics are well
known and other concerns, such as residual oscil-
lations and hardware wear effects are satisfied. For
initial flights of an aircraft type, larger margins are
desirable. This recommendation is largely based
on actual test experience revealing lower than pre-
dicted stability margins due to prediction inaccura-
cies in aerodynamic or aeroelastic characteristics,
sampling eflfects in digital implementation, and
jump resonance type non-linearity attributed to ac-
tuator rate saturation.

4.1.3.6 Stability. Verification of air vehicle sta-
bility ghall be performed by analyses, simulation,
ground and flight test. Prior to first flight, ground
testing shall

VERIFICATION RATIONALE (4.1.3.6)

A combination of ground testing, inflight measure-
ment, and analysis is used for verification 1o most
efficiently verify stability margins. Inclusion of ma-
jor nonlinearities in analyses used to demonstrate
compliance is to ensure that adequate margins are
retained with the systems operating both in the lin-
ear and nonlinear range.

VERIFICATION GUIDANCE

Prior to first flight, aircraft ground testing shall in-
clude gain margin tests to demonstrate the zero air-
speed stability margin for feedback sysiems de-

_ pending on aerodynamics for loop closure and to

demonstrate stability margins for nonaerodynamic
loops. Primary and secondary structure shall be
excited with special attention given to areas where
feedback sensors are located with gains increased
to verify the zero airspeed requirement. Residual
oscillations shall be measured and evaluated in-
flight at critical flight conditions.

Aerodynamic and adverse condition margins shall
be verified by analyses. These analyses shall in-
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clude the effects of major sysitemn nonlinearities.
Stability requirements during gain and phase varia-
tions shall be verified by analyses. In multiple loop
systems stability shall be verified by varying gain
and phase values in the path under investigation
while holding gain and phase value at nominal in all
other feedback paths.

Demonstration of stability margins for nonaerody-
namic loops should include frequency response,
the effects of vibration and, il practical, doubling
the feedback gains in electronic systems. Most
FCS. exhibit rate limiting nonlinearities with large
control surface amplitudes at higher frequencies.
Deadband or hysteresis is also usually present.
Where linear analysis techniques such as root locus
are used, phase and gain characteristics for the
feedback elements operating at small perturbations
should be considered to evaluate nonlinearities
such as breakout deadzones or hysteresis, and sep-
arately, phase and gain characteristics for feedback
elements operating at medium and large control
surface amplitudes shouid be considered 1o evalu-
ate the near linear case and the rate limiting case.
Where simulation is used, these nonlinearities can
be included direclly and evaluated by measuring
frequency responses at different control surface
amplitudes.

VERIFICATION LESSONS LEARNED

3.1.)0.6.1 Senshivity analyses. Tolerances on
feedback gain and phase shall be established at the
system level based on the anticipated range of gain
and phase errors which will exist between nominal
test values or predictions and in-service operation
due to such factors as poorly defined nonlinear and

hia’he.v grder r_l}mnmip: nntlrin:v_ed !“’““.‘.}!2'.'!‘.!“—“8

tolerances, aging, wear, maintenance and noncriu-
cal materie! failures. In addition, these tolerances
shall also include normally anticipated uncenain-
ties in predicted aerodynamic characteristics,
aeroelastic effects, and structural modes. For digi-
wl flight control systems, the colerances established
shall specifically include the effects of sampling
rates, digita) system delay, input and output filters,

digital filker implementation, and integration tech-

nique. Gain and phase margins shall be defined,
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based on these tolerances, which shall assure satis-
factory operation in fleet use. These gain and
phase tolerances shall be established based on vari-
ations in system characteristics either anticipated
or aliowed by component or subsysiem specifica-
tion. The range of variation to be considered shall
be based on 8 selected probability of exceedance
for each type of variation. The exceedance proba-
bility shall be based on the criticality of the flight
control funcucn being provided. The stability re-
quirements established through this sensitivity anal-
ysis shall be entered in table V.

REQUIREMENT RATIONALE (3.1.3.6.1)

This requirement Is included to assure that a suffi-
cient number of factors which cause variadons in
system dynamics are adequately quantified and in-
cluded in the system analyses when analysis is used,
in lieu of the table X1 values, 1o establish the s1abil-
ity requirements for the air vehicles under consid-
eration.

EMENT GUIDANCE

- NP N AR B Y et B

This requirement is not included when phase and
gain margins are those defined by table X1. AF-
FDL-TR-71-78 documents 8 sensitivity analysis
performed to establish gain and phase margin crite-
ria required to accommodate tolerances in the
structural frequencies. Similar analyses can be
used to determine stability margins at all frequen-
cies for a given procurement based on the inaccu-
racies anticipated in the parameters and modeling
techniques used and based on the depth of analy-
ses planned to investigate off-nominal conditions
and the eflfects of wear and aging.

REQUIREMENT LESSONS LEARNED

4.1.3.6.1 Sensitivity analysis. Suability margins
established under this paragraph shall be verified
by analysis. This analysis shall intlude variadons
due to tolerances affecting system characteristics
and uncertainties in modeling.

VERIFICATION RATIONALE (4.1.3.6.1)

Inspection of the sensitivity analyses is used to
verify the assumptions made in establishing the de-

sired swabitity margins.
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VERIFICATION GUIDANCE

Prediction of aerodynamic characteristics,
aeroelastic effects and structural modes are type of
uncerisinties found in modeling the air vehicle and
its characteristics. In a sensitivity analysis these
values are typically varied by a percentage around
the nominal value. The percentage may vary for
different parameters based on experience {i.e.,
CMO, may be more accurately defined than C; 8"

Therefore, percent variation of CMa would be
less than C; 8

VERIFICATION LESSONS LEARNED

3.1.3.7 Operation in atmospheric disturbances.
During normal operation the FCS shall provide a
safe level of operation and maintain mission ac-
complishment capability while flying in atmospher-
ic disturbances. For essential and flight phase es-
sential FCS functions, at least Operational State __
fa)  shali be provided for gust intensities corre-
sponding to exceedance probabilities ___(b} __and
—{c} . respectively (table I). Noncritical controls
shall provide at Jeast Operational State __(d) in
atmospheric disturbances at the intensities corre-

sponding 1o {e) probability of exceedance
(table 1) . Noncritical controls operating in distur-
bances with gust intensities above those specified
shall not degrade flight safety or mission effective-
ness below the level that would exist with the con-
trol inactive. 44 means to inactivate the
noncritical control for flight in heavy disturbances
shall be used when required. The dynamic analysis
or other means used to satisfy this requirement
shall include the effects of rigid body motion, __(g)
—. and the flight control system. Significant nonlin-
ear effects shall be represented by conservative
nonlinear or equivalent linear representations.
The analytical form of the atmospheric disturbance
models specified in the flying qualities require-
ments, with the exception of the discrete gust, shall
be used for flight control analyses at the intensity
levels memfled herein. The discrete gust to be

used shall be defined as a single full wave of a
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(1-cos) function with a peak amplitude of 40 fu/sec
which may be encountered anywhere within the
operational flight envelope. Varying gust ampli-
tudes up to 40 fusec shall produce near linear air
vehicie response. The gust wave iength shali be
tuned to produce maximum excitation. The gust
intensity levels apply at the turbulence penetration
airspeed, V. At the maximum level flight air-

speed, V. these intensity levels are reduced to _

{h) __ of the specified levels for atmospheric distur-
bances.

REQUIREMENT RATIONALE (3.1.3.7)

The vertical rms gust intensity requirements speci-
fied herein for essential and flight phase essential
systems are based on safety considerations with a
prime objective to retain at least minirmum safe op-
eration in any environment the air vehicle structure
may be expected 10 penetrate.

REQUIREMENT GUIDANCE

Values previously required: (a) 11, (b) 10-6/T,
10-5/T* where T = longest time in essential flight
phase segment in any mission/total flight time per
mission, (¢) 1076, 10-3*, (d) I1, (e) 10-2. (f) auto-
matic or manual, (g) significant flexible degrees of
freedom, and (h) 38 percent.

arge, heavy, low to medium
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The rms vertical gust amplitudes are specified in
terms of exceedance probabilities and FCS func-
tion criticality. Table 1 defines rms vertical gust
amplitude versus altitude for selected exceedance
probabilities. The relatonship among vertical, lat-
eral and longitudinal rms intensities and scales de-
fined in the flying qualities requirements shall be
used 1o establish intensities for lateral and longitu-
dinal gusts. For essential controls, the aircraft dis-
turbance penetration capability may be set by the
structural strength of the airframe, the augmenta-
tion capability of the control system or a combina-
tion of the two. Most noncritical controls de not
affect disturbance penetration capability and the
noncritical controls designer is primarily concerned
with maintaining acceptable performance of pilot
relief or ride guality during aunnmhenc distur-

L=111=} } LR L St alila

bances.

4
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Noncritical systems such as ride smoothing systems
may be designed to permit saturation in moderate
disturbances while maintaining a reduced level of
ride improvement. Many pilot relief AFCS modes
are commonly disengaged when a disturbance is
encountered. It is importan: to avoid inadventent
sutomatic mode disengagement in light atmospher-
ic disturbances.

The specification of rms gust intensities for essen-
tial and flight phase essential controls is intended to
result in control systems capable of operating at
least minimum safe (Operational State 111} condi-
tion in the maximum atmospheric disturbance in-
tensity which the structure can penetrate without
exceeding limit load. The imensities specified for
noncritical controls are much lower than those de-
fined for essential controls and are correlated with
the mission accomplishment probability specified
for the particular air vehicle.

Control system rate limiting must be emphasized
for FCS controlling an unstable airframe, since rate
limiting as well as displacement can cause loss of
stability. The procedure used for the American
SST design (see FAA-55~73-1) was 10 rely on
simulation studies to establish the allowable actua-
1or minimum rate requirements. The design condi-
tion was piloted flight in heavy turbulence at land-
ing approach. The minimum rate requirements
were less than the common criterion of providing
stop-to—stop surface travel in one second. After
the minimum rate requirements were established, it
was verified that the system could provide these
minimum rates under any combination of failures
which would still allow at least minimum sale con-
trol.

The analytical form for atmospheric disturbance

models speciﬁed in the flying qualities require-
ments is used for flight contro) analyses. The major
differences between the aumospheric disturbance
requirements for the FCS and flying qualities are
the intensity levels and discrete components. The
flying qualities requirements for intensity levels are
generally more lenient than those required in this
specification. Discrete impulse gusts produce larg:

er sircraft mation and are felt to be more represen-
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tative of real world rurbutence than the step func-
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tion usually specified in the flying qualities require-
ments.

The specified gust intensity levels are reduced in
magnitude as airspeed is increased beyond the at-
mospheric disturbance penetration airspeed. This
procedure is based on the precedent of the MIL-~
A-B8861 gust load requirement and similar FAA re-
quirements which allow similar reductions at
speeds above the gust penetration airspeed.

REQUIREMENT LESSONS LEARNED

NASA CR-124834 includes an excellent discus-
sion of the curren state of the an in understanding

SELIAE WA WA WS Y wisy Wemsww e T S S L1L-1 540

the problem of flight safety in turbulence. The au-
thor points out that control has been an impornant,
and perhaps critical, factor in recent turbulence re-
tated aircraft losses. It was noted that commercial
transports have been estimated to spend between
0.01 and 0.1 percent of their flight time in thunder-
storms, despite the high priority given to storm

avoidance. Mouniain waves are also a serious
fNight eafstv nrohlem and have resulted in pircraft
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loss. Clear air turbulence, although quite common,
is not generally considered a flight safety problem.

The NASA study, above, emphasized that turbu-
{ence normally occurs in patches and recommends
a five-mile wide paich for simulation. Other stu-
dies indicate an average patch duration of approxi-
mately one minute for moderate to severe wrbu-
lence for world-wide civil aircraft operation. The
turbulence requirements of this specification
should be evaluated using the turbulence patch ap-
proach, although the length of the paich may be
selected as either less or greater than five miles,
depending on the mission requirements for the sir
vehicle,

4.1.3.7 Operation in atmospheric disturbances.
Operation in atmospheric disturbance shall be ver-
ified by

VERIFICATION RATIONALE (4.1.3.7)

The ability of the FCS to provide a safe level of
operation in atmospheric disturbances can only be
verified by flight test and/or analysis.

VERIFICATION GUIDANCE

FCS operation in atmospheric disturbance should
be tested and/or analyzed in conjunction with veri-



Downloaded from http://www.everyspec.com

AFGS-87242A
APPENDIX

fication of handling qualities during atmospheric
disturbance. See the flying qualities handbook for
a discussion of atmospheric disturbance models
used for analysis.

VERIFICATION LESSONS LEARNED

3.1.3.8 Residual osclllations. For normal opera-
tion and during steady flight, FCS induced aircraft
residual oscillations at all crew and passenger sta-
ticns shall not exceed __{a)  g's vertical or __(b)

g's lateral peak to peak acceleration. Residual os-
cillations in pitch attitude angle shall satisfy the lon-
gitudinal maneuvering characteristic requirements
of the flying qualities specification. Residual oscil-
lations in roll and yaw attitude at the pilot’s station
shall not exceed __{c) degrees peak to peak for
flight phases requiring precision control of attitude.

REQUIREMENT RATIONALE (3.1.3.8)

This requirement is imposed to prevent limit cycles
in the control system or structural oscillations that
might compromise tactical effectiveness, or cause
crew or passenger discomfort.

REQUIREMENT GUIDANCE

Values previously required: (a) 0.04, (b) 0.02, and
{c) 0.6.

These residual oscillation requirements apply to
both manual and automatic FCSs under normal
conditions, and do not apply below FCS Opera-
tional State I. The amplitude specified corresponds
roughly to the perceptible level.

Residual oscillations of 1 degree peak-to-peak for
roll and 0.5 degree peak-to-peak for pitch attitude
and heading have been suggested as limits for com-
mercial transports. These higher values may be ac-
ceptable for flight phases not requiring precision
control of attitudes. In procurements having strin-
gent tracking accuracy requirements, residual oscil-
lations below those previously required may be nec-
essary to obtain desired performance.

REQUIREMENTS LESSONS LEARNED

Roll residual oscillations of 0.7 degree have been
reported for large low to medium maneuverability

aireraft without comnlaint from sithar !'lloh' crew or
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crew members engaged in monitoring equipment in
areas without outside visual reference.

4.1.3.8 Residual oscillation. Compliance with
the requirements for residual oscillation shall be
verified by . Residual oscillations
shall be measured at

VERIFICATION RATIONALE (4.1.3.8)

Ground tests and inflight tests of the actual air ve-
hicles are the conly reliable means of verifying the
actual residual oscillations.

VERIFICATION GUIDANCE

The flying qualities specification requires the mea-
suring of residual pitch oscillation at pilot’s station.

Denendmn on the air vehicle's mission, additional
measurement locations may be required depending
on crew tasks, passenger comfort, sensitive equip-

ment, locations, etc.
VERIFICATION LESSONS LEARNED

AFWAL-TR-82-3081, Vol II, references an air
vehicle design where .049 g peak-to-peak normal
acceleration oscillations were undesirable.

3.1.3.9 System Test, Display, Reporting, and
Monitoring Provisions (TDRM). Test display,
reporiing, and monitoring incorporated into the
critical and flight phase essential FCS should in-
clude:

Table V1 defines the applicable tests and the air
vehicle functions to the flight phase:

REQUIREMENT RATIONALE (3.1.3.9)

System test display and monitoring are necessary in
order to most effectively and efficiently integrate
FCS requirements including flight safety, mission
reliability, fault isolation, failure immunity, surviv-
ability, invuinerability, operational utility, and
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maintainability with other systems/subsystems and
the aircraft.

REQUIREMENT GUIDANCE

The blanks allow wiloring of the requirements.
The testing display and monitoring provided under
this requirement should dea! only with system test-
ing and monitoring allocated to influence system
design and performance. The total test, display re-
porting. and monitoring capability necessary for
critical and flight phase essential FCS should be de-
fined for systems phases of flight (preflight, inflight,

and mﬂda'hg} ac:er{hnn to the fQUOgn_qo tables

and definitions:
a. Definitions:
{1) Phases of Flight:

Preflight: Time from identification of
an aircraft for 8 mission to start of takeofl on run-

way.
Inflight: Time {rom stan of runway to
end of landing roll.

Posiflight: Time from end of landing
roll to centification of aircraft operational utility for
another mission.

(2) Buili-In-Test (BIT): Integral testing
which enables rapid isolation of faulty system com-
ponents. A BIT may be initiated either sutomati-
cally or manually 10 meet a system's peculiar
needs.

(a) Coordinated System BIT
(CSBIT): A BIT automatically instituted on
ground power up that checks the FCS and all inte-

grating subsystemns. This BIT is made of several

other types of BITs plus unique features.

() Power Up BIT (PUBIT): A BIT
automatically initiated on power on to test a de-
fined functional system or piece of equipment. A
little less extensive than CSBIT, but more extensive
than other BITs.

(c} Short Power Up BIT (SPUBIT}:

. W wE

A BIT automatically mmmed when power is
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applied/selected by externa! conditions known
apriori. A fast response PUBIT.

(d) Initiated BIT (1BIT): A BIT initi-
ated by personnel action designed to test a defined
functionai system. Less extensive than PUBIT, but
more extensive than other BITs.

(e) Continuous BIT {(CBIT): A BIT
that automatically runs in background 1o check a
limited number of critical parameters during each
defined computer frame (major or minor).

() Periodic BIT (PBIT): A BIT that

sulomatic n!l}t Tuns every so many computer fr frames

to check parameters which need to be tested less
frequently and may or may not be critical.

(g) Off-Line BIT (OLBIT): A BIT
automaticaily or manuaily initiated to determine
which part or pans of a computing entity, function,
or components are capable to continue operation
once the function, component, or computing entity
has been removed from active parnticipation.

{h) Performance Monitoring BIT
(PMBIT): A BIT automatically monitoring health
of a function capable of detecting and isolating a

fault through mostly passive detection techniques

and active isolation.

(i) Preflight BIT (PFBIT): A BIT su-
tomatically or manually engaged to perform a lim-

ited CSBIT of flight critical functions/parameiers
under time critical conditions.

(j) Pre-Engage BIT (PEBIT): A BIT
selected automatically or manually initiated to
check 2 mode or function prior to its engagement/
coupling with a flight critica! function such as FCS.

(k) Maintenance BIT {MBIT): The
most exhaustive of all BITs. It is manually engaged
o find a fault down to the component level.

‘The above is not 21l inclusive, but covers most types

of BIT associated with an end item, function, and
SUCIAITY,

) it

(3) Onher Test Methods:

(a) Visual Inspections (VI): Used wo
determine proper movements, serviceability, fuid
levels, and general appearance.
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(b) Physical Parameter Measurement
{(PPM): Used to determine proper alignments,
clearances, deflections, strains, and elongations.

(c) Special (SPCL}: Tests which may
require specialized tools, ground suppon equip-
ment, diagnostic hook-ups, or nondestructive in-
spections (dye, x-ray, eic.).

(4) “A NATO Standardization Agree-
ment exists in the form of STANAG 3221, which
implies that aircraft with AFCS shall be provided
with a means by which the pilot can check service-
ability prior to takeoff and a means to detect and
display inflight malfunctions. The term 'Self Test’
and ‘Built-in-Test (BIT)' are terms used frequent-
ly in the past to describe a means of T&M. The
following is a list of specific tests which may be
applicable to a BIT. The list is not exhaustive, and
tests must be chosen for applicability to the func-
tion and level of coverage desired.”

(a) Instruciion Test Sequence: Test
for endless loops, time deadline to exercise all in-
structions.

(b) Scratch-Pad Read-Write Test:
A number of locations in the scratch pad are dedi-
cated to self-testing. On successive test iterations,
random patterns are written into these dedicated
locations and then checked. This tests the memory
integrity and addressing structure of the scratch
pad.

(c) Wrap Around Loop Tests: To
verify the computer 1/O and communication sec-
tions for both analog and discrete data.

(d) Use of hardware circuitry to moni-

r the computer

power supplies. Power supply sta-

-
[=]

signals will be exchanged between computers.

&

(e) Incorporation of a high-priority
power failure interrupt to effect an orderly comput-
er shut-down in the event of a power drop-out.
Power-off and power—on status signals will be ex-
changed between computers.

(f) Incorporation of a deadman timer
{redundant if necessary to achieve required reli-
ability) to detect computer stoppages. Failure of
the software to reset the timer indicates a computer
failure.

(g) Use of an internal timer to monitor
the time required to complete various portions of

the self-test program.

(h) Use of parity to continuously mon-
itor the memory storage locations.

(i) Check data, address, and control
lines by reading out of memory data patierns of zer-
os and ones, stored in predetermined locations.

mmmle s Fomn shows

G) nru:luunr—auul Cnecks 1071 LITUDEC
portions of memory containing constants and in-
structions. The sum check requires more execu-

- tion time than can be used immediately following

computer start-up.

(k) Sample Problems to Check the
CPU: Designed to exercise the instructions used to
solve the control laws.

() An arithmetic faults interrupt to
sense overflows.

(m) Parity: To monitor continuously
the transmission of data over the 1/O channels.
When bad parity is detected, an interrupt will be
initiated.

This list (table XII) is supplied for informaton

only: it is not intended for the FCS engineer o

specify the design techniques used to provide BIT.
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TABLE XII. Suggested uses of BIT and other tests.

PHASE
TEST PREFLIGHT INFLIGHT POSTFLIGHT

CSBIT
PUBIT
SPUBIT
CBIT
PBIT
OLBIT
- PMBIT
PFBIT
PEBIT
MBIT

MM A A KA
HRMH K

WX O HRHHHKNK

PM
SPCL
IBIT

KA AR
HH XK

TEST PREFLIGHT INFLIGHT POSTFLIGHT

FCS

, INS

O AIR DATA
ELEC POWER

HYDRAULICS

STRUCTURE

AUTOPILOT
DISPLAYS

b o

MoK O HWM AN
P
L B B

AUTO TERRAIN
FOLLOWING AVOIDANCE

AUTO BATTLE MANAGEMENT
THREAT AVOIDANCE
COLLISION AVOIDANCE

LOSS OF CONSCIOUSNESS
ACTUATION

UNIQUE SENSORS

PILOT COMMAND SENSORS
AUTO NAV

AUTO RECOVERY

AUTO WEAPON DELIVERY
FUEL MGMT

LANDING GEAR SYSTEM
ENVIRONMENTAL CONTROL SYSTEM
MISSION AVIONICS PLANNING

HHHH HAHHAAHNA
b 2 B B B B R B 38
KR

b B ]

d. Displays: Displays for critical and flight cated 1o critical and flight phase essential informa-
phase essential will have readable, readily identifi- tion.
O able symbology. At least two displays shall be dedi-
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e. Reporting: Information for critical and
flight phase essential systems taken from any test
and displayed to the pilot or crew shall be clear,
unambiguous, and result in a single, if any, correc-
tive action.

REQUIREMENT LESSONS LEARNED

The effect of detected and undetected failures tak-
€n with the probability of occurrence of such faii-
ures must comply with the system reliability and
safety requirements. This requirement must ad-
dress all failures, including but not limited to soft-
ware, electronic, mechanical, electrical, hydraulic,
power sources, actuators, $ensors, structure, and
displays.

4.1.3.9 System Test, Display, Reporting, and
Monitoring Provisions (TDRM). The test and
monitoring methods incorporated in the FCS shall
be verified by

VERIFICATION RATIONALE (4.1.3.9)

The methods used for system test, display. report-
ing, and monitoring can best be assessed by inter-
face with the contractor, either formal or informal,
through briefings/reviews or documentation. This
requirement documents the types of tesis and mon-
itoring to be done inter and intra FCS.

VERIFICATION GUIDANCE

The following are suggested entries for 1ailoring this
requirement. during PDR, during CDR, and/or in-
formal documentation (list CDRL number).

ould be a sequential, iime-phased
series of events which begin in the design phase and
extend through development to provide proof that
the TDRM requirements have been met. The

blank should be filled by words such as:

Review of documentation incident to design, devel-
opment and 1est display reponiing and monitoring

(TDRM) by:
a. Analysis - (types of analysis)
b. Laboratory tests — (types of tests)

¢. Ground tests on the aircraft - (types of
tests)
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d. Flight test - (certification tests)

The detail design features and performance, which
is to be provided, should be established in an engi-
neering document. That document should cover
each feature which is necessary to fill the needs of
the system. Test procedures should be developed
from that document and should include not only
the tests for parameters, which ensure proper per-
formance, but aiso tests which show that features
provided for contro! of hazards, and for ensuring
safety of operation, do function properly.

When digital FCS are used, it is essential that an
Engineering Test Stand (ETS) be used to verify the
TDRM function in both software and hardware.
The ETS should include hardware elements of the
FCS which have been modilied to allow simulation
of malfunction and failure in the T&M and FCS.
The ETS should include all elements necessary for
TDRM to be evaluated, especially elements which
are not Filight Control such as those for communi-
cation, fault storage, etc. When TDRM is part of
an integrated diagnostic system, the TDRM tests
should be specifically tailored to cover all the para-
meters/features necessary for the TDRM HRunctions

to be completely verified. In these tests, the failure
modes and propagation resulis of the 1nlenramd

system should be shown 10 not degrade FCS per-
formance.

VERIFICATION LESSONS LEARNED

Poorly integrated testing. display, and reporting
have led 10 an enormous cost in lost aircrafi, pilows/
crew, maintenance troubleshooting, and logistics.
Features of TDRM which are most critical and
shouid receive an exiremely thorough verification
are those which provide:

- Detection of all active and passive failures.

- Comparator limits and trip times (great
enough to prevent nuisance annunciation).

- Switching transients (low enough not 10
create hazard).

- Reliability levels {high enough to make the
probability of two similar passive failures virtually
nil in one flight).

~ Redundancy management (signal selection,
fault detection, fault isolation, reconfiguration).
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The effect of detected and undetected failures,
combined with the probability of occurrence of
such failures, should be a factor in TDRM analyti-
cal verification.

A thorough verificadon/vatidation of BIT, prior to
aircraft installation, has resulied in considerable
time savings during aircraft debugging procedures.
Verification of TDRM software must be in accor-
dance with procedures oudined in the Computer
Program Configuration Item Test Plan.

3.1.3.9.1 Prefight. Preflight BITshalibe _{a}
and include any test sequence (see in table V1)
.prior to takeoff. Preflight tests shall not rely on
ground test equipment for their successful compte-
tion. [nter!ocks shall be provided 1o prevent in-
flight engagement and 1o terminate preflight BIT
when the conditions for engagement no longer ex-
ist. It shall be possible to perform preflight tests by
manipulation of the following equipment:

(b)

Test provisions shall include the capability for de-
termining the integrity of the following by the corre-
sponding test:

{c)

The functional capability of the following in their
fail operational modes shall also be determined by
the corresponding test:

(d)

The overall tests performed (BITS, VI, PPM,

SPCL) conuain the following specific related tests:

{e)

et oot b1 A AYTAET W o4 MR AR FL T« )

UIREMENT TIONALE (3.1.3.5.1)

Preflight tests are required to provide assurance of
subsequent sysiem safety and operability.

REQUIREMENT GUIDANCE

Preflight is a means of determining the status of the
FCS and integrated systems prior to flight. This

¢an only he derzrmined if each and every critical

SRR s sansniir e 2r weErwes T =1 ans =

path is checked.

Additiona! 1est capability for checking the com-
mand limiting and structural protection systems
may be provided. The test provisions should be
mechanized to enable the pilot to compleie all pre-
flight testis in less than five minutes afier warm-up
time. PFBIT should complete all tests in less than
two minutes. Jf preflight is not completed prior to
takeoff, provision must be provided to safely termi-
nate BIT (e.g. terminates with weigh gff wheels).
Test equipment should not have the capability of
inserting signals which exceed operating limits on
any pan of the systemn or which reduces its wear
capability or [atgue life.

Preflight tests for essential and flight phase essential
FCS should be provided to enable the pilot to de-
termine whether or not the FCS is funciioning
properly. It should be demanstrated that redun-
dant MFCS electronic channels are operating nor-
mally without any safety—critical latent failures
prior 1o takeoff. Depending on the operating rules,
the pilot may need 10 know the operational/l{ailure
state channel-by-channel and axis-by-axis. This
includes all backup or normalily disengaged chan-
nels. Pilot-operated preflight check requirements
should be integrated into the FCS and should not
require use of ground test equipment.

The requirement is designed 10 allow the flight con-
trol engineer to determine (blank a) if the preflight
should be automatically initiated, possibly as pan
of other preflight procedures or if the pilot should
be required to initiate the BIT(s}). [t may be desir-
able to allow the combination of automatic and pi-
1ot initiated preflight BITs. In either case, the sub-
sequent process should be aummauc. and this

should be stated in the i

BITs are allowed.

Blank (b) is provided to tailor the list of equipment
with which it should be possible to perform pre-
flight tests. Suggested equipment which may be
manipulated for preflight tests are:

- FCS preflight test means of activation
- Aircraft conurol stick or wheel
- Aircraft control pedals

- Controls on the FCS control cansole

- Flaps and speedbrake controls, etc.
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Results of the preflight tests should indicate to the
pilot the proper functioning of the FCS and inte-
grated systems/subsystems. The 1est provisions
(blank c) should include the capability for deter-
mining the integrity of the following:

a. Control paths between pilot's control input
and the aircraft power control units. (CSBIT,
CBIT, PBIT, PMBIT).

b. MFCS and AFCS sensors and controt
paths. (CSBIT, PFBIT, PUBIT).

¢. MFCS and AFCS fault monitoring and fail-
ure isolation systems for sensors, electronics, and

servo-systems. (CBIT, PBIT, PMBIT, IBIT,
MBIT).
d. Manual and automatic trim svstems

= SYREIINED &I ZRtNniallL Rl gyeRSidis.

(CBIT, PBIT, PMBIT, IBIT, MBIT, VI, PPM,
SPCL)

Preflight should also be able to determine the func-
tional capability of the following in their fail opera-
tional modes (blank d):

a. Electronic computation and control paths to
FCS secondary actuator, excluding sensors.
(CBIT, PBIT, PMBIT, MBIT, IBIT)

b. Fault monitoring and failure isolation sys-
tem for sensors, electronics, and servo-systems.
(PMBIT, MBIT, IBIT, VI, PPM, SPCL)

The overall test element with the specific tests con-
tained in the element should be defined in blank
(e) Suggested tests from 3.1.3.9 may be used. It
is expected that the more complicated the overall
test element is, the more lengthy and specific the
tests will be. For example, CSBIT may pinpoint it
to a faulty system or major item such as a line re-
placeable unit, module, or area within. Each spe-
cific test should be identified against what it is test-
ing for. The exact details of how the test accom-
plishes its purpose may be specified in another doc-
ument.

REQUIREMENT LESSONS LEARNED

Experience indicates that the drive tests of the ac-
tuators are the most time consuming so that the test
times are determined by hardware action times, not

software computation. Fault isolation can usually
be accomplished while waiting for hardware re-
sponses. At low temperatures it may be necessary
to integrate warm-up and preflight BIT to achieve
desired operational performance.

Electrical signals injected by TDRM should not ex-
ceed the operating limits on any part and should
not reduce the endurance capability or fatigue life
of the elements.

Ground test signals for TDRM should not drive ac-
tuators into hard stops:; however, they should en-
sure maximum deflection of cables, hoses, tubing,
etc., that connect to the actuators.

The time required to complete the preflight test
should be the time required to show a GO/NO-GO
condition and should not include the time for fault
isolation, system management, etc.

4.1.3.9.1 Preflight. The proper operation of pre-
flight BIT shall be verified by ground test and __
{a) . Ground test shall demonstrate by .
Prevention of inflight engagement shall be verified

(4] .
VERIFICATION RATIONALE (4.1.3.9.1)

In the past ground on-aircrafi tests, analysis, and
laboratory tests have been used successfully to
demonstrate compliance.

VERIFICATION GUIDANCE

Blank (a) is provided so that other methods besides
ground test may be included for verification. The
methods usually chosen are laboratory tests and/or
Blank [D) is provided io tailor the re-
guirements of the verification procedure to include
specific demonstrations. A suggested input for
blank (b} is: “detection of simulated safety critical
latent failures and verify annunciation require-
ments”.

analysis.

" Prevention of inflight engagement (blank c¢) should
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state that the test not be done in flight and should
be verified by on-aircraft ground demonstration
that the inhibit logic does prevent unwanted inflight
BIT engagement. Additionally, analysis should be
used to substantiate the number of interlocks to
prevent inflight engagement and acceptable levels
for ground test signals.
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Laboratory tests and anatysis shall be used for veri-
fication of BIT software. If BITs are used, the pre-
ceding sentence should be appended to the
4,1.3.9.1 requirement.

VERIFICATION LESSONS LEARNED

Verification should show that single and unde-
tected {ailures in TDRM ground test interlock can-
not result in inadvertent engagement of this mode
in fligh,

3.1.3.9.2 Inflight. Inflight TDRM of equipment
performance and critical flight conditions shall op-
erate during {a} and shall be capable of
detecting:

(b}

Inflight TDRM shall be passive and not propagate
any failures to the____(c) flight controls,

Inflight TDRM shall include, but not be limited to,
the following capabilities:

(d)

REQUIREMENT RATIONALE (3.1.3.9.2)

As flight control systems become more complex
and aircraft more integrated, inflight test monitor-
ing becomes necessary to meet the reliability, sur-
vivability, failure immunity. invulnerability, and
flight safeily requiremenis, and provide assurance
of subsequent system operability {or mission com-
pletion.

REQUIREMENT GUIDANCE

Inflight TDRM shall operaie, as a minimum, during
critical and Right phase essential functions (blank
a). Inflight TDRM is made up of tests from table
XII to perform continuous evaluation of critical
functions, such as supplying swbility 10 an unstable
girframe. Inflight TDRM, as a minimum, should
be capable of detecting (blank b):

a. Any single and/or muhiple failure which de-
grades performance below the system specification
requirements.

b. Monitoring circuitry failures which could
mask failures of functional circuitry.
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¢. Single failures which could cause loss of air-
craft control.

Failures occurring in the inflight TDRM should not
be allowed to disturb the normal operation of the
FCS. Blank (c) is provided to list the specific FCS
classes. Whereas in this document only two classi-
fications are defined, MFCS and AFCS, modifica-
tions Lo previously produced air vehicles, for which -
the specification may be used, may include such
classifications as primary, secondary, and mission
flight contral systems.

Inflight monitoring that controls redundancy and
integration management logic should be designed
to minimize nuisance failure indicauons. This is
panicularly imponant for fly-by-wire and/or un-
stable vehicle control systems where excessive
noise susceptibility and tight monitoring thresholds
could erroneousty shut down the last channel of a
redundant FCS and cause loss of control due to a
transient signal.

Blank (d} is provided so that specific capabilities of
the monitoring system may be specified (reference
table X11), These desired capabilities will probably
be genersted by lessons learned in the design of a
specific air vehicle or ¢lass of air vehicles.

Some 1echniques which might be used in infligh
TDRM are: :

a. Contnuous In-Line Monitoring ~ Concerns
monitoring techniques incorporated in digital com-
puter software to verify the integrity of that com-

puter.

b. Watch-Dog Timer - A check on the system
clock and/or system control {for ninaway control).

c. Tracer Monitor - Used in anaiog computers
to verify that an amplifier or similar circuit will pass
a partcular tesi. It can also be used to verify the
presence of an AC excitation voltage.

d. Sign Post Counter - A check an software
runaway, a sequence check on sofiware.

¢. Status Monitor - Monitors the status signal
from another channel or other source.
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f. Memory check sum - Checks the integrity _

of memory.

2. Comparisen Monitor - Commonly called a
comparator. Can compare across channels or sub-
systemn to a model.

h. Standard Comparator - A stimulus of
known value inseried into a unit under test and the
response compared against a standard.

i. Wrap-Around - Signals feedback into the
system for a validity check of the command.

j- Logic Test - An interrogation or comparison
of logic devices to determine the actual state.

k. Signal Management - Signal selection tech-

1. Preengage BIT - PEBIT tests any automatic
performance or mode using any test sequence re-
quired prior to engagement of a control or mode.
Any test sequence which could disturb the normal
activity of the air vehicle in a given mode should be
inhibited when that mode is engaged.

This list is not intended to be exhaustive, noris it to
be implied that a properly designed TDRM system
needs to include all techniques. Rather, different
techniques should be chosen and used in combina-
tions which provide the optimum coverage neces-
sary to meet the various requirements of mission
reljability. survivability of safety, etc.

REQUIREMENT LESSONS LEARNED

Several inflight monitoring capabilities which have
been specifically required in the past are monitor-
ing of hydraulic power, overfunder voltage and cur-
rent levels supplied 10 the FCS.

The tolerances on command limiting and switching
thresholds in high gain/full authority electronic
flight controls are critical parameters when TDRM
is used for inflight.

Nuisance annunciations should be evaluated in
terms of maximum number per operating hour and
not as a ratio of nuisance to actual failure annunci-
ations. Factors such as equipment design, cockpit
design, mission, pilot workload/opinion may all in-
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fluence the TDRM chosen and the method of initi-
ation. However, each of these factors must be
viewed in light of the reasons for the preengage
test.

4.1.3.9.2 Inflight. The proper operation of the
inflight TDRM shall be verified by ___ (3 .
Ground test shall demonstrate ___(b) . Preven-
tion of inflight TDRM failure propagation where
the normal activity of the air vehicle may be dis-

turbed shall be verified () .
VERIFICATION RATIONALE (4.1.3.9.2)

Ground on-aircraft 1ests, analysis, and laboratory
tests have been used successfully to demonstrate
compliance.

The methods usually chosen for blank (a) are labo-
ratory tests, ground test, flight test, inspection, and/
or analyses. Blank (b) is provided 10 tailor the re-
quirements of the verification procedure to include
specific demonstrations. A suggested input for
blank (b) is: “detection of simulation safety critical
latent failures and verify annunciation require-
ments.”; for PEBIT words such as “detection of
simulated mission critical latent failures and verily
annunciation requirements.” Prevention of in-
flight TDRM failure propagation in the FCS should
be verified (blank c¢) by laboratory test and/or on-
aircraft ground demonstration of simulated fail-
ures. Prevention of preengage BIT initiation dur-
ing a mode where disturbance 10 the operation of
the air vehicle could occur should also be verified.
An iron bird/piloted simulation might be used to
verify the FCS immunity to inflight monitor fail-
ures. Analysis should be used to verify levels of
laboratory and ground test signals.

Laboratory tests and analysis shall be used for veri-
fication of monitoring sofiware. If digital TDRM is
used, the preceding sentence should be appended
to the 4.1.3.9.2 requirement.
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3.1.3.9.3 Post flight. Post flight shall (a)

and include the 1est sequences shown in table VII.
Posi-flight test, display, and reporting shall be ca-
pable of __(h) . Post flight maintenance tests

ehall hava intarlne
-4

wall have inter locks 1o nrevant inflioht ﬂpganpm'ni
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and to terminate these tests when conditions suit-
able for maintenance testing no longer exist.

REQUIREMENT RATIONALE (3.1.3.9.3)

Post flight 1ests, if appropriately designed, will re-
sult in more efficient and effective troubleshooting
of the FCS; however, care must be taken so that
system reliability and safety are not adversely al-
fected. Post flight provides the time when exhaus-
tive testing for maintenance is available and is the
most likely time to perform MBIT,

REQUIREMENT GUIDANCE
Maintenance diagnostics may include MBIT, cor-
relation of other BITs, other tests such as VI, PM,
and SPCL to perfarm activities such as complete
system checks on the ground and fault isolation 1o a
specified hardware level. MBIT is incorporated as
a maintenance aid and comprises 1wo major activi-
ties:

a. Maintenance post flight ~ A ground crew-
activated test directed to detection of faults without
regard to location, and run on internal APU or bat-
tery power to avaid engine operation.

b. Maintenance Fault Isolation ~ a mainte-
nance activated test directed specifically to mainte-
nance troubleshooting.

The following capabilities are suggested for inclu-
sion in the requirement:

8. Detection of failures and isolation of the
failures to a card and preferably component level.

b. Testing comprehensive enough to assure
safe mission completion.

¢. Initiation by maintenance crew.

d. Correct operation of ather tests, BITs, and
routine maintenance checks without Aerospace

Ground Equipment {AGE) not normally found on

the flight line.
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¢. Operation by assigned ground crew person-
ne! without additional personnel.

{. Safe operation without danger to personnel
or equipment.

Blank (a) is provided to specify particular perform-
ance features of post flight testing such as “use oth-
er tests and aircraft BITs, correlate the stored data,

and provide fault isolation 1o the card/component

level.”

Blank (b) is provided to specily the display and re-
porting performance such as “displaying mainte-
nance information on a cockpit ground equipment
display, download all or selected information, and
provide alpha-numeric to designate faults.”

REQUIREMENT LESSONS LEARNED

Special consideration should be given to mainte-
nance BIT requirements since aircraft down time
can be drastically reduced if BIT is designed cor-

o ol mas & maniarity al tha failiiras in tha
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system.

4.1,3.9.3 Post flight. The proper operation of
post flight tests maintenance BIT shall be verified
by ground test and __(a) . Verification test shall
demonstrate ____(b) . Prevention of inflight
engagement shall be verified __(c} .

VERIFICATION RATIONALE {4.1.3.9.3)

Ground on-gircraft tests, analysis, and laboratery
tests have been used successfully 1o demonstrate
compliance.

VERIFICATION GUIDANCE (4.1.3.9.3)

Blank {a) is provided 1o specify the type of test/a-
nalysis used 10 verify the same. Suggested wording
is “analysis using hazard and failure mode and ef-
fect to derive a pumber test cases.”

Blank (b) follows with wording such as “post flight
snd mainienance test to isolate to the card (compo-
nent) level (through the use of actual insened or
simulated single and multiple faults) to
percent accuracy.”

Blank (c\ provides for specification of the 1est

methods to venfy the interlocks suggested wording:
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“sequenual evaluation of the interlocks through
voltage, current, or continuity checks.”

The guidance given in 4.1.3.9.1 is also applicable
to this requirement.

VERIFICATION LESSONS LEARNED

A thorough verification/validation of BIT prior to

Py gy R e | P

aircrafi installation in considera

in considerable
time savings during aircraft debugging procedures.

3.1.3.9.4 Inflight monitoring. Continuous in-
flight monitoring of equipment performance and
critical flight conditions shall operate during __{a)
and shall be capable of detecting: (b)

Inflight monitoring shall be passive and not propa-
gate any failures to the (c} flight controls.

Inflight monitoring shall include, but not be limited
to, the following capabilities: (d)

REQUIREMENT RATIONALE (3.1.3.9.4)

As flight contro! systems become more complex,
inflight monitoring becomes necessary to meet the
reliability, survivability, failure immunity, invulner-
ability, and flight safety requirements.

REQUIREMENT GUIDANCE

Inflight monitoring shall operate, as a minimum,
during essential and flight phase essential functions
(blank a). Inflight monitoring may be a continuous
operation, either specified or implied, by the na-
ture of the flight control functions, such as supply-
ing stability to an unstable airframe. An inflight
monitoring system, at 8 minimum, should be capa-
ble of detecting (blank b):

a. Any failure which degrades performance
below the system specification requirements.

b. Monitoring circuitry faiiures which couid
mask failures of functional circuitry.
¢. Single failures which could cause loss of air-

craft control if combined with another subsequent
failure.
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Failures occurring in the monitoring system should
not be allowed to disturb the normal operating of
the FCS. Blank (c) is provided to list the specific
FCS classes. Whereas in this document only two
classifications are defined, MFCS and AFCS,
modifications to previously produced air vehicles,
for which the specification may be used, may in-
clude such classifications as primary. secondary,
and mission flight control systems.

Inflight monitoring that controls redundancy man-
agement logic should be designed to minimize nui-
sance failure indications. This is particularly im-
portant for fly-by-wire and/or unstable vehicle
control systems where excessive noise susceptibility
and tight monitoring thresholds could erroneously
shut down the last channel of a redundant FCS and
cause loss of control due to a transient signal.

Blank (d) is provided so that specific capabilities of
the monitoring systern may be specified. These de-
sired capabilities will probably be generated by les-
sons learned in the design of a specific air vehicle
or ¢lass of air vehicles. Therefore, in an initial
specification of a new air vehicle the last paragraph
may be deleted.

Some techniques which might be used in inflight
monitoring are:

a. Continuous in-line monitoring - concerns
monitoring techniques incorporated in digital com-
puter software to verify the integrity of that com-
puter.

b. Watch~dog timer - a check on the system
clock and/or system contro! (for runaway control}.

¢. Tracer monitor - used in analog computers
to verify that an amplifier or similar circuit will pass
a particular test. It can also be used to verify the

presence of an AC excitation voltage.

d. Sign post counter — a check on software
runaway, a sequence check on software.

e. Status monitor — monitors the status signal
from another channel or other source.

f. Memory check sum -~ checks the integrity of
memory.

g. Comparison monitor - commonly called a
comparator. Can compare across channels, or sub-
system to a model.
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h. Standard comparator - a stimulus of known
value inserted into a unit under test and the re-
sponse compared against a standard.

: L | 7 P | simmiale fo
i. Wrap—alunu = aghaly 1

system [or a validity check of the command.

adl ol femtm alia
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j. Logic test - an interrogation or comparison
of logic devices to determine the actua) slate.

k. Signal management - signal selection tech-
niques for a redundant system.

This list is not intended to be exhaustive, noris it to
be implied that a properly designed monitoring sys-
tem needs to include all techniques. Rather, differ-
ent techniques should be chosen and used in com-
binations which provide the optimum coverage
necessary to meet the various requirements of mis-
sion reliability, survivability of safety, etc.

REQUIREMENT LESSONS LEARNED

Several inflight monitoring capabilities which have
been specifically required in the past are monitor-
ing of hydraulic power, overfunder voliage and cur-
rent levels supplied to the FCS.

4.1.1.9.4 Inftight monitoring. The proper oper-
ation of the FCS inflight monitoring shall be veri-
fiedby ___(a) . Ground test shall demonsirate

[{4)] . Preventon of inflight monitor failure
propagation where the normal activity of the air ve-
hicle may be disturbed shall be verified ___(£) .

VERIFICATION RATIONALE (4.1.3.9.4)

In the past ground on-aircraft tests, analyses, and
laboratory tests have been used successfully to
demonstrate compliance.

The metheds usually chosen for blank (a) are labo-
ratory tests, ground test, flight test, inspection, and/
or analyses. Blank (b) is provided to tailer the re-
quiremenis of the verification procedure 10 include
specific demonstrations. A suggested input for
blank (b) is: “detection of simulated safety critical
laten: failures and verify annunciation require-
ments.” Prevention of inflight monitor failure
propagation in the FCS should be verified (blank

105

¢) by laboratory test and/or on-aircraft ground
demonsiration of simulaied failures. An iron bird/
piloted simulation might be used to verify the FC$
immunity to inflight monitor failures. Analysis
shouid be used to verily ievels of laboratory and
ground test signals.

Laboratory tests and analyses shall be used for veri-
fication of monitoring sofiware. If digital monitor-
ing is used, the preceding sentence should be ap-
pended 110 the 4.1.3.9.4 requirement.

VERIFICATION LESSONS LEARNED

3.1.4 MFCS design. This seciion of the specifica-
tion deals with overall design philosophy of the
flight control system. This section is normally com-
pleied by ihe contracior afier conducting & series of
trade studies to satisly that system’s safety, mission
completion, and system reliability requirements.
Care must be taken when completing this section to
assure that it is in compliance with the overall ac-
quisition strategy of weapon system being procured
(For example, some acquisition strategies may in-
sist that no design guidance be included in any
specification). Where requirements in other sec-
tions of this specificaiion are performance related
requirements, the intent of this section is to provide
protection to both the contractor and the procuring
activity to assure that the sysiem design is within
safety and reliability requirements, and to further
assure the procuring activity that major modifica-
tions 1o that design cannot be accomplished with-
out government concurrence. From the procuring
agency standpoint, care must be exercised 10 as-
sure that over specification does not resuht in Engi-
neering Change Proposals (ECPs) for minor
changes or for routine changes during normal sys-
tem development.

‘The MFCS shall be mechanized asa ___{a) __
using ___(b} _ for pilot control of pitch, roll, and
yaw. The system shall provide _(c) _ to enhance
operational utility and flexibility for mission accom-
plishment. It shall be designed to provide a satis-

factory physical interface between the pilot and the
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air vehicle such that every pilot action required 10
monitor and control the FCS to accomplish every
phase of any assigned mission shall be consistent
with established flying qualities requirement and pi-
lot training practices.

REQUIREMENT RATIONALE (3.1.4)

The use of hydraulic/electric actuation high author-
ity control/stability augmentation fly-by-wire/light
command loops and other innovations has made it
necessary to establish, and make a matter of re-
cord, the features which are fundamental in the

FCS design. When the blanks have been filled,
some of the imponant precepts which influence
FCS design will have been established.

REQUIREMENT GUIDANCE

Blank (a) should be filled by one or several state-
ments which identify the general type of FCS which
will be used for implementing the controls for
pitch, roll, yaw, etc. Words should be used such as
those shown in figure 2 to describe the mechaniza-
tion scheme to be used:

[(Mechanical]
Single Dual
|
v
Direct Boosted
I L
Yv A4 v
Aerodynamic Electric Hydraulic

For example, words filling the blank might be:

powered in pitch.

Dual mechanical, direct for pitch using cable assemblies.
Single mechanical, aerodynamic boosted for roll using rod assemblies.

Single mechanical, cable operated, triple redundant, analog SCAS, fully electric

Quad redundant, digital fly-by-light, hydraulic powered for pitch, roll and yaw.

[Eieguric]
\J

g

X

) 4

¢ —>
Y \ 4
Augmentation FBW/L

SAS, CAS, SCAS
|

Fully
Powered

Y

e

FIGURE 2. Mechanization scheme.

Blank (b) should be filled by identifying the type of
controls which will be provided for the pilot 10
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make inputs for pitch, roll, yaw, etc. The words
used might be:
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- Force and displacement right side-stick for
pitch, roll, and yaw (side-arm controller, right
side).

- Force and dispiacement center stick with
rudder pedals.

Force and displacement column-mounted
and floor-mounted rudder pedals.

heel fl
- Force from left side-arm controller for pitch,

roll, yaw with center force and displacement stick

and rudder pedals for the right side, copilo:.

Blank (c) might be filled by words such as:

- Automatic control of pitch, roll, yaw; mode
sequencing, etc.

- Automatic contro! of high lift devices.
- Autamaiic control of wing sweep.

- Automatic contro! of ground spoilers.

The advent of fly-by~wire FCS has opened the way
for use of several types of controls to be used, and
specified in requirement blank (b) is not clear cut
and cuts across the engineering discipline bound-
aries of flight controls, cockpit design, human fac-
tars, flying qualities and possibly others. For pro-
grams where severa) types are feasible, an effon
shouid be made during the conceptuai and vatida-
uon/demonstration phases of acquisition to identify
the type of control which should be specified.

Flying qualities tests on a fighter airplane led 10 rec-
ommendation with respect to the side-stick con-
troller as follows: “The full scale development con-
trol stick should be a sidearm force controfler. It
should allow a very limited displacement in both
the longitudinal and lateral axes. The displace-
ment should be in the form of a rotwation about a
base pivot point, and the movement equivalent o
maximum aircraft response should be approxi-
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mately one-quarter inch from neutral when mea-
sured at the top of the conwroller. The design
should incorporate gbvious physical stops in both
axes which would provide the pilot unmistakable

H Y ey

indicstions that he has commanded the maximum
possible aircraft response. (The ‘maximum-g
command’ light was unsatis{actory for this pur-
pose.) Some forward and inboard tilt of the stick

should be considered, and its rotation orientation -

should be optimized. Further development of the
pilot controlier should make maximum use of a fix-
ed-based flight simulator mated with a detailed
cockpit mockup.”

Four variations of the command-deflection rela-
tionships of the side-stick controlter, as shown in
figure 3, were evaluated.

The first variation evaluated involved increased
sidestick conwroller displacement. This configura-
tion was referred to as the moveable siick. The
objectives of this evaluation were to determine jif
the moveable stck improved aircraft handling
qualities during pilot high gain tasks and if the stick
stop cues, provided by the moveable stick, reduced

nilny
puol

ing various iasks when maneuvering near maxi-
mum command. The maximum command-deflec-
tion relationship for this configuration is shown in
figure 3b. Comparing this ligure with figure 3a indi-
cates the relative change with respect 1o the FSD
“fixed™ stick. This evaluation determined that the
handling qualities with 8 moveable stick were im-
proved over those with the “fixed" stick.

fatious and imnraved handling gualities disr.
augue anc improveg nanging qualiues Qo

The variations to the side-stick controller mecha-
nization that {ollowed the moveable suck evalua-
ton were:

{1) moveable stick with reduced stick forces
(80 percent of the FSD force levels),

(2) item (1) plus electrically skewed (rowated)
axes,

£y Iem £\
\F) WCIN &)
command gradient,
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NOTE: A.
DEFLECTIONS SHOWN
ARE WITH RESPECT TO

- —— ®fa ShaeniE s

THE GRIP REFERENCE
POINT.

FIXED STICK
INITIAL FSD EVALUATION

0.017 INCH FORWARD
@ 18.4 LBS

0.045 INCH LATERAL

M
W

B. MOVEABLE STICK
INITIAL FSD EVALUATION

0.017 INCH FORWARD
@ 18.4 LBS

0.124 INCH LATERAL
@ 17.0 LBS

0.178 INCH AFT

@ 17.0 LBS

0.032 INCH AFT
31.2 LBS

C. MOVEABLE STICK - 80% FORCES

0.017 INCH FORWARD
@ 16.0 LBS

0.127 INCH LATERAL
@ 13.6 LBS

0.198 INCH AFT

31.2 LBS @ 24.8 LBS
. MOVEABLE STICK - 80% FORCES E. MOVEABLE STICK - 80%
SKEWED AXES FORCES SKEWED AXES
ASYMMETRIC ROLL GRADIENT
/ 0.017 INCH FORWARD 0.017 INCH FORWARD
/ @ 16.0 LBS / @ 16.0 LBS
~— 0.127 INCH LATERAL / 0.127 INCH LEFT
-~ @ 13.6 LBS — @ 13.6 LBS
/ I — o
T4+ 0. 193 iNCH AFT / 0.090 INCH RIGHT
/ @248 LB l\\/ @ 10.2 LBS
0.198 INCH AFT
@ 24.8 LBS
FIGURE 3. Command-~daflection relatinnchi s of the side—stick controller

A EErsrTEA IR s PRI N N W RLARALSIAINNS
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The evaluation in which the FSD force gradients
were reduced by 20 percent resulted from the con-
sideration that the FSD force gradients had been
selected for the “fixed™ stick controller. It was fel
that since the moveable stick provided a motion
cue to the pilot as a control input “feedback,” the
force gradients on the moveable sidestick control-
ler could be reduced without increasing the possi-
bility of pilot over control.

The electrically skewed, or rotated, controller axes
evaluation was based on previous work accom-
plished during research in this area. This evalua-
tion involved electrically rotating the longitudinal-
laterat axes of the controller 12 degrees clockwise
in an attempt to reduce the pitch-roll crosstaik.
The level of crosstalk encountered on this airplane
varied from pilot to pilot based on {light experience
and anthropometric factors. The 12 degrees of ro-
tation was an average value derived from stick
force cross plots and simulator studies.

The asymmetric roll gradient was evaluated as a re-
sult of pilot comments and anthropometric consid-
erations. Due to the location of the controller,
right roll forces were harder and more awkward to
apply than lefi roll forces. For example, windup
wirn maneuvers to the right were considered by
some pilots 1o be much harder 1o accomplish as
precisely as windup turns to the left. Thus, the
right roll force gradient was reduced from the 80
percent force level.

The moveable stick with reduced stick forces was
comfonable in takeof!, landing, and formation ma-
neuvers. There was no tendency o over control
the aircraft. A noticeable reduction in pilot latigue
while flying with reduced forces was indicated.

The moveable stick with reduced forces and elec-
trically skewed axes significantly improved the
overall aircraft handling qualities. Takeofl and
landing were considered much more comforniable;
an improvement which was auributed specifically
to the skewed axes. Crosstalk during takeof!, land-
ing, and formation flying was greatly reduced. This
resulted in decreased pilot workload and reduced
fatigue.

The resulting comments of the pilots who evaluated
the moveable stick with reduced forces, skewed
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axes, and asymmetric roll gradient indicated that
the asymmetric roll gradient degraded the handling
qualities of the airplane. There was an objection-
able lack of harmony and an unnatural control re-
sponse. This problem was very evident in the high
speed-low altitude regime where intense pilot com-
pensation was required. The asymmetric roll gradi-
ent, as tested, was highly undesirable.

The conclusions of these evaluations were that the
moveable side-stick controller provided significant
improvements over the original “fixed” stick. Re-
duced forces contributed positively to the handling
qualities of the airplane by reducing pilot workload,
thereby, reducing pilo: fatigue. Skewed axes signif-
icantly reduced or eliminated pitch-roll crosstalk,
improving the handling qualities, and further re-
ducing pilot workload and fatigue.
roll gradient, as tested, was highly objectionable
and required intense pilot compensation.

The asymmetr ic

The variation chosen conforms to figure 3d.

The {irst modern use of a stick on a transpon air-

craft may have been the Brequet 941, a prototype
TN transpon in the 1062 timeframe. That stick

A S 14 2 FE iR RIIT

received ready acceplance, however that aircraft
had left hand throwles for the pilot. The original
prototype STOL wransport was proposed as a left
hand stick with right hand throules configuration;
however, there was enough uncerainty about the
stick to warrant replacing it with the wheel/yoke
configuration. A conurol stick development pro-
gram was later conducied on the Prototype STOL

Cavar tact nilate Naw that conficuration

W PRl LU PV RIS Rl Wil

nirniana
(-1 0] Pl“"y

and unanimously stated that the control stick was
the most suitable contro! for the AMST aircraft.
Benefits which are said to accrue from use of stick
vs wheel in large aircraft are: improved instrument
visibility, improved turn coordination, improved
control of a highly maneuverable large aircrafi, and
best control for an aircraft that does LAPES, shon
field landings, etc.

4.1.4 MFCS design. MFCS design requirements
of 3.1.4 [or satisfactory physical interface shall be
verified by ________, those for breakout force and
free play by , and those for mechanical
element characteristics by
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VERIFICATION RATIONALE (4.1.4)

Several methods can be used to verify the different
requirements for MFCS design. Blanks are pro-
vided to allow flexibility in chosing the verification
method for the different requirements.

VERIFICATION GUIDANCE

Choose the most feasible methods for verification
of the requirements from analysis, sirmulation, in-
spection, ground test, and flight test. Pilot’s opin-
ion abtained during piloted simulation or flight test
is the best method for verifying a satisfactory physi-
cal interface. Ground test is the best method for
verification breakout forces and free play. Analy-
5is and flight test are the best methods for verifica-
tion of mechanical element characteristics.

VERIFICATION LESSON LEARNED

Manual flight controls provide the means by which
the pilot-operator controls the air vehicle to ac-
complish the assigned mission. These controls
must be designed and mechanized such that they
do not increase the hazard levels for the aircraft,
do not have annoying characteristics and do not

require excessive skill, alertness, strength, or un-

due workload on the part of the pilot.

Breakout forces for the controls used for piich,
roll, and yaw should be consistent with the flying
qualities requirements for the air vehicle. The hu-
man engineering design requirements should con-
tain the values to be used for the breakout forces
for controls for flaps, speedbrakes, side force, wing
contained in the flying qualities and human engi-
neering requirements. They may only be available
after experimentation, usually piloted simulation,
using the characteristic of the air vehicle.

Free play, mechanical vibration, and other extra-
neous movements in the pilot’s controls can mask
important feel cues and induce physical discomfon
when present during long duration missions.
Mechanizations which prevent such undesirable
characteristics should be chosen for final design.
Motions and forces reflected at the pilot’s controls
have been considered not evident and therefore
acceptable if magnitudes are less than half the
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breakout force of the control (with the lowest
breakout force). Stability augmentation service
should never prevent full freedom of operation of
the pilot’s controls. .

3.1.4.1 Mechanical MFCS design. Mechanical
components shall be designed with paramount con-
sideration given to reliability, maintainability, sup-
pontability, strength, and simplicity. The mechani-
cal signal transmission paihs between the piiot, sen-
sors, or command generator to the surfaces shall be
redundant to the extent required to meet the sys-
temn safety requirement of

REQUIREMENT RATIONALE (3.1.4.1)

The mechanical system may be the entire or begin-
ning and ending links of the pilot/command gener-
ator to the control surfaces. It is essential for the
mechanical components to be designed for safety,
reliability, maintainability, and supportability to ac-
commodate their safety-of-flight classification.
Simplicity of design is always an objective that leads
to good reliability, maintainability, and supportabil-
ity. :

REQUIREMENT GUIDANCE

The system safety classification of the control sur-
face/axis will determine the redundancy required
of the connecting mechanical components. Proper
consideration must be given to the safety classifica-
tion. Understating the safety requirement can lead
to the use of improper mechanical component se-
lection. Additional design characteristics such as
rate required, load carrying capacity, temperature,
selection of compatible materials, clearances, lu-
brication, joint fastening/retention, stability,
strength, stress, current fabrication methods, and
accepted standard design practices must be consid-
ered and tempered to arrive at a chosen design that
meets the requirements of this paragraph. The
blank should be filled with the appropriate redun-
dancy level (e.g.. fail op/fail safe).

REQUIREMENT LESSONS LEARNED

Improper analysis and consideration of this re-
quirement has resulted in costly changes 1o Air
Force aircraft to eliminate corrosion, widen clear-
ances, and perform additional inspections, lubrica-
tions, and material changes to accommodate fa-
tigue failures.
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4.1.4.1 Mechanical MFCS design. Compliance
with this requirement shall be verified by:

a. Engineering tests that show adequate
strength to a safety facior of 1.5 for the raiio of
limit to ultimate load. Tests shall also show the sys-
tem’s ability to clear a jam.

b. Environmental tests that show the system's
ability to resist corrosion, withsiand acceleration
and vibration, compensate for thermal properties,
and function under required load.

¢. Endurance tests performed under load for a
number of cycles that show the system’s ability to
last for the service life of the aircraft or the speci-
fied MTBF.

d. Maintenance demonstration that shows the
system adjustments/calibrations are accessible and
can be done on the aircraft.

€. Funcuonal/operational
system is operational after maintenance actions or
initial assembly and that the redundancy provided

is achievable under all failure conditions.
VERIFICATION RATIONALE (4.1.4.1)

Due to the safety-of-flight classification of flight
control systems, the mechanical sysiem must be rig-
orously tested to demonstrate its integrity. The
above tests will demonstrate the mechanical sys-
tems ability to perform for the specified life (usual-

ly the service life of the aircrafi}.
VERIFICATION GUIDANCE

Use of military qualified or standard parts may re-
duce the amount of testing required by using quali-
fication by similarity. Where testing is required,
the test should be as realistic for the application as
possible. For example, an endurance test should
consider and analyze the relation beiween the
number of cycles to the number of aircraft flight
hours by defining percentages of flights and ex-
pected maneuvers in those flights. The test should
apply loads to the conurol system that simulate the
airloads as estimated by wind tunnel data or mea-
sured from flight test. The test should be con-
ducted to allow evaluation of highly stressed, peri-
odically stressed, and cycled pans for fatigue dam-

1ni

age. The test should [ollow the damage tolerance
criteria of MIL-A-83444,

VERIFICATION LESSONS LEARNED

Improper testing to the above requirement has re-
sulted in:

8. Corroded parts that require frequemt in-
specuon and clesning.

b. Less than safe clearances for cables,
cranks, pulleys, push-pull tubes, and bobweighis

causing flight cont

rol jams.

¢. Underdesigned and undetecied compo-
nents for predicted loads and service causing stress
corrosion fatigue, fatigue, and breaking of compo-
nents causing loss of surfaces and aircraft.

d. Underdesigned hydraulic power compo-
nents inducing hydraulic and control surface salls.

e. Early wear out of splined joints causing loss
of surfaces and aircraft.

f. Under allotted redundancy resuliing in loss
ol surfaces controlling an aircraft axis and loss of
aircraft.

J.1.4.1.1 Reversion—boosted systems. The
mechanical FC$ shall provide Operational State
capability when boost is unavailabie. Means
shall be provided 10 re-engage boost {ollowing re-
version 10 the mechanical system. Boosted, me-
chanical FCS shall provide Operational Siate ___

capability.

REQUIREMENT RATIONALE (3.1.4.1.1)

Mititary aircraft with mechanical boasted systems
are still being developed and in the inventory.
With no reversicn mode, the surface controiled
and/or other interlocked surfaces would be held at
the last position or streamlined. This would render
the surface ysetess and possibly cause loss of air-
craft and/or life. The requirement fulfills other re-

quirements of failure immunily and invulnerability.
REQUIREMENT GUIDANCE

It is recommended the reversion mode be required
10 meet Operational State 111 capability. The nor-
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mal mode should be Operational State 1. This re-
quirement is applicable o mechanical systems or
mechanical portions of an overall system.

REQUIREMENT LESSONS LEARNED

4.1.4.1.1 Reversion--boosted systems. The re-
quirement shall be verified in a system test. The
test shall simulate realistic surface loadings and
provide a realistic representation of, if not the ac-
wal, mechanical-boosted system. The test shall
demonstrate the ability of the mechanical system to
perform in the boosted and reversion modes and
the engage/disengagement of the modes from the
cockpit. Limitations, if any, shall be noted for in-
clusion in the simulation effort.

VERIFICATION RATIONALE (4.1.4.1.1)

The test must fully describe the system and its opet-
ations. Limitations, such as force and lag, must be
noted to provide a more accurate simulation capa-
bility and information for development of the train-
er simulator.

VERIFICATION GUIDANCE

The test should be run as a system to include sur-
face loads and positions as estimated by wind tun-
nel or flight test data. Stick forces, loads, lags, sur-
face positions, limitations, approximations, as-
sumptions, and analyses should be performed prior
to, during, and after the test. Modifications 1o any
pertinent issues should be done followed by loads,
lags, and stick force information, as a minimum,
transferred to the simulator effort for verification
of the handling quality/stability characteristics.
This test should be redone using the data from the
simulator, as required.

VERIFICATION LESSONS LEARNED

112

3.1.4.1.2 Use of mechanical linkages. Mechani-
cal linkages and artificial feel devices/systems used
for signal conversion shall not have friction/free
play that results in operation below Operational
State Linkages and feel devices shall be
balanced appropriately for the desired axis 10 meet
the structural mode and force requirements for this
air vehicle. Residual imbalances shall be consistent
with feel requirements.

REQUIREMENT RATIONALE (3.1.4.1.2)

Mechanical linkages used for signal conversion and
artificial feel devices are critical to the stability and
handling characteristics of an aircraft. Improper
analysis and implementation can lead to regenera-
tive feedback in the structure or PIO situations with

the pilot.
REQUIREMENT GUIDANCE

Operational State I is recommended. The use and
length of linkages should be minimized 1o keep

H — T P
THRIRIUIIL. FIoper sciee-

dmeimce s d Foam wala

friction and free playat a
tion of parts and material is essential to provide
minimum friction and free play. Use of pre-load
springs, precision bearings, etc. to reduce free play
will increase friction and reflect higher feel forces.
This should be accounted for in the analysis of the
feel sysitem. The increased lag may result in small
amplitude limit cycling which can be corrected for
in the electronics.

REQUIREMENT LESSONS LEARNED

Use of mechanical linkages and consideration for
their maintainability are critical design parameters.
Improper consideration of the aircraft, its flight en-
velope, and maintenance, produces systems that
induce P1O or are damaging to the structure. Oth-
er results are the deterioration and eventual dis-
connection of linkages at fastening points. Aircraft
less has resulted.

4.1.4.1.2 Use of mechanical iinkage. Mechani-
cal linkages and anificial feel devices shall be
tested as described in 4.1.4.1.1. In addition, a
maintenance demonstration and an endurance test
shall be accomplished.

VERIFICATION RATIONALE (4.1.4.1.2)

Introduction of mechanicai linkages into the flight
control system introduces free play and {riction re-
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sulting in objectionable contro! sysiem operation
and degradation of tracking performance. The re-
suliant degradation in performance, and corrective
design actions incorperated into the sysiem must be
verified by demonstration and tests.

VERIFICATION GUIDANCE

Verification of ali anificial feel sysiem performance
usually consists of accurate simutation of the system
and testing the system first on a flight simulator,
then during flight tests. Testing should verify that
the closed ioop operation does not result in in-
creased sysiem phase lag or produce small ampli-
tude limit ¢ycling. A maintenance demonstration
should be combined with the endurance ponion to
demonstrate the degradation associated with use
and mainienance, The endurance test should fol-
low that described in 4.1.4.1. These tests may be
incorporated/combined into an overall test of the
system and other testing as applicable.

VERIFICATION LESSONS LEARNED

Inadequate testing of this requirement has led 10
aircraft loss and costly aircraft changes. Small am-
plitude oscillations can tead 1o PIO and regenera-
tive feedback to the structure can cause aircrafi
fluner and has caused linkage/device disconnec-
ton from mounting/fastening points.

3.1.4.2  Electrical/electronic MFCS design.
Electrical/electronic fly-by-wire Night centrol sys-
tems shall be designed to withstand all induced and
naturzl environments such as lighining, EMI, eic.
Redundancy shall be employed to achieve the safe-
ty requiremenis of the air vehicle. Reliability,
mainwainability, supponability, simplicity, and sur-

vivability shal! be major design parameters. The

design is required to have operational State 1 capa-

bility.

REQUIREMENT RATIONALE (3.1.4.2)

Electrical/electronics provide the augmentation re-
quired to obtain the aircraft stability and good han-
dling characteristics. Failure of this portion of the
system can cause objectionable transients and in
some cases, departure from controlled flight.

13

REQUIREMENT GUIDANCE

The redundancy of the augmeniation system
should be the same as the mechanicatl system, at a
minimum. Analog and digital systems have their
own unique sets of concerns. Analog systems may
use standard chips. Floating pins should not be
allowed for unused inputs or circuits. The design
should be approached as a synthesis of experience
and analysis. Additional consideration to nuclear,
chemical, biological, end TEMPEST criteria
should influence the design as necessary and
shouid be inctuded in the requirement. The com-
plexity of the circuitry will depend on the mission
and aircraft configuration. For complex designs,
an independent design review, such as sneak and
first failure sneak analyses, is highly recom-
mended. Isolation of redundant channels, both
physical and electrical, will aid in achieving a sur-
vivable system. Digital equipmenit is subject to the
same guidance as above with exira consideration
given to sampling times and intreased lags. For
both cases. elimination of single-point failures is of
primary concern. Operational State 1 is recom-
mended for this requirement. Current military re-
quirements, standards, specifications, handbooks,
and drawings are recommended (or consideration
for lightning and EMI.

REQUIREMENT LESSONS LEARNED

The use of floaling pints, inadequate EMI consid-
eration, single point failures, lack of independent
design evaluation, improper phasing, and account-
ing for lags has resulted in various problems from
annoyance to loss of aircrafi and life.

4.1.4.2 Electrical/electronic MFCS design. The
electrical/electronic porntion of the mechanical
flight control sysiem shall be tesied by all the tests
described in 4.1.4.1 and 4.1.4.1.1, integration

tests, and Right tests.
VERIFICATION RATIONALE (4.1.4.2)

Vutnerability of the electrical/elecironic MFCS de-
sign is important for survival. Therefore, this re-
quirement needs to be tested under conditions suf-
ficiently representative of the hazard 10 determine
the adequacy of the design.
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VERIFICATION GUIDANCE

Although the electrical/electronic portion of these
systems may not be flight essenuial, flight safety is
directly dependent upon the design of these sys-
tems. The flight safety aspects of the system distin-
guish it from other mission related avionics in the
sense that it must be operative through all phases of
flight. Depending on the amount of augmentation,
the amount of testing may be reduced. For com-
plex augmentation systems, all the testing should be
performed to insure an adequate safe production
design. Testing can usually be combined with other
planned tests.

VERIFICATION LESSONS LEARNED

transients, uncommanded motions, and, in
plex augmentation, departures from controlled
flight/loss of aircraft. Changes to the system are
expensive and limitations to the aircraft are usually
imposed until the change is in the aircrafi. Integra-
tion tests, where required, are vital to assure integ-
rity of the flight control system.

3.1.5 AFCS design. AFCS design shall provide
those functions and services which fulfill not only
the stated needs for the air vehicle but also the
needs for a satisfactory interface with the pilot op-
erator. AFCS design shall be integrated with and
complement the MFCS design such that switching
between these systems produces no noticeable air
vehicle responses. AFCS design shall have no ad-

verse effect on MFCS operational inteprity.
REQUIREMENT RATIONALE (3.1.5)

AFCS design must accommodate the needs of the
air vehicle and the pilot operator. Design efficien-
cy is improved by integration of the AFCS and
MFCS. Switching between AFCS and MFCS
should be included in the AFCS design. The de-
sign of that switching must not result in air vehicle
responses which increase the pilot's workload or
stress his skill or alertness.

REQUIREMENT GUIDANCE

Using agencies show undue reluctance in stating
their needs for AFCS. It is therefore essential that
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this area become a subject of discussion with the
user in order to fully develop that statement of
need. Unless this is done, there is risk that the
design will be either deficient or excessive with re-
spect to operational need.

REQUIREMENT LESSONS LEARNED

4.1.5 AFCS design. AFCS design requirements
shall be verified by and .

VERIFICATION RATIONALE (4.1.5)

AFCS design requirements may be verified by anal-
ysis, inspection, piloted simulation, ground test,
and/or flight test. The blanks allow flexibility in
choosing the methods which are most feasible.

VERIFICATION GUIDANCE

Functions and services may be verified by analysis,
inspection, simulation, ground test, and/or flight
test; interfacing by analysis and flight test; integra-
tion and effects on MFCS by analysis, and switch-

ing effects by piloted simulation or flight test,

=R R L1 % 0 P

VERIFICATION LESSONS LEARNED

3.1.5.1 System management.
e —— e calm . abl all L —mmcnmam?blle Fao_ _

INdNdECIMEIL ITUNCUUN 3Idll D TEXPUIDIDIC 10T €I~
suring that the automatic flight control system does
not permit failures to place the aircraft in an unre-
coverable situation. Transients for normal engage-
ment/disengagement and failures shall not exceed _

(Y and__(c) ,respectively. Failures of the
_(d)  management function shall (e} .
Approprate __({[} _ to the crew with (g) to
re-engage (h} shall be provided.

REQUIREMENT RATIONALE (3.1.5.1)

As aircraft subsystems are integrated, a redundant
means for monitoring the integrating subsystems to
prevent departures, uncommanded maneuvers,
and loss of aircraft is required.
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REQUIREMENT GUIDANCE

The flight control system is recommended to per-
form the management function. Blank (a) should
be filled in with “{light control system integrity.”
Blanks (b) and (c¢) should contain 0.1 g, £+3 deg/sec
roll rate and 0.5 g, £10 deg/sec roll rate, respective-
ly (see 3.1.3. 3) Blanks (d) and (e) should require

Iaa swnoowsm ot on o smmtine dom o Homitard tn tha saeardmiie
u:c lllﬂllﬂs‘uls IUIILUUJI 10 OC HMICY O Ule PICVivdos

foilure wansients not propagate to the normal
(manual) contro! system, and remove, warn, Of
limit trajectory command controls provided to the
flight control system. The following is appropriate
wording for the blanks (d) through (h): (d) “integ-
rity™;: (e) “neither cause transients which exceed
the specified levels, nor propagate into the manual
(normal) {light control system. The failures shall
cause ihe removai of the automatic rajeciory guid-
ance commands from the flight control system™; ([}
“warnings™; (g) "an override capability™: (h) “any
of the trajectory guidance command modes.”

REQUIREMENT LESSONS LEARNED

Fleet aircraft have experienced a number of un-
commanded maneuvers, departures, and losses
when in an automatic modé. Data on any aircralt
and corrective action, if any, may be obtained from
the safety center at Norton AFB, Calilornia. A
great percentage of the cases have unknown

Causes.

4.1.5.1 System management. This requirement
shall be verified by

The verification of this requirement is essential to
the integrity and safety of the flight control system
and the air vehicle. Asthe complexity level of inte-
gration of aircraft sybsystems increases. the need
for this requirement increases.

VERIFICATION GUIDANCE

Choose the most feasible methods for verification
of the requirements from analyses, simulation, in-
spection, ground test, and flight test. The level of
testing will have 10 be determined by the level of
complexity. The best preliminary testing of this
function can be achieved in the system integration

[
wn

laboratory tests. The final tests required should be
aircraft ground tests and flight tests. Documenta-
tion must be complete in order 10 trace problems
discovered. A major factor will be sofiware and its
validatlion/verification.

VERIFICATION LESSONS LEARNED

Poorly tested, integrated, single thread subsystems
have led 1o several thousand incidents where the
uncommanded motion of the aircraft has remained
unsolved. As a minimum, system integration labo-
ratory test and iron bird testing of the integrated
system shouid be done. All parameters that the
management function is using to assess the validity
of the integrating subsystem must be inserted, and
parameter failure combinations actually performed
to verify the management functions performance.
One must not forget the actual commands pro-
vided, their failure effects, and the failure monitor-
ing system and what it provides. Testing of this
funclion is as critica) as 1esting and verifying the
control laws/handiing qualities.

3.1.5.2 Mission flight controls. Mission flight
controls are the modes of the automatic flight con-
tro! system that provide trajectory guidance or wra-
jecrory stabilization automatically without pilot in-
put. Mission Might control guidance commands
{e.g.. flight director, bomb Nav, terrain following,
inegrated fire and flight controls, autopilot, etc.)
shali be managed by ___{a} . The guidance
signals shall allow neither transients greater than
specified in 3.1.5.1 nor erroneous commands. In-
terface requirements shallbe _(bY __ . Failures of
the mission flight control system shallnot _(c) _ .
Appropriate methods of imerlocks for engage-
ment/disengagement of mission flight controls shal)
be provided with __(d)  for Might safety.

3.1.5.2}
Part of the automatic flight contro) system is the
outer loop trajectory guidance commands. The au-
tomatic modes are generally used for cenain
phases of flight and/or phases of the mission. To
assure safety of flight, these modes and systems
must be properly integrated.

REQUIREMENT GUIDANCE

It is suggested that the blanks be filled in as follows:
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a. Blank (a) - “the flight control system.”
This allows the most redundant air vehicle subsys-
tem to be the integrating subsystem/system integrity
manager,

b. Blank (b) ~ “determined by the flight con-
trol system implementation requirements.” This is
based on the selection of the FCS 1o fill the pre-
vious blank. To be consisteni the FCS impiemen-
tation requirements should be the major factor in
the selection of the interfaces.

¢. Blank {c) - “propagate or induce failures in
the manual controls which produce transients in
excess of those specified in 3.1.3.3.”

Unless appropriate rationale is available to indicate
otherwise, failure transients should be held equal 1o
or less than those specified in 3.1.3.3.

d. Blank (d) - “override capability.” Appro-
priate override capability is a necessity to assure
_that the FCS does not get locked into a mission
flight control or other automatic command situa-
tion from which it cannot exit.

REQUIREMENT LESSONS LEARNED
Proper integration and interface with the flight con-
trol system will preclude uncommanded motions,

departures, or unsafe aircraft conditions.

4.1.5.2 Mission flight controls. This requirement
shall be verified by

VERIFICATION RATIONALE (4.1.5.2)

This requirement must be verified to ensure the
system performs as expected both during normal
operation and failure conditions.

VERIFICATION GUIDANCE

Choose the most feasible methods for verification
of the requirements from analyses, simulation, in-
spection, ground test, and flight test. The level and
detail of the testing will have to be determined by
the complexity of the integrations and by the num-
ber of integrations.
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VERIFICATION LESSONS LEARNED

Poorly tested, integrated, single thread subsystems
have led to several thousand incidents where the
uncommanded moticn of the aircraft has remained
unsolved. As a minimum, system integration labo-
ratory test and iron bird testing of the integrated
system should be done. All parameters the man-
agement function is using to assess the validity of
the integrating subsystem must be inserted and pa-
rameter failure combinations actually performed to
verify the management functions performance.
One must not forget the actual commands pro-
vided, their failure effects, and the failure monitor-
ing system and what it provides. Testing of this
function is as eritical as the testing and verifying of
the control laws/handling qualities.

3.1.6 Mission accomplishment reliability. The
probability of mission failure per flight due to
relevant materiel failures in the FCS shall not ex-
ceed

REQUIREMENT RATIONALE (3.1.6)

Quantitative reliability requirements were devel-
oped because of the technological revolution which

began ea!!}r in the twentieth ren{ur}r-

In tirn thie
it WL L

revolution was significantly accelerated by WW ]I,
the Korean War, and the stress on military pre-
paredness since that time. The wars vividly empha-
sized the consequences of unreliability, military
set-backs and high support costs. The need for re-
liability requirements was re—enforced by failures
in rocket testing. This requirement ensures that
the FCS design is responsive to a defined mission

accomplishment reliability quantity,

Overall sve-
Qverall sys
tem requirements may vary from program to pro-
gram. Allocation may vary from subsystem to sub-
system in the air vehicle. The numerical probabili-
ty applicable to the FCS is thus a tailorable quanti-
ty. The blank forces the requirement to be tailored

to each program.
REQUIREMENT GUIDANCE

In this requirement, materiel means assemblies,
equipment, parns, etc., used in the FCS. Relevant
failures are random or normal wearout failures oc-
curring in service prior to the end of the specified
service life when the materiel is properly main-
tained and operated within the design load and en-
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vironmental limits. The reliability requirement in
this paragraph is a function of mission elapse time.
Each mission to which this requirement applies
should be defined. When such a mission is not de-
fined elsewhere, a representative mission to which
this requirement applies shall be established and
defined in the FCS specification. The probabilities
specified in this requirement shall not exceed the
limits obtained from the following:

8. Where overall aircraft mission accomplish-
ment reliability is specified by the procurement ac-

tvity, QM(FCS) < {1 - RMOAMIFCS).

b. Where overall aircraft mission accomplish-
ment reliability is not specified,

QM(FCS) s 1x10°3.

where: QM(FCS) = Maximum accepiable mission
unreliability due to relevant FCS materiel failures.

RM = Specified overall aircrafi mis-
sion accomplishment reliability.

AM(FCS) = Mission accomplishment allo-
cation factor for flight control. )

These requiremenis are the same as those found in
MIL-F-9490 where reliability and safety require-
ments for the materiel flight control sysiem (hard-
ware reliability without consideration of pilot er-
rors) are specified on a probabilistic basis for the
two operational levels most significam to the air-
craft and its weapon system or other function; i.e.,
Night safety and mission accomplishment, A simi-
lar reliability requirement is included in MIL-
F-B8785.

A single analysis should satisfy both requirements,
although different analysis results will apply to each
requirement. Basic differences between the twore-
liability requirements are:

a. MIL-F-B785 wakes a worst case approach
by assuming a maximum mission length and that all
failures occur at the critica) point in the flight enve-
lope (with regard to flying qualities). Limits are
placed on encountering Level 2 and Level 3 flying
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qualities. No direct requirement is placed on mis-
sion accomplishment.

b. MIL-F-9490 places a requirement on mis-
sion accomplishment probability direcly. The
probability of experiencing a failure is to be consid-
ered with the associated probability of being in a
flight condition where such a failure is critical.

Due to these basic differences in approach to speci-
fying reliability, the numbered values cited by
MIL-F-9490 are at least an order of magnitude
more stringent than those found in MIL-F-8785 if
one compares mission accomplishment to Level 2
and fNight safety to Level 3. However, the intent of
both specifications appears 1o be similar, and the
implementations needed to satisfy the flying quality
requirement should be similar to those needed to
satisfy the flight controls requirements.

The flight safety analysis should consider all failure
modes that threaten flight safety. whether single
failures or combinations of failures, and whether
extremely remote or not. Likewise the mission ac-
complishment reliability analysis should consider
all failure modes that threaten mission accomplish-
ment, whether single failures or combinations and
whether extremely remote or not. it should not be
inferred that the probability of aircraft loss due to
relevant materiel [ailures in the FCS is identical to
the probability of experiencing one or more failure
modes thai degrade performance below Operation-
al Swate 11). Many of the failure modes that de-
grade performance below Operational State HI will
be critical only under certain unfavorable combina-
uons of variables such as:

- Visibility conditions

- Turbulence Levels

- Airspeed or Mach number

- Alidwde ‘

- Pilo: warning and reaction time
- Gross weight

= Center of gravity location
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Thus, if a given failure mode will result in aircraft
loss only under combinations of the above variables
which can reasonably be expected 10 percent of
the time, a failure probability of 10~7 per mission
will contribute an increment of only 10-8 to aircraft
loss probability. The designer, however, must be-
ware of over reliance on this philosophy. He still
has the responsibility to strive to eliminate as many
hazards as practicable, regardiess of probability.

Where criticality varies with mission phase, it is
generally necessary to construct a suitable mathe-
matical model for each critical failure mode. In
some cases it may be necessary to distinguish be-
tween failure modes that are hazardous chiefly at
the time of occurrence because they introduce an
element of surprise and require immediate pilot
reaction, and failure modes that are hazardous
chiefly because they leave the system in a degraded
condition that makes unusual demands on the pi-
lot’s skill in some subsequent mission phase.

REQUIREMENT LESSONS LEARNED

To reduce the probability of materiel failures in the
flight system, the reliability can be enhanced by
careful attention to the following general guide-
lines:

a. Design the component elements such that
they cannot be incorrectly installed, i.e., bell
cranks cannot be installed backwards or in the
wrong support and connectors cannot be switched.

b. Simplify adjustments. Keep adjustments
and adjustment locations to a minimum. Make
adjustments positive single action procedures rath-
er than interactive processes. Carefully review the
design, especially the nonredundant elements.

c. ldentify the weak link. Perform a thorough
failure modes and effects analysis on the design.
Make certain that the weak link failure symptoms
are recognizable, that the failure process is gradual,
and that the weak links are installed where they can
be easily inspected daily.

d. Isolate as much as possible flight control
system elements from other system elements to
avoid maintenance induced damage.
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e. Assure that the installation areas of flight
control elements are unsuitable for storage and
transportation of other equipment or materials to
prevent control system interference and degrada-
tion.

4.1.6 Mission accomplishment reliability. Mis-
sion accomplishment reliability shall be verified by

VERIFICATION RATIONALE (4.1.6)

Mission accomplishment reliability is a factor in
planning for fleet size and operational deployment
of the air vehicle. Requirements must be verified if
the operational planning is 10 be based on demon-
strated capability. The blank provides the means
for tailoring the verification process and use of the
most feasible method or combination of methods.

VERIFICATION GUIDANCE

Analysis should be used for verification of the mis-
sion accomplishment reliability requirements.
There are three stages of verification:

a. During design: to assure compliance with
good reliability design practice.

b. During analysis: failure mode, effects and
criticality analyses, fault tree analyses, and multiple
failure analyses.

c. During aircraft fabrication and test: to as-
sure that the FCS airframe interface provides the
desirable reliability characteristics.

The analysis must take into account the failure
modes of monitoring and self-test subsystems to
whatever extent these modes can impact mission
accomplishment reliability. Also to be accounted
for are latent failure modes that might go unde-
tected and so uncorrected, even with operative
monitoring and test systems. -

Probabilities of component f{ailures should include
allowances for normal wearout as well as random
failure, unless it is assured the assembly involved
will be subject to scheduled overhauls at intervals
sufficiently short to preclude significant wearout.
This consideration applies particularly to hydraulic
seals, bearings, and other parts that are typically
replaced in scheduled overhaul, and to cooling
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blowers for elecuronic equipment, panicularly if
they contain brushes.

While flight test activity should be closely meni-
tored with a failure data collection, analysis, and
corrective action process, the mission and flight
safety reliability requirements are too high to be
verified in this manner. Cenainly any problem ob-

served during the shon flight test programs should

be corrected, but the mission and flight salety reli-
ability of the FCS can only be verified by thorough
analysis using estimated, historical, development
and test dawa, and special supplemental testing,
where data is not available.

Strings of components which make up redundant
flight control paths will often exhibit high failure

rates even though the redundant configuration will

AR WY WEs masw e e R B @

satisfy the reliability requirement. These strings
should be subjected to reliability development test-
ing using combined environments. The models
used to verily meeting the requirement should con-
tain event rates traceable to the development test
failure rates through the failure modes and effects
analysis.

LEARNED

VERIFICATION

LESSONS

All failures observed during brief flight tests should
have their cause identified, verified, and corrected.
Critical, single elements shall be designed with sufl-
ficient margin of safety to preclude a flight safety
(ailure. Any FCS element which has an installation
that makes it susceptible 10 maintenance induced
failures shall be designed to withstand mainienance
induced stresses. FCS designs are revised [requent-

ly during flight test. Itis important that the analyses
and evaluations stay current with the design

changes.

3.1.7 Quantitative flight safety. The probability
of air vehicle loss per flight, defined as extremely
remote, due to relevant materiel fajlures in the FCS
shall not exceed

REQUIREMENT RATIONALE (3.1.7)

Flight safety is of paramount importance in the de-
sign, developmeni, manufacture, maintenance,
and operation of air vehicles. This paragraph in-
sures that every aspect of FCS acquisition is re-
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sponsive 1o a defined, quantitative flight safety re-
quirement. The quantitative value used for this re-
quirement may vary between air vehicle designs
and is thus a tailorable quantity. The blank pro-
vides the means for tailoring the requirement to the
specific air vehicle.

REQUIREMENT GUIDANCE

oo fmei: amial ey
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air vehicle. In aeronautical systems an air vehicle is
usually one of the sysiem’s major items. During ac-
quisition of an aeronautical system, many technical
groups will be working the safety area. The FCS
will receive much suention from each of these
groups which will include those for system safety,
reliability and maintainability, computer rescurces,
and possibly others. The FCS quantiwative flight
safely requiremenis should reflleci inputs from each
of these technical groups.

To provide a means for determining compliance
with the requirement, 8 numerical value must be
established. In many cases. a flight safety require-
ment for the overall air vehicle or weapon system,
Rg . will be specified and the maximum allowable

probability of air vehicle loss due Lo materie] fail-

ures in the flight control system., Qg (FCS), canbe

established based upon the proportion of the maxi-
mum allowable probability of air vehicle loss, due
to all materiel (aitures, which is allocated to the
flight control system.

A typical division or budgeting of the overall allow-
able loss rate uses a typicsl value of Ag (FCS) =
0.10. Assuming a specll" ied flight safely require-
rall 0.0000

- 1H O - -

evams far tha ove
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then:

Qg (FCS) = (1-0.9999) 0.10 = .00001 los-

ses/flight or no more than one air vehicle
loss in 100,000 flights due to materie! fail-
ures in the flight contral system.

-

. .‘b =

In budgeling the overall allowable loss rate into sys-
tem allocations, the interdependency of systems
must be recognized. For instance, powered flight
control systems cannot be separated from the hy-
draulic and electrical power systems. Where dedi-
cated power systems are used, reliability interfaces
must be established and such failures included in
the FCS flight safety evaluation.
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The extremely remote probability of air vehicle loss
per flight when caused by relevant materiel failures
in the FCS should not exceed:

Qg (FCS) = (1-Rs)Ag (FCS)

Where: Qg (FCS) = Maximum acceptable air

vehicle loss not due to relevant materiel failures in
the FCS.

Ag (FCS) = Flight safety allocation
factor for FCS

TABLE XII1. Qg

Rg = OQverall air vehicle flight
safety requirement as specified in the system re-

quirements.

If overall air vehicle flight safety in terms of RS is
not specified in any documem, the numerical val-
ues in table XIII should be used. Extremely re-

ne mismanmianlle amin 1 am ™
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the specified quantitative FCS flight safety loss
rate.

(FSC).

Air Vehicle Description

Small, light, medium weight I, 11,
Low to high maneuverability v
Large, heavy weight m

Low to medium maneuverability

Rotary wing

MIL-F-8785§
Aircraft Class

Maximum Aircraft Loss Rate Per
Flight From FCS Failures
QS(FCS) - 1x10-7

QS(FCS) - 1x1077

Qg(FCS) ~ 25%x10-7

Failure in power supplies and other interfacing sub-
cuctarme thnt Adn mat atharuAacse saiien e yaluisala bacs
D,DLCIIIJ AL WU TIUL VMIIRIIWIDE LaUdC dll YULUWLIT 1UdD
shall be considered. A represeniative flight to
which this requirement applies shall be defined (es-
tablished) in a contract document.

REQUIREMENT LESSONS LEARNED

For Class III aircraft, field safety experience data
for one B-type and two C-type aircraft were ex-
amined, and their major Class A accidents in the
1969-1980 time period were reported to occur at
rates of 7.628/100,000, 0.249/100,000, and
1.625/100,000 flights, respectively. Of these acci-
dents, 6.103 B-type aircraft were destroyed per
100,000 flights, and 1.870 of one C-type model
were destroyed per 100,000 flights, and 0.578 of
the other C-type model were destroyed per
100,000 flights. There were two aircraft lost due 1o
materiel failures in the flight control system.

For Classes 1, I, and IV aircraft, field safety expe-
rience for an F-type was examined, and its class A
accidents in the same 10-year period were found
1o be 9.152/100,000 flights. Of these accidens,
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aircraft were lost at the rate of 8.210/100,000

0.471 and 0.265 were lost per
100,000 flights due to flight controls and hydraulic
systems, respectively, for a combined rate of
0.736/100,000 flights which was rounded off and

adopted as representative of this class aircraft.

fMliahee NE shaca
HIENILY. Wi UG,

The need for a higher degree of safety for Class I1I
aircraft is self-evident inasmuch as there are often
no provisions for evacuating personnel in flight
and/or because they are designed to carry nuclear
weapons or other stores or equipment which must
be recovered if at all possible. At the same time, a
higher degree of safety is usually easier to accom-
plish because such aircraft are generally larger and
can more easily accommodate the additional re-
dundancy required. In addition, the design penal-
ties, weights, and cost for ejection seats or escape
capsules, usually provided in Class IV aircraft, are
not usually required for Class 111 aircraft.

For rotary-wing air vehicles, field safety experi-
ence data for these H-models was examined. A
combined major Class A accident rate was found to
be 8.773/100,000 fights. Of these accidents, air
vehicles were destroyed at the rate of 6.334 per
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100,000 flights, with losses due to flight control sys-
tem and hydraulic power system occurring 8t rates
of 1.402 and 0.00 per 100,000 flights, respectively.
These combine for a rate of 1.402 per 100,000
flights.

In calculating the predicied Qg (FCS) of any given
flight contro) system, it must be recognized that it

will not always be possible to determine {on the ac-
tua) air vehicle) that all subsystems and compo-
nents are fajlure-free and operable at the end of
pre-flight check. In some designs, it may be feasi-
ble to check for complete freedom from failure
only at longer maintenance intervals. In those
cases it will be necessary to design to a higher reli-
ability 10 compensate for the fact that daily takeof[s
may be made with some components or subsystems

aiready in

lBllul’C alaie.

The reliability of software is presumed to reach 100
percent whenever the sysiem matures to the opera-
tional deployment stage. This is attained through
trials and tests during development which will en-
sure that all of the programming errors (coding,
logic, hardware inter{ace, and system requirements
deficiencies) are eliminated. To attain the near~
periect reliability necessary, requires a very com-
prehensive technical development procedure,
management control, and configuration control.

Air Force publications are available which contain
extensive formats of procedures and controls that
aid the design, development, and verification of
software programs in a manner thal enhances the
reliability of the software by minimizing the proba-
bility of software errors. These documents con-
struct each aspect of the software development pro-
gram in its most fundamental form and provide for
detaited definition of sofiware documeniation and
development, as well as the organizational struc-
ture, assignmenis, and responsibilities. The soft-
ware documentation and development definition
includes the nature of the schedule, critical mile-
stones, design reviews, and the means of develop-
ment,

The documentation and verification procedures re-
quire thorough documentation of program modifi-
cation and problems and the implementation of
family wees which simplify the methods for soft-
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ware changes by providing an understandable pro-
gram flow chart. The establishment of preliminary
and critical design reviews ensures that the design
criteria are being properly implemented.

In literature pentaining to flight control system de-
sign and aircraft flight safety and reliability, the
term “extremely remote” has been used in refer-
ence 10 the possibility that a system failure, in par-
ticular a flight control system failure, could lead to
loss of aircraft. The ability of a flight contro) sys-
tem to achieve an extremety low probability of cat-
astrophic failure has a significant impact on the lev-
els of redundancy required 1o meet the FCS quanti-
tative flight safety requirements, i.e., that the prob-
ability of loss of aircraft per flight be extremely re-
mote., The following discussion taken from a
Charles Draper Laboratory report, R-1164, pres-
ents an interprelation and application of the term
“extremely improbable.”

The commonly accepted numerical value
for “"exuemely improbable™ is 10-9.
There is considerable controversy on the
role numerical analysis should play in dem-
onstrating this requirement is met. In
some situations, it appears that numerical
analysis €an have real significance and
make a valid contribution. For example,
numerical analysis can be used to compute
the probability of system failure in a redun- |
dant system due to random-component
failure. Random component failure rates
are large enough to be demonstrated in
practice. The mathematical techniques for
combining these failure rates are also wel)
established. Numerical analysis showing a
system failure rate of 10-% per hour can
then be believable. The actual value of the
number can be significant in this circum-

stance. A change on this number can
change the number of redundant channels
required.
4.1.7 Quantitative flight safety. The
quantitative flight safety requirement shall be
verified by

VERIFICATION RATIONALE (4.1.7)

Verification of this requirement offers the opponu-
nity for a critical review of each detail which was
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considered in establishing the specified numerical
value. Verification gives some confidence that
safety has been properly emphasized in the pro-
gram. Analysis and simulation may be used to
verify this requirement. The blank provides the
means for tailoring the verification method.

VERIFICATION GUIDANCE

The FCS must be a safe subsystem. Safe is defined
as freedom from those conditions that can cause
injury or death to personnel, damage 10 or loss of
equipment or property. To deliver a safe subsys-
tem, every facet of the design, fabrication, instalia-
tion and operation of the subsystem must be ex-
amined and quantified, including the human ele-
ment. Analysis is the means by which all these fac-
tors can be evaluated.

The flight safety analysis should consider all failure
modes that threaten flight safety, whether single
failures or combinations of failures, and whether

AY'I‘AMF'}: ramats or not
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It should not be inferred

that the probability of aircraft loss due to relevant
material failures in the FCS is identical to the prob-
ability of experiencing one or more failure modes
that degrade performance below Operational State
1II. Many of the failure modes that degrade per-
formance below Operational State 111 will be criti-
cal only under centain unfavorable combinations of
variables such as:

Visibility conditions

b. Turbulence levels

¢. Airspeed or Mach number

d. Alitude

e. Pilot wamning and reaction time
f. Gross Qeighl

g- Center of gravity location

Thus if a given failure mode will result in aircraft
loss only under combinations of the above variables
which can reasonably be expected 10 percent of
the time, a failure probability of 10-7 per mission
will contribute an increment of only 108 to aircraft
loss probability.
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Where criticality varies with mission phase, it is
generally necessary to construct a suitable mathe-
matical model for each critical failure mode. In
some cases it may be necessary to distinguish be-
tween failure modes that are hazardous chiefly at
the time of occurrence because they introduce an
element of surprise and require immediate pilot
reaction, and failure modes that are hazardous
chiefly because they leave the system in a degraded
condition that makes unusual demands on the pi-
lot’s skill in some subsequent mission phase. The
fact that a given function is not classed as essential
does not necessarily assure that all the failure
modes of the associated hardware are non-critical.
Such hardware, even if its basic function is not es-
sential, may have dangerous failure modes (hard-
over, oscillatory, divergenti, etc.) that can threaten
loss of aircraft. The flight safety analysis must in-
clude any such modes, in addition 10 the various
failure modes of hardware performance essential
or mission-phase-essential functions.

Not all predicted probability-of-failure statistics
can be verified in the laboratory in an absolute
sense. However, ali verification methods that are
reasonable and obtainable within cost restrictions
should be considered to detect design errors, com-
mon mode errors, generic software errors, and a
host of other safety related failures, which affect
the reliability of the system.

Critical failure paths, handling qualities, equipment
used, failure modes, known and predicted reliabil-
ity, aircraft environments, and mission require-
ments should be used to analyze the probability of
aircraft loss.

3.1.8 Survivability. The FCS shall be designed to
withstand and operate in unnatural, induced, hos-
tile environments, which wouid not otherwise cause
loss of the air vehicle, without suffering abortive
impairment of its ability to maintain at least Opera-
tional State

REQUIREMENT RATIONALE (3.1.8)

The FCS provides a function critical to mission ac-
complishment and flight safety. The exposure of
the air vehicle 10 unnatural, induced, hostile envi-
ronment can vary with planned operational usage
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and unplanned air vehicle distresses. Thus, the
degradation which can be tolerated in FCS opera-
tional state due to such an environment can be a
tailorable auribute. The blank provides the means
for wiloring the requirement to the specific air ve-
hicle.

REQUIREMENT GUIDANCE

The air vehicle specification or the system specifi-
cation should include requirements for withstand-
ing and/or operating in some unnatural (induced)
hostile environments. In addition, other unnatural
(induced} hestile environments result from un-
planned distresses within the air vehicle. In any
event, thess unnatural (induced) hostile environ-
ments should be defined as the first step in wailoring
the requirement for survivability. Survivability re-
quirements should also consider the following fac-
tors:

8. Aircraft performance requirements for
range, payload, speed, etc.. often diciate the need
for such lightweight, compact airframes that it is
difficult to provide the necessary redundancy and/
or spatial separation to provide the required surviv-
ability.

b. Supersonic speeds, size, or other factors in-
uwroduce aerodynamic surface hinge moments of
such magnitude that fully powered systems, without
provisions for reversion to mechanical control, are
required.

¢. For some advanced aircraft, the perform-
ance requirements are so stringent that state-of~
the-ar advancements requiring several years of re-
finement are needed after introduction of the air-
craft into service.

d. Principles of FCS design [or survivability are
ofien in conflict with principles {or good mainte-
nance because good maintenance design would lo-
cate redundant elements close together {or ease of
service, checkout, and replacement.

A design objective for survivability in the AFSC
Design Handbook is to “design a system to with-
stand unnatural (induced) hostile environments
without suffering abortive impairment of its ability
to accomplish its designated mission.” This objec-
tive equates 1o FCS Operational State 111 or better.
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However, the MIL-F-9490 survivability require-
ment was for a FCS Operational State IV or V,
meaning continued safe flight is not possible. How-
ever, the lessons learned stated below implies that
at least FCS Operational State 111 should be the
stated requirement and that a short clarifying de-
scription of the expected capability should be add-
ed to preclude misinierpretation of the FCS opera-
tional state classifications as used in the SCOPE
section of this document. Thus, the tailoring pro-
cess requires not only a consideration of the above
[actors but also a careful evaluation of the needs of
the user and the mechanization schemes which are
feasible for fullilling those needs.

REQUIREMENT LESSONS LEARNED

Discussions in the backup information for MIL-
F-94%0D, and other documents, simply state the
rezl requirement for survivability is for a3 FCS which
will allow continued safe flight 1o an established
base suitable for recovery of the air vehicle. A rea-
sonable probability of a2 mishap free landing is also
expecied. This has been the design goal in modifi-
cations made in operatonal fighters in the pas
even though most such modifications provided ca-
pability for only conditional/margina! sale contin-
ued flight and high risk for landing.

4.1.8 Survivability. The survivability require-
ment shall be verified by

VERIFICATION RATIONALE (4.1.8)

Verification of the survivability requirements docu-
ment the existence of a FCS capability. Thai capa-
bility can then be the basis for wraining air crews
and for planning operational exercises which use
the air vehicle. Verification method must be tai-
lored to the means used to provide the FCS func-
tion in the specific environment. The blank allows
options in choosing verification method to fit the
specific cases. ’

VERIFICATION GUIDANCE

Analysis, simulation, inspection, and ground and
Night tests may be used in the verification of this
requirement. The verification should cover the
withstanding condition as well as the operating con-
dition for the unnatural (induced) hostile environ-
ments. Verification should show that for each
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applicable environment the required FCS function-
al capability does exist, meaning that the capability
produces FCS output which provides the flying
qualities level corresponding te the FCS Operation-
al State specified in the requirement.

VERIFICATION LESSONS LEARNED

3.1.8.1 All engines out control. The FCS and its
power sources shall be designed such that loss or
reduction of rotational speed of all power generat-
ing engines below power generation speed shall not
result in less than FCS Operational State
Transients due to change in operational state shall
conform to 3.1.3.3 requiremens of this specifica-
tdon. Provisions shall be made for reversions to
normal operation when sufficient engine generated
power is restored.

REQUIREMENT RATIONALE (3.1.8.1)

The flight control function is critical to flight safety.
Loss of engine generated power can often lead to a
change or degradation in FCS functional capabili-
ty. The intent of this requirement is to limit the
degradation in FCS capability due to the loss of en-
gine generated power such that the hazard level is
minimized by retaining sufficient control capability
during that period of air vehicle distress. The
blank allows the limit imposed to be tailored to the
requirement of the specific air vehicle.

REQUIREMENT GUIDANCE

When engine generated power is required for FCS

npprnunq logs of such nower mav lead to a change
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in FCS Operational State and/or FCS functional
capability. It is intended that a suitable minimum
control capability be retained after such power loss,
that this capability be provided for a pericd of time
sufficient to restore engine rotational speed or ar-
rive at ground level at glide speed, and that rever-
sion to normal FCS Operational State occur when
sufficient engine generated power is restored. The
operational mission

number

class

of bpower
of powe

sources, crew evacuation provisions, aerodynamic
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characteristics and flying qualities of the air ve-
hicle, and the user view of his air operations should
be considered in choosing the FCS operational
state classification to be specified for this require-
ment. FCS Operational State IV was the general
requirement used in MIL-F-9490.

REQUIREMENT LESSONS LEARNED

In addition to the more common circumstances
which result in reduction/loss of engine rotational
speed, those associated with very high alutude op-
eration and engine rotor lockup and seizure should
be considered.

4.1.8.1 All engines out control. The all engines
out control requirements shall be verified by

VERIFICATION RATIONALE (4.1.8.1)

Verification of the requirement documents the
minimum capability which the FCS will provide un-
der the all engines out flight condition. This capa-
bility would be the basis for training air crews and
planning flight operations for the air vehicle. The
blank is provided to allow the method of verifica-
tion to be tailored for the specific air vehicle.

VERIFICATION GUIDANCE

Analysis and simulation should be used in the veri-
Ground 1est should he

used to substantiate the analysis and simulation.
Flight test should be used for verification at se-
lected points in the flight envelope when the risk
can be justified.

fication of this rpnmrpmpm

VERIFICATION LESSONS LEARNED

3.1.9 Invulnerability. Degradation in flight con-
trol system operation due 1o shall be within
the limits specified in the following subparagraphs.

REQUIREMENT RATIONALE (3.1.9)

Certain events and conditions can adverqelv affect

the functional and operational integrity of the flight
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conrol system. This requirement enumerates
those hazards and sets the stage for the limitation
of their effects.

REQUIREMENT GUIDANCE

MIL-F-9490 coniained requirements to provide
invulnerability to the following: natural environ-
menis; adverse events of nature, specifically light-
ning strikes and static atmospheric electricity; in-
duced environments; onboard failures of other

(non FCS) systems and equipment; maintenance
In addi-

arear: fliskhe rraAr
Sl WJE Illa‘]l cl'ew \‘.ch-'. c.' el“lem}’ acﬂsn-

tion to these hazards, a particular air vehicle mis-
sion/operating environment may require the inclu-
sion of unique hazards which will require special
protection for the FCS. If this is the case, the haz-
ard should be included in the list and appropriate
subparagraphs added 10 cover the specific invul-
nerability requirements.

These invuineradbility requirements are specified
because experience has shown that [ailure to en-
sure that the flight control system be protected
from such hazards resulted in loss of life and the air
vehicle.

4.1.9 Invulnerabdbility. Verification to invulner-
ability requirements shail be made by

VERIFICATION RATIONALE (4.1.9)

A variety of methods could be used to verify that
the invulnerability requirements have been met.
Inspection, environmental tests, and FMEAs are
several methods of verifying cenain requirements

h hae
nave oeen mel.

paragraphs, such as direct encounter with enemy
action, may only be verifiable by analysis.

(rher requirements in the sub-

VERIFICATION GUIDANCE

It is suggested that the flight control engineer tailor
the subparagraphs prior to finishing 4.1.9. In this
way all the methods of verification used for the var-
ious invulnerability requirements can be inciuded
in the introduction of 4.1.9.
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VERIFICATION LESSONS LEARNED

3.1.9.1 Invulnerability to natural environ-
ments. The flight control system shall be designed
to withstand the full range of natural environment
extremes esiablished [or this air vehicle without
permanent degradation of performance below FCS
Operational State ___{a) __ or temporary degrada-
tion below FCS Operational State ____(b) .
Reductions below Operational Swate___(a) _ shall
be experienced only at adverse environmental ex-
tremes no: normally encountered and shall be tran-
sient in nawure only, and the function shall be re-
covered as soon as the sircraft has passed through
the adverse environment. System components and
clearances with struciure and other componenis
shall be adequate to preclude binding or jamming,
instability, or out of specification operation of any
portion of the system due to possible combinations
of temperature effects, ice formations, loads, de-
flections, including structural deflections, __{g) .
and build up of manufacwuring tolerances.

Specifically, the FCS shall be able to withstand the
following natura) environmental conditions:
{d}

REQUIREMENT RATIONALE (3.1.9.1)

This requirement is an attempt to preclude adverse
effects of the nawural environment on the FCS,
which direcily affect the mission performance and
flight safety of the air vehicle.

REQUIREMENT GUIDANCE

This requirement encompasses an extremely broad
range of adverse environmental possibilities. The
requirement is wailorable 50 that unique operating
environments and mission requirements may be
taken into account.

Normally, the aireraft specification or contract will
define the natural environments or global opera-
tional areas in which the aircraft must perform.
AFSC DH 1-5 DN 1C1 described methods for es-
ablishing environmental criteria for specific sys-
1ems and vehicles.
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Blank (a) will normally be Operational State I and
blank (b) Operational State 1I, the values previous-
ly required in MIL-F-9490.

Blank (c) may be used or omitted. It is included so
that other environmental conditions might be con-
sidered, such as dust (fine sand}, condensate, etc.

Blank (d) is provided so that specific conditions
and limits may be enumerated. The following are
suggestions of environmental conditions which
should be considered.

a. Sudden changes in temperature of the sur-
rounding atmosphere, and temperatures encoun-
tered during service life either in storage or under
service conditions. In the past,’'DFCS have been
designed to operate in the following temperatures:
(The ambient temperature within the specified
ranges may remain constant for long periods and
may vary at a rate as high as 1.7°C per second).
(1

1 0 - =540C 10 +710C

(2) Non-operating - -65°C to +71°C

b. Exposure 10 warm, highly humid aimo-
sphere. The FCS shall withsiand the effects of rel-
ative humidity up to 100 percent, including condi-
tions wherein condensation takes place in or on the
FCS. The FCS shall withstand the above condi-
tions during continuous operation, intermittent op-
erations, and exposure in a non-operating condi-
tion.

¢. Varying altitude conditions from sea level to
75.000 ft, for both continuous operation and expo-
sure in a non-operating condition. The altitude
may remain constant for long periods of time and
may vary at a rate as high as 1.0 psi per second.

d. Eifects of fungi under conditions favorable
for their development; namely high humidity,
warm atmosphere, and presence of inorganic salts.
The FCS shall also be designed to resist fungi.

e. Effects of a salt atmosphere in both operat-
ing and non-operating conditions.

f. Effects of a dry dust (fine sand) laden aimo-
sphere in both operating and non-operating condi-
tions.
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REQUIREMENT LESSONS LEARNED

The environmental conditions previously listed
have caused operational problems in the past.

4.1.9.1 Invulnerability to natural environ-
ments. Flight control invulnerability to natural re-
quirements shall be demonstrated by

VERIFICATION RATIONALE (4.1.9.1)

The invulnerability to the natural environment is
usually verified by test and analysis.

VERIFICATION GUIDANCE

Qualification and safety-of-flight testing shall dem-
onsirate equipment performance under environ-
mental extremes. Analysis shall combine these test
results and any other design data to demonstrate
acceptable design. MIL-STD-810 can provide
guidance for specific environmental test.

VERIFICATION LESSONS LEARNED

If tests outlined in MIL-STD-810 had been per-
formed during procurement, environment related
problems which developed in the field could have
been identified and corrective action taken.

3.1.9.2 Invulnerability to lightning strikes and

Al _a L b a_ v _ra.__ g PR, T

static aimospheric eleciricity. Flight control sys-
tem shall maintain Operational State (a)
capability or better when subjected to electric field
and lightning discharges except that a temporary,
recoverable. or extensive loss of performance to
Operational State ___(b) _ is allowable in the event
of a direct lightning strike.

REQUIREMENT RATIONALE (3.1.9.2)

Special consideration must be given to lightning
protection due to the susceptibility of electronic
systems to this type of interference.

This requirement takes on added significance as
more reliance is placed on electrical means of con-
trol in the flight control systems (such as essential
use of fly-by-wire, stability augpmentation, load al-
leviation, and/or ride smoothing features), and the

possibility of lightning strikes cannot be ignored.
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REQUIREMENT GUIDANCE
Values previously required: (a) 11 and (b) 11l

The problem of providing adequate protection may
be compounded by the use of new composite mate-
rials and advanced structural concepts in the air-
frame structure and aerodynamic surfaces which
are being developed to save weight and improve
life. The use of titanjum, stainless steel, bonded
structure, and boronfgraphite structure introduces
new problems in the electrodynamic design areas.
Changes in electrical conductivity of the structure
can have adverse electrical effects including loss of
effectiveness of the structure as a shield against
magnetic and electrosiatic fields. The structure
may no longer be available (o provide suitable an-
tenna ground planes, lightning protection, electri-
cal power ground return, and shielding from in-
duced voliages into critical avionics, flight control
sysiems snd interior aircraft components. Electri-
cal compatibility may require additional ground re-
turn wire, shielding, conductive coatings, and spe-
cial joining techniques novel to composite and ad-
vance structure. New materials and structural con-
cepts should be thoroughly evaluated 10 determine
the most effective method of providing electrical
compatibility with a minimum weight penalty.

REQUIREMENT LESSONS LEARNED

Previous ground, on-air vehicle testing of a fly-by-
wire air vehicle demonstrated the need for two de-
sign effonts 1o provide adequate lightning strike
protection:

a. Keep lightning strike current flowing
through the skin.

b. Protect circuitry and components from in-
duced voltage damage.

Potential ways 1o harden the air vehicle to ade-
quately resist lightning attachment are discussed
below.

a. Pratection should be provided from light-
ning-induced transients on elecuronic flight control
interconnect wiring. Large currents resulting from
a lightning strike flowing through the aircraft skin
can induce significant voliages on adjacent inter-
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connect wiring. To minimize these transient ef-
fects, balanced circuils using twisted, shielded
wires should be used where possible and the wiring
should be physically separated from likely lightning
current paths. Redundamt channels should be
physically separated from each other.

b. Cenain air data and aircraft parameters are
required as inputs for electrical Nlight control sys-
tems. This information is obtained from probes
mounted externally on the aircraft. ‘These probes
can be damaged by lightning sirikes. To prevent
damapge, lightning diverters can be used to protect
the electrical circuits.

¢. Integrity of the electrical power system is
required for electrical flight control system opera-
tion. Points of entry into the elecirical system such
as external light wiring and pitot tube heater wiring
should be assessed for vulnerability. The wiring
can be protected by lightning arvestors located near
the peimt of lightning current entry, if required.
Power generation and distribution should also be
examined for potential susceptibility to transients.
1f such susceptibility exists, arresiors should be in-
stalled.

Statistics on lightning strikes on various aircraft
types indicate subsiantial diflerences between the
number of lightning strikes reported per flight hour
for various aircraft types. These statistics indicate
that some aircraft configurations are inherently less
vulnerable to lightning strikes or the aircraft config-
uration is less prone to initiate lightning strikes.
Resutts of future studies of this phenomenon may
identify aircraft design feawres which reduce vul-
nerability to lightning.

4.1.9.2 Invulnerability to lightning strikes and
static atmospheric electricity. Flight control sys-
tem invulnerability to lightning strike and static at-
mospheric electricity shall be verified by demon-
strating the ability to maintain at least the required
operational state capability or better when sub-
jected 10

VERIFICATION RATIONALE (4.1.9.2)

A current level or specified test is needed to dem-
onstrate the FCS invulnerability to lightning and
electric field.
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VERIFICATION GUIDANCE

The verification sentence should be completed by
specifying a specific current level or by referencing
another source. To be consistent with MIL-
F-9490 the sentence should end this way: “elec-
tric field and lightning discharges as specified in
MIL-B-5087 and in AFSC DH 1-5."

Both individual components and the ¢complete sys-
tem may be tested.

VERIFICATION LESSONS LEARNED

A very successful methed to achieve hardness to
the indirect effects of lightning was achieved during
the development of a fly-by-wire flight control sys-
temn. The method consisted of testing at an aircraft
level to achieve a design criteria of an induced wa-
veform. The design criteria waveform was then
used to test each flight control line replacement
unit {LRU) and determine what hardening tech-
nique was plausible,

The aircraft level test consisted of applying a light-
ening pulse (at a lower level than real lightning) to
attachment points on the aircraft and measuring
the induced voltage and current at LRU interfaces.
These induced waveforms were then extrapolated
to a level of real lightning. The design criteria was
developed by adding a GDL safety margin to the
extrapolated resuits.

The design criteria waveform was then used to test
each interface device or component of each flight
control LRU. The waveform was applied to each
input and each output of the device under test for
both negative and positive polarity. If the device
coperated properly after the test, it was deemed
lightning hard. If the device failed, a fix was in-
seried {i.e., parallel resisior or bypass capaciior)
and the test repeated until a nonfailed test was
achieved.

This aircraft has been struck by lightning many
times since production and no flight control failures
have been reputed.

3.1.9.3

ments,

Invulnerability to induced environ-

Flmhg_ control svstame chall withetand the
conrol systems shall withstanc the

full range of worst—case-induced temperatures and
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temperature shock, acceleration, vibration, noise
and shock, induced pressures, explosive and corro-
sive atmospheres, electromagnetic interferences
(EMI), and nuclear radiation including electro-
magnetic pulse, projected in missions for the air ve-
hicle, without permanent degradation or loss of ca-
pability to maintain FCS Operational State __(a) .
These induced environments within structural and
crew survival limits shall not result in temporary
degradation during the exposure to the environ-
ment below FCS Operational State __(b) __ capabil-
ity. Specifically, but not exclusively, the FCS shali
be designed 1o withstand the following:
Ay

REQUIREMENT RATIONALE (3.1.9.3)

Induced environments depend highly upon the de-
sign of the particular air vehicle, engines and sub-
systems. Operation under normal and failure con-
ditions must also be considered. Induced vibra-
tions from aerodynamic and engine acoustic energy
BI'ICI Irﬁm ﬁéenﬁﬁlfal vmrauﬁﬁs Dl lne englne and
other equipment, if at sufficiently severe levels, can
induce malfunctions and fatigue failures in flight
contro! components.

REQUIREMENT GUIDANCE

MIL-F-9490 required the FCS to maintain at least
Operational State II (blank (a)) with allowable
temporary degradation to Operational State 1V
(blank (b)), however recent procurements have re-
quired temporary degradation to Operational State
I1I. Blank (c) is included 1o allow the flight control
engineer the capability to enumerate specific con-
ditions. The following is an example of require-
ments called out in previous procurements. The
FCS shall be designed to withstand:

a. The effects of fluctuating pressure fields as-
sociated with turbuient aerodynamic flow and
acoustic noise that are characteristic of high per-
formance aircraft.

b. Expecied dynamic vibraiional stresses and
to insure that the performance degradations or
malfunctions will not be produced by the service
vibration environment. The contractor shall pre-

pare a document for procuring activity approval
which snecifies indurced environments for different

..... S vilivg iUl B =L edal

zones throughout the air vehicle.

-
L
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c. Expected dynamic shock stresses produced
by the service shock environment snticipated in
handling, transporation, and service use. The
FCS LRUs shall meet specification requirements
after being subjected to 18 impact shocks of 15 g
consisting of three shocks in opposite directions
along each of three murtually perpendicular axes.
Each shock having a uime duration of 11 31 milli-
seconds. The “g" value shall be within 10 percent
when measured with a 0.2 to 250 Hz filter and
maximum “g” shall occur at approximately 5.5 mil-
liseconds.

MIL-F-$490 stated that the structural require-
ments of MIL-A-§892 and MIL-A-8893 and the
applicable EMI requirements of MIL-E-6051 and
MIL-STD-461 must be fulfilled. These require-
ments may or may not be applicable to the air ve-
hicle under consideration but should be investi-
gated.

AFSC DH 1-5, DN-1B1, Natural end Induced
Environments, and DN-1C1 Environmental Re-
quirements, give considerable background infor-
mation.

REQUIREMENT LESSONS LEARNED

With the advent of high speed digital microproces-
sors in flight control system. standard EMI design
techniques no ionger prevent spurious emissions
from interfering with other on board electronics
and RF equipment. The only method known to
date to prevent these emissions are filter pins at the
connector interface. The problem lies in the fact
that these emissions may not be known uniil afier
the design of the hardware is complete and an air-
craft EMC test is performed. The design of filier
pins should be started along with the other hard-
ware and thus prevent the EMI probiem from oc-
curring.

An aircraft used fiber optic cables as a Cross Chan-
ne! Dawa Link between computers for redundancy
management. This was done to isolate the chan-
nels from EMI, shon circuits, eic. However, the
added susceptibility to EMI of the devices used o
conven electrical signals to light and back 1o elec-
trical a1 the other end negated the benefits of the
fiber optic link.
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4.1.9.3 Invulnerability to induced environ-
ments. Flight control system invulnerability to in-
duced environment requirements shall be verified
by '

VERIFICATION RATIONALE (4.1.9.3)

Environmenial tesis as pan of the equipment for-
mal qualification testing and/or approval based on
*similarity” justification are means of demonstrat-
ing invulnerability 10 the induced environment.

VERIFICATION GUIDANCE

MIL-STD-810 provides methods of testing for
most natural and induced environments. EM1 and
nuclear radiation are not covered in MIL-
STD-810. EMI testing is covered in MIL-
§TD-462. In addition, the FCS should be covered
under the EMI and nuclear radiation require-
ments/tests required for the towal air vehicle.

To tailor the verification one might cite compliance
with MIL-STD-810 testing or, and preferably. the
engineer should choose the applicable paragraphs
from MIL-STD-E810 and include them in this
specification.

VERIFICATION LESSONS LEARNED

Recent studies have shown that cycling random vi-
bration and tempersture testing rather than per-

farmins nna than tha nthar mauv e mars ireafinl in
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finding failures in electronic components.

3.1.9.4 Invulnerability to onboard failures of
other systems and equipment. The FCS shall
meel its failure state/reliability budget, as sllocated
within the weapon system, for self-generated fail-
ure (within the FCS) and for those FCS failures
induced by failures of other interfacing systems
within the weapons systems. In addition, the FCS

design shall comply with the following:

a. Essenual and flight phase essentia! flight
control systems shall retain FCS capability of Op-
erational State ___{a) __ or better after sustaining
the f(ollowing failures: (b)

b. Flight control systems, including the asso-
ciated structure hydraulic, pneumatic and electri-
cal systems shall be designed so that the probability
of losing the capability of maintaining FCS opera-
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tion to no less than Operational State __{¢) asa
result of an engine or other rotor burst is extremely
remote.

c. {d)

REQUIREMENT RATIONALE (3.1.9.4)

The requirement is included to ensure that hazards
due to failure of other systems and equipment are
recognized and that adequate measures are taken
in the design 1o ensure the flight control system is
protected.

REQUIREMENT GUIDANCE

Most air vehicles can survive engine [ailures, in-
cluding rotor burst, landing gear tire burst, and fail-
ure of other systems such as radio-radar transmit-
ter transmission line failures. However, with the
use of full-powered flight control system, addition-
al care must be taken to ensure that the air vehicle
will not be lost due to failures it could otherwise
survive. Protection from the failure of high~energy
system components, such as pneumatic cylinders,
hydraulic accumulators, and high—force spring car-
tridges, must be given special attention.

Electrical flight controls are more vulnerable than
conventional flight controls to certain hazards; spe-
cial emphasis should be placed on the design and
tests of EFCS equipment. Examples are:

a. Local fires must not be allowed to propagate
through areas of more than one channel of AFCS
computation or sensor capability. Both separation
and measures to prevent flame propagation are
needed.

b. Modest temperature increases which would
not affect a conventional flight control system can
cause elecironic componenis {0 overheat and mal-
function; accordingly, cooling air supply failures
must either not affect more than one channel of an
AFCS computation or sensor capability, or the
flight control system equipment must be able to
withstand the loss of cooling air without degrada-
tion of performance for a minimum of two hours.

MIL-F-9490 required the FCS retain Operational

State 1II (blank (2)) or better after the following

WRESS ARL (WARIAR Wwhiws Leates saals alSEEW

failures (blank (b)):
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a. Failure of the critical engine in a two-engine
air vehicle.

b. Failure of the two most critical engines in an

air vehicle with lhree or more propulsive engines.

¢. Failure of any single equipment item or
structural member which in itself, does not cause
degradation below Operational Swuate 1II. This in-
cludes any plausible single failure of any onboard
electrical or electronic equipment in any subsystem
of the aircraft.

In addition MIL-F-9490 required that the proba-
bility of transport aircraft losing Operational State
IV capability due to engine or other rotor burst be
extremely remote. Aircraft in all other classes
(i.e., those with crew ejection capability) are al-
lowed to degrade to Operational State V. This
should be considered for blank (c).

Blank (d} is provided to allow the FCS engineer 10
add other requirements which may be unique to
the particular configuration under consideration.
One area of concern in advanced air vehicle design
may be computation of command inpuis of the
FCS, such as fire control commands which actually
steer the air vehicle rather than moving a steering

pipper on a display.

4.1.9.4 Invulnerability to onboard failures of

other systems and equipment. Compliance with
the invulnerability requirements to onboard failure
of other systems and equipment shall be demon-
strated by

VERIFICATION RATIONALE (4.1.9.4)

Analysis, test, and simulation can be used to dem-
nnmrmp f‘n!'l“l'l'ﬂl:lnf‘P

aidne Do Wi

Analv:m{ will be the most
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practical method of venfymg most failure effects.
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VERIFICATION GUIDANCE

FCS engineers should specify appropriate verifica-
tion for each failure listed in 3.1.9.4. In the past,
procuring activities usually requested 2 Vulnerabil-
ity Analysis Plan (VAP) as pan of the FCS Devel-
cpment Pian. The VAP defines the analytical pro-
cedures to be used for the vulnerability analyses.
System Safety Program Plan, if required by the pro-
curing activity, and hazard analysis will normally
demonstrate, by analysis, that the requirement is
satisfied.

VERIFICATION LESSONS LEARNED

3.1.9.5 Iovulnerability 1o mainienance error.
Flight control systems shall be designed so that it is
physically impossible 1o install or connect any com-
ponent item improperly without one or more oven
modifications of the equipment or the aircraft.
Provisions for adjusting the flight contreol system on
the aircraft, except during initial buildup. major
overhaul, software modification, or rigging during
major maintenance activities, shall be minimized.
All line replaceable units (LRUs) shall be designed
to permit making internal adjustments only on the
bench. The system shall require only 2 minimum
of rerigging following replacement of LRUs. All
control linkages and other flight control mecha-
nisms shall be designed to resist jamming from in-
advernient entry of maintenance tools or other ma-
teriel, In addition

REQUIREMENT RATIONALE (3.1.9.5)

This requirement is especially important with the
increasing complexity of flight contro! systems and
components which tend to increase the potential
for sericus maladjustment through maintenance er-
ror. In general, the first cost due to increased engi-
neering effon and tooling will be somewhat higher
than normal (0 meet this requirement, but the
overall costs of maintenance snd the probability of

failure or loss of performance will be much lower.

[

REQUIREMENT GUIDANCE

The requirement as stated is the same as was re-
quired in MIL-F-9490. It is not required that the
blank be filled. The requirement as written will be
sufficient in most cases. The blank is included 10
allow the FCS engineer 1o call for specific design
assurance related to maintenance. Suggestions for
inclusion in this requirement are:

a. Irreversible pants shall be used for critical
application where reverse assembly or installation
would result in change in funciion or possible inter-
ference or jamming.

b. There shall be physical differences in adja-
cent electrical/hydraulic connections so that inter-

¢. Full protection for critical elements which
are subject to damage during enury, exits, handling,
or other contact incident 10 maintenance activity,
shall be provided.

d. Technical orders and manuals shall contain
adequate warning and cauuon notes when dimen-
sions or procedures are critical or where malprac-
tice can result in damage to equipment or injury to
personnel.

REQUIREMENT LESSONS LEARNED

4.1.9.5 Iovulnerability to maintenance error.
Flight control system invulnerability to mainte-
nance error requirements sha!l be verified by

VERIFICATION RATIONALE (4.1.9.5)

Hazard analysis should idemify areas of potential
mainienance error. Inspection of engineering
drawings will verify design. Quality assurance pro-
gram during production and installation should
provide verification that the ‘as purchased’ air ve-
hicles have the designed feawures incorporated.
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VERIFICATION GUIDANCE

It is suggested that the hazard analyses conducted
under MIL-STD-882 will identify areas of defi-
ciencies where inspection should be concentrated.
Lessons Leamned can also prove valuable in deter-
mining what should be inspected. Of course it is up
to the procuring FCS engineer to make sure that
areas of particular concern are addressed.

VERIFICATION LESSONS LEARNED

It is importamt to inspect design clearances, fasten-
ers, etc., during production to assure that the air
vehicle construction has not been modified “on-
the-line.”

3.1.9.5.1 Invulnerability to software mainte-
nance error. The following provisions shall be im-
plemented for systems using digital computations 1o
prohibit the implementation of the incorrect ver-
sion of software:

REQUIREMENT RATIONALE (3.1.9.5.1)

For systems which utilize digital computation, par-
ticular care must be given to software maintenance
because of its complexity and importance for prop-
er FCS operation. Means for identilication and
procedures for implementation need to be manda-
tory to provide invulnerability to softiware error.

REQUIREMENT GUIDANCE

Production digital flight control elements should be
Criterion 11 firmware per the AFLC Firmware
Policy, Feb 85. Criterion II firmware is that which
the government has legal or engineering capability
to reproduce/alter/reprogram at the depot or a con-
tractor's facility. For comparison, Criterion 1 firm-
ware cannot be altered by the government and Cri-
terion I firmware can be altered at the user level.
The AFLC Firmware Policy ocutlines procedures
for the control of the software resident is each inte-
grated circuit and provisions for the identification
of loaded configurations are contained in this
policy.

It is suggested that the flight control engineer be-
come familiar with the AFLC Firmware Policv and

& 2aiiliidl L LV i sTULy ania

the desires/requirements of the program office so
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that the control system requirements do not con-
flict with higher level requirements.

In flight test programs, including pre-production
programs, it may be desirable to use erasable, pro-
grammable, read only memory (EPROM) so that it
can be changed easily. This can create a problem
in identifying and tracking the software version
programmed into a particular computer. In this
case, the first step of the preflight test should iden-
tify the version which is programmed in the com-
puter.

REQUIREMENT LESSONS LEARNED

The careless reprogramming of the flight computer
was the cause of a commercial jet crash in Novem-
ber 1979. The computerized flight route, which
was fed into the aircraft’s automatic pilot, had been
altered shortly belore takeoffl because of an error
in the original data. The pilot, however, was not
informed of the change, which sent the aircrafi on

H PP AT ™ . -

a direct pauni over a volcano. When the ]T)l:lﬁi ob-
tained clearance to descend below the clouds so
the passengers could get a better view, he had no
idea he was flying straight into the mountain. Al-
though this incident pertains to the reprogramming
of a flight (mission) computer, it illustrates the re-
liance flight crews have on proper programming.
The use of firmware is strongly suggested to avoid
similar incidents in the flight control sysiem.

4.1.9.5.1 Invulnerability to software mainte-
nance error. Flight control sysiem invulnerability
to software maintenance error requirements shall
be verified by

VERIFICATION RATIONALE (4.1.9.5.1)

Provisions for the establishment of procedures 1o
prohibit the implementation of unintended ver-
sions of software in the FCS are necessary 1o insure
flight safety.

VERIFICATION GUIDANCE

The establishment of proper procedures and, if
EPROMs are used, inspection of code are methods
of assuring the correct installation of software. The
operational flight program (OFP) is not intended to

bhe maodified in the fisld like mission computer soft-
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ware. Therefore, installation of the OFP will be a
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firmware installation, taking place only in the shop
where the LRU has been removed f[or mainte-
nance. Care must be taken and proper procedures
established to assure the correct pant has been in-
stalled. AFLC Firmware Policy should be reviewed
prior to completing the verification paragraph.

VERIFICATION LESSONS LEARNED

3.1.9.6 Invulnerability to pilot and flight crew
inaction and error. Flight control sysiems shall be
designed to minimize the possibility of any flight
crew member controlling or adjusting system equip-
ment to & condition or state which could degrade
FCS operation. Included shall be:

REQUIREMENT RATIONALE (3.1.9.6)

With increasing crew workload and system com-
plexily, measures must be taken to design a crew
station and controls which are not easily improperly
operated.

REQUIREMENT GUIDANCE
MIL-F-9490 required the I[ollowing:

a. Protection against improper position and se-
quencing of controls. Wherever practical, cockpit
controls, ather than stick or wheel and rudder ped-
als, shall be equipped with positive action gates 1o
prevent inadvertent positioning which can compro-
mise safe operation of the aircraft. Positive inter-
locks to prevent hazardous operation or sequenc-
ing of swiitches shall be provided.

b. Protection against inflight engagement of
control surface locks.

c. Pilot reaction to failure. Flight control sys-
tems shall be designed so that the normal pilot
reaction to cues provided by probable failure con-
ditions is instinctively correct.

d. Waming requirements

—

L

(1) Warning information shall be provided
to alent the crew to unsafe system operating condi-
tions. Systems, controls, and associated monitor-
ing and warning means shall be designed to pre-
clude crew errors that create additional hazards.

(2) A distinguishable wamning shall be pro-
vided 10 the pilot under all expected flight controls
for any failure in a redundant or monitored flight
contro! system which could result in an unsafe con-
dition il the pilot were not aware of the failure.

in addition AFFDL-TR-74-116 included these

recommendations based on lessons leamed,
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8. Require that a loss-of-control prevention
device be incorporated in aircraft that is not highly
resistant 10 depanure from controlled flight.

b. Ensure that the flight test program ade-
quately identifies near stall/stali/post-stall charac-
teristics.

¢. Require positive stick centering as outlined
in MIL-F-87835 after modification as well as dur-

ing initial design.

d. Require that cockpit instrument iltlumina-

tion level cumpauauuy be demonstrated in & simu-
lator or by other means.

REQUIREMENT LESSONS LEARNED

When selecting switches, the invulnerability to

flight crew error requirements must be considered,
such as recognizing that the selected positions of
pushbutton switches are not apparent.

One example where in
prevent hazardous operation involves variable ge-
ometry controls. Redundant interlocks should be
used to prevent inadvertemt actuation of control
systemns that would produce structural damage, if
actuated. For instance, flap actuation with wings
swept must be prevented.

riocks may be needed

4.1.9.6 Invulnerability to pilot and crew inac-
tion and error. Compliance with the invulnerabil-
ity to pilot and flight crew inaction and error re-
quirements shall be demonstrated by

VERIFICATION RATIONALE (4.1.9.6)

Consideration of system invulnerability 1o pilot and
crew inaction and error should begin early in the
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design review stages. The final verification will,
however, require pilot interaction.

VERIFICATION GUIDANCE

Compliance with this requirement will begin with
analyses documented in such CDRLs as the Hazard
Analysis Report, Vulnerability Analysis Plan and
System Safety Plan, which identify areas of con-
cern and recommend actions. Continued analysis
and simulation should verify the acceptability and
safety of cockpit controls, interlocks, and wamn-
ings. Acceptability of design protection techniques
should be demonstrated during the flight test pro-
gram and, if possible, piloted simulation.

VERIFICATION LESSONS LEARNED

3.1.9.7 Invulnerability to enemy action. Essen-
tial and flight phase essential FCS on combat air-
craft, including associated structure and power sup-
plies, shall not be degraded below Operational
State because of damages due
to

IONALE (3.1.9.7)

This requirement establishes the minimum per-
formance required by an air vehicle damaged by
direct threat encounter. The intent of the require-
ment is to enhance the survival of air vehicle and
crew,

REQUIREMENT GUIDANCE

MIL-F-9490 required that degradation below Op-
erational State 111 would not occur due to one di-
rect encounter with a threat defined by the procur-
ing activity. If a threat environment has not been
specifically defined, it should be one implied by the
intended mission(s) of the sysiem. Adequate re-
dundancy, alternate controls, separation, shroud-
ing, and/or armor protection should be used to pre-
vent denradauan below the specified performance

level.
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REQUIREMENT LESSONS LEARNED

FCS damage caused unaccepiably high losses of
aircraft in combat during the 1960s. This experi-
ence has led to the inclusion of this requirement.

4.1.9.7 Invulnerability to enemy action. Flight
control system invulnerability to enemy action shall
be verified by

VERIFICATION RATIONALE (4.1.9.7)

The analysis of critical flight control functions vul-
nerahility to specified threat damage can verify the
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resulting operational state of the air vehicle.
VERIFICATION GUIDANCE

Invulnerability 1o enemy action should be part of
the preliminary design considerations since this re-
quirement will dictate the minimum protection re-
quired for the air vehicle. The methods of protec-
tion should be reviewed for appropriateness early
in the design and through continuing survivability/
vulnerability analyses.

VERIFICATION LESSONS LEARNED

3.1.9.8 Invulnerability to bird strikes. Flight
control system shall maintain Operational State ____
capability or better when subjected to one or more
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bird strikes on a leading edge of the aircraft. This
shall be accomplished by:

REQUIREMENT RATIONALE (3.1.9.8)

Bird strikes are inevitable and measures must be
taken to insure flight controls are not damaged or
severed in such an accident that may lead to air-
craft loss.

REQUIREMENT GUIDANCE

Protection against aircraft losses due to one or
more bird strikes can be accomplished by avoiding
the grouping of critical lines, such as hydraulic,
fuel, and electrical in any one place. Adequate
separation, shrouding, and/or armor protection

should be used to prevent degradation below the

specified performance level.
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REQUIREMENT LESSONS LEARNED

FCS damage due 10 bird strikes has caused aircraft

losses. This experience has led to the inclusion of

b - 5

this requirement.

4,1.9.8 Invulnerability to bird strike. Flight
control system invulnerability to bird strikes shall
be verified by

VERIFICATION RATIONALE (4.1.9.8)

See verification rationale for 4.1.9.7, Invulnerabil-
ity to enemy action,

VERIFICATION GUIDANCE

See verification guidance for 4.1.9.7, Invulnerabil-
ity to enemy action. Strength strike tests, real or
simulated, and analysis of vulnerable areas is need-
ed (or verification.

VERIFICATION

Improper verification can lead o loss of aircraft at
some point. In 1987, a B-1B crashed in La Junia,
Colorado due to a bird strike, where the nacelle
and fuselage came together. While this strike did
not immediately affect the FCS, it did strike some
fue!l lines which caused a fire. This accident
prompted thought as 10 the probability of the same
incident impacting flight controls direcily.
verification must be done in order to lower the

probability of future losses.

Proper

3.1.10 Maintenance provisions. Design and in-
stallation of the FCS shall permit uained FCS
maintenance personnel to safely and easily per-
form required maintenance under all anticipated
environmental conditons. Means shall be pro-

vided to facilitate the accomplishment of all re-

quired maintenance functions including:

REQUIREMENT RATIONALE (3.1.10)

Successful operation of an air vehicle and its flight
control system is highly dependent upon the ability
of the assigned personnel 10 effectively maintain it
in the fully operational condition. The blank al-
lows emphasis 10 be placed on some of the mainte-
nance functions which are 10 receive special atten-
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tion, thus tailoring the requirement to the needs of
the specific air vehicle.

REQUIREMENT GUIDANCE’

Adequate redundancy, alternate controls, separa-
tion, shrouding, and/or armor protection should be
used 10 prevent degradation below the specified
performance level. The features which allow effec-
tive maintenance must be designed into the system
to provide service personnel the means for safe and
speedy detection, location, and correction of
faults, and for the accessibility necessary for in-
speciion, preventative and corrective maintenance,
and pans removal and replacement. This require-
ment should consider operational checkouts, sys-
tem malfunction detection. fault isolation to the re-
placeable unit level, replaceable unit removal and
replacement, inspection, serviting, and 1esting.
Struciured acquisition programs have maintainabil-
ity specialists assigned to insure that the maintain-
ability area is fully managed and controlled
throughout the acquisition cycie. The specialists,
in an air vehicle program, establish maintenance
budgets for down time, manhour expenditures. etc.
down to at least the major subsystem levels of the
FCS. Those budgets are based on the overall air
vehicle maintainability requiremenis. The require-
ments established under this section of the FCS
specification should consider this interface, and
the wuilored requirements for FCS should suppont,
and conform to the overaii maintenance concept
which has been established for the air vehicle.

REQUIREMENT LESSONS LEARNED

To [acilitate the maintenance function it has been
learned that:

8. Designing for built-in—test requirements
must be concurrent with the FCS design.

b. A remove and replace requiremem affects
the installation design and design of the accesses.

¢. All buili-in-test readouts should be read-
able without removal of the element or assembly.

d. Designs which permit adjustment of control
elements, should provide such adjustment at an
easily accessible location.

¢. The inspection process should be a hands-
off process whenever possible.
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f. The concept of throw-away modules is not
well accepted in the field because the cost appears
to be excessively high.

g- The work involved in replacing a module
often exceeds that required to replace a compo-
nent.

h. Isolation of failure to a component often
takes only slightly longer than to a module,

i. Large stock levels of modules are required
because ordering modules often requires weeks for
delivery to be made; however, normal delivery of
electronic piece~pans takes only a few days.

j. Throw-away concept is often not used for all
avionics; hence, shops for component replacement
capability must be established and maintained with
the organization.

4.1.10 Maintenance provisions. The mainte-
nance provision requirements shall be verified by

VERIFICATION RATIONALE (4.1.10)

Verification of these requirements documents the
facility with which trained personnel perform desig-
nated maintenance con the insialled FCS under se-
lected environmental conditions. Analysis and
ground test may be used for this verification. The
blank provides the means for tailoring the method
to the specific air vehicle. '

VERIFICATION GUIDANCE

The verification process should demonsirate that
Air Force technicians, trained in FCS mainte-
nance, can safely and easily perform all required
maintenance on the FCS. This should be demon-
strated on an air vehicle for the full range of main-
tenance actions under a normal ambient type envi-
ronment. Selected maintenance actions should
also be demonstrated under adverse environment
and conditions such as high heat and humidity, and
very low temperatures when winter clothing is
worn. In most major system acquisitions, a group
of exercises undér the Development, Test and
Evaluation (DT&E) program usually include a
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close look at the maintainability of the air vehicle
and its subsystemns. These efforns should be used as
pant of the verification for this requirement.

VERIFICATION LESSONS LEARNED

Maintainability analyses should be part of the de-
cinm menanare rinaa Aaciome 2 himl faill ¢tm emanar tha
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maintainability requirements are seldom brought
into compliance due to the high cost involved in a

redesign.

3.1.10.1 Operational checkout provisions. The
design and installation of the FCS shall provide for
ground operation as required to verify FCS func-
tional performance, airworthiness, and freedom
from failures. Operation of the main propulsion
engines shall not be required for this checkout.
Power for the checkout shall be supplied by

REQUIREMENT RATIONALE (3.1.10.1)

Flight safety, mission, and maintenance require-
ments establich the need for provisions 10 checkowm
the FCS while the air vehicle is on the ground.
Ground safety, environmental standards and oper-
ating efficiency establish the need for not using the
main propulsion engines for this checkout. The
blank allows the means for supplying power for the
checkout 10 be tailored to the specific air vehicle,
and the operational and maintenance support con-
cepts developed for its use.

REQUIREMENT GUIDANCE

Ground power carts and on-board power are two
options for supplying power for these checkouts.
The full range of FCS performance may not be
necessary during the checkout process. An in-
depth look at the parameters to be verified during
checkout shouid be made to determine what actual
FCS performance will be required during this pro-
cess. Consideration should be given to the possibil-
ity that engine driven hydraulic pumps, generators,
and other interfacing air vehicle circuitry and ele-
ments are not easily checked without o}ierating the
main propulsion engines.
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REQUIREMENT LESSONS LEARNED

4.1.10.1 Operational checkout provisions. The
operationai checkout provisions shali be verified by

VERIFICATION RATIONALE {4.1.10.1)

The ground checkout provisions are one means by
which the inflight hazard level due to failures,
anomalies, lack of capacity in the FCS can be con-
trolled. The verification process documents the ca-
pability which exists in the ground checkout provi-
sions and thus allows evaluation of its role in deter-
mining airworthiness, flight safety, and mission ca-
pability.

VERIFICATION GUIDANCE

Analysis and ground test should be used for verifi-
cation. Analysis should be used 1o determine those
parameters and variables which should be used on
the ground 10 check out the FCS. Ground 1ests
should then be used to show that provisions have
been made in the design and installation of the FCS
to perform checkout using the identified parame-
ters and variables. Testing should show that no
anomaly or failure which degrades FCS perform-
ance, airworthiness, or mission capability goes un-
detected during the checkout process.

VERIFICATION LESSONS LEARNED

1.1.10.2 Malfunction detect

tion provisions. Means of having a high probabili-
ty for detecting malfuncuons and failures, and
monitoring critical perlormance conditions as re-
quired to locate faults to the replaceable unit, shall
be provided for

tion and fault loca-

REQUIREMENT RATIONALE (3.1.10.2)

It is essential that the maintainability of the FCS be
enhanced whenever possible for support mission
and safety requirements. Location of laulls in a

L]
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complex FCS can be very time consuming, in-
volved, and often a self-defeating process unless
provisions are made in the design itself for detect-
ing and locating faulis down to a replaceable unit
level. The blank allows ideniification of those FCS
replaceable units or classes of elements which will
be required to have these provisions, thus tailoring
the requirement to the specilic air vehicle.

REQUIREMENT GUIDANCE

Electrical and electronic FCS elements which pro-
vide essential and flight phase essential functions
should incorporaie on board means to detect and
locate faults to the replaceable unit level. In FCSs
which use augmentation systems, AFCS, conurol-
by-wire implemeniation, integrated servoactuators
etc., the basic on-board equipment should incor-
porate the means 1o detect and locate faults to the
replateable unit level. These means may utilize
cockpil instrumentation, buili~in-test, or any ather
maintenance provisions for the air vehicle. For the
mechanical and fluid power eiements of the FCS,
poniable test equipment may be used when it con-
forms to the maintenance suppon and operational
concept for the air vehicle. The provisions [or mal-
function detection and fault location are not neces-
sarily required during {light. The probability of lo-
cating the failure or malfunction to the correct re-
placeable unit may also be one of the items ad-
dressed while tailoring these requirements.

REQUIREMENT LESSONS LEARNED

4.1.10.2 Malfunction detection and fault loca-

tion Malfunction detection and fault

location provisions shall be verified by

nravitinone
provisions,

VERIFICATION RATIONALE (4.1.10.2)

makiliry far inction detection and fault
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location must be verified and documented if those
provisions are to be utilized in training and plan-
ning for maintenance of the air vehicle in the field.
The blank allows the means of verification to be
wailored on the basis of the requirements which
have been imposed.
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VERIFICATION GUIDANCE

A structured program should be devised such that
the verification process for these requirements be-
gins early in the development program and contin-
ues through the Development, Test, and Evalua-
tion phase. Verification should be accomplished
by analysis and ground test. Much of the analysis is
incident to reliability, safety, and redundancy man-
agement requirements. In addition, testing such as
qualification, integration, reliability development,
and maintainability demonstration can be useful in
the verification process. Failure modes effects and
criticality analysis, hazard analysis, redundancy
management studies should be applied where pos-
sible. Ground tests may be used where failures may
be injected or faulis introduced to evaluate the de-
tection and location capability which has been pro-
vided.

VERIFICATION LESSONS LEARNED

3.1.10.2.1 Malfunction indication. Indications
which show that a malfunction has been detected
and where the fault is located shall be provided by _

REQUIREMENT RATIONALE (3.1.10.2.1)

The manner of indicating that a malfunction has
been detected, and the location of the fault, is an
imponant consideration in designing for maintain-
ability. The cockpit is the center for control and
operation of the air vehicle subsystems and the use
of instrumentation at that location for indicating
malfunction and faul location can be convenient
to the maintenance crew. The blank provides the

means for tailoring the requirement to the specific

air vehicle.
REQUIREMENT GUIDANCE

Where acceptable procedures and readily under-
standable condition indications can be provided,
either alone or in coordination with buili-in or por-
table test equipment, existing or specialized cockpit
instrumentation may be used for indicating that a
malfunction has been detected and where the fault
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is located. The blank should be filied by specifying
the instrumentation which will be used and any in-
terfacing requirements which should be imposed.

REQUIREMENT LESSONS LEARNED

4.1.10.2.1 Mallunction indication. Require-
menits for use of instrumentation in malfunction de-

10 1L UaT L S LU S 2 nare

tection and fault location shall be verified by,

VERIFICATION RATIONALE (4.1.10.2.1)

The capability of the specified instrumentation to
indicate that malfunction has been detected and
where the fault is located must be verified and doc-
umented as a basis for training and maintenance
planning to support operations of the air vehicle in
the field. The blank provides the means for tailor-
ing the method to the requirements which have
been established.

VERIFICATION GUIDANCE

Analysis and ground test should be used to verify
that the identified instrumentation does provide
the ;‘equiu ed indications, and that il‘l‘lt‘:fl&tiﬁg be-
tween subsystems does not compromise or degrade
other functions if the instrumentation has muliiple
uses. Analysis should show to what extent the spe-
cified instrumentation can provide the required in-
dications, under what conditions, what characteris-
tics and limitations the indications will have, and
how and when the instrumentation will be activated
for this use. Ground tests should be used 10 verify

a1 1lad th ahinla
that instrumentation installed in the air venicie

does provide the required indications for every
malfunction and fault location in the FCS which is
intended for coverage and that these indications
are obtained throughout the range of environmen-
tal conditions specified for the air vehicle.

VERIFICATION LESSONS LEARNED
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3.1.10.2.2 Provisions for checkout with porta-
ble test equipment. Provisions shall be made 10
check cut elements of the installed FCS by using
portable test equipment identified as

REQUIREMENT RATIONALE (3.1.10.2.2)

Built-in test equipment may cause excessive penal-
ty if required to check out every essential A:nction
of the FCS. In addition, ponable test equipment
may, in many cases, conform to and be compatible
with the maintenance support concept for the air
vehicie. Under these circumsiances portabie test
equipment should be identified for use in maintain-
ing the FCS.

REQUIREMENT GUIDANCE

Cost, weight, space. eitc, may preciude the use of
built-in test for some FCS or checkout procedures.
Compau’ble portable test equipment may exist in

act
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Mechanical elements of the FCS may require tests
using tensiometers, spring seals, graduated quad-
rants, etc., where electrical elements may require
only a multimeter, ammezter, etc., for tests. The
FCS, as it will be installed in the air vehicle, should
be carefully analyzed to determine what testing will
be required during the full range of FCS mainte-
nance activity, and those (ests not ¢considered to be
candidaies for buili-in tesi should be ideniified
with the test equipment which will be needed. The
pornable 1est equipment should then be identified
in this requirement.

REQUIREMENT LESSONS LEARNED

4.1.10.2.2 Provisions for checkout with porta-
ble test equipment. Provisions [or checkout with
portable test equipment shall be verified by

VERIFICATION RATIONALE (4.1.10.2.2)

The provisions which have been made {or checkout
of FCS elements by use of portable test equipment
must be verified and documented as a basis for

[
D

training and planning for maintenance support of
the air vehicle in the field. The blank provides the
means for tailoring the method 10 the require-
ments,

VERIFICATION GUIDANCE

Analysis and ground test should be used 10 verifly
this requirement. Anaiysis shouid show that the
provisions made, and test equipment specified, can
perform the intended checkout with the required
probability of detecting malfunctions, failure, etc.
Ground checkout should be used to demonstrate
that the specified test equipment is portable and
can perform the intended checkout under the full
range of environmenial conditions specified for the
air vehicle.

VERIFICATION LESSONS LEARNED

3.1.10.3 Accessibility and serviceability. The
FCS and its elements shall be designed, installed,
located, and provided with access so that inspec-
tion, rigging, removal, repair, replacement, and lu-
brication can be readily accomplished.

Suitable provisions shall be made to facilitate cor-
rect rigging of the FCS. The number of rigging posi-
tions shall be kept 1o a practical minimum. Rigging
positions shall be readily accessible and located
where adequsie space is available for the rigging
operation. Powered control surface actuator out-
puts shall not be rig-pinned.

REQUIREMENT RATIONALE (3.1.10.3)

Accessibility and serviceability of the FCS and its
elements are fundamental to maintenance support-

abilirey af tha
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ment is basic 10 safety of flight and to the control of
harards which may develop due to changes or
anomalies in FCS elements during operational
usage. Tailoring of this requirement is not required
since there are no basic options in covering this im-
porant area.

niv uahisla in tha r:}d '!1.\“' .r"quarn
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REQUIREMENT GUIDANCE

The control of human error, and the ease, speed,
and accuracy with which the crew completes main-
tenance actions under field conditions is a primary
concern in the design of the FCS, its elements, and
its installation in the air vehicle. The requirements
established in this numbered paragraph are the

JE

means by which these concerns are addressed.
REQUIREMENT LESSONS LEARNED

In the implementation of these requirements it has
been learned that:

a. The elimination of ladders and workstands
to reach system elements is a large labor saver. It
also atlows more people to work on the air vehicle
during the same time period.

b. Variations in connectors and mounting
hardware may require different work tools and may
create logistics problems. Connectors which rotate
30 to 45 degrees and snap into place are preferred
over threaded screw-on connectors.

4.1.10.3 Accessibility and serviceability. The
requirements for accessibility and serviceability
shall be verified by

VERIFICATION RATIONALE (4.1.10.3)

Verification of these requirements is simply verifi-
cation that the installed FCS can be maintained in
a flight ready status under all applicable environ-
ments. The documentation generated during this
process forms the basis for training and planning
for maintenance of the installed FCS during opera-
tions in the field. The blank allows the methods of
verification to be tailored 1o the specific FCS.

VERIFICATION GUIDANCE

Analysis and ground tests should be used to verify

these requirements. Analysis should be used to
ielareifa
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identified process and what access provisions will
be needed. Ground tests, using experienced crew
persons, ¢an then be conducted for selected pro-
cesses to show that the requirements have been
met. The maintainability and reliability program
will interface closely with this requirement as will

Tl
&

the DT&E effort used to demonsirate operational
suitability and supponability. These should all be
considered during verification of these require-
ments.

VERIFICATION LESSONS LEARNED

3.1.10.4 Maintenance personnel safety provi-
sions. The FCS and its elements shall be designed
to prectude injury of personnel during the course of
all maintenance operations including testing.
Where positive protection cannot be provided, pre-
cautionary warnings or information shall be affixed
in the aircraft and to the equipment to indicate any
hazard, and appropriate warnings shall be included
in the applicable maintenance instructions. Safety
pins, jacks, locks, or other devices intended to pre-
vent actuation shall be readily accessible and shall
be highly visible from the ground, or include
streamers which are highly visible. All such stream-
ers shall be of a type which cannot be blown out of
sight such as up into a cavity in the air vehicle.

REQUIREMENT RATIONALE (3.1.10.4)

Successful operation of an air vehicle and its FCS
is highly dependent upon the ability of the service
personnel 1o effectively maintain it in the fully op-
erational condition. Requirements in this section
emphasize that the features which allow effective
maintenance must be designed into the system to
provide the servicing crew the means for safe,
speedy detection, location and correction of faults,
and the accessibility necessary for preventive and
corrective maintenance and for part removal and
replacement.

REQUIREMENT GUIDANCE

The FCS and its elements should be designed and

inctallad ta allow maintenance actions to be com-
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pleted without significant hazard to the service per-
sonnel. Some hazards cannot be avoided or elimi-
nated altogether, and warnings must be attached to
or adjacent to the actual components and be in-
cluded in the maintenance procedures and instruc-
tions.
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In the flight control sysiem, two of the hazardous
areas of concern are:

a. The inadvertent release of stored mechani-
cal, hydraulic, pneumatic. or electrical energy
(i.e., from springs, air-oil accumutators, air
botiles, charged capacitors, etc.) which can be haz-
ardous even with system power sources turned off.

b. Inadvenient motion or excessive rate of mo-
tion of control surfaces or contro! and power actua-
tors both within the flight contro! system and in oth-
er systems using the same power sources, such as
for the acwation of wheel-well, weapon-bay
doors, etc.

Sureamers shall be highly visible from the ground
and shall be clearly ideniified.

All devices which contain any type of stored energy
(such as mechanical, electrical, hydraulic, or pneu-
matic), or which can produce energy capable of
causing injury to maintenance personnel, should be
provided with positive means of disconnecting the
energy source, allowing controlled release of the
energy, or preventing its inadvertent release.

REQUIREMENT LESSONS LEARNED

4.1.10.4 Maintenance personnel safety provi-
sions. The required safeiy provisions for mainte-
nance personnel shall be verified by

VERIFICATION RATIONALE (4.1.10.4)

Idemification and contro! of harards associated
with maintenance action is of major concem 10
field commanders. Verification of these require-
ments documents the extent 10 which the hazards
incident o FCS maintenance are controlled and
the suitability of those controls to the methods used
by crew persons while performing maintenance on
the air vehicle. The blank allows the verification
method (o be tailored 10 the needs of the specific
air vehicle.
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VERIFICATION GUIDANCE

These requirements should be verified by analysis
and ground test. Analysis should be used to identi-
fy those FCS maintenance actions which involve
hazards to the working crew. Analysis should also
establish the level and control which are required
and feasible for those hazards. Ground 1iests
should be conducted to show that the hazard levels
are praperly classified 2nd that the established con-
trols are adequate. This area is also covered by the
systems salety specialty and much of the analysis
work is performed for that specialty in its hazard
analysis. All maintenance personnel who suppon
the air vehicle during its test phases are highly safe-
1y conscious and can provide some of the most
valuable inputs for this verilication. The verifica-
tion process should be structured to use all of the
information which will be available incident to
maintaining the air vehicle used in the tes1 pro-
grams in a flighiworthy condition.

VERIFICATION LESSONS LEARNED

3.1.11 Structural integrity. The FCS and iis ele-
ments shall be designed to meet the load, sirength,
deformation, damage tolerance, stifiness, and du-
rability requirements of .

REQUIREMENT RATIONALE (3.1.11)

These are basic structural parameters used in air
vehicle design. They apply to the FCS and its ele-
ments where safety of flight and control of hazards
are primary issues. The blank allows the structural
design requirements to be tailored to the specific
program and air vehicle.

REQUIREMENT GUIDANCE

Structural design for the FCS and its elements has a
strong interface with the structural engineering spe-
cialty and that engineering design group which has
responsibility for the structural design and testing of
the complete air vehicle. The air vehicle specifica-
tion requirements are tailored by that group, and
those requirements apply to the FCS and its ele-
ments. Those air vehicle requirements should be
carefully reviewed from the FCS viewpoint and any
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deficiencies corrected by a joint effort between the
specialists involved. The blank should be filled by
reference to the structural design requirements es-
tablished for the air vehicle. When no such re-
quirements will be established, the blank may be
filled by selection of requirements from such docu-
ments as:

et a4 Ta)

MIL-8TD-1530  Aircraft Structurai integ-
rity Program, Airplane Requirements.

MIL-A-8860 Airplane Strength and Ri-
gidity, General Specification for

MIL-A-8861
gidity, Flight Loads

Airplane Strength and Ri-

MIL-A-8865 Airplane Strength and Ri-
gidity, Miscellaneous Loads

MIL-A-8866 Airplane Strength and Ri-
gidity, Reliability Requirements Repeated Loads
and Fatigue

MIL-A-8867
gidity, Ground Tests

Airplane Strength and Ri-

N Aveerlosma Coirammtlh awmad D3
arv SRATPIANIC SUTHIEL allld R~

Vibration, Flutter and Divergence

MIL-A-8871 Airplane, Strength and
Rigidity, Flight and Ground Operation Tests

MIL-A-8892
gidity, Vibration

Airplane Strength and Ri-

MIL-A-8893
gidity, Sonic Fatigue

Airplane Strength and Ri-

MIL-A-83444
ance Requirements

Airplane Damage Toler-

MIL-S-B698
quirements, Helicopters

Structural Design Re-

MIL-F-7190

craft and Special

Forgings, Steel, for Air-

nce Annlicatinnsg
nce Applicatio

rdna

MIL-A-21180
ings, High Strength

Aluminum-Alloy Cast-

MIL-A-22771
Heat Treated

Aluminum Alloy Forgings
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MIL-F-83142
Premium Quality

Forging, Titanium Alloys,

MIL-HDBK-5  Metallic Materials and
Elemenis for Aerospace Vehicle Structures

MIL-HDBK-17
hicles

Plastics for Aerospace Ve-

MIL-STD-1599  Bearings, Control Sysitem
Components, and Associated Hardware, Used in
the Design and Construction of Aerospace Me-
chanical Systems and Subsystems

AFSC DH 2-1
gidity

DN 2A1 Suength and Ri-

Requirements contained in MIL-F-9490 covered

basic structural parameters for FCS such a

S dar arwanas s Sead 3

w

a. Strength - The overall flight control systems
shall be designed to meet the applicable load,
strength, and deformation requirements of MIL-
A-B860, MIL-A-8861, MIL-A-8865, MIL-
§-8698, and MIL-STD-1530. The components
of the systems shall be designed in accordance with
the strength requirements of MIL-A-8860, MIL~
C-6021, MIL-F-7190, MIL-A-21180, MIL-
A-22771, MIL-F-83142, MIL-HDBK-5, and
MIL-HDBK-17.

b. Damage tolerance — Those structural ele-
ments of the flight control system that are essential
to safety of flight (to contro} essential and flight
phase essential functions) shall meet the damage
tolerance requirements of MIL-A-83444,

] ~

. L p
- The load path remaining after a single failure in
dual-load-path elements shall meet the following
requirements:

(1) Where the failure is not evident by vi-
sual inspection or by obvious changes in control
characteristics, the remaining path shall be capable
of sustaining a fatigue spectrum loading based on
one overhaul period. The time interval correspond-
ing to an overhaul period shall be established by the
contractor. The remaining path shall also with-
stand, as ultimate load, Joading equal to 1.5 times
the limit loads specified in MIL-A-8865, or 1.5
times the limit loads specified in MIL-A-8865, or
1.5 times the Joad from an alternate source such as
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a powered actuation Sysiem or loads resulting from
aerodynamic or other forces, if such load is great-
er,

{2) Where the single failure is obvious, the
remaining load path shall be capable of withstand-
ing, as ultimate load, loading equal to 1.15 times
limit loads specified in MIL-A-8865, or 1.15 times
the ioad from an alternate source, such as a pow-
ered actuation system or loads resulting from aero-
dynamic or other forces, if such load is greater.

d. Siiffness - The stiffness of flight control sys-
tems shall be sufficient 1o provide satisfactory oper-
ation and to enable the aircraft 10 meet the stabil-
ity, control, and futier requirements as defined in
the spplicable portions of MIL-F-8785, MIL-
A-8870, MIL-F-83300 and MIL-A-8865. Nor-
mal struttural deflections shall not cause undesir-

able control system inputs or outputs.

Durahility = Flioht control systems chall he
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designed 10 meet the durability requirements of
MIL-A-8866 and equal to that of the airlrame pri-
mary structure considering the total number of
ground and flight Joad cycles expecied during the
specilied design service life and design usage of the
aircraft from all commands; ¢.g., from the MFCS,
AFCS, servo feedback, and from load inputs. The
requirements of MIL-A-8892 regarding vibrations

and MIL-A-B8891 regarding sonic {atigue also ap-

ply w the FCS,
REQUIREMENT LESSONS LEARNED

1t is incumbent upon the design to show due regard
for plausible misfeasance in use to insure that no
part of the FCS is likely to be subjected to opera-
tion, either intermittently or continuously, at loads
greater than that for which the pan was designed.

4.1.11 Structural integrity. Structural integrity
requirements shall be verified by

VERIFICATION RATIONALE (4.1.11)

The structural integrity of the FCS and its elemenis
must be verified to document the flightworthiness
and the contro! of potential hazards of the installed
FCS and its elemenis.

[y
LT ]

VERIFICATION GUIDANCE

Structural integrity should be verified by analyses,
and ground and flight tests. The engineering de-
sign groups responsible for the structural area for
the program, or air vehicle, establish the require-
ments for verification. These requirements should
be carefully reviewed from the FCS viewpoint and
any deficiencies corrected through a joini effont by
the specialists involved. The blank should be filled
by reference to the structura) verification require-
ments established for the air vehicle. When no
such requirements will be established, those docu-
ments used for generating the requirement should
be used to generate the verification requirements.
Analyses should be performed for each major area.
Analyses should be verified at critical points by
Flmhr tect chould be usad 1o venfu
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ground tegig,
groun

- S

analysis which can only be verified in {light.

VERIFICATION LESSONS LEARNED

Pl |
i1+

o fatigue

cracking problems which somehow fail to surface
during testing. Cracks developed at the base flare
of the cockpit control column in a cargo 1ype air
vehicle after it had been in field use {or several
years. This cracking created a hazard because the
cracks could lead to complete failure of the col-
umn.

The vibration environmeni defined for varipus ar-
cas inside the air vehicle can be inaccurate, mis-
leading and deficient. The severe vibration envi-
ronment at the horizontal stabilator servoactuator
in a fighter type air vehicle caused fatigue cracking
of the input crank to the servoactuator. This
cracking was determined to create a8 hazard be-
cause the cracking could cause separation of the
input crank.

3.1.12 Wear life. Assembled unit ¢elements of the
FCS shall remain economically repairable and
meet reliability requirements for a wear life equal
to

REQUIREMENT RATIONALE (3.1.12)

The cost burden due to wear out and replacement
of parts should be one of the issues during design of
the FCS. The assembled unit elements of the FCS
should be designed and constructed to have a spe-
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cific wear life capability consistent with the design
approach, state-of-the-art, usage, support con-
cept, etc., which is to be used for the specific air
vehicle.

REQUIREMENT GUIDANCE

Wear life in MIL-F-9490 was required to be equal
to the life of the primary air vehicle structure. The
quantity for measure of wear life has usually been
expressed in terms of air vehicle operating hours or
cycles of operation. Parts subject to wear such as
hydraulic packings, rings and seals, bearings, con-
trol cables, sensors, hydraulic valves piston, rods
and actuator barrels, etc., are allowed to be re-
placed or their wearing surfaces renewed after they
become unserviceable due to wear. Electronic and
other nonmechanical assembled unit elements
should remain economically repairable and meet
the established reliability requirements. The blank
should be filled by a single requirement or by a list-
ing of assembled unit elements broken down by in-
dividual items, classes, groups, etc. with corre-
sponding wear life requirements. Analysis should
be performed to establish the wear life require-
menits for the specific air vehicle. This requiremnent
may have interfaces with specialities such as reli-
ability, maintainability, supportability, logistics,
etc.

REQUIREMENT LESSONS LEARNED

4.1.12 Wear life. Wear life requirements shall be
verified by

VERIFICATION RATIONALE (4.1.12)

Wear life requirements must be verified to docu-
ment the capability of the FCS to support the
planned operational usage of the air vehicle.

VERIFICATION GUIDANCE

Analysis and ground test may be used in verifying
this requirement. Analysis should be used to estab-
lish the quantity which will be used for measuring
wear life; any load, stroke, cycle spectrum which
applies; any similarities which may be used; which
assembled unit elements may be tested separately
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and which will require system type testing; what re-
placement or renewal of wearing elements interval
should apply, etc. Ground tests should be used for
the final verifications. Flight worthiness, prequalif-
ication, qualification, reliability, and durability
testing may all be used as pan of wear life testing.

VERIFICATION LESSONS LEARNED

3.2 Subsystem and component design require-
ments. Subsystems, subfunctions, components,
elements, and assemblies of the FCS and subsys-
ems interfacing with the FCS shall be designed,
fabricated, and instalted as indicated in the sub-
paragraphs of this section.

REQUIREMENT RATIONALE (3.2)

Technical feedback from experiences with FCS for
operational aircrafi including design information
related to hardware, systems, equipment, compo-
nents, software, support equipment, and design
factors which influence performance, has been in
use for many years in refining FCS specification re-
quirements. The requirements in this section re-
flect much of that feedback. In current vogue is
the Lessons Learned program implemented by
AFSCR 800-37 which follows this approach for im-
proving requirements and avoiding the pit falls
identified by past mistakes. That program requires
documentation of lessons learned and use of them
as a basis for revising specifications.

REQUIREMENT GUIDANCE

The repository for Lessons Learned should be
searched for cases having technijcal application to
FCS. These Lessons Learned cases should be con-
sidered during the tailoring process.

REQUIREMENT LESSONS LEARNED

See requirements lessons learned for subpara-
graphs of this section.

4.2 Subsystem and component design require-
ments. Requirements contained in the subpara-
graphs of this section shall be verified as indicated
in their respective verification subparagraphs.
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VERIFICATION RATIONALE (4.2)

The format requires verification subparagraphs for
each requirement.

VERIFICATION GUIDANCE

Each requirement verification subparagraph in this
section will provide applicabte guidance. The ex-
tensive guidance supplied under 4.1 also applies 10
the following subparagraphs.

VERIFICATION LESSONS LEARNED

Each requirement verification subparagraph in this
section will provide lessons learned when a docu-
mented file exisis.

3.2.1 Cockpit controls and displays. The design
and location of the FCS cockpit control elements
and displays shall be in accordance with

. Addiriona}l requirements are stated in the
following subparagraphs.

REQUIREMENT RATIONALE (3.2.1)

Most of the design requirements for FCS cockpit
controls and displays are determined by the crew
station and human engineering disciplines. A high
degree of commonality between cockpits of aireraft
of the same type is desired 10 minimize problems in
pilot transition. In addition, standardized elements
and companents aid the logistics of acquiring and
maintaining spare pans.

REQUIREMENT GUIDANCE

The blank in this requirement should be filled in
with the appropriate documeni(s) or relerence to
the air crew station section in the panicular air ve-
hicle specification being prepared. The other disci-
plines involved in cockpit tontrols and displays
should be consulted before completing this require-
ment.

MIL-STD-203 specifies the cockpit cantrols for
conventional takeoff and landing (CTOL) aircraft,
while MIL-STD-250 covers rolary wing aircraft,
MIL-STD-203 and MIL-F-83300 should be con-
sidered when acquiring shont takeoff and landing
{STQL) aircrafi.
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REQUIREMENT LESSONS LEARNED

4.2.1 Cockpit controls and displays.
shall be used o verify compliance with

VERIFICATION RATIONALE (4.2.1})

Inspection and ground tests are the most applicable
methods of verifying the placement and design of
controls and displays.

VERIFICATION GUIDANCE

Requirement 3.2.1 is mainly concemed with the
appropriate placement of controls and displays, di-
mensions, movement, etc., and as such, inspection
of drawings and mockups can assure the appropri-
pte design during the early phases of the project,
while ground tests and inspection prior to first flight
assures that the air vehicle cockpit is the same as
the mockups and drawings and that the controls
operate within specified values.

The second blank in the verification paragraphisto
be wilored by specifying controlling document(s).
This paragraph should be in accordance with 3.1.4
in what is specified. This blank may be TBD at
RFP and !eft 10 negotiations with the contractor.

VERIFICATION LESSONS LEARNED

3.2.1.1 Cockpit controls. Whenever a FCS con-
tro! is interfaced with redundamt flight conuol
channels, mechanical and electrical separation,
and isolation shall be provided 10 make the proba-
bility of common mode failures .

REQUIREMENT RATIONALE (3.2.1.1)

Separation and isolation of mechanical and eleciri-
cal efements in redundant systems is necessary for
safety of flight considerations. The intent of this
requirement is to prevent propagation of a failure
from ont control channel to another.
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REQUIREMENT GUIDANCE

MIL-F-9490 required that the probability of com-
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must be exercised in implementing any protective
features so that it does not introduce a source of
possible failure.

REQUIREMENT LESSONS LEARNED

Experience has shown that force sensors which are
sensitive 1o grip torques about a pivol point within
the sensor housing can degrade handiing qualities.
These devices should only respond to forces about
the stick pivot point.

4.2.1.1 Cockpit controls. The separation and
isolation between redundant FCS channels and
cockpit contrals shall be verified by ___{a) . The
probability that common mode failure is ___{b)
shall be verified by (c) .

VERIFICATION RATIONALE (4.2.1.1)

The isolation and separation of mechanical and
electrical components between redundanmt FCS
channels and cockpit controls must be physically
verified. Hazard analyses must be performed on
the control/flight comro! computer interface 10 as-
sure the required probability of failure.

VERIFICATION GUIDANCE

Verification of the separation and isolation of the
electrical and of the mechanical redundant flight
control channels (blank (a)) can best be per-
formed by inspection. The inspection should begin
with preliminary drawings and continue through
the design and fabrication phases.

Verification that the probability of a commeoen
mode failure is that required in 3.2.1.2 (blank (b))
should be performed during the hazard analysis. 1f
the probability is higher than acceptable, then cor-
rective actions should be taken.

VERIFICATION LESSONS LEARNED
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3.2.1.1.1 Removable cockpit flight controls.
Removable cockpit flight controls shall be positive-
ly retained during all flight conditions.

REQUIREMENT RATIONALE (3.2.1.1.1)

Disengagement or loosening of cockpit controls
during flight adversely impacis the safe operation of
the air vehicle.

REQUIREMENT GUIDANCE

This requirement primarily applies to control
sticks, stickgrips, contro! wheels, and columns.
Positive retention can be accomplished by means
of a lockwired threaded fastener, self-retaining
bolts, and standard threaded nuts or similar de-
vices.

REQUIREMENT LESSbNS LEARNED

There have been incidents of cockpit controls be-
coming unintentionally disengaged in flight because
of inadequate retention.

4.2.1.1.1 Removable cockpit controls. Positive
retention of removable cockpit flight controls shall
be verified by

VERIFICATION RATIONALE (4.2.1.1.1)

T lelir cmtm—mefman ol e cont

t control
be verified because of the safety of flight im
tion.

ust
pllca-

&

VERIFICATION GUIDANCE

Inspection and/or test are the most appropriate
means of verification. Inspection of the fastening
devices to determine that only deliberate, inten-

tional Hl:npgngnmpnt is nonssible should he ner.
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formed. If the fastening device is of a type histori-
cally demonstrated to provide positive retention,
the inspection may be sufficient verification. How-
ever, if the device is unconventional or has a histo-
ry of losing its retainability, then vibration and life
cycle testing may be appropriate.

VERIFICATION LESSONS LEARNED

With repeated use, self-locking nuts lose some of
their retainability.
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3.2.1.1.2 Movable rudder or directional ped-
als. Movable rudder or directional pedals shail be
interconnected to insure positive movement of
each pedal in both directions.

REQUIREMENT RATIONALE (3.2.1.1.2)

The force reaction cue from the pedals to the pilot
insures that the pilot(s) is (are) aware that yaw con-
trol has been commanded.

REQUIREMENT GUIDANCE

Movable rudder pedals operate in such a manner
that when one rudder pedal is moved forward a giv-
en distance, the other rudder pedal should move
aft the same distance with no objectionable dead
band or free play.

Independent force command pedals have been
used on some fighter aircraft. The intent of this
paragraph is not to preclude their use: however,
their application may need further investigation.
With the advent of ly-by-wire sir vehicles, various
sensors can be used to sense the pilat force on the
pedal. This, however, does not address the reason
for this requiremeni—that is, 1o provide a positive
indication to the pilot that yaw control has been
manually commanded and an easily recognizable
indication as to what action must be taken 10 count-
er the command.

REQUIREMENT LESSONS LEARNED

4.2.1.1.2 Movable rudder or directional ped-
als. Positive interconnection of rudder pedats shall
be verified by

VERIFICATION RATIONALE (4.2.1.1.2)

The appropriate design and operation of the rud-
der pedals must be verified to assure safe and ade-
quate operation of the air vehicle.

VERIFICATION GUIDANCE

Inspection of the design and demonstration of the
pedal operation prior 10 and during the flight tests
are the suggested methods of verification. Forces
should be maonitored and be within handling quality
specified limits, and operation should be smooth
without dead spots or ratching.

VERIFICATION LESSONS LEARNED

3.2.1.2 Pilot displays. Wherever any display or
snnunciator is interfaced with redundam flight
control channels, mechanical and electrical sepa-
raton, and isclaton shall be provided to assure
that common mode failures do not occur.

REQUIREMENT RATIONALE (3.2.1.2)

Mechanical and electrical separation and isolation
are required to prevent any common mode failures
from occurring. The intent of this requirement isto
prevent Joss of display and propagation of a failure
from one control channel to another.

REQUIREMENT GUIDANCE

MIL-F-~9490 required that the probability of com-
mon mode failures be extremely remote. Care
must be exercised in implementing any protective
features so that it does not introduce a source of
possible failure.

MIL-F~9490 also required that pilot displays be
designed in accordance with MIL-STD-1472.
This has been omitted from this requirement since
it is in the purview of the display and human factors
engineers to assure compliance with MIL-
STD-1472.

REQUIREMENT LESSONS LEARNED

4.2.1.2 Pilot displays. The separation and isola-
tion of pilot displays shall be verified by _{a) __.
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The probability that common mode failures do not

occur shall be verified by __{b) ..

VERIFICATION RATIONALE (4.2.1.2)

The isolation and separation of mechanical and
electrical components between redundant FCS
channels and displays must be physically verified.

Hazard analyses must be performed on the display/

FCS interface to assure the required probability of
failyre.

VERIFICATION GUIDANCE

Verification of the separation and isolation of the
electrical and mechanical redundant flight control
channels (blank (a)) can best be performed by in-
spection. The inspection should begin with prelim-

inary drawings and continue through the design
and fabrication phases.

Verification that common mode failures do not oc-
cur should be performed during the hazard analy-
sis.

VERIFICATION LESSONS LEARNED

3.2.1_.2.1_' FCS anpunciation. The FCS control
panel, associated panels or integrated displays shall
provide means to display:

AFCS engaged
mode engaged
REQUIREMENT RATIONALE (3.2.1.2.1)

1t is important for safety of flight that the pilot(s) be
aware of the configuration of the FCS at all times.

REQUIREMENT GUIDANCE

Space is allotted for this requirement to be tailored
1o the particular FCS under consideration. Other
annunciation requirements which should be in-
cluded if applicable, to the FCS are:

[==13
a0

a. Annunciation that automatic mode switch-
ing has occurred

b. Preselected values for selectable mode pa-
Tameters

€. Annunciation of preflight BIT status includ-
ing:

(1) The progress oi the preflight test
(2) Instructions to the crew to provide re-
quired manual inputs

(3) Lack of system readiness when failure
is encouniered.

In addition, if the available manual control author-
ity can be reduced below the ievel required for ma-
neuvering control by a function such as auiomatic
trim or siability augmentation, pilot displays shall
be provided to indicate available control authority

for essential and flight phase essential FCS.
REQUIREMENT LESSONS LEARNED

The regquirement to annunciate manual control au-
thority when masked by automatic trim is in re-
sponse to aircraft lost due to loss of pitch control.
A fighter aircraft was lost following a failure in the
fuel transfer system which caused an aft cg condi-
tion to develop. The series autotrim, which is pan
of the augmentation, maintained the stick in the
trimmed position and the stability augmentation
masked the degrading pitch stability. As airspeed
was reduced and control limits were reached, the
aircraft went out of control and was lost.

The probability of the crew mismanaging a saf

ey~
critical system should be minimized. Zealous pur-
suil of this objective can lead 1o criteria which re-
quire that interlock logic be implemented that pre-
vents the crew from isolating a critical channel un-
less the channel has been annunciated as failed,
and which prevents the crew from re-engaging crit-
ical channels that have been isolated due to a prior

failure indication.

4.2.1.2.1 FCS annunciation. FCS annunciation
shall be verified by

VERIFICATION RATIONALE (4.2.1.2.1)

An adeguate design and correct operability need to
be verified because of the safety implications.
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VERIFICATION GUIDANCE

Inspection of cockpit drawings and layouts should
be performed to verify the inclusion and placement
of all necessary annunciation. Testing of the FCS
during operation must be performed to verify the
accurate operation of the annunciator dispiays.

VERIFICATION LESSONS LEARNED

3.2.1.2.2 FCS warning annuncistion. FCS
waming annunciation shall be provided in the
cockpit to allow crew to assess the operability of
redundant or monitored FCS. Annunciation shall
be designed to clearly indicate the associated de-
gree of urgency.

a. First degree - immediate action required
(wamning may be audible)

b. Second degree - caution, action may be re-
quired

¢. Third degree - informational; no immediate
action required.

Warning 'annunciation shalt include, but not be lim-
ited to the following:

REQUIREMENT RATIONALE (3.2.1.2.2)

The pilot(s) must be able to quickly and accurately
determine the urgency of a warning. This is a sale-
ty of flight requirement.

REQUIREMENT GUIDANCE

This requirement interfaces with the crew station,
displays, and human factors areas. The FCS engi-
neer may wish to have input in the (visual or audio)
type of waming, color of light, and position of dis-
plays; however, these design considerations are not
within the domain of this specification.
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A further explanation of the degrees of urgency fol-
lows:

a. First degree - immediale action required
(warning may be audible)-~-loss of system function,
hazardous condition imminent., An example of this
situation might be taken as total loss of the AFCS at
low altitudes during a limited visibility approach.

b. Second degree - caution, action may be re-
quired——probable loss of system function. Hazard-
ous condition may be developing. Pilots should
make an assessment of system siatus before re-
sponding.

c. Third degree - informational, no immediate
action required-—possible loss of system function in
near future. No impending hazard. An example is
pretest of a system identifying a failure. Hazard
can be avoided by avoiding use of that system or
mode.

Automatic disengagement of an AFCS mode shall
be indicated by an appropriate warning display.
Whereas manual disengagement by the crew ghall
not result in warning annunciation. If available
manua! control authority for flight essential and
flight phase essential has been reduced by an auto-
matic function below that which would be required
for manual operation, warning annunciation shall
occur. Other warnings which may be applicable
are the automatic and possible manual disconnect
of dampers in each axis, the loss of a channel in a8
multichannel system, or the disengagement of an
augmentation device. It has been suggesied that
warning and annunciation equipment should be
provided with self-test features. If this is desired, a
statement to that effect should be added to the re-
quirement.

REQUIREMENT LESSONS LEARNED

The probability of losing the capability to isolate
failures and annunciate system status should be
minimized. This may require special consider-
ptions relative to power source selection. For ex-
ample, if failures are annunciated by lights, then
the design must ensure power to the lights when the
channel failure is a power failure,

Runaway trim has caused niany accidents in the
past. Many of these accidents occurred because
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the pilot was not aware of the malfunction until it
was too late. Low altitude, night, and instrument
conditions affect the pilot's capability to detect and
react. Commercial transpornt aircraft provide an
aural waming whenever pitch trim is changing,

4.2.1.2.2 FCS warning and status annunci-
ation. FCS waming and status annunciation re-

quirements can be verified by

VERIFICATION RATIONALE (4.2.1.2.2)

An adequate design of warning annunciation and
operability needs to be verified because of the safe-
ty implications.

VERIFICATION GUIDANCE

Inspection of ¢cockpit drawing and layout should be
performed to verify the inclusion and placement of
all necessary warning annunciation. Verification of
operability should be accomplished by the intro-
duction of simulated faults or equipment failures
during bench tests to determine that the warning on
annunciation circuitry is performing as designed.

VERIFICATION LESSONS LEARNED

3.2.1.2.3 Cockpit indicators. Suitable indica-
tions shall be provided in the cockpit to indicate 10
the pilot(s)

REQUIREMENT RATIONALE (3.2.1.2.3)

To meet safety and operability needs the pilot must
be provided with accurate information concerning
the position of the aerodynamic devices and sur-
faces.

REQUIREMENT GUIDANCE

Cockpit indicators should be provided for lift and
drag devices not automatically controlled, trim de-
vices, and in some air vehicles individual surface
position indicators. MIL-F-9490 required that lift
and drag devices (such as flaps, slats, speed brakes,
etc.) should have indicators which, in addition 1o

[

<

showing the curremt position, are labeled to indi-
cate the correct takeoff, enroute, approach and
landing position. MIL-F-9490 also required that
if any extension of the lift and drag devices beyond
the landing position is possible, the indicators shall
be marked to identify the range of extension. In
addition, an indication of unsymmetrical operation
or other malfunction in the lift or drag device sys-
tems shall be provided whenever necessary to en-
able the pilot(s) to prevent or counteract an unsafe
flight or ground condition. In the past, indicators
for lift and drag devices have not met the MIL-
F-9490 requirement, especially for speedbrakes.
Careful consideration must be given to the mission,
aerodynamic configuration, flight control system
design, and safety needs before this requirement is
excluded or waived for certain devices.

Regarding trim devices MIL-F-9490 required that
suitable indications shall be provided to:

a. Indicate the position and the range of travel
of each trim device,

b. Indicate the direction of the control move-
ment relative to the airplane motion.

c. indicate the position of the trim device with
respect to the range of adjustment. (Trim devices
such as the magnetic brake used in helicopters to
instantaneously relieve pilot’s control forces by
changing the feel force reference to zero at the
control position held by the pilot at the time the
trim switch is activated shall not require separate
trim indicator.)

d,. Pravide nilot warnine of trim failurec which
d. Frovide plot warnin g ol tnm [aliures wnich

could result in exceeding the operational state re-
quirements of 3.1.3.3.

e. Pitch trim indicators should include a mo-
tion indicator to alert the pilot of trim motion.

f. Be in a position visible to the pilot.

Aircraft which require takeoff longitudinal trim set-

timn in asassrdancrs udth ao lasatinn ehall hauas evies
LR I geiUlaarnive widl Vg 1UCawvuuli orian 1iave Suil

ably calibrated trim position indicators. Where
suitable, trim indicators shall be in accordance with
MIL-1-7064. In aircraft requiring quick takeoff
capability or certain single pilot aircrafi, which use
a single trim setting for all takeoff conditions, a
“trim for takeoff” indication shall be provided.

.
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Additionally, MIL-F-9490 required that indica-
tors shall be provided in the cockpit for all control
surfaces required for retention of FCS Operational
State 11, when the cockpit controls do not provide a
pesitive indication of long term or steady state con-
tro! surface position, or where the effecis of control
susface positioning is not readily detectable by oth-
er means.

REQUIREMENT LESSONS LEARNED

Aircraft which use a trim actuator to move the hori-
zonia) siabilizer, and thereby affect pitch trim of
the aircraft, have peculiar characteristics. It stems
from the fact that small horizonial stabilizer inci-
dence changes have a powerful affect on the pitch-
ing moment of the aircraft. For this reason the pi-
lot is typically given a three-second recognition
time from the initiation of a pitch irim runaway and
the initiation of the pilot's corrective action.

The problem with the typical pitch urim indicator is
that the rate of motion of the indicator needle is so
slow that the pilot has difficully recognizing its
movement. it is for this reason that a separale bar-
ber pole type motion indicator should be included
on the face of the indicator to draw the pilot’s at-
tention to the indicator the instant pitch trim action
is initated.

4.2.1.2.3 Cockpit indicators. Compliance with
indicator requirements shall be verified by

VERIFICATION RATIONALE (4.2.1.2.3)

Accurate operation of cockpit indicators must be
verified because of the safety of flight implicauaons.
Inspection, analysis, and test can be used to verify
the various requirements for cockpit indicators,

VERIFICATION GUIDANCE

Inspection of cockpit layout drawings shail verify
the inclusion of the required indicators. Accurate
operation of position indicators should be verified
by ground operation. Analysis should be used 10
determine the appropriate settings for those posi-
tion indicators which are required 10 be labeled
with flight conditions. Unsymmetrical conditions
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for lift and drag devices from [ailures and malfunc-
tions of indications should be simulated to verify
proper operation of wamings and 10 demonstrate
the pilot's ability 10 use the indication provided is
within the domain of the human factors engineer;
however, it is also of concern to the flight controls
engineer.

VERIFICATION LESSONS LEARNED

3.2.2 Sensors. Sensors used for flight control sys-
tem functions shail be designed and located such
that adequate sensing of the desired aircraft and
flight contro! system parameters ¢an be accom-
plished. Sensors shall be designed to operate
throughout the power range specified for the air ve-
hicle. Locations shall be chosen which minimize
exposure o conditions which could produce fail-
ures or undesirable output signals, Signal and im-
pedance levels for remote sensors shall be designed
1o minimize EMI effects and to prevent signal level
changes due to transmission path loading effects.
Closely spaced, redundant electromagnetic sensors
shall be designed to prevent cross coupling of sig-
nals among the sensors. If sell~test or in-flight
monitoring BIT are used. the sensors and flight
control system shall be fail safe in design in regard
to the operation of the BIT.

REQUIREMENT RATIONALE (3.2.2)

Attention must be given to the location snd design
of all sensors to ensure that they provide signals of
the quality necessary for the flight control system
without distortiion inherent in the design due to un-
desirable structural modes or other effects.

REQUIREMENT GUIDANCE

Displacement, force rate. acceleration, air data,
ond other sensors used for input into the flight con-
trol system are covered by this requirement. Reli-
ability of the sensors should not degrade the overall |
flight control system reliabitity.
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REQUIREMENT LESSONS LEARNED

4.2.2 Sensors. Correct sensor location and opera-

ala . _L P I T
uon snail DE vVeniea oy
test.

analyses, inspection, and

VERIFICATION RATIONALE (4.2.2)

Analyses, inspections, and tests are used to verify
the different aspects of this requirement to assure
the correct location and operation of flight critical
SEnsors.

VERIFICATION GUIDANCE

Analyses should be used to determine the correct
sensor location. Bending modes, local vibrations,
asymmetries, and the characteristics of the param-
eters being sensed must all be taken into consider-
ation when locating sensors. Inspection should be
used to verify the location and correct installation
of the sensors. Tests to determine the operability
and accuracy of the sensors should also include
check of the self-test or inflight monitoring BIT.

It should be verified that faults introduced into the
sensor, self-test, and inflight monitoring systems
do not propagate into the flight control computers.

VERIFICATION LESSONS LEARNED

3.2.3 Signal transmission. All signal transmis-
sion concepts, devices, lines, components, and
subsystems dedicated to the FCS shall be covered
by requirements in this section.

3.2.3.1 General requirements. All signal trans-
mission elements, components, and subsystems of
the FCS shall be designed and suitably protected to
resist jamming by objects. Where feasible, advan-
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tage shall be taken of shielding afforded by heavy
structural members, existing armor, and other
equipment for protection of important elements of
the FCS. Signal transmission elements shall be
protected from usage such as steps and handholds.
Clearance between FCS elements and structure or
other components shall be provided as necessaty 1o
insure that no probable combination of tempera-
ture effects, air loads, structural deflections, vibra-
tion, buildup of manufacturing tolerances, or wear
can cause binding or jamming of any portion of the
FCS. In locally congested areas, the minimum
clearances which may be allowed after all adverse
effects are accounted for shall be

REQUIREMENT RATIONALE (3.2.3.1)

Interrupting, impeding, or otherwise interfering
with signal generation, propagation or transmission
in the FCS may create hazards during air vehicle
operation incident to flight. This requirement
helps 1o eliminate or control some of those possible
hazards. The blank allows the clearance require-
ments to be tailored to the needs of the specific air
vehicle.

REQUIREMENT

yUIDANCE

All portions of the FCS used for signal propagation
and transmission such as cables, push~pull rods,
torque tubes, light cables, electric wiring, etc.
should, where feasible, be routed through the air
vehicle in the most direct manner over the shortest
practical distance between points being connected.

Where redundant cable, push-pull rod, light cab-
ling, or electric wiring is provided for signal trans-
mission, the separate runs should have sufficient
spacing to enhance invulnerability.

Technical order 1-1A-14 recommends 6 inches or
more between wiring and plumbing which carries
combustible fluids and 3 inches between wiring and
control cables. AFSC DH-2-1 indicates that 3 in-
ches is the standard clearance between control
cables. A 1/4 inch clearance is considered stan-
dard between cables and fairleads. MIL-F-9490
contained allowables for minimum clearances for
signal transmission elements as follows.
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In locally congested areas only, the following mini-
mum clearances may be used after ali adverse ef-
fects are accounted for:

a. One-eighth inch beiween static elements
except those within an LRU where closer clear-
ances can be maintained or where contact cannot
be detrimental.

b. One-eighth inch between elements which
move with respect to each other and which are con-
nected to or are guided by the same structural or
equipment element(s} except those within an LRU
where closer clearances can be maintained or
where contact cannot be detrimental.

¢. One-fourth inch between elements which
move with respeci io each other and which are Ton-
nected to or are guided by different structural or

equipment elements.

d. One-half inch between elements and air-
craft structure and equipment to which the ele-
ments are not attached. Clearances at the ends of
swept paths may not be critical and smaller clear-
ances or zero clearances may be allowed at such

extremes of travel unless contact is detrimental.

Every efiort should be made 10 avoid using the
minimum clearances and spacings.

REQUIREMENT LESSONS LEARNED

Adverse tolerance buildup and inadequate tooling
during manufacturing can result in close clearance

situations where nominal cicarances are consid-
ered adequate.

Signal transmission layout should be determined
carly in the design of the air vehicle before loca-
tions for other equipment can compromise FCS$
routing.

Aviation history abounds with cases where abjects
jammed controls creating & class 1 hazard. Designs
which use compact arrangements offer many op-
portunities for jams to occur. Moving elements lo-
cated near the lower surface of enclosures and ver-
tically oriented ¢ranks and pulleys, have a higher
probability of being jammed. Inverted flight, zero

and negative “g". rough and turbulent air effects

[
b

should be considered when planning protection
provisions for signa) transmission elemenis.

4.2.3 Signal transmission. Signal vrarismission
requirements shall be verified by inspection as hav-
ing complete coverage of the dedicated concepts,
devices, lines, components, and subsystems used in
the FCS.

4.2.3.1 General requirements. The general re-
quirements for design of signal transmission ele-
ments, components, and subsystems shall be veri-
fied by

VERIFICATION RATIONAL (4.2.3.1)

The design process must be responsive to every de-
tsi! which can cause any FCS signal transmission
function to be interrupied, impeded, or otherwise
subjected to interference. Critical evaluation of the
results of that process is accomplished and docu-
mented during this verification and should show
the extent to which hazards have been eliminated
or contralled. The blank allows the method of ver.
ification to be tailored to the needs of the specific
air vehicle.

VERIFICATION
Use analysis techniques to determine and list the
concepts, devices, lines, components, and subsys-
tems which are used for signal transmission and are

ol . - e

dedicated to the FCS. Compare, by inspection,
those listed items against those covered in the other
subparagraphs of this section to determine the

completeness of coverage.

Analysis and inspection should be used for evatua-
tion of the design layout for routing, shielding,
means of protection, tolerance buildup, and the ef-
fecis of other factors. Inspectiun should be used 10

provide documentation for these requirements

based on the installation in vehicle as the flight
hours accumulate 10 document’the effects of tem-
perature, structural deflections, vibration, wear,
eic.

VERIFICATION LESSONS LEARNED

The fight environment cannot be duplicated on
the ground; therefore, evidence of the effects of
that environment on clearances (interference)
should be sought during inspection.
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In long, straight cable runs where sag is normal,
even when rigging is proper, the cables may be al-
lowed to rest on fairleads or rub strips.

Water which accumulates on or around FCS ele-
ments can freeze in flight and cause interference
with FCS function. Inspection should generate
documentation covering this point.

3.2.3.1.1 Computer signal transmission. Signal
transmission of commands between the flight con-
trol computers and devices or modules designed to
act on the commands shall be performed by using
direct . When redundant
computing paths are provided, they shall be iso-
lated or separated to meet invulnerability and fail-
ure immunity requirements.

REQUIREMENT RATIONALE (3.2.3.1.1)

Computer signal transmission elements composed
of conventional componenis such as electrical,
electronic, hydraulic, mechanical, or pneumatic
devices or nonconventional components such as
aptical devices, must pravide the most direct rout-
ing, including necessary separation or isolation and
the appropriate levels of redundancy and failure
immunity 10 meet the invulnerability, reliability,
and maintainability requirements placed on the
FCS.

REQUIREMENT GUIDANCE

The transmission of command signals between
flight control computers and the devices or mod-
ules designed to act on the commands will usually
be by direct means using mechanical, hydraulic,
pneumatic, electronic, or electrical components.
The direct means, of whatever design, implies that
the signal does not pass through any extranecus
components or devices on the way to the module or
device which ultimately processes the command.

The use of fiber optics or other nenconventional
signal paths may be considered in future applica-
tions but the FCS engineer must ensure that the
contractor has fully investigated their capability 10
perform the essential functions reliably and can
present substantiating evidence for approval before
committing designs.
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Isolation and separation of redundant paths must
be consistent with the overall redundancy concept.

REQUIREMENT LESSONS LEARNED

4,.2.3.1.1 Computer signal transmission. The
method of signal transmission, isolation, and sepa-
ration of redundant computing paths, and direct
signal transmission shall be verified by inspection of
. Failure immunity requirements

shall be verified

VERIFICATION RATIONALE (4.2.3.1.1)

Signal path transmission methods and design must
be verified to assure the integrity of the flight con-
trol signals. Invulnerability, reliability, and main-
tainability must all be considered during the verifi-
cation of signal path transmission.

VERIFICATION GUIDANCE

Inspection of engineering drawings and other perti-
nent documentation will verify that the design for
computer signal transmission, buili~in tests can be
verified by failure modes and effects analysis and
tests. The validity of the signal should be main-
tained during transmission and not aliered due to
variaiion in the system caused by environmenal ef-
fects.

VERIFICATION LESSONS LEARNED

3.2.1.2 Mechanical signal transmission, gener-
al. Elements used for mechanical signal transmis-
sion shall meet the structural integrity requirements
of this specification. Capability shall also be pro-
vided to transmit forces to override interference or
jams in the mechanical loop up to a level of at least
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REQUIREMENT RATIONALE (3.2.3.2)

Mechanical signal transmissions are often used in
the implememation of critical flight contro! func-
tions. The [orces which may be required to trans-
mit signals in these mechanical loops may vary over
a wide range when the normal and abnormal oper-
sting states are considered. This requirement pro-
vides the means for insuring that the capability ex-
ists, within the elements and mechanical loops of
these subsystems, to transmit a level of force tal-
lored to the needs of the specific air vehicle.

REQUIREMENT GUIDANCE

The structural integrity requirement in this specifi-
cation uses MIL-A-8865 as the reference docu-
ment {or guidance. Limi: loads (or design of the
elements used for mechanical signal transmissions
generated by the pilot should be taken to be those
specified in MIL-A-8865 unless higher loads can
be imposed. such as those associated with power
actuators or aerodynamic forces. Regardless of
load levels used, the same margins and circum-
stances specified in MIL-A-8865 should be used.
Specific vatues for forces needed to override inter-
ference or clear jams depend on the design fea-
tures of the FCS elements, the installation, and the
conditions within the air vehicle. All factors should
be considered in determining the value to be used
in filling the blank. The force level specified, usual-
ly in pounds. would be at the input point most cru-
cial to transmission of the flight control signal.

Interference and jams are often encountered in the
mechanically operated valves of the FCS hydraulic
servoactuators. Specific values for the override or
clearing forces depend on the specific valve design,
materials found in the hydraulic sysmem, and the
system approach used in the mechanization. Inthe
past, forces of 300 pounds, taken as limit load,

have been used based on a jam clearing load of 200

pounds. However, a value of 1000 pounds has
been used in one of the most recent fighters which
has & mechanically operated servovalve. In etectric
fly-by-wire FCS, closure of the servoactuator feed-
back loop through mechanical signal linkage to the
servovalve should be considered in order to pro-

-

vide a suitable force level for overriding interfer-
ence and clearing jams in the valve.

4.2.3.2 Mechanical signal transmission, gener-
al. The general requirements for mechanical signal
transmission shall be verified by

VERIFICATION RATIONALE (4.2.3.2)

Critical flight control funciions are often implem-
ented through mechanica) signal transmissions.
The general requirements in this paragraph provide
a means for control of some of the hazards asso-
ciated with installed mechanical signal wransmission

WAL A W ILSA MIApRA IS NS Lol MR- )3 S aIladifiaas

control loops. The verification process provides
the means for documenting the extent to which the
hazards associated with interference and jamming
can be controlied in these loops.

VERIFICATION GUIDANCE

Ground 1esting is the most feasible means of verify-
ing these general requirements. Structural integrity
and proof of {orce wransmiuting capability of these
mechanical signal ransmission elements and sub-
systems should be verified during the System Struc-
wural Integrity verification process. These verifica-
tions should be ctonducied on elements,
tems, and systems installed in an air vehicle. MIL-
A-8867 may provide some useful guidance in es-
tablishing the procedures and criteria to be used in
conducting this verification.

b
DHUD’V’

VERIFICATION LESSONS LEARNED

3.2.3.2.1 Control cable Installations. Wire rope
type cable subsystems used for FCS signal transmis-
sion shall meet requirements of this specification
with respect to performance, safety, maintainabil-
ity, reliability, structural integrity, and wear life.
Requirements for component design and usage
shall be as shown in

REQUIREMENT RATIONALE (3.2.3.2.1)

Wire rope is used in a largé majority of FCS for
signa! and power transmission. The function pro-
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vided by the cable system utilizing the wire rope is
often critical to flight safety and mission accom-
plishment. This paragraph provides the means for
tailoring requirements for the hardware elements
used in the cable systems to the needs of the specif-
ic air vehicle and the user. It also allows require-
ments to be included which control, by proper se-
lection of components, the latent flight hazards
which may be created incident to manufacturing,
installing, and maintaining cable systems.

REQUIREMENT GUIDANCE

Engineering control of the design and usage of
components and elements for flight control cable
systems should be exercised and documented in a
formal manner. The blank should be filled by ref-
erence to the specific engineering documents
which will be wused for this control. MIL-
STD-1599 requirements 206 and 601, or similar
vendor documents, should be accepiable as the rei-
erence for control of element design and usage.

REQUIREMENT LESSONS LEARNED

The lessons learned with respect to control cable

\HS‘BHBUBHS are refiecied in ihe TeQUlIETﬁBIﬂS in
MIL-F-9490 and MIL-STD-1599. Generalized
lessons learned relative to sizing, tensioning, locat-
ing. actuating, and similar cable control system re-
quirements are grouped under the following head-

ings.

a. Performance:

(1) Cable runs located in aeroelastic struc-
ture should be routed to minimize any induced
control action caused by structural flexure.

(2) Wire rope size should be chosen with
careful consideration for stretch, friction, and oth-
er variables which affect performance.

(3) Sheave guards should be

a way which precludes binding of
structural deflections.

pponed in

€ 5U
els slomcca ol oz m
e sn

(4} Cable tension rig loads should insure
positive cable tension in all control and return legs
under all operating conditions and throughout the
design temperature range.

[

4

(5) Pressure seals for cables which pene-
trate a pressurized area shall meet companment
sealing requirements within the transmission fric-
tion requirements.

(6} Cable system friction levels:

(a) Decrease with larger and fewer
pulleys, sectors, etc.

(b) Increase with:

- Larger cable size
B oo L1 L __1

= Ldrge€r <aoie ravel

- Larger rig loads

~ Larger wrap angles up to one
cable pitch length

- Larger bearing size in rotating
elements

- Larger axial loading on rotat-
ing elements

(7) Cable travel has a direct bearing on
system flexibility. Larger cable travel results in low-
= mal eluiim Vano Aallamel - e PSS 3 S

er CdDu: lodub dnu s 1e5s UUHCLUUII dIlu a Stitiér
system.

b. Safety:
£1Y Tha meinimiim
\A} A1IC L1lLNRMILJsN)
terconnections should be a
sign.

(2) Provisions should be made in installa-
tions 10 insure that slack return cable assemblies
cannot snag on airframe elements when the cable is
loaded to limit load under any design condition.

(3) Guards should be installed at all
sheaves to prevent cable from coming out of the
groove,

{4) Guards should be insialled on sectors
to insure retention of the cable end in its attach-
ment when the cable is slack.

(5) Pressure seals for cables shall be de-
signed to preclude jamming of the FCS.

c.
ability):

Maintainability (accessibility and service-
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(1) Control cable loops should be de-
signed for easy servicing and rigging and the num-
ber of adjustments should be kept to a practical
minimum,

(2) Cable assemblies should be installed in
parallel runs and be accessible to inspection for
their entire length.

(3) Loose spacers should not be used be-
tween rotational elements and suppont brackets.

(4) Fairteads should be designed to permit
easy remova) and replacement of both the fairlead
and the cable assembly.

(5) Cable tension regulators should be
used only when positive cable tension cannot be

maintained in both legs with reasonable rigging
loads.

(6) Cable tension regulators should be
provided with integral calibrated dials 10 show
cable tension without the use of separate cable (en-
siometers or other equipment.

d. Reliability:
{1) Overtravel allowance on cable drums
should not be less than five percent of full cable

travel in either direction and should allow at least
ten degrees of drum overtravel.

(2) When cable wrap varies with cable
travel on cable drums, the initial wrap with the
sheave in neutral position should be at least 115
percent of the full cable travel in either direction.
When overiravel exceeds the minimum require-
ment, cable wrap should be increased a corre-

sponding amount.

(3) Cable 1ension regulators should main-
tain the required tension at all times.

e. Strucwiral in
(1) Wire rope size used in cable assem-
blies should be chosen so that limit loads do not
result in rope loads which exceed 67 percent of its
rated breaking strength and does not exceed limit
load for the pulleys used.

(2) Design limit load for pulleys should
not exceed allowables shown in the pulley design
standard.

(3) The diameter and number of grooves
on cable drums, and radius and angle sectors
should be adequate for the required cable travel.

(4) Inswallation design for cable assemblies
should be such that wurnbuckles and fittings are not
subject 1o bending loads which could cause fatigue
failures.

Wear
wear 1if

. CH

(1) Wire rope size chosen should meet
load requirements with angle safety margin 1o com-
pensate for wear and deterioration.

(2) Spacing between adjacent cable as-
semblies should preven: chaling during all operat-
ing conditions including vibrations.

(3) Cable assemblies should be provided
with drums, sectors, and pulleys of adequate capac-
ity and diameter for the function performed and 10
meet the endurance and life requirements of the
FCS.

(4) Sheaves should be spaced such that no
section of the cable ever passes over more than one
sheave.

4.2.3.2.1 Control cable installations. The re-
quirements for control cable installations shall be
verified by

VERIFICATION RATIONALE (4.2.3.2.1)

The functions performed by cable installations
used in FCS are often critica! to flight safety and
mission accomplishment. The requirements levied
on cable installations insure that the flight safety
harard and mission reliability levels are controlled
by engineering design. The verification process
provides the means for documenting the extent to
which the requirements have been met and pro-
vides a basis for planning for operational use of the
air vehicle in the field. Verification may be accom-
plished by analysis, inspection, and ground and
flight testing. The blank allows the verification
method 1o be wilored to the specific air vehicle.
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VERIFICATION GUIDANCE

Requirements which apply to control cable installa-
tions and which are contained in other paragraphs
of this specification as indicated below, should be
verified during the verification processes for those
paragraphs. Other applicable requirements in this
section and those for selection and usage of control
cable installation components should be verified by

inspection.
Performance 3.1.1
Safety 3.1.7
Maintainability 3.1.10.3
Reliability 3.1.6
Structural integrity 3.1.11
Wear life 3.1.12

VERIFICATION LESSONS LEARNED

3.2.3.2.2 Push-pull signal transmission instal-
lations. Push-pull type subsystems used for FCS
signal transmission shall meet other requiremems
of this specification with respect to performance,
safety, maintainability, reliability, structural integri-
ty, and wear life. Requirements for component de-
sign and usage shall be as shown in

REQUIREMENT RATIONALE (3.2.3.2.2)

Push-pull rods and push-pull flexible controls are
often used in FCS for signal and power transmis-
sion. The function provided by such push-pull de-
vices is often critical to safety and mission accom-
plishment, This paragraph provides the means for
tailoring requirements for the hardware elements
used in push-pull controls to the needs of the spe-
cific air vehicle and the user. It allows requirements
to be included which control; by proper selection
of components, methods and usage; the latent
flight hazards which may be created incident to
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manufacturing, installing and maintaining push-
pull devices.

REQUIREMENT GUIDANCE

Engineering contro! of the design and usage of
componenis and the methods used for construction
of flight control push-pull devices should be exer-
cised and documented in a formal manner. The
blank should be filled by reference to the specific
engineering documents which will be used for this
control. MIL-STD-159% requirements 207 and
602, or similar vendor documents, should be ac-
ceptable as the reference for push-pull rods. A
vendor document based on the requirements sec-
tion of MIL-C-7958 but ailored to FCS usage for
the air vehicle should provide an acceptable refer-
ence for push-pull flexible controls.

REQUIREMENT LESSONS LEARNED

The lessons learned with respect to push-pull signal
transmission devices are reflected in the require-
ments in MIL-F-9490 and MIL-STD-1599.
Generalized lessons learned relative to design, in-
stallation, and usage are grouped under the follow-
ing headings:

a. Performance:

{1) Friction levels in installed FCS using

push-pull rods can be minimized by using mini-

mum hearine
.............. g

etc., and by preventing axial preloads on the bear-
ings.

sizes in cranks, hinges,

rod-ends,

(2) The use of push-pull flexible controls
in essential and flight phase essential FCS functions
should be carefully evaluated and justified by com-
prehensive trade studies.

(3) Supporis used for push-pull flexible
controis shouid not restrain the push-pull eiement
axially.

{4) Conduits for push-pull flexible con-
trols should be supported at frequent intervals and
each bend radius should be made as large as practi-
cal.

(5) Levers and bellcranks in push-pull
controls should have bearings with adequate self-
aligning capability to prevent excessive deflection
loading of these elements.




Downloaded from http://www.everyspec.com

AFGS-87242A
APPENDIX

(6) Levers and bellcranks designed with
dual load paths which have two sections joined by
permanent fasteners should also have the (wo sec-
tions bonded with adhesive.

{7) The lateral vibration natural frequency
of each rod section should be determined and syn-
chronization with engine or other vibrations in the
air vehicle should be avoided.

4.2.3.2.2 Push-pull signal transmission instal-
lations. The requirements {or push-pull signal

tranemiccinn inctallariane chall ha

e
Uransmission instaiaugns shail e ‘v’tﬂheﬂ b}:

VERIFICATION RATIONALE (4.2.3.2.2)

The functions performed by these push-pull instal-
lations in FCSs are often critical to safety and mis-
sion accomplishment. These requirements insure
that the flight safety hazards and mission unreliabil-
the FCS are controlled by engineering design. The
verification process provides the means for docu-
menting the extent to which the requirements have
been met and provides a basis {or planning for op-
erational use of the air vehicle in the field. Verifi-
cation may be accomplished by analysis, inspec-
tion, and ground and flight testing. The blank al-
lows the verification method to be tailored o the
specific air vehicie.

.VERIFICATION GUIDANCE

Requirements which apply to these push-pull in-
stallations and which are contained in other para-
graphs of this specification as indicated below,
should be verified during the verification process
for those paragraphs. Onher applicable require-
ments in this section and those for selection and
usage of push-pull installation components should
be verified by inspection.

Safety 3.1.7
Reliability 3.1.6

Maintainability 3.1.10.3

—

B

Suuctural integrity 3.1.11
Wear life 3.1.12

VERIFICATION LESSONS LEARNED

3.2.3.2.3 Control chain. Roller chain may be
used {or signal transmission in FCS mechanization.
Connecting links shall be retained by cotter pins;
spring clips shall not be used. The chain used shall
be of standard aircraft quality and conform to re-

quirements of

REQUIREMENT RATIONALE (3.2.3.2.3)

Where rotational type signals must be transmitted
through areas where a muliplicity of path changes
are required, a chain drive may prove to be the
most feasible method of mechanization. The funt-
tion implemented by chain drive may be critical 1o
fRlight salety and mission accomplishment. This re-
quirement provides the means for engineering con-
trot of the type of chain which can be accepted and
some of the hazards and unreliability levels which
may be created by the design of chain and its ele-
ments. The blank provides the means for tailoring
the design requirements of the chain to the specific
usage.

REQUIREMENT GUIDANCE

American National Standards Institute specifica-
tion ANSI B29.1-75, "Precision Power Transmis-
sion Roller Chain, Auachments and Sprockets,
Connecting Link Cotter Pin Type” is the reference
which should be used to (ili the requirements
blank. As an alternative, a contractor-prepared
specification might be used, if it provides chzin es-
sentially identical to, and interchangeable with, the
ANSI B29.1-75 chain. ANSI B29.1-75 is copy-
righted by the ASEE, but is adopted by Depart-
ment of Defense in lieu of a military siandard.

REQUIREMENT LESSONS LEARNED
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4.2.3.2.3 Control chain. Control chain require-
ments shall be verified by

VERIFICATION RATIONALE (4.2.3.2.3)

The function implemented by chain drive may be
critical to flight safety and mission accomplish-
ment. The requirements impose some control of
the hazards and unreliability levels which may be
created by design features of the chain and its asso-
ciated elements. The verification process docu-
ments the extent to which the specified design fea-
tures are found in the chain used in the FCS. This
documentation provides a basis for planning for op-
erational use of the air vehicle in the field.

VERIFICATION GUIDANCE

Verification should be accomplished by inspection
and ground test. ANSI B29.1-75 does not contain
a quality assurance section but each requirement in
that standard should be listed and verified by an
appropriate method. Any contracior prepared
specification which is used in lieu of ANSI
B29.1-75 should contain a quality assurance sec-
tion. That section might be used in the verification
process.

VERIFICATION LESSONS LEARNED

3.2.3.3 Electrical signal transmission. The fol-
lowing requirements apply to all essential and flight
phase essential signal paths:

REQUIREMENT RATIONALE (3.2.3.3)

The integrity of the electric signal transmission
must be maintained for flight safety. The require-
ments to be inctuded in this paragraph are those
necessary to assure failure immunity and invulner-
ability of the electric signal and transmission com-
ponents.
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REQUIREMENT GUIDANCE

The design of the signal wransmission path and
components must be such that it is immune to fail-
ures and failure propagation due to the environ-
ment, both natural and induced, hostile action,
and maintenance errors. Over the years cenain
minimum requirements for electrical signal trans-
mission have been imposed. The following is a list
of previous requirements:

a. Except for power sources, such systems
(FCS) shall be independent of failure modes asso-
ciated with any other electrical system.

b. Cross connections beitween redundant elec-
trical signal paths shall be eliminated, or minimized
and electrically isolated.

c. Wire runs and components in redundant
control paths shall be physically separated and
electrical shielding shall be installed, as necessary,
1o meer failure immunity and invulnerability re-
quirements.

d. All interconnecting wiring shall be prefabri-
cated, jacketed cable assemblies.

e. The outer jackets shall be identifiable by a
unique color or other means.

f. Wiring installations shall be in accordance
with MIL-W-5088.

The scope of MIL-W-5088, published 30 June
1976, covers the selection and installation of wiring
and wiring devices used in airplanes, helicopters,
and missiles. One would expect that this standard
should be imposed for the entire air vehicle and all
its subsystems. Whereas it is desirable that the wir-
ing practices in the FCS conform to those in the
rest of the air vehicle, there are cenain exceptions
where the FCS requirements are more stringent for
safety reasons. For example, the FCS wiring in
flight critical systems must endure high vibration,
high/low temperatures, shock, corrosion, and oth-
er natural and induced environments. Although
MIL-W-5088 allows soldered connectors, it has
been shown soldered connectors do not meet the
FCS requirements and only' crimped connectors
provide the desired integrity.




Downloaded from http://www.everyspec.com

AFGS-87242A
APPENDIX

The FCS engineer should review the contents of
the current MIL-W=5088 standard if it is being im-
posed, either on the total system or specifically on
the flight control system. MIL-W-5088 sections of
particular interest are: Nonmetais; Sealing materi-
al; Essential equipmem; Essential circuit junctions:
and Splices. MIL-F-9490 conwained specific de-
sign requirements for cable assembly design and
construction, wire terminations, inspection, and re-
placement of wiring.

In the 1975 version of MIL-F-9490, a paragraph
on eiectricai flight control {EFC} inierconneciions
was included 1o cover the relatively new concept of
fly-by-wire flight controls. With the increasing ac-
ceptance of flight control computers, a special sub-
paragraph to call attention to the design concernsis
probably redundant. That is not to say that the
requirements listed there are no tonger valid. The
requirements listed below are to be considered for
inclusion in the electrical signal transmission re-

quirement.

a. Electrical Night control wiring in individual
channels shall be routed, isolated, and protected to
minimize the applicable threats to redundancy.

b. Channel loss due 10 any [oreseeable hazard,

not exuemely remoie, shall be limiied o a maxi-
mum of a single channel.

¢. Primary structural components shall be used
to afford this protection where possible.

d. Where it is approved by the procuring activ-
ity o route the flight conirol sysiem wiring through
wheel wells or other areas subjected, during flight,
to the slipstiream or impingement of runway fluids,
gravel, etc., the wiring shall be protecied by enclo-
sures and routed directly through without unneces-
sary termination or junctions. Where terminations
junctions to equipment in these areas are required,
they shall be protected from such impingements.
This shall also be done in areas where a high level
of maintenance is likely to be required on other
systems and equipment.
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REQUIREMENT LESSONS LEARNED

Wiring associated with redundant systems must be
adequately separated and/or protected from haz-
ards such as:

Wire bundle lire,

Equipment or junction box fire,
Connector shoning or decoupling,
Fuel fire,

Engine case bum-through,

Turbine burst fragments (including wrbofans
and starter turbines),

Bauery chemical leakage,
Abrasion from rocks, ice, and mud,
Burst hot~air ducting, and

Lightning currents from plausible failure of
lightning protection.

Various systems of bundle routing, raceway selec-
tion, or wire protection may be developed. For
circuite which are to be separated from ane another

rr s YR = A M LRI eTR2 S c allld

for reasons other than EMI, adeguate separation
can normally be achieved by:

a. Physical separation by either routing in sep-
arate bundles or raceways, by maintaining & safe
clearance from other wires, or by enclosing the crit-

ical wire in suitable sleeving or tape,
b. Never routing through the same connector,

c. Not routing through the same junttion box,
and/or

d. Not routing through areas where excessive
environmental conditions or mechanicai faiiures
can adversely affect any redundant system wiring;
¢.g., turbine burst envelopes, hot air from a burst
pneumatic duct, etc.

4.2.3.3 Electrical signal transmission. FCS es-
sential and flight phase essential electrical signal
transmission requirements shall be verified by in-
specu'on of by testing of

snalueie af all narantial failure modes in-

and by nunl,a' Ol gl potenual fanure moges in

volving electrical signal transmissions.
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VERIFICATION RATIONALE (4.2.3.3)

Verification of the electrical signal transmission re-
quirements is essential to assure safety of flight.
Verification means used in the past have been in-
spection, bench test, and ground tests.

VERIFICATION GUIDANCE

Inspection of physical and electrical drawings and
inspection of first production air vehicle can verify
physical separation, shielding, conformance with
wiring installation practices, etc. Electrical isola-
tion and redundancy can be verifted by inspection

and failure mode analysis and test.

VERIFICATION LESSONS LEARNED

3.2.3.3.1 Multiplexing. Signal transmission cir-
cuits shallbe __(3)  type uiilizing __(b) asthe
transmission media for the data bus. The data bus,
line and its interface electronics, multiplier termi-

temie  m

N LT FRN
Wil shaill . 1871 .

nial
REQUIREMENT RATIONALE (3.2.3.3.1)

Multiplexing of data provides the growth and flexi-
bility necessary to meet the demand of digital flight
control systems. Reduced weight and the opportu-
nity for increased system reliability and maintain-
ability are other benefits.

REQUIREMENT GUIDANCE

MIL-STD-1553 deals with twisted shielded pair
wire cable multiplex bus. It covers the data bus
characteristics, the interface between the data bus
and the remote terminal, and the interface be-
tween the principal parts of the remote terminal.
The interface between the remote terminal and the
subsystem is not pan of the standard. It is strongly
recommended that data busses be required to meet
this standard especially when interfacing with sub-
systems in other disciplines. However there may be
situations when the data transmission capacity or
rate and other system needs can be better met by
another industry standard data bus.
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Optical dawa ransmission has been used in some
prolotype applications, primarily internal to the
subsystem. If it is desired to allow or require opti-
cal data transmission, then this requirement must
be appropriately tailored.

Multiplex-signals are usually required to be digital
time division multiplexing type (blank (a)). Thisis
required in MIL-STD-1553 and is compatible
with optical applications.

If the signals are electrical, the transmission media
must be twisted shielded pair wire cables (blank
(b}). Omitting the word wire may be sufficient 10
allow for optical applications. Bundles or ribbons
of optical cables may be acceptable for a particular
application; however, reliability, maintainability,
damage repair, and environment all must be con-
sidered. Blank (c) will normally be filled in with
“meet MIL-STD-1553", unless it is determined
that an industry standard bus or an optical wrans-
mission bus is desirable or if a new military sian-
dard data bus has been approved.

REQUIREMENT LESSONS LEARNED

AFWAL-TR-81-3113 on DIGITAC II evaluated
the use of gptica) transmission. The optical busses
required the majority of the development effort.
This effort was expended primarily in the area of
the optical receiver design. The optical bus has two
characteristics which make detection more difficult
than with the electrical bus: (a) The electrical out-
put levels from the photo diode are weak and
therefore require more amplification, and (b) The
average signal level is dependeni on the bus traffic
(duty cycle) which complicates detection of bit
transitions.

The increased amplification compromises band-
width (producing distortion of the pulse train), re-
quires lower power supply noise and better dynam-
ic regulation, and aggravates interference prob-
lems. A redesign of the basic gptical receiver was
performed around a now available wide-band (20
megahertz) high-gain amplifier (LH0082). Pres-
ervation of the squarewave quality of the signal en-
abled detection of the transitions by a differenti-
ation process. Circuit isolation and power supply
qualities are still important, but the new circuit ap-
pears stable and less sensitive to operating anoma-
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lies. Initial testing, in January 1981, was complete-
Iy successful.

As of this writing, optical transmission for aircraft
flight contro) applications has not yet achieved a
level of reliability necessary for safety of flight.

4.2.3.3.1 Myltiplexing. The proper cperation of
muhiplex signal transmission circuits shall be veri-
fied by

VERIFICATION RATIONALE (4.2.3.3.1)

The proper operation of multiplexing data trans-
mission circuits depends on correct design and in-
stallation. The verification of proper operation in-
cludes inspection, test and in the case of a product
which is not on the QPL, possible product qualifi-
cation.

VERIFICATION GUIDANCE

if a MIL-STD-1553 data bus in being used, it
should be a product which has been through the
government qualification process. Il the chosen
bus has not been qualified. it should go through the
same type of qualification testing as the MIL~
STD-1553 bus. The characieristics and tolerances
of the interface electronics, terminal unit, and bus
need 10 be verified. The correct installation needs
1o be verified by inspection of drawings of the first
production vehicle. Tests and analysis to deter-
mine failure modes and effects also must be per-
formed.

VERIFICATION LESSONS LEARNED

3.2.4 Signal computation. The methods of signal
computation used in the FCS shail be fully suitable
10 mission, environment, and other requirements
imposed upon the FCS.

REQUIREMENT RATIONALE {3.2.4)

The methods of signal computation used in the air
vehicle must be appropriate to the mission of the
air vehicle and must not degrade the reliability of
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the air vehicle nor impose excessive requirements
on other systems.

REQUIREMENT GUIDANCE

There are many options available for use in the de-
signing of the signal computation portion of the
FCS. The relative figures of merit of anzalog and
digita)l compuiation, trade-offs between central
versus dedicated architecture, and interface con-
¢erns should be addressed when choosing the FCS
computational methods.

Signal computation performed outside of the flight
control computers must not be ignored. Geared
mechanisms, hydraulic signal blending and even
pneumatic summing are all examples of signal com-
putation which could be used in a FCS.

REQUIREMENT LESSONS LEARNED

4.2.4 Signal computation. The methods of signal
computation used in the FCS shall be verified by _

VERIFICATION RATIONALE (4.2.4)

The verification of the methods used for signal
computation provides the means of determining
the suitability of the chosen designs early in the de-
velopment.

VERIFICATION GUIDANCE

The applicability of the chosen computer architec-
ture and compuiational schemes can be verified
initially by analysis and inspection of drawings and
engineering conurol documents and uhkimately by
test of the computational elements.

VERIFICATION LESSONS LEARNED

3.2.4.1 Transient power effects. Flight conurel
computers shall not suffer adverse effects, which
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result in operation below FCS Operational State __,
due to power source variations within the limits spe-
cified for the applicable power system. In the event
of power source interruption, no adverse effects
shall result which limit operation or performance of
flight control computers upon resumption of nor-
mal quality power.

NALE (1.2.4.1)
ALE (3.2.4.1)

Signal computation elements must provide for the
most adverse power source variations and provide
the appropriate levels of redundancy and failure
immunity to meet the invulnerability, reliability,
and maintainability requirements placed on the
FCS.

REQUIREMENT GUIDANCE

Power source variatigns are a common problem in
air vehicle power source design. All flight control
equipment dependent on electrical power source
should be designed with these adverse conditions in
mind. Of particular concern are flight control com-
puters in fly-by-wire aircraft, especially those air
vehicles which are statically unstable. It is recom-
mended that power source variations should not re-
sult in operation below FCS Operational Suate 1.

REQUIREMENT LESSONS LEARNED

The electrical power system should have equivalent
redundancy to the flight control system. The elec-
trical power system is normally designed by avion-
ics engineers.

In a quad redundant fly-by-wire airplane, the elec-
trical power system had a problem where a latent
failure caused power shut down 1o critical compo-
nents of the flight control system. The result was
loss of the airplane. Prior to this incident, the pow-
er system had been analyzed and found 10 contain
enough failure detection capability to achieve the
specified loss of control rate for the airplane. How-
ever, the analysis only covered failures occurring in
succession; i.e., no [atent failures present. For this
incident, a latent failure was present prior to the
actual failure which shut down the electrical power.
The latent failure had also been studied prior 1o the
incident but a wrong assumption was made as to
how the failure would manifest itself.
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The fix was a two pant redesign of the electrical
power system. The first was 10 provide protection
for the latent failure and the second was to provide
guad independent power 1o the flight control sys-
tem.

4.2.4.1 Transient power effects. The flight con-
trol system operational state capability during pow-

ar svsiam variatinone chall he verified hy
€r € shall De ven

BYOLwiil Yies elasaisin L

VERIFICATION RATIONALE (4.2.4.1) .

The capability of the flight control system, particu-
larly the flight control computers, to maintain oper-
ation in spite of power source variations is neces-
sary to meet reliability and invulnerability require-
ments.

VERIFICATION GUIDANCE

Analysis and test are the best methods of verifying
the flight control computers immunity to power sys-
tem variations. The flight control computers must
be able to function properly for the full range of
allowable voltages and currents, since the FCS en-
gineers do not have control over the power system
design or operational limits. Power system failure
and redundancy needs are covered in other re-
quirements.

VERIFICATION LESSONS LEARNED

3.2.4.2 Mechanical signal computation. Me-
chanical signal computation shall be accomplished
by means of elements. Nonlinearities
and parameter variations shall not cause adverse
effects which cause degradation in flying qualities
or the FCS operational state.

REQUIREMENT RATIONALE (3.2.4.2)

Various means of mechanical signal computation
are available, but all may not be desirable for the
air vehicle under consideration.
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REQUIREMENT GUIDANCE

Mechanical computation equipment includes
geared mechanisms, hydraulics, and pneumatic
elements for scheduling, comparing, summing,
computing, and gain changing as required for in-
put. output, mode control. signal conversion, and
signal transmission. MIL-F-9490 reguired that
the mechanica) computation elements meet certain
other specifications. Geared mechanisms were 10
meet the requirements of MIL-G-6641. Hydrau-
lic elements were to be designed in accordance
with MIL-A-5503, MIL-P-8875, MIL-H-8890,
or ARP 1281, as applicable. MIL-V-27162 was
cited as a general guide for the design of control
valves used in hydraulic computing components.
MIL-P-8564 and AFSC DH 1-6, Section 3G,
were required, as applicable, for pneumatic com-
putation elements.

Due 10 the failure immunity requirements for the
FCS, mechanical computers must be designed such
that the air vehicle is capable of continued normal
flight and landing after any single failure in the
computer system whose failure probability is great-

er than extremely remote,

Requirements for mechanical computers that are
integrated into the flight contro! systems must be
consistent with the other basic system require-

ments. The following requirements should be add-

ed as applicable.

Hydraulic (and/or pneumatic) computing elements
that are integrated into the flight conirol system
shall be consistent with the air vehicle requirements
for other hydraulic (and/or pneumatic) elementsin
the system.

Mechanical computer geared eiemenis shail be de-
signed so that backlash, friction and ineria are
minimized to provide adequate sensitivity between
the input and output of the computer.

REQUIREMENT LESSONS LEARNED
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4.2.4.2 Mechanical signal computation. A dy-
namic and steady state analysis shall be performed
on mechanical computation systems to verify that
no adverse effects are present due 10 nonlinearities
and parameter variations.

VERIFICATION RATIONALE (4.2.4.2)

The effect of nonlinearities and parameter varia-
tion on siability and/or steady=-siate performance
due to nonlinear characteristics of the elements
and parameter variations caused by manufacturing

tolerunces, wear, and environmental conditions
must bhe considered.

SliuSuE Wrw

VERIFICATION GUIDANCE

Most real systems are nonlinear 10 some extent, but
the usual region of operation is nearly tinear. The
purpose of the analysis is to determine the effects
of nonlinearities and parameter variations inherem
in the system, such as friction, stiction, backlash,
saturstion, tolerances, wear, and changes due to
environment. The system design may need to be
modified based on this analysis so that any adverse
effects are compensated for or are determined 10
be insignificant in terms of overall system require-
ments.

VERIFICATION LESSONS LEARNED

3.2.4.3 Electrical signal computation. At the
time that the production configuration baseline is
established by the procuring agency, 8 ___percent
growth capability for computation shall exist within
each Night control computer. Scaling,
shall provide satisfactory resolution and sensitivity
to ensure continuous safe operation for all possible
combination of maneuvering demand and gust or
other plausible disturbances, and to prevent unac-
ceptable levels of nonlinear characteristics or insta-
biliies.

For [ailures which may cause a hazardous deviation
in the aircraft flight path, each computation ¢han-
nel shall have provisions [or rapidly disabling its

. smemime seminee Athar fail_cafa
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Support and maintenance provisions shall

REQUIREMENT RATIONALE (3.2.4.3)

Provisions for computation growth are necessary to
allow for modifications to the flight control system
during flight test evaluation and subsequent up-
dates to the fleet. Proper scaling of signals, word
size, input limiting, overflow protection, sampling,
and computation rates are important to assure not
only desirable response, adequate stability margins
and acceptable flying qualities, but also safety of
flight. Computation failures must not be allowed to
propagate to the command processing elements be-
cause of the safety of flight implications.

REQUIREMENT GUIDANCE

All electrical signal computation for the flight con-
trol system may be categorized as being performed
by either analog or digital computation elements.
Signal computations include simple summation and
amplification as well as the solution of complex au-
tomatic flight control equations. Analog computa-
tion elements include hardware components re-
quired for input/output, mode control, signal pro-
cessing, control, and signal transmission. Digital
computation equipment includes hardware and as-
sociated software for data processing, program
storage, input/output, control, and signal transmis-
sion. This requirement with tailoring is applicable
to both analog and digital computation. Growth ca-
pability in flight control computers include not only
“real estate” such as card slots, 1/O ports, connec-
tors, etc., but in digital computers growth capability
must also be available in memory, scratchpad allo-
cations, and duty cycles.

Twenty-five percent growth capability is the cur-
rently acceptable value and should be availabile at
the time of the Functional Configuration Audit
(FCA). This will necessitate judicious planning on
the pan of the contractor since detailed design s0-
lutions offered during the Critical Design Review
(CDR) are often modified 1o account for control
law revisions that occur as aerodynamic data and
stability analysis are refined.

Secaling in both anai ﬁg aﬁ:‘;:'
important to provide s

di
and desirable responses.
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In digital computation the scaling must provide sat-
jsfactory resolution to prevent the granularity due
to the D/A and A/D conversions from being appar-
ent to the pilot and from providing the source of
additional excitation energy for structural elastic
modes.

In addition 10 scaling the word size, input, limiting,
and overflow protection are important in digital
computers to provide satisfactory resolution and
sensitivity.

1f digitai computation wiii be used for ilight controi
computation, overflow, memory protection, sam-
ple rates, and computation rates should also be ad-
dressed. The blank following the second sentence
of the 3.2.4.3 requirement is provided for that pur-
pose. For digital computers the computation rates
and sample rates shall be established at a level
which ensures that the digital computation process
will not introduce unacceptable phase shift, nonlin-
ear characteristics, and frequency fold over or
aliasing into the system response. Memory protec-
tion features shall be provided to avoid inadvertent
alteration or loss of memory contents. Memory
protection shall be such that neither electrical pow-
er source transients nor EMI shall cause loss of
program memory, memory Scramble, erroneous
commands, or loss of ability for continued opera-
tion. Any condition capable of producing an over-
flow in an essential or flight phase essential func-
tion shall be precluded by overflow detection and
data recovery and/or continuous safe operation fol-
lowing an overflow.

All possible hazardous failure conditions for the
flight control computers need 1o be identified dur-
ing the Preliminary Hazard Analysis and fail-safe
provisions identified. Inflight monitoring BIT tech-
niques are discussed under 3.1.3.9 and 3.1.3.9.4,
Other fail-safe provisions such as output limiting or
averaging may be considered.

Support and maintenance provisions for the flight
control sofiware, in the form of sofiware suppon
packages are normally part of the responsibility of
the logistics personnel and rqquiremems for a par-

wrdh tha Lot
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REQUIREMENT LESSONS LEARNED

Occasionally rescaling of computer inputs/outputs
is necessary t0 achieve the desired performance.
This need may be discovered during piloted simula-
tion or flight test of the full-scale development air
vehicle.

Elecuonic (digital) use in flight controls has led to
more integration with crew systems, propulsion,
avionics, and flight equipment. Such integration
increases complexily and requires a very rigorous
approach to the physical and procedural integra-
tion techniques. This takes the sofiware and evalu-
-ates it to the leve) of flight safety. Thus, software
requires a very rigorous approach and thorough
testing from the undt level on up. Since use of digi-
tal lends itself to change, usually many changes in
contro) laws and special feawures ensue, Every
change necessitates complete testing and evalua-
tion. Shoricuts should not be allowed. Thus, the
growth of the system, both physical and timing
(throughout), needs 1o be allocated accerdingly.
Hisiorically, flight systems grow about 50% from a
baseline system. In the beginning of a program, at
least 7556 growih should be allocated. Twenty-
five to 3550 will be used in development 10 arrive at
a baseline. Flight control history doesn’t explicitly
show due to eliminating functions, simplifying
equations, etc., which is a loss in performance. To
get what is really needed, without compromises,
75% is a good vatue for the beginning, with 35-50%
lefi for production changes.

4.2.4.3 Electrical signal computation. Growth
capability shall be verified .
shall be used 1o verify the
adequacy of signal scaling. Proper operation of
computation channel disengagement, if applicable,
and other fail-safe provisions shall be verified by __

VERIFICATION RATIONALE (4.2.4.3)

Adequate scaling word size, overfllow protection,
input limiting, sampling notes, computation rates,
and the proper identification and handling of {ail-
ures must be verified because of the flight safety
considerations. Growth capability impacts the
‘longevity’ of the camputer as an element of the
FCS and must be verified.
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VERIFICATION GUIDANCE

Growth capability should be verilied at the FCA by
inspection of drawings and analysis reparts.

Iron bird tests, piloted simulations, and flight tests
can be used to verify proper scaling. Computer
characieristics such as overflow protection, input
limiting, etc., proper fault isolation and implemen-
tation of failsafe provisions should be verified by
analysis and the aforementoned tests. These can
be performed as pan of the invulnerability and {ail-
ure immunity verificadon.

VERIFICATION LESSONS LEARNED

Incomplete testing and documentation of the hard-
ware and sofiware has led to unsupponable aircraft
for the Air Force. Without “complete” documen-
tation, the making of changes and evaluating the
testing is risky. Where safety of flight is concemed,
a minimum of compromises and rigk are required.
Thus, the documentation needs to be complete.
Testing, as well, neceds to be complete. The
change.its impact 10 the panicular funciion, as well
as interfacing functions (both hardware and soft-
ware) need to be clearly understood. Test cases
should cover all possible normal inputs, out of
range inputs, abnormal values, and transients bath
singular and muhiple. No other system has as
much a catastrophic effect in regards to latent fail-
ures as flight controls. Every effort should be made
to test at the lowest level. After an accident, it is
hard 1o find the ones or zeros or transients that
caused it. Therefore, testing exhaustively is neces-
sary. History has shown that hardware and soft-
ware design errors exist. Fortunately, the greater
percentage have been benign. But, even one that
causes loss of your aircraft will have paid for the
extra testing involved. Suggested testing methods
are a complete set of test cases, an independent
peer review, and sneak circuit/software analyses o
uncover the latent failures.

3.2.5 Control power. Sufficient electrical, hy-
draulic, and pneumatic power capatitly shall be
provided in all flight phases and with all corre-
sponding engine speed senrtings such that the proba-
bility of losing the capability 10 maintain at least
FCS Operational State i1l airplane performance
shall not be greater than __ .
Essential and flight phase essential flight controls
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shall be given priority over noncritical controls and
other actuated functions during simultaneous de-
mand operation.

£
L =T ¥ 1}

The trend toward neutral or negative aerodynamic
stability has increased the reliance on artificial sta-
bilization in high performance aircraft. This makes
sufficient control power capacity and priority es-
sential to safe flight. This paragraph requires that
the appropriate preliminary design analysis is done
to ensure proper power system sizing and priority
provisions of essential flight controls,

v mabe s i s nnsiae LeLR 18 L0

REQUIREMENT GUIDANCE

Operational State HI is defined in MIL-F-9490 as
minimumn safe operation and therefore should be
tied to the probability of aircraft loss due 10 FCS
failure. This requires that cumulative failure prob-
abilities of FCS and components and the cumula-
tive exceedance probability of turbulence be con-
sidered. The probability of aircraft loss due 10
flight control failures is sometimes referred to as
extremely remote.

REQUIREMENT LESSONS LEARNED

The trend toward neutral or negative aerodynamic
stability, with increased reliance on artificial stabili-
zation in high performance aircraft, increases sur-

msmburmtiman —oatam ol e

face sctuation raie demands. This in tirn in-
creases the size, weight, and cost of the power sys-
tems. Therefore, it is very impornant that a careful
analysis of requirements be made as early as possi-
ble in the aircraft development phase since these
requirements impact the procurement of many
long lead items such as hydraulic pumps, control
valves, reservoirs, tubing, and the prime movers,
such as engine power takeoffs and APUs.

In many cases, the power requirements can only be
optimized by determining control rate require-
ments on a realistic flight simulator “flown™ by typi-
cal service pilots. The simulation should include
turbulence intensity levels, as specified in 3.1.3.7
of MIL-F-9490D. To determine control surface
rates and power requirements under system partial
failure conditions, reduced turbulence intensities

{euch that tha combinsd nrohabilitv of rurbulancs
Lsuch that the comoin €C proDladlily ol turpuence

and of each selected failure condition equa!l the
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maximum allowable failure rate for the specified
flight-safety reliability requirement) should be
used.

With the use of fuily powered flight control systems
powered by hydraulic or electric systems that also
supply cther loads, care must be taken to ensure
that power demands of those other functions do
not deprive essential flight control actuation subsys-
tems of sufficient power to perform their functions.
In many cases, the power demands for landing gear
retraction and extension are greater than required
for flight control; and, during landing gear opera-
tion by hydrauiic systems which aiso suppiy utility
functions (such as where the dedicated hydraulic
system has failed), provisicns must be made to pre-
vent disruption of flow to the essential flight con-
trols.

4.2.5 Control power.
shall be verified by

Sufficient control power

Adequate control power is required for safety of
flight.

VERIFICATION GUIDANCE

Analysis and simulation is the obvious means of
verification, but testing may be feasible and appro-

nriate for some asnects of control nower and n.nnr-
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ity. As with other FCS requirements, verification
by test using the iron bird, hybrid simulation, or
DT&E aircraft should be done when paossible,

VERIFICATION LESSONS LEARNED

3.2.5.1 Hydraulic power subsystems. All hy-
draulic power generation and distribution systems
normally used for flight control shall be designed in
accordance with

The FCS shall operate in accordance with this
specification when applied with such power




Downloaded from http://www.everyspec.com

AFGS-87242A
APPENDIX

REQUIREMENT RATIONALE (3.2.5.1)

Hydraulics is the most frequently used source of
power for essential and flight phase essential FCS
functions. Adequate hydraulic power system re-
quirements sre necessary for flight safety.

REQUIREMENT GUIDANCE

This is an interface area with the hydraulic systems
engineering discipline. Coordination is suggested.
Hydraulic power and distribution systems should
be designed in accordance with MIL-H-5440 and
MIL-H-8891 or similar industry standards as
applicable. AFSC DH 1-6, Section 3F, may be
helpful in requirement setection.

Hydraulic power subsystem engineering is an engi-
neering area separate from FCS engineering; how-
ever, FCS engineering requirements may be the
most demanding and most critical requirement
which influence the hydraulic power subsystem de-
sign. The interfacing of these two areas, therefore,
becomes of great imponance and close coopera-
tion between the two design engineers is critical.
Hvdraulic power and distribution systems should
r.: designed in accordance with MIL-H-87227 or
similar industry standards as applicable. AFSC
DH-1-6, Section 3F, may be helpful in require-
ment selection. The blank should be filled such as
follows: “provide compatible redundancy lor the
FCS such that loss of any one hydraulic system
shall not result in the loss of any contro! effector or
inability to maintain Operational State [1I. Fur-
ther, hydraulic failures shall not go below Opera-
tional State V for ai least two minutes. Hydraulic
pressure shall meet the static and dynamic flight
control stiffness parameters

REQUIREMENT LESSONS LEARNED

Hydraulic power for use with fully-powered essen-
tial and flight phase essential MFCS, is specified on
the basis of proven performance and ability to pro-
vide high force outputs with minimum weight. Use
of electrical-mechanical actuation or pneumatic
power will require justification and specific approv-
a} by the procuring activity. Development work di-
recied toward use of liquid metal as hydraulie fluid
is described in AFFDL-TR-70-121 and may be
further pursued in the future.

169

Requirements stated herein which may determine
hydraulic capacity include: MFCS and AFCS per-
formance (3.1.1 and 3.1.2), failure immunity and
safety (3.1.3.4), and operation in turbulence
(3.1.3.7).

Redundancy is specified by 3.1.3.1 of MIL-
F~9490 a1 the system level. However, it must be
recognized that hydrsulic system failures can be a
major cause of flight control system {nilure, and the
MIL-H=-5440 requirement to keep at least one sys-
tem free of any noncritical system function has
been in effect for many years. There are many air-
craft, however, which require two or more power
sources for actuation of utility or noncritical flight
control functions. In the past, these have often
been actuated by an alternate power means, such
as 8 stored-gas-high-pressure pneumatic system
for emergency landing gear extension, or an elec-
tric motor for emergency flap extension. However,
as such loads become higher, such as due to in-
creased aircraft size or speed, there is more incen-
tive 10 operate hydraulically. Therefore, il it is
clearly shown that significant penaliies ¢ar be
avoided by utilizing the “dedicated™ hydraulic sys-
tem as an alternate source of power for the utility or
noncritical flight conwro! function, the procuring
activily may entenain a request for deviation to the
MIL-H-5440 requirement if a reliable isolation
shutoff valve can be provided.

Lessons learned are reflected in the requirement
found in MIL~H-5440 and MIL-H-88%9), the ma-
terial in AFFDL-TR-76-116 and other such his-
torical documents. The fundamental, or essential
pan of these lessons is that hydraulic power is a
safety critical input to the flight control system in
the modern military aircraft. Such status places
strict and overriding requirements on the design
and instatlation of that subsystem and on its redun-
dancy, failure modes, reliability, maintainability,
vulnerability, etc. The problems associated with
the FCS hydraulic power subsystem have been nu-
merous in the past and the current trends to use
higher operating pressures and more complex
fluids has added to this condition. The FCS engj-
neering specialist should place great emphasis in
this area and utilize the hydraulic subsysiem engi-
neering specialist to the maximum extent possible
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to provide the best possible design and a thoroughly
tested subsystem for the FCS.

4.2.5.1 Hydraulic power subsystems. Hydraulic

e ke s e Ao o L1
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VERIFICATION RATIONALE (4.2.5.1)

If hydraulic power is required for the operation of
essential and flight phase essential FCS ¢ompo-
nents, then the adequacy of the subsystems must be
verified because of safety of flight implications.

VERIFICATION GUIDANCE

This requirement paragraph should be verified by
test. Coordination with the hydraulics engineering
discipline is strongly suggested.

VERIFICATION LESSONS LEARNED

3.2.5.2 Electrical power subsystems. Electrical
power generation and distribution subsystems
should comply with requirements of this specifica-
tion and the following:
For fly-by-wire air vehicles, electrical systems
which provide power 10 essential or flight phase es-
sential controls shall be designed to ensure uninter-
ruptible, isolated, redundant power of adequate
quality to meet FCS requirements after any mal-
function not considered extremely remote.

REQUIREMENT RATIONALE (3.2.5.2)

Automatic flight control components and elements
of the stability augmentation subsystems require ac-

ceptable, uninterrupted electrical power for essen-
tial and {light phase essential FCS functions.

REQUIREMENT GUIDANCE

This is an interface area between the FCS and elec-
trical power system engineering disciplines. Coor-
dination is suggested 1o ensure that the electrical
systems which provide power to essential or flight
phase essential controls, should ensure uninter-

-

ruptible, isolated, redundant power of adequate
quality to meet FCS requirements after any mal-
function not considered extremely remote. Such
electrical systems should, except for basic power
source, be independent of failure modes associated
with any other electrical system. Essential and flight
phase essential FCS should be automatically pro-
vided alternate sources of power where interrup-
tion could result in operation below FCS Opera-
tional State III. A protected alternate source of
power should be provided for all essential or flight
phase essential control signal transmission paths
sufficient to continuously maintain at least FCS Op-
erational State III performance in the event of loss
of all electrical power supplied from engine—driven
generators. Control systems employing both ac and
dc power inputs should normally have interlocks

. incorporated to disconnect both power inputs
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should either type of power be lost. However, if
the loss of either power source can be shown to be
equivalent to loss of both or FCS Operational State
II1 or better is maintained with either power
source, interlocks may not be required. Further
guidance can be obtained from the following docu-
ments:

a. MIL-F-9490
b. AFSC Design Handbooks

(1) DH 1-4: Electromagnetic Compati-
bility

(2) DH 1-6: System Safety

(3). DH 2-1: Airframe

(4) DH 2-2: Crew Stations and Passenger
Accommodations

¢. MIL-D-6051, MIL-STD-461:
magnetic interference limits

Electro-

REQUIREMENT LESSONS LEARNED

Electrically powered controls which can be consid-
ered essential to safe flight include AFCS automat-
ic landing controls, cerain command augmenta-
tion and stability augmentation systems, and all
electrical flight control (fly-by-wire) systems. In
order to meet flight-safety requirements, these sys-
tems are redundant so that the critical control func-
tion will be maintained even when failures occur.
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The electrical power sources in the FCS and from
the aircraft must be equally dependable and redun-
dant.

The requirement for redundancy has the greatest
impact on the design of generating system configu-
rations. A single fault on any parnt of a paralleled
multichannel generating system will result in loss of
power 1o all air vehicle systems until the fault is
cleared. During certain extreme cases, this could
take up to 3 or 4 seconds and could occur during a
critical period such as the final moments of an au-
tomatic landing. Electrical isolation of the generat-
ing systems would prevent a single faul from affeci-
ing mare than one channel of flight-critical equip-
ment.

™. o
1nc

{ isolation
channels that may be requurcd mll be dependent
on the specific requirements for the air vehicle in
question. In general, an independent scurce of
electrical power will be required for each redun-
danm channel of essential or flight phase essential

contro! systems.

Isolated Versus Parallel

Mrmnrntine al Mansensmes
UPCIHUUII vl cRciawiy

Parallel operation of multichannel {three or more)
generating systems may offer considerable per-
formance and economic advantages over a system
composed of isolated channels. However, paralle!
operation includes the possibility of a single fault
causing trips of more than one channel or an over-
load momentarily affecting and degrading power to
all airplane loads. Also, the load division circuitry
required for parallel operation adds complexity to
the generating systemn and increases the chances for
malfunctions which could cause the iemporary loss
of one or more genernting channels.

Essential and flight phase essential control systems
are provided in varying degrees of redundancy,
and this imposes the requirement that power
sources ip these sysiems be egqually relisble. A par-
alle] system, if composed of three or four generat-
ing channels, will be a highly reliable source, but it
is vulnerable to several single failure modes (failure
of current transformer shornting ¢ontacts, excitation
loss, open current transformer loop. main bus or
load circuit faults, synch bus faulis), which can

-—
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transiently interrupt or seriously degrade the quali-
ty of power on all main busses simultaneously. Ab-
normal power quality wiil be supplied to all loads
for e time ranging from 0.020 to 3.0 seconds. This
time is dependent on the specific type of failure
and the delays associated with the protective cir-
cuitry. It should be noted, however, that simulta-
neous failures will be normally of very short dura-
don and will be automatically cleared from all but
the faulted bus. Inthe unlikely event that multiple
failures result in an inability of the system to auto-
matically clear a fauli, proper crew action can fe-
store power to the unfaulted busses. Past experi-
ence shows that nuisance trips ¢an occur which
may result in overloading of the remaining chan-
nels and a brief “all power lost™ siwation.

el mallmbailes mf
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provided most simply by isolating f0ur generating
channels with no interconnecting ties between
busses. This isolation ensures that a fault on one
channel cannot affect the others. However, isola-
tion also means that system overload capabilities
are decreased [rom those of a parallel system of
equal rating and isolation may impose weight penal-
ties on the air vehicle design if sufficient generating
sysiem capaciiy wiih provisions for future growih
and overload capability is to be obtained. The de-
gree to which power sources must be isolated is pe-
culiar to0 each design and application.

Redundant Power Sources

The concept of isolation, as mentioned in the para-
graph above, provides redundancy equa! to the
The redundancy

of panerating channels,
wra ‘lll‘.““ b S PRSP P

mivmbar
of power sources, however, is expecied to be equal
to the number of redundant channels of flight—crir-
ical equipment. Autoland sysiems are being pro-
posed in triple redundant, (ail-operative versions.
If this system was installed in a two~engine air ve-
hicle (two isolated generating channels), a third
power source should be provided. A banery-in-
verter standby system may be considered as a re-

dundani source, but its capacity severely limits the

loads which ¢an be operated from it. A third iso-
lated generating channel, operating continuously,
would be required to satisfy the redundancy defini-
tion. and its capacity must be adequate for one set
of load equipment. Monopropellant emergency
power turbine generators are now being instailed in
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several fighter aircraft for an independent backup
power source.

A combination of parallel and isolated operation
can also be considered (for example, a four chan-
nel system operating with channels one and wwo
paralleled and channels three and four paralleled,
but one and two are isolated from three and four).
These four channels are essentially two isolated
sources, and if more redundancy is required, addi-
tional isolated sources would be required.

Power Limiting Devices

As mentioned above, the degree of isolation of iso-
lated generating system channels can be compro-
mised by a switchable bus. A transfer bus (to which
essential loads are connected) is generally arranged
so that loss of power to it would cause it to be trans-
ferred to the ahernate source of power. This
switching capability may well compromise the in-
tegrity of both of these power sources in that a fault
in the critical load equipment (or on its bus) could
be applied to one bus and then the other after
switching. For this reason, a transfer bus scheme
should not be considered for an air vehicle with
essential electrical control sysiems unless a device
is included in series with the transfer bus that elimi-
nates the possibility of a single fault causing unac-
ceptable disturbances to more than one power
source.

The development of a practical and reliable power
{or current) limiting device for this purpose would
simplify power system design for critical loads.
Some of the basic requirements of a power limited
device are as follows:

a. Sized to coordinate with the largest thermal
circuit breaker connected to the priority bus.

b. Sized to carry the maximum startup load
connected.

c. Capable of dissipating the electrical losses
incurred during maximum load and faulted opera-
tion.

d. Seli-cooling--no cooling air would be
supplied.
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e. Reliability must be of exceptionally high or-
der.

f. Failures must be passive, i.e., must not fault
the main bus due to component failure of the de-
vice.

g Waveformn deterioration during limiting
mode must not be severe enough to cause damage
to any of the connected loads.

4.2.5.2 Electric power subsystems. Require-
ments for electrical power subsystems shall be veri-
fied by

VERIFICATION RATIONALE (4.2.5.2)

Adequate, uninterrupied electrical power to essen-
tial and flight phase essential flight control compo-
nents is required for safe flight.

VERIFICATION GUIDANCE

The means of verification should be coordinated
with the electrical power engineering discipline.
Verification by test is desired when feasible, but
other means, such as analysis, demonstration, or
inspection, may be adequate.

VERIFICATION LESSONS LEARNED

3.2.5.3 Pneumatic power subsystems. Pneu-
matic power using ram-air, engine bleed air, stored
gas, mechanically compressed air, or generated gas
may be used for noncritical flight control functions.
Pneumatic power systems shall conform to

Pneumatic power is occasionally used for noncriti-
cal flight control functions. This paragraph pro-
vides the requirements for the proper design, in-
stallation, and performance of these systems.

REQUIREMENT GUIDANCE

Guidance for the development of requirements for
pneumatic systems can be aobtained from the fol-

lowing documents or similar industry standards:

A
L 4
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a. MIL-P-5518:
systems.

High pressure pneumatic

b. AFSC DH 1-6: System safety, Section 3G;
Pressurization and Pneumatic Systems.

¢. MIL-E-38453: Engine bleed air systems.
REQUIREMENT LESSONS LEARNED

This requirement was expanded to include ram=-air
and engine bleed air sources in recognition that
low-pressure pneumatic sources are readily avail-
able on jet pircraft and have been and will continue
10 be considered and used for pawering noncritical
flight eontro! functions. Neither high-pressure nor
low-pressure pneumatic sources appear [easible
for powering essential or flight phase essenua) func-
tions, other than hydraulic pumps and electric gen-
eratars, at this time,

This requirement is not meant to apply to boundary
layer control as may be used for shon field takeoff
and landing applications.

4.2.5.3 Pneumatic power subsystems. Verifica-
tion of pneumatic power systems requirements
shali be accomplished by

VERIFICATION RATIONALE (4.2.5.3)

Verification of adequate pneumatic power is re-
guired 16 ensure adequate flight control perform.
ance.

VERIFICATION GUIDANCE

Verification should be by analysis or test where fea-
sible.

3.2.6 Actuation. The design, installation, and
performance of flight control actuation compo-
nents, subsystems, and interfaces shall comply with
this specification. Load capability of actuation

components and subsystems shall be in accordance
with

REQUIREMENT RATIONALE (3.2.6)

This paragraph establishes the system level require-
ments for FCS actuation sysiems and specifies load
capabilities of elements subjected to pilot loads and
elements driven by power actuators.

REQUIREMENT GUIDANCE

This is an area of interface between FCS engineer-
ing and the structures discipline. Coordination is
required for proper definition of limit and ultimate
loads as specified by that discipline. Further guid-
ance may be obtained from MIL-F-9490 and
MIL-A-886S5.

REQUIREMENT LESSONS LEARNED

4.2.6 Actuation. Verilication of FCS actuation
components an_t_! subsystems shall be accomplished
by

10 ensure sausfactory pcrrormance or mese FCS
components and subsystems.

VERIFICATION GUIDANCE

Inspection and demonstration may be satisfactory
for sysiem level requirements. Load capability is
usually verified by test. Individual actuation com-
ponents and subsystems requirements are verified
by the appropriate test and analysis.

VERIFICATION LESSONS LEARNED

3.2.6.1 Mechanical force transmitting actua-
tion. Mechanical force transmitting devices shall
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be designed in accordance with the following re-
qguirements

REQUIREMENT RATIONALE (3.2.6.1)

This paragraph provides the requirements for force
transmitting devices other than control cables and
push-pull rods, which are covered elsewhere.
Power-screws are utilized in the actuation of many
low duty-cycle flight control surfaces such as wing
flaps and trimmable stabilizers.

REQUIREMENT GUIDANCE

Requirements for mechanical force transmitting
devices should not include control cable actuation
or push-pull rod actuation as these FCS compo-
nents are covered elsewhere. MIL-F-9490 or oth-
er applicable industry specifications and standards

may be used as a guide for these requirements.
REQUIREMENT LESSONS LEARNED

Force transmitting powerscrews have been used for
a long time for non-critical flight control applica-
tions {e.g., landing gear actuation on B-17, B-29,
B-50, and B-47 airplanes, and flaps and stabilizer
trim on B-52, KC-135, and many commercial air-
liners), but as yet not for actuation of essential
control surfaces. The requirement that specific
approval must be obtained before using power-
screws for high-duty-cycle applications is not in-
tended to prohibit their use, but rather, to ensure
that the contractor has fully investigated their capa-
bility to perform reliably under required conditions
and can present substantiating evidence for ap-
proval before committing the design. Trim actua-
tors including those commanded by AFCS, are
usually considered in the low-duty-cycle category.
A nonjamming stop is one which does not prevent
actuation of the nut by the normal means.

One detail point to note here is that highly loaded
threaded powerscrews develop considerable fric-
tion, and the design and lubrication provisions
must be thoroughly evaluated by analysis and
supplemented by rigorous testing under realistic
operating conditions. Lubrication provisions must
be adequate for controlling efficiency, wear, and
heating to acceptable values.

A prime example is the F-111 Acme threaded
powerscrew used for variable wingsweep actuation.
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An extensive trial and error development program,
in which a great number of material combinations
were evaluated, was required to produce the grea-
se-lubricated teflon and fiberglass ctoth lined screw
nut design which eventually me1 the design require-
ments.

Ballscrews Ref: Product Engineering 5 Feb 1962,
Saginaw. Two limiting factors when ail balis are 10
be load carriers:

a. The number of balls in any single circuit
should be less than 125,

b. Maximum circuit length should be less than
3-1/2 wms.

The load carrying capacity of ball screws closely
parallels that of conventional ball bearings.

Manufacturing limits are about 3/16 inch minimum
and 8 inches maximum diameter of all circle pitch
diameter.

Leads of about 0.125 time pitch diameter are about
minimum--no maximum top limit.

Failure mode is almost always broken balls.

Impact loading of balls determines life. impacts
are the number of balls that pass one point on the
nut in one revolution of the screw. It's best to keep
the number of impacts to between 5 and 13.6 per
revolution.

4.2.6.1 Mechanical force trgnsmitting actua-

rifinntinm of samiiramanes Fre soemmlen—d__1
Verification of requiremenis 107 mecnanical

force transmission shall be by

45w
LILVIE,

VERIFICATION RATIONALE (4.2.6.1)

This verification provides for the formal documen-
tation of the design and performance of mechani-
cal force transmission devices.

VERIFICATION GUIDANCE

As in other FCS areas, these components should
be included in the full scale FCS function mockup
and testing. Where testing is not deemed necessary
or cost effective, analysis or inspection may be ade-
quate verification.
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VERIFICATION LESSONS LEARNED

3.2.6.2 Mechanical torque transmitling actua-
tion. Mechanical torque wransmitting devices shall
be designed in accordance with the following re-
quirements . Backlash
accumulation shall not prevent the system {rom
performing its required function throughout the
service life of the airplane.

REQUIREMENT RATIONALE (3.2.6.2)

Torque transmission devices are ofien used in FCS
applications. This paragraph provides for require-
ments governing the design, installation, and per-
formance of these devices.

REQUIREMENT GUIDANCE

Torque transmission devices include such things as
torque tubes, torque limiters, universal joints. slip
joimts, gear trains, flexible shafts, and helical
splines. These devices have not, historically, been
used for essential and flight phase essential applica-
tions without specific approval. MIL-F-94%0 in-
cludes requirements for devices of this type and
may provide some general guidance. For specific
requirements the following documenits, or industry
equivalents, should be used:

a. MIL-J-6193 or MIL-U-3963 should be
used along with AFSC DH 1-2.

b. MIL-G-6641 should be used for the design
of gearboxes.

REQUIREMENT LESSONS LEARNED

All torque tubes should be mounted on antifriction
bearings with supponed couplers (jackshafts
mounted to structure on antifriction bearings)
spaced a1 close encugh intervals and with sufficient
misalignment capability {within the couplers) to
prevent undesirable bending or whipping of the
tubes. In addition, the prevention of spark genera-
tion in fuel sysiem areas should be given careful
consideration in the detail design.
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A minimum of pans, joinis, and related compo-
nents should be used to accomplish the required
purpose; however, it must be possible to remove
the torque tube sections from the air vehicle and
replace them readily.

Helica! splines (also known as Yankee screw driv-
ers) are geting more and more attention as the
needs to design mechanisms which can transmit
high torque (or wranslate linear force to torque) in
thin airfoil sections increase. When used, lubrica-
tion provisions must be adequate for controiling ef-
ficiency, wear, and heating 10 acceptable values, If
the design is dependent on inherent friction to
maintain irreversibility, this characteristic must be
adequate under 8!l expected operating conditions
including the full range of loads, temperatures, and
environmenal vibration over the full service life of
the unit, both steady loads and reversing or vari-
able magnitude loads which may be encountered
due 10 conirol surface loads, buffeting, or buzz.

Rotary mechanical actuators {often referred to as
power hinges) with torque limiters and no-back
brakes have been used in some relatively recent
applications (e.g.. wing tip fold actuation on the
RS~70. weapon bay door actuation on the F-111,
and leading edge flap actuation on the Boeing 747)
but, prior to their setection for actuation of the B-1
rudder, have not been used for actuation of a pri-
mary conurof surface.

As an alternate to a no-back brake, a mechanically
irreversible actuator may be used providing it can
react rated static limit load applied to the output
coupling with the input coupling disconnected,
without being back-driven while being subject to
any vibration condition within the required vibra-
tion envelope or spectrum. Where torque limiters
are used, it is desirable that they release upon re-
movat of the downstream jamming load withowt a
requirement for change in the upsuiream torque val-
ue or direction.

No-back brakes, or Sprague clutches, are not suit-
able for wansmitting farge power loads or holding
heavy loads. When instslled in a large transpon
aircraft for the pitch rim actuator, they were rough
in operation, chattered, and failed 10 hold the
overriding loads. These units depend on maintain-
ing precise friction values and wedging angles, and
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are sensitive to surface finish, environmental con-
ditions, method of operation, etc.

4.2.6.2 Mechanical torque transmitting actua-
tion. Verification of mechanical torque transmis-
sion requirements shall by accomplished by

VERIFICATION RATIONALE (4.2.6.2)

Performance, installation, and design requirements
need to be verified and formally documented for
all FCS actuation devices. These elements, while
not necessarily flight phase essential, do affect the
air vehicle flying qualities and performance.

VERIFICATION GUIDANCE

As in other flight control actuation elements, verifi-
cation should be by test where feasible. If other
means are used, such as inspection or analysis, for-
mal documentation should still be required.

VERIFICATION LESSONS LEARNED

3.2.6.3 Hydraulic actuation. Hydraulic actua-
tion subsysiems and components shall be designed
in accordance with the following requirements: __

. If hydraulic bypass provisions are
necessary to prevent fluid lock, excessive friction
load or damping, . In actuation systems
designed for manual control following hydraulic
failure, provisions shall be made to

REQUIREMENT RATIONALE (3.2.6.3)

This requirement establishes the guidelines for the
design of hydromechanical FCS actuation devices.
These devices are critical to flight control perform-
ance and flight safety.

REQUIREMENT GUIDANCE

Requirements for hydraulic actuation subsystems
and components may be extracted from Military
specifications, Design Handbooks, Aerospace Rec-
ommended Practice (ARP) documents, and other
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applicable industry specifications and standards.
ARP 1281 provides a good source of general speci-
fication requirements and is in the Military format.
AFFDL-TR-74-116 contains guidance for the in-
stallation, invulnerability, reliability and maintain-
ability of FCS subsystems and components and
should be used for coordination with these other
disciplines at the system level.

Hydraulic actuation components are classified by
the following fluid temperature ranges:

Type I -B59F to +1609F
Type Il -659F to +275°F
Type IH -65°F 1o +390°F

Type I and Type 11 components should be designed
in accordance with MIL-H~-8775. Type IIl com-
ponents should be designed in accordance with
MIL-H-8890.

Other specific component requirements should be
applied as follows:

a. MIL-V-27162 and ARP 98B should be
applied for electro-hydraulic servo valves with me-
chanical position feedback.

b. MIL-A-5503 should be applied for actuat-
ing cylinders without control valves and feedback
provisions (ie., flap actuators, speed brake actua-
tors).

c. MIL-M-7997 should be used to define re-
quirements for hydraulic motors.

For guidance on types of hydraulic actuation de-
vices that may be used for critical flight control
functions, AFFDL-TR-74-116 should be used.

Where bypass provisions are necessary, automatic
bypass and reset shall be provided as a function of
system pressure (Ref. AFFDL-TR-74-116)

In boosted systems, where manual reversion capa-
bility is provided, there should be provision for
training and checkout.

REQUIREMENT LESSONS LEARNED

Lessons Learned in this area are reflected in the
requirements of MIL-F-9490, AFFDL-
TR-71-78, AFFDL-TR-74-116, ARP 1281 and
other industry specifications and standards.
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Rip stop design has been shown to be most effective
in preventing propagation of fatigue cracks from ar-
eas where more than one hydraulic system input is
located. Use of beefed up walls has shown 10 be
ineffective (0 meet a high lift requirement of 8,000
hours. Many variables, aircraft vibration, thermal,
equipment vibration, and hydraulic hammering im-
pact the fatigue life of actuators. Any change in
structure, mounting, hydraulic pans, or flight con-
trol laws usually do not get evaluated concerning
the effect on actuators. Recent failures on a rela-
tively new system, with an average of 1,500 to
2,500 hours, have shown beefed up walls ineffec-
tive in the hydraulic power drive units. Cracks
have propagated and been very close 10 causing
loss of all hydrautics. Rip stop ideally is mated.
bolted parts. Some compromise, such as hollowed
out areas in between hydraulic sections, may be ac-
ceptable, but testing for as many varied parameters
as possible needs to be accomplished to demon-
strate the life.

4.2,6.3 Hydraulic actuation. Hydraulic actua-
tion component requirements shall be verilied by _

VERIFICATION RATIONALE (4.2.6.3)

Hydraulic actuation devices are used in flight con-
trol functions critical 1o flight safety and air vehicle
periormance. The requirements in this paragraph
provide a means {or contro! of some of the hazards
associated with installed hydro-mechanical FCS
elemenis. The verification process provides the
means for documenting the extent to which the
hazards can be minimized or precluded.

VERIFICATION GUIDANCE

Verification of these requirements should be done
through ground testing where feasible. Generally.
some sornt of mock-up or “iron bird" is required as
pan of the Full Scale Development of these sys-
tems. Because of the criticality of these FCS ele-
ments, it is best 10 work out the “bugs” on the
ground rather than in flight test or operation. ARP
1281 may provide some useful guidance in estab-
lishing the procedures and criteria to be used in
conducting this verification.

1

VERIFICATION LESSONS LEARNED

Experience has shown that impulse pressure cycl-
ing tests will reveal weak areas in servo valve bodies
and main cylinder design configurations. Impulse
testing for 3000 psi units should consist of cycling
pressure from 1000 to 4500 psi for 2,000,000
cycles,

For dual system tandem actuator designs, it may be
advisable to test the system to ultimate loads with
one hydraulic system depressurized. There have
been cases of actuator “blow-by” under “g" condi-
tions with a failed hydrautic system.

3.2.6.4 Electromechanical actuation. Electro-
mechanical actuation subsystems and componenis
shall be designed in accardance with the following
requirements:

REQUIREMENT RATIONALE (3.2.6.4)

Trade siudies are currently being conducted into
the feasibility of an all electric air vehicle. This
paragraph provides for the requirements far elec-
tromechanical actuation devices.

REQUIREMENT GUIDANCE

Electric power may be used to actuate relatively
low-gduty cycle, noncritical FCS functions, such as
trim, but specific approval from the procuring ac-
tivity should be obtained before use in essential and
flight phase essential applications. Electromechan-
ical actuation componenis should be designed in
accordance with MIL-E-7080 or similar specific
component specifications.

REQUIREMENT LESSONS LEARNED

Trade studies into the feasibility of electromechani-
ca) actuation fer primary flight control functions
have shown that the technology exists 1o produce
actuation systems with adequate performance
(rate, force output, and bandwidih). Problems siill
exist in the areas of power dissipation, EMI/JEMP
susceptibility, and package size for adequate force
capability. These issues must be adequately re-
solved before electromechanical devices can be ap-
proved for primary FCS functions.

Control functions, such as urim, are not necessarily
non=critical for all failure modes. Runaway trim,
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for example, may create force levels, at some flight
conditions, that make it difficult or impossible to
recover from such a failure. These kinds of consid-
erations must be addressed in the development of
requirements for these or any other FCS subsys-
tems and components.

4.2.6.4 Electromechanical actuation. Electro-
mechanical actuation subsysiems and componenis
shall be verified by

VERIFICATION RATIONALE (4.2.6.4)

This paragraph provides for the formal documenta-
tion of electromechanical FCS performance verili-
cation. Even though these devices are not neces-
sarily flight safety critical, they are required for ac-
ceptable air vehicle performance and flying quali-

ties.
VERIFICATION GUIDANCE

Verification of these devices, like other FCS actua-
tion devices, should be verified by test.

VERIFICATION LESSONS LEARNED

3.2.4.5 Pneumatic actuation. Pneumatic actua-
tion subsystems and components shall be designed
in accordance with the following requirements:

REQUIREMENT RATIONALE (3.2.6.5)

Pneumatic actuation devices have been used for’

the control of relatively low-duty-cycle, noncritical
flight control surfaces. This paragraph provides the
requirements for the design of these devices.

REQUIREMENT GUIDANCE

Requirements for pneumatic actuation subsystems
and components should be drawn from MIL-
P-8564, MIL-D-7602, or similar industry specifi-
cations and standards.
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Coordination with other sysiem disciplines should
be pan of the requirement development process to
insure that no conflicts are created. MIL-F-9490
provides the guidance for FCS components.

REQUIREMENT LESSONS LEARNED

Pneumatic actuation devices have been used for
noncritical flight control functions; however, these
pneumnatic devices are not considered suitable for
the actuation of essential and some flight phase es-
sential flight control surfaces. The A-37 aircraft
has a pneumatically actuated yaw damper, but the
systemn is torque limited and easily overridden by
pilot inputs.

The dynamic stiflness of pneumatic actuators is re-
duced by lower bulk modulus values associated
with the fluids used in these devices. Reduced dy-
namic stiffness has a destabilizing effect on the
FCS. Due to the compressible nature of the fluids
used, pneumatic systems do not provide the force
isolation, exhibited by hydraulic actuation systems,
resulting in motion feedback to pilot controls.
These characteristics have been found to be unde-
sirable in piloted air vehicles (MIL-F-9490D).

4.2.6.5 Pneumatic actuation. Pneumatic actua-
tion subsystems and components requirements
shall be verified by

VERIFICATION RATIONALE (4.2.6.5)

This paragraph provides for the formal documenta-
tion of the performance and functional verification
of pneumatic actuation devices.

VERIFICATION GUIDANCE

Verification of performance, stability, installation,
and failure immunity should be accomplished by
tests where feasible. These FCS components
should be included as part of a full scale functional
mockup or “iron bird" provided as pan of the full
scale development of the air vehicle. This type of
testing not only verifies the functional characteris-
tics of the individual devices, but provides system
integration, installation, and maintenance informa-
lion necessary to evaluate FCS subsystems and
components.
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VERIFICATION LESSONS LEARNED

3.2.6.6 Interfaces between actuation systems,
support structure, and control surfaces. Thein-
terface between actuztion system, support Struc-
ture, and control surfaces shall comply with

REQUIREMENT RATIONALE (3.2.6.6)

The interface between the actuation system, Ssup-
pont structure, and control surlaces may be a single
failure point in the FCS. Since the loss of or dam-
age 10 a primary surface may be flight critical, re-
quirements for this interface are necessary to in-
sure flight safety.

REQUIREMENT GUIDANCE

Guidance for requirements in this area should be
obtained {from MIL-F-9490, MIL~A-8865.
MIL-A-8870, and other applicable industry speci-
fications and standards. Areas that should be ad-
dressed in these requirements are control surface
stops. control surface gust protection, control sur-
face locks, and control surface flutter and buzz
prevention.

REQUIREMENT LESSONS LEARNED

Coniro! surface stops are required to prevent ex-
ceeding allowable travel limits such as dictated by:
aircraft controllability requirements, prevention of
damage to the contral surface or its primary sur-
face, and/or personnel safety considerations when
the air vehicle is on the ground. Where control
valve command input stops are provided, the ac-
tuator must still withstand bottoming loads in the
event of: misrigging, failure of the valve stops or
input links, failure or malfunction of feedback pro-
visions, loss of hydraulic pressure where other ac-
tuators or aerodynamic forces can bortom the ac-
tuator, and when the sysiem is depressurized nor-
mally after each flight, Where a power control ac-
tuator is located remotely from the surface, the ac-
tuaior may be used as the primary surface stop,
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providing the connecting linkage has an extremely
remote (ailure probability.

The control surfaces of any air vehicle which can
be nosed over or up by high winds when the control
surface is displaced from the neutral position
should be locked in the neutral position. Servo tab
and spring tab type surfaces need not have locks or
snubbers installed if it can be shown that the con-
necting springs and linkages are sufficient to pre-
vent gust damage to any of the components.

Specific things which can cause inadvertent en-
gagement of gust locks include inadvenent opera-
tion of cockpit control lever, relative deflections
between the lock control system and the aircraft,
componemnt failure and combat damage. Interlocks
should be incorporated 10 prevent wakeoff with
contro! surfaces locked or gust lotk engaged.

Some of the most pertinent requirements are speci-
fied in the siffness paragraph of MIL-A-8870.
When detailed fluter analyses and wind tunne!
tests are not yet available, the following general
guidelines may be used:

a. For the prevention of flutter, each coniro)
surface including its actuation system should have a
minimum natural rotationa! frequency about the
control surface hinge line of 1.5 time the nawra)
torsional frequency of the main structure to which
it is attached. This should provide sufficient sepa-
ration of nawural frequencies to prevent oscillations
of the control surface and main surface or structure
from coalescing and causing flutter,

b. For the prevention of transonic buzz insta-
bility, experimental data indicates that the system
will be sufficiently stiff if its natural rotational fre-
quency.

.21a

w n < rad/sec

where
8 = speed of sound in fusec
b = semichord of hinged surface a1 the

3/4 span in [eet.

Transonic buzz was first encountered on jet air-
planes and has 1o be considered on all aircraft
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which fly at high subsonic or transonic speeds. Itis
still not well understood, but experimental data
taken at the Wright Air Development Center in the
19505 led to the development of the equation
noted above.

¢. Required actuation system stiffness. With
the required natural rotational frequency identi-
fied, the required actuation subsystem spring rate
{Kreq'd) can be determined from the following
equation:

where
W = required natural rotational frequency
in rad/sec.
[ = moment of inertia of the conirol sur

face about its hinge line in Ib-in.2:

—l 1

1 = minimum actuation lever arm in

inches.

gravitalional constant: 386 in./secZ.

g -

d. Actuation system stiffness determination.
To meet the fail-safe stability requirement, it is
usually necessary to provide the réquired spring
rate with only one actuator per control surface op-
erating even though multiple actuators are in-
stalled. The actual effective spring rate of a flight
control surface actuation subsystemn (Kegf) is the
total spring rate of the supporting structure from
the actuator to the hinge line (Kgj ). the spring
rate of the actuator (K ¢().and the spring rate of
the surface structure (Kg ) summed in series as

shown below:

(1) Frequency relationship. The frequen-
cy dependence of the net stiffness of a typical hy-
draulic flight control servoactuator is shown in fig-
ures 4 and 5.

= +
Ketf(jw) K¢y Kau:t.(j w) Ks2
K ;
~S1 Hinge Line
N 4
Surface
Ks2
®
Kaat 4 A A A M

Kg1 Kact(j @)

FIGURE 4. Actuator stiffness determination.
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FIGURE 5. Actuator stiffness vs. frequency.

(2) Suatic suiffness is the actuation system
siiffness at zero frequency. The stifiness is essen-
tially constant at all frequencies up to the statie stif-
fness comer frequency, w¢, which can be calcu-

lated as follows:

KR
o = JA—-E rad/sec

where

Ky = No-load valve gain, in.¥sec/in.

Rg = The feedback ratio, in./in. (ratio of
valve displacement to piston rod dis-
placement)

= FEffactiva araa af the srisarar nicoon
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Static stiffness K 5(0) is generally governed by
three factors as follows:

KA(0) =A RgKp

—

oD

—

Kp = The effective pressure gain, psifin.,
including acwator leakage and struc-
tural feedback elfects. (Any other
pressure gain reducing factors, such as
pressure feedback, must also be
included).

{3) Dynamic stifiness is determined by the
solution of complete wransfer functions. and be-
comes constant at all frequencies above the fre-
quency independem dynamic stiffness lower limit,

wp. which can be determined as follows:

Ka (o)
Ka (O

The frequency-independent dynamic stifiness,
K a{o0 ), of the actuator is made up of a number of

incremental springs. For tonventional linear ac-
tuators, the primary springs are due to the actuator
structure (Kaeq gp). i-¢.2 the cylinder barrel, pis-
ton rod, and end caps, the bearings (K ). and
the fluid compliance (Kgp,iq). which are also
summed in series as follows:
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where

fluid bulk modulus, psi

volumetric efficiency

effective area, in.2

Xt total stroke, in.

In calculating the fluid spring, a realistic value for
bulk modulus should be used. Most available data
represents well-bled fluid with very little entrained
air. For normal situations, the value used should
be reduced to B0 percent of the ideal, and the tan-
gent modulus (at the normal actuator pressure)
rather than the secant modulus should be used. If
the moving pans of the actuator(s) are heavy in
relation to the surface weight, this must be appro-
priately taken into account.

(4) Siffness improvement methods. On
stiffness—critical actuating systems, the structural
springs may often be more rigid than the fluid
spring, and as a result, the fluid compliance may
have a great effect on the overall stiffness of the
system. However, increasing fluid stiffness by in-
creasing actuator piston area introduces weight
penalties in two ways. It increases the size and
weight of the actuator, and it increases the flow de-
mand on the hydraulic system which, in turn, can
increase the size and weight of hydraulic pumps,
fluid lines, reservoirs, and other components, plus
weight of all structure which must withstand actua-
tion loads. It may be much more economical (of
weight} to stiffen the structural springs once the
need is recognized.

In situations where large weight penalties would be
incurred to meet the frequency requirements by
stiffening existing structure and components, other

lmpruvemem memous SUCI'I as me louowmg can DC
considered:
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(5) Utilizing inactive actuators. Where
multiple actuators are used to satisfy reliability re-
quirements (which is the normal practice for essen-

tial rAantralel thayv ran ke Adacionad 1n cantribeita
uai CONIrois), Wity Can of QESIgned 10 COMmIioul

stiffness and damping to the system even though
hydraulic supply pressure is lost through hydraulic
system failure. This could be accomplished by
pressure activated valving. When pressure is lost, a
spring loaded valve connects the input and output
of the control valve to a compensator at return line
pressure. The servo no longer supplies power to
the systemn but does provide stiffness when the me-

rnnng valve ig closed and rlarnr“nn when the valve is
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open. This concept adds some complexny. but the
weight addition could be considerably less than for
stiffening existing structure and actuators.

(6) Adding an additional actuator. The
concept here is to design an actuation system with
one more channel than is required for redundancy.
Thus, stiffness may be satisfied with two channels
instead of one. For example, in a surface control
system that requires three redundant channels,
each channel must satisfy the maximum hinge mo-
ment and minimum stiffness for the situation when
the other two have failed. However, if four chan-
nels are used, the maximum hinge moment can be
satisfied with two actuators instead of one, and as a
result, each actuator will be exactly half the size of
those in the three-channel design. With smaller
actuators, each channel will be more compliant.
However, stiffness now can be satisfied with two
parallel actuation channels, and the result is a sys-
tem that is more rigid than the three-channel sys-
tem. A scheme of this type to improve stiffness may
also have a weight advantage.

(7) Adding an independent damper. Sev-
eral types can be considered. One is a quasi-servo
damper channel similar to the active servoactua-
tors. When the spool valve is closed, this damper
provides an additional load path with the stiffness
characteristics of the active channels. When the
valve is open, in response from the pilot or AFCS,
the quasi-servo acts as a viscous damper.

Pure viscous fluid dampers are also used, and there
are several linear or rotary types which may be con-
sidered. They can be installed paralle! to the ac-

Iuauon cnanne:s Or at any CDI’IVC“]EI“. IUCHUDH ona
surface such as on the hinge line. They absorb en-
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ergy from high-frequency, high-amplitude vibra-
tions and dissipate it as heat. 1l a damped surface
experiences considerable activity, throughout a
flight, the damper may absorb energy faster than
can be radiated and create a high temperature
problem.

(8) Adding an actuation stiffness compen-
sation network. The basic actuator stiffness can be
modified by introducing hydromechanical or elec-
trical compensating networks within the actuator
loop. In the most general case, this can be done by
sensing load pressure, passing this signal through a
bandpass filter, and feeding this signal as positive
or negative feedback to the control valve.

4.2.6.6 Interfaces between actuation systems,
support structure, and control surfaces. Re-
quirements for the interface between actuation sys-
tems, support structure, and control surfaces shall
be verified by

VERIFICATION RATIONALE (4.2.6.6)

FCS interfaces ‘may involve flight safety critical
controt surfaces and/or control paths. Forma! doc-
umentation of the design and performance of these
flight control elements are provided by this verifica-
tion process.

VERIFICATION GUIDANCE

Verification should be accomplished by test. Asin
other FCS actuation systems, these elements
should be included in the FCS functional mock-up
test procedures. The final compliance 1o these re-
quirements is verified by the Ground Vibration
Test.

VERIFICATION LESSONS LEARNED

3.2.7 Component design. Design of components
and elements shall be entirely suitable {or use in the
FCS and shall be such that the other requirements
established for the FCS are not infringed by that
design.
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REQUIREMENT RATIONALE (3.2.7)

Many tequirements apply to the FCS. Basic re-
quirements are levied on system (MFCS and
AFCS) performance and system (MFCS and
AFCS) design. Components and elements are as-
sembled and integrated 10 form these systems. By
design, those components and elements must fulfiil
their role and must not otherwise cause the system
requirements not to be met. This paragraph ¢sta-
blishes these sysiem requirements as necessary ba-
sics 1o component design.

REQUIREMENT GUIDANCE

In applying this technical requirement to the mech-
anization used for the FCS$, the following informa-
tion may be useful.

Safery, missions, and economic considerations es-
tablish the need for components and elements of
the FCS to be controlled by engineering design and
for those controls 10 be in fermal technical docu-
mentation such as specifications, standards, etc.

Air Force policy promotes standardization of com-
ponents, elements, etc., as a means of minimizing
supply problems and cost. and of increasing reli-
ability by use of proven designs.

Engineering design and documentation should en-
sure the interchangeability of like assemblies. sub-
assemblies, replacement pans, etc., regardless of
manufacturer or supplier. Further, the design and
documentation should ensure that items which are
not functionally interchangeable are also not physi-
cally interchangeable.

Equipment componems, elements, assemblies,
pans, eic. of the FCS should be masked lor proper
and easy identification. MIL-STD-130 should be
used as a guide in this area.

Inspection seals should be provided to show any
unauthorized disassembly, adjustment, etc. when
such actions are to be performed only by specially
designated activities which are authorized 10 break
these seals and apply new ones.

Two of the imporntant interfaces in component de-
sign are between Flight Contro} Engineering and
Human Engineering where design of cockpit con-
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trols, levers, handles, knobs, etc. are involved; and
between Flight Control Engineering and Structural
Engineering where design of forgings, castings,
stamping, et¢. are involved.

Bearings used in the FCS should be carefully se-
lected. Where possible the bearings should be cho-
sen from approved parts as shown in MIL-
STD-1599. AFSC DH 2-1 i

& call a
guidance in this area.

For electrical and electronic components and ele-
ments, the design should be guided by require-
ments established in MIL-E-5400, MIL-E-7080,
MIL-STD-454, MIL-STD-461, MIL-W-5088,
MIL-M-7969, MIL-M-8609. For micro-elec-
tronics MIL-M-38510 should be used.

When selecting switches, the invulnerability to
flight crew error requirements must be considered,
such as recognizing that the selected positions of
push button switches are not apparent.

The following recommendations should also be
considered:

a. In the design of AFCS components, the
minimum feasible number of parts shouid be used
and their size and weight minimized consistent with
other requirements specified.

b. Modules or subassemblies should not be
smaller than that reguired to perform a single func-
tion (as an example, an amplifier or power supply.)

¢. Modules intended for field replacement
should be constructed so that electronic parts or
connector pins are not exposed outside the frame
of the module.

d. Possible requirements for complex test
equipment and test procedures should be consid-
ered prior 1o adopting a modular design to ensure
that other requirements can be met.

e. Solid state devices are preferred over elec-
tron tubes and the latter should be used only when
they are the only means to meet the requirements
for a specific application.

f. The use of micro electronic technology
should be considered on the design of all systems/
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equipment. An objective appraisal of all factors
concemning the system/equipment design should be
made with the view of maximizing reliability and
minimizing total cost of ownership, weight, and
space within the envelope of the other performance
parameters of the design.

Thermal design and cooling requirements should

tha roamninans Asecion and i{s

nharciza that hath nt
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emphasi
installation must be considered in achieving resis-
tance to thermal failure. Design techniques which

aid in controlling heat vice include:

a. The use of thermal characteristics of fi-
nishes, induced draft, and ventilation by means of
baffles, internal vents and louvers, and packaging
in heat dissipating fluids.

b. Use forced cooling if above means are still
insufficient or if a significant reduction in overall
size, weight, or failure rate can be realized. Fansor
blowers employed should operate from the air ve-
hicle’s AC power supply.

REQUIREMENTS LESSON LEARNED

Control stick dampers should be designed so that
they can be overpowered by the pilot in the event

of fatlure or malfunction.

All electronic LRUs should receive a minimum of
50 hours burn-in operation and testing (power on)
prior to assembly, or after assembly if such is more
meaningful, but prior to installation.

Swiltches can be extremely important elements in
the mechanization of FCS, and the design of spe-
cial electrical/mechanical switches should be sub-
jected to multiple approval processes. The five po-
sition trim switch, used in electric trim systems, is
one of those and MIL-5-9419 should be consulted
for guidance when approving that type switch.

Resistive variable voltage dividers, potentiometers,
should not be used in dynamic motion application
in FCS such as for sensor or feedback outputs.

Component and element housings should be de-
signed to prevent any accumulation of liquids in
pockets, wells, traps, etc., since freezing tempera-
tures might cause the formation of slush or ice
which could seriously degrade FCS performance.
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Redundant circuiting should not be routed through
the same electrical connector.

4.2.7 Component design. Component design re-
quirements shall be verified by

VERIFICATION RATIONALE (4.2.7)

Component design has an impact on flight safety,
mission performance, and operating costs. The
verification process provides the means for deter-
mining the extent to which those factors are im-
pacted by the requirement, and forms a basis for
planning for operational use of the air vehicle in the
field.

VERIFICATION GUIDANCE

In general, component design requirements should
be verified incident to FCS requirement verifica-
tions by analyses, inspections, and tests.

When suitability and absence of infringement on
system requirements has been established through
the verification processes, the quality assurance
provisions included in the engineering control doc-
umentation should ensure continued suitability of
the component or element for use in the FCS.

MIL-STD-883 may offer some guidance in the
verification testing of microelectronics. Method
1015 of that standard deals with burn~in tests.

VERIFICATION LESSONS LEARNED

After bum-in, an electronics LRU should be tested
to verify that performance remains within specilied
tolerances.

Tests for control stick dampers should be se1 up to
exercise all joints, connections, bearings, et¢., used
with the damper since free play which may develop
with these elements may sericusly impact the pilot’s
view aof flying qualities,

Dielectric sirength tests should be conducted on
electrical and electronic components and ele-
ments. Leakage current should not exceed 10 mil-
liamps when a dielectric siress voliage of 1200
volts, 60 Hz, is applied for 1 minute beiween insu-
lated circuits and beiween circuits and case; and
there should be no insulation breakdown. When
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$00 V DC is applied between isolated circuits and
the case or connector shell for a period of 10 sec-
onds, the resistance should be at least 50 meg-
chms. When a component or connector has a low-
er design voliage limitation, the test should be run
at an appropriate lower voliage as defined by the
component connector specification.

3.2.8 Component fabrication. The selection and
treatment of materials, and the processes and as-
sembling methods used in fabricationshall ___

REQUIREMENT RATIONALE (3.2.8)

Materials, processes, and assembly methods used
in the fabrication of FCS components and elements
impact every requirememt applicable to system
|FCS] performance. This paragraph provides the
means [or identifying the manner in which engi-
neering conural will be maintained in these techni-
cal areas in order to ensure that system require-
ments are supponed in every aspect of component
and element fabrication.

REQUIREMENT GUIDANCE
a. The blank may be filled by words such as:

(1) Produce consistently sound and suit-
able components and elements for the FCS.

(2) Conform to approved industry specifi-
cations and practices.

{3) Conform 1o approved military specifi-
cations and practices.

{4) Conform to government specifications
and practices.

b. In applying this requirement the {ollowing
poinis should be considered.

(}) Government and military specifica-
tions, standards, practices, etc.. are preferred over
those generated by industry and other sources.

{2) MIL-STD-1599 offers guidance in
Requirement 104 for selection and treatment of
materials; in Requiremem 105 for treatments and
processes such as coatings, platings and finishes;
and in Requirement 204 for safety praciices for use
during assembly.
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AFSC DH 1-2 offers guidance in several aspects of
component and element fabrication. Chapter 4
deals with fasteners, fittings, methods, processes,

P _—— e - To - Tale e 1 -
L., dllu wiaapier /7 Jcals wikll maditrials, ucal-
ments and processes.

MIL-STD-454 offers guidance which covers most
aspects of fabrication of electronic components
and elements.

MIL-C-27500 offers guidance on material selec-
tion and construction of electrical cabling for FCS.

Individual parts may be mechanicaily joined with
removable fasteners or by riveted or threaded con-
nections or by qualified methods for permanent
joining. Removable fasteners should be selected
and used in accordance with requirements which
have been specified and which should provide that:

Bolts smaller than one—fourth inch in diameter
should not be used to make single-bolt connections
or connections essential to proper functioning of
the component.

Each removable bolt, screw, nut, pin, or other re-
movable fastener, the loss of which would degrade
operation below FCS Operational State III, should
incorporate two separate locking or retention de-
vices either of which must be capable of preventing
loss of the fastener by itself and retain it in its prop-
er installation with the other locking or retention
device missing, failed, or malfunctioning. Where
self-retaining bolts are used, their selection and in-
stallation should be within the limitations of
ME-33602 and only one type should be used in
any given system.

No self-locking nut should be used on any bolt sub-
ject to rotation in operation unless a nonfriction
locking device is used in addition to self-locking
device.

Lockbolis listed in AFSC DH 1-2, 4AS, Swaged-
Collar-Headed Straight Pins and Collars, may be
used for fastening applications not requiring re-
moval on the aircraft.

Rivets for all riveted joints should be selected and
used in accordance with the requirements speci-
fied.
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All threaded joints should be provided with ade-
quate wrenching and holding provisions for assem-
bly and disassembly of the joint before and after

mmme e Pprypn BRIy Sy |

service use. Iniernal screw threads and
rolled threads should be in accordance with the
thread form requirements of MIL-S-8879. Pipe
threads should not be used.

PP ypm—— |
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All adjoining parts should be secured in 8 manner
that will preclude loosening when subjected to in-
ternal or external loads or vibration.

All threaded joints which carry critical loads shoutd
be positively locked in the assembled position so
that load reversal at the threads is prevented. The
use of jam locknuts alone is not a positive lacking
means unless lockwired or otherwise restrained.

Unless restrained from moving by the attachment
of adjoining parts, all removable fasteners should
be positively locked in place. Seli-locking exter-
nally threaded fasteners should not be used except
within the limitations specified in M5-15981, and
self-locking nuts should not be used except within
the limitations specified in M§-33588. Al other
types should incorporate positive locking means or
be safetied with cotter pins in accordance with
MS-24665, where temperature and strength per-
mit, or be safety wired. Cotter pins and salety wir-
ing should be installed in accordance with
MS§-33540.

Retainer rings should not be used to retain loaded
parts unless the rings are positively confined by a
means other than depending on internal pressure
or external loads. They should not allow free play
which could result in structurally destructive action
or fatigue failure of the retained parts or failure of
gaskets or packings. Where used, retainer rings
should be commercially available types which can
be installed and removed with standard tools.

Joints with rolling element bearings should have the
inner race securely clamped to prevent rotation of
the inner race with respect to the pivot bolt, rivet,
shaft, etc.

Electronic parts should be mounted so that ease of
producibility and maintainability is assured.
Whenever feasible, pans such as resistors, capaci-
tors, etc., shouid be mounted in an even, reguiar,
row-type arrangement. These parts should be
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mounted on a base 50 that the leads do not cross
other leads or connections. Heavy electronic pans
and assemblies should be solidly mounted so that
adverse affects when subjecied 1o vibration and
shock will be minimized.

Nonconduciive oxides or other nonconductive fi-
nishes should be removed from the actual contact
area of all surfaces required to act as a path for
electric current and from local areas 10 provide
continuity of electrical shielding or bonding. All
mating surfaces should be clean and carefully
fited, as necessary, 10 minimize radio frequency
impedance at joints, seams, and mating surfaces.
The resultant exposed areas, after assembly at such
joints or spots, should be kept to 8 minimum.

Redundant circuits should be isolated from each
other to prectude failure of one portion of the cir-
cuii from alfecting any other circuit.

The number of electrical connectars should be
kept to a8 minimum within the required limitations
for separation of redundant circuits. Connectors
should be mounted to preclude nuisance warning
indications and intermittent operation when sub-
jected 10 applicable temperature differentials, vi-
bration, and shock. They should be polarized so
that it is impossible to mismate them on a panicular
piece of equipment.

All elecirical assemblies should be thoroughly
cleaned of loose, spatiered, or excess solder, mewad
chips, or other foreign material after assembly.
Burrs and sharp edges and resin flash should be
removed.

REQUIREMENT LESSONS LEARNED

High quality materials and workmanship remain
the key to the fabrication of dependable compo-
nents. Use of proven and controlled processes,
such as specified above, are most important in re-
producible quality manufacturing. Special pro-
cesses should be clearly specified on the detail
drawings and the fabrication instructions.

It is common practice to secure fasteners (i.e.,
bolts, screws, nuts, pins, etc.) with & single locking
device. Service experience has shown, however,
that due to maintenance, manufacturing, or design
errors, a single locking device is not adequate for
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critical applications. Due 10 a number of instances
of loss of fasiener integrity, it is considered neces-
sary to require 1wo separate locking devices on all
removable fasteners in any installation in which loss
of a fastener could jeopardize flight safery.

One acceptable practice is the use of self-retaining
bolts with couerpinned casiellated nuts installed as
shown on MS-33602. Other fasteners are also ac-
ceptable providing they meet the requirements in
the referenced AFSC Design Handbook including
retention of their locking and/or retention capabili-
ties in all environmental conditions associated with
their particular installation.

When impedance type self-retaining bolts are used
in bellcrank, rod end, clevis, eic., type joints, en-
trance and exit chambers not to exceed .015 in-
ches x 45 degrees should be provided at hole faces
1o 8id in the installation and removal of the bolis.

Where lockbolts are used, it should be recognized
that they are single locking only, not close toler-
ance, end ¢an be used only in joints in which
clamp-up is allowed.

Jam nuts may be used without lockwire or other
retention in applications which serve only to
preload threaded joints, wherein inspection inter-
vals are such as to preclude unacceptable fatigue
cycles and where backlash is acceptable. Where
they are used 10 prevent joint disconnection, they
must be positively retsined.

Isolation of redundam circuits is mandatory to ob-
1ain the advantages promised by using multiple sig-
nal paths. Generally, redundant channels of the
same control axis and electronic comparison model
signals should not utilize common or adjacent (a)
connectors, (b) cables or cable runways, or (c) cir-
cuit cards, unless the design can be shown by dem-
onstration or analysis 10 meet the appropriaie isola-
tion/separation requirements. -

A high percentage of electronic equipment failures
is due to the improper choice and/or assembly of
electrical connectors, and special attention to their
selection and application is imporntant.

Invulnerability requirements require wiring to be
routed with sufficient slack o prevent therma! con-
traction or expansion, vibration, and flexure from



Downloaded from http://www.everyspec.com

AFGS-87242A
APPENDIX

causing damage to the wire terminations and to
minimize noise pickup.

Electrical shield should be installed on wire and

cable to minimize electrostatic and magnetic cou-
pling.
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VERIFICATION RATIONALE (4.2.8)

The verification process provides the means for de-
termining the quality of materials, processes, and
workmanship which has been used in the fabrica-
tion of components and elements of the FCS. The
information obtained may be useful in planning for
operational use of the air vehicle in the field.

VERIFICATION GUIDANCE

Component fabrication requirements may be veri-
fied by analysis, inspection, or test. The most feasi-
ble method should be chosen and the verifications
should be performed in conjunction with other ver-
ifications wherever possible. Much of this effont
will be part of the Qualily and Reliability Assurance
programs covered under Air Force regulations in
the 74 series.

VERIFICATION LESSONS LEARNED

3.2.9 Component and element installation. In-
stallation of FCS components shall meet

REQUIREMENT RATIONALE (3.2.9)

Numerous requirements are placed on the per-
formance and design of the FCS in order to fulfill
the mission of the air vehicle. The installation of
the components and elements of the FCS must sup-
port the accomplishment of these requirements
and not cause the FCS, or any other system of the
air vehicle, to fall short of meeting those require-
ments.
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REQUIREMENT GUIDANCE

Invulnerability, immunity, survivability, reliability,
maintainability, and safety consideration establish
the need for engineering control and documenta-
tion of the installation of FCS elements and com-
ponents.

AFSC DH 1-6, Section 3] provides guidance for
installation of FCS mechanical elements, including
routing, separation, mounting and orientation, and
environment. Examples of potential installation
problems due to inadequate clearances, incorrect
installation, and improper design are also pro-
vided.

AFSC DH 1-6, DN 3H1 and DN 3H2, provides
guidance for routing, separation, and connection
of electrical elements. Safety design consideration
for operation in hazardous atmospheres and com-
patibility of components with respect to the operat-
ing environment are also covered.

MIL-F-9490, besides requiring compliance tq the
aforementioned design handbook sections, speci-
fied the following installation requirements:

a. System components shall be located 10 pro-
vide direct routing of the control system signal and
power transmission elements in accordance with
AFSC DH 1-6 Design Note 3J1, only 1o the extent
that the components and transmission elements are
not exposed to undue hazards.

b. All component installations in fuel system
areas shall preclude the generation of sparks bath

during normal operations and possible abnormal
and failure conditions.

¢. If cooling augmentation is required, the in-
stallation of flight control electrical and electronic
equipment cooling shall be integrated with the cool-
ing provisions for other electrical and electronic
equipment. The requirements specified in AFSC
DH 1-6, DN 3H1, shall be met.

REQUIREMENT LESSONS LEARNED
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4.2.9 Component and element installation. In-
stallation of FCS components shall be verified by __

VERIFICATION RATIONALE (4.2.9)

The inspection, test and analysis incident o the
verificaion of the FCS performance and design re-
guirements and quality assurance programs will
verify much of the component and element instal-
lation against the various ¢ngineering and manufac-
turing control documents employed.

VERIFICATION GUIDANCE

In order for component and element installations
to be verified standard practices, adequate design,
clearsnces, and tolerances must 2l be established.

Contract specifications or applicable governmem
and industry specifications and/or standards should
provide the controlling documents. MIL-STD-454
provides graphic examples of accepiable and unac-
cepiable electric/electronic component insalla-
. tions and requirements for acceplable parts, mate-
rial and installations.

MIL-F-9490 lisis other government specifications
and siandards which may be used as controlling
documents.

VERIFICATION LESSONS LEARNED

3.3 Integrity requirements. The FCS compo-
nent’s hardware and software and integrity subsys-
tems shall meet the integrity requirements of this
section.

REQUIREMENT RATIONALE (3.3)

The integrity programs are intended to aid in the
development to ensure a supportable system (s) and
operationa) suitability.
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REQUIREMENT GUIDANCE

Develop a master plan which covers each of the
integrity program guidance. Include in each of the
specifications planned the appropriate require-
ments from each of the integrity specification
guides.

REQUIREMENT LESSONS LEARNED

Application of engineering principles to establish
actual usage spectrums, development, and sound
verificalion methods are essential to ensure equip-
ment and sofiware development, producibility, and
life for the weapon system.

4.3 Integrity requirements. The FCS integrity
requirements {or hardware, sofiware and integrat-
ing subsystems shall be verified by

b.

c.

d.

VERIFICATION RATIONALE (4.3)

The integrity requirements need Lo be verified by
analysis, test, and demonstration to centified usage
spectrums for the iniended life.

VERIFICATION GUIDANCE

The verification requirements, for each FCS ele-
ment/item should reflect the sequente of verifica-
tion and the type of verification method with a
shon narrative as 1o what will be accomplished by
each verification. The verification in this seciion
should be broad and general enough to anack the
metheds by a system approach. For example, the
performance life of the rudder pedals, stick, and
switches in the cockpit shall be demonstrated by
simulating the mission extreme load ¢tycles and ap-
plying these 10 the controllers for twice the control-
ler lives. This exampte would follow the analysis
preparation for the test, the actual design phase,
and the initial design phase. This section should
consider grouping items to particular types of verifi-
cation methods to keep the section relatively man-
ageable.
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VERIFICATION LESSON LEARNED

Without adequate planning, allocations of re-
sources, identification of verification methods for
FCS items, and time schedule constraints with re-
source constraints, often push one to accept modi-
fied testing programs and requirements. While air-
worthiness is established, item life and supporn are
often not achieved as intended. Application of the
integrity approach should aid in precluding these
costly compromises.

3.3.1 Structural integrity. Load transmission
and elements of the FCS shall meet the load,
strength, stiffness, deformation durability and
damage tolerance requirements for each element
as follows:

REQUIREMENT RATIONALE (3.3.1)

Structural elements of the FCS are often single
point potentialities. Structural consideration must
be taken into account to demonstrate the FCS ele-
ments ability to endure in the specified environ-
ment in excess of the proposal life. Design margin
must preclude the probability of failure of these
elements during the life of the air vehicle.

REQUIREMENT GUIDANCE

The structural design of each FCS element and
their build up inte a functional item (stick rudder
pedals, etc.) need to consider the criticality, usage,
and finally demonstrate the life. AFGS-87221 and
MIL-STD-1530 should be used to derive the pro-
gram plan and design requirements.

REQUIREMENT LESSONS LEARNED

Miss analyzed missions, usage spectrum, and toler-
ance variations have produced structural attack
points for control actuation and pilot inputs devices
which breke in flight. Some of these instances
have caused loss of aircraft.

190

4.3.1 Structural integrity. The integrity for the
FCS and integrating subsystem structural elements
shall be verified by

VERIFICATION RATIONALE (4.3.1)

Structural attack points are frequently safety criti-
cal areas in FCSs. It is vital that verification be
performed to establish the safety/integrity of every

FCS structural point.
VERIFICATION GUIDANCE

The requirement should cover all FCS structural
points, the analysis, and test 10 be performed.
Each point with the analysis and test type to be per-
formed with a shon narrative for the type of analy-
ses, test, or demonstration. The test spectrum and/
or analysis results should be certified and included
in the test requirement.

VERIFICATION LESSONS LEARNED

Inadequate analysis and tests to incorrect spec-
trums have caused loss of aircraft. Parts which
were centified but not subsequently verified
through production and support have resulted in
defective pans insialied. Good tests to actual certi-
fied spectrums plus follow up through production
are essential for a quality product.

3.3.2 Mechanical integrity. FCS mechanical de-
vices such as rudder pedals, stick, inertial sensors,
actuators, etc., and integrating subsystems shali
meet the requirements for load, strength, function,
environment, and durability as foliows:

a.

b.

REQUIREMENT RATIONALE (3.3.2)

FCS mechanical components, transmission devices
and integrating subsystems need to follow a rigor-
ous design process. This will ensure a well designed
and producible system of components that will not
cause loss of an air vehicle or crew for the air ve-
hicle's life. This requirement provides for rigorous
development and operational suppont of the me-
chanical device in the FCS and integrity subsys-
tems,
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REQUIREMENT GUIDANCE

The mechanical design of each FCS element, inte-
grating subsystem element, and their resulting func-
tion need to consider criticality, environment,
usage, and operational life. MIL-STD-1798 and
AF(S5-87249 should be used as guides for deter-
mining the program/plan and requirements for this
section. Suppon posturing and equipment for me-
chanical devices should be included.

REQUIREMENT LESSONS LEARNED

Mechanical devices usually have a few life limited
pans such as bearings, seals, and fittings. The op-
erational lives need to be determined with ade-
quate accuracy in order to provide adequate parts
stock and spares and determine replacement inter-
val. The full service life of the device needs to be
adequately defined for the same preceding rea-
sons, Past inadequate determination life limited
paris and devices have ied 10 inadequaic SUppon
posturing, loss of missions, and on rare occasions.
loss of aircraft and crew. The result has been feh
through increased support costs, maintenance
down time, increased replacememi and supply
time, and loss of our capability to sustain mission
readiness.

4.3.2 Mechanical integrity. The integrity of the
FCS and iniegrating subsysiems mechanical de-
vices shall meet the functional, environmental,
usage, and life requirements for the device as fol-
lows:

a,

b.

C.

VERIFICATION RATIONALE (4.3.2.)

Mechanical devices usually have life limited pans
as well as service lives less than the aircraft. These
tives must be known prior to production in order to
space and support posture adequately. Frequently,
these devices are safery critical, making this re-
quirement a musi. The device operational usage
for all load and environmental spectrums must also
be determined in order to determine device lile.

i91

VERIFICATION GUIDANCE

Use of the documents referenced in 3.3.2 as a
guide is advisable. The verification requirements
must reflect the cenified loads, environments, and
funcuonal usage specuums in demonstrating by
analysis, test, or demaonstration of the devices spe-
mifiad lifa E’l.s.h eaf.-- el o alhcahrtaby d--

i %W v 38 Ul’ ﬂllu D“P.Nll ﬂuwl“lb.

pend on adequate specification of this require-
ment. The analysis, test, or demonstration should
be adequately explained within this requirement.

VERIFICATION LESSONS LEARNED

Mechanical devices, such as switches, bearings,
have had catagrophic effects an pre-
vious eircrafi. The environments and usage spec-
trums were inadequately applied indicating devices
were integrated properly and would perform for the
intended life. Past verifications have underesti-
mated the specified life by a factor of 10 and poor
integration has led to catastrophic events. Some of
these events have been surface hardovers due to
under vohage condition on electro-mechanical de-

'v"lces, iammiﬁs. fri l\.uuu wearcut, nud !u'ug'“ wear

emaale ate
geass, ig..,

out, allowing improper installation of devices which
get by functional tests, misallocation of tolerances,
poor prediclion of wing bending and torsional ef-
fecis, poor production (manufacwring) of pars,
poor or inadequate capturing techniques (e.g., cot-
ter pins, slip rings) to keep pans/devices in place,
inadequate linkage clearances, and improper anal-
ysis/measurement of vibration levels/damping char-
acteristics to name » few. Adequaie verification o
certified test levels that reflect actual usage is essen-
tial for Night/safety critical functions performed by
mechanical devices.

3.3.3 Electronic integrity., FCS electronic and
electro-mechanical devices such as computers,
convertors, power supplies, servo's, etc., and inte-
grating subsystem electronics shall meet the func-
tional, environmental, and durability requirements
as follows:
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REQUIREMENT RATIONALE (3.3.3)

Electronic devices used in safety/flight critical
applications are subject to a variety of adverse envi-
ronments and manufacturing difficulties. Areas
such as solder joints, die makeup, pin attachments,
packaging, connections, iteration rates, etc., are
variables which must be accounted for in the design
and subsequent verification. This requirement sets
the functional performance under the operating
conditions.

REQUIREMENT GUIDANCE

The electronic design of the FCS and integrating
subsystem items should consider the function, envi-
ronment, usage, storage, and operating life. MIL-
A-87244 should be used as a guide for establishing
the electronics development program and usage,
environmental, and durability requirements. Stor-
age and necessary support items should be in-
cluded.

REQUIREMENT LESSONS LEARNED

The major problems with electronics have been
packaging design, even to the part, and the man-
ufacturing process. Design packaging is improving
but stll needs a disciplined approach and better
analytical tools. Manufacturing needs to be consis-
tent with adequate process control in parts, solder-
ing, grounding, and tolerances.

4.3.3 Electronic integrity. The integrity of the
FCS and integrating subsystem electronic and elec-
tro-mechanical devices shall meet the functional
performance under the environments, usage and
durability requirements as follows:

a.

b.

VERIFICATION RATIONALE (4.3.3)

Electronic devices such as servos, switches, relays,
computers, etc., of the FCS and integrating subsys-
tem are a safety critical function. The device life
under actual, certified environmenta! and usage
spectrums needs to be verified in order to meet the
safety requirement for the air vehicle as well as mis-
sion success requirements.

192

VERIFICATION GUIDANCE

The requirements for each device should be veri-
fied by analysis, test, and for demonstration, each
type of verification should be explained (e.g., tead
flex analysis 1o establish lead lengths followed by
thermal and vibration cycles on powered, installed
board). This will identify the types of verification
involved, the scope, the interplay, and the success
criteria, MIL-A-87244 should be used as guid-
ance.

VERIFICATION LESSONS LEARNED

Past experience is loaded with examples of inter-
mittent shorts, grounding problems, packaging
problems, and manufacturing problems. Applica-
tion of a rigorous design and verification with certi-
fied test spectrums coupled with attention to man-
ufacturing should alleviate some of the past prob-
lems,

114

wede T Y.
(units, components, and flight programs) of th
FCS and integrating subsystems shall meet the re-
quirements as follows:

P
- o

(]

a.

b.

REQUIREMENT RATIONALE (3.3.4)

Performance parameters such as timing, skew,
throughput spare, number of inputs and outputs to
a unit, sampling time, and data characteristics are
some of the critical parameters. For flight eritical
sofiware and integrating software, it is essential to
specify key performance and development param-
eters to assure a rigorous development.

REQUIREMENT GUIDANCE

Software requirements should consist of the key
parameters, data characteristics, languages, and
the hardware and software interfaces as well as the
process/configuration/security aspects involved in
the development. MIL-STD-1803, DOD-
STD-2167, and DOD-STD-2168 should be used
a5 guides in establishing the requirements. Hard-
ware elements which provide the data conversions,
manage data input/output and do the actual pro-
cessing should also be addressed. Sofiware devel-
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cpment tools and the engineering environment as
well as future software suppon should be consid-
ered.

REQUIREMENT LESSONS LEARNED

Past software development has depended on inter-
face documents and company processes to devetop
and contro! the sofiware. Key parameters were not
addressed. The result has been schedule delays,
no growth, and reduction in function capability to
stay written throughput and memory constraints
and design errors in the mechanization. Although
very few aircraft losses have been awributed to soft-
ware problems, the loss of functional performance
and lack of growth have been costly in delays and
program updates. It is necessary to provide a well
planned and rigorous development to sofiware and
cover key parameters to ensure a well integrated
functional software system.

4.3.4 Software integrity. Software verification
shall follow a build up approach o evaluate the suc-
cess of the functional and integrated mechaniza-
tion. Software verification shall meet the following:

b.

VERIFICATION RATIONALE (4.3.4)

Verification of flight ¢ritical sofiware using a rigor-
ous approach is essential 1o assure the mechaniza-

tion is adequate and that unwanted logic paths are
not inadvenently activated. The FCS and integrat-
ing subsystem software must perform as required
100% of the time.

VERIFICATION GUIDANCE

Verification requiremenis should verify the devel-
opment tools, the mechanization, the integrauon,
the data characteristics. the suppon, and the confi-
guration/security aspects. Use of a build up ap-
proach requiring different levels of test and test ex-
pectations is advised. Each verification method
(analysis test and demonstration) should be gener-
ally defined, cover the application, and cover spe-
cific methods for each function.

VERIFICATION LESSONS LEARNED

Past experience has shown that inadequate build
up verification methods have led to severe pro-
grammatic delays and cost increases 1o assure the
software is flight worthy. A hap hazard approach
to integration has never worked to establish confi-
dence in the software. K is absolutely essential 10
undersiand the performance parameters, mechani-
zation build, and verilication. Verification is the
key 10 demonstrate that the software performs as
intended under varying logic as well as daia ex-
ceedance characteristics. The few aircraft pro-
grams with sound verification methods have been
on time and close 1o cost.
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