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1. SCOPE:

This AIR provides descriptions of aircraft actuation system failure-detection methods. The methods are
those used for ground and in-flight detection of failures in electrohydraulic actuation systems for
primary flight control. The AIR concentrates on full Fly-By-Wire (FBW) flight control actuation though it
includes one augmented-control system. The background to the subject is discussed in terms of the
impact that factors such as the system architecture have on the detection methods chosen for the flight
control system. The types of failure covered by each monitoring technique are listed and discussed in
general. The way in which these techniques have evolved is illustrated with an historical review of the
methods adoptedforaseries of aircraft, arranged-approximatety imaesigm chronotqggical order.

1.1 Purpose:

The purpose of this document is to aid the designers of the systems of.the future py showing what
succeeded in the past.

2. REFERENCES:
2.1 Applicable Documents:
The latest issu¢ of the documents shall be used except in those cases where an invitation for bid or
procurement contract specifically identifies the issuies in effect on a particular datg. In the event of a

conflict betweeh the text of this document and ¢the references cited herein, the text of this document
takes precederice.

2.1.1 SAE Publicatjons: Available from SAE; 400 Commonwealth Drive, Warrendale] PA 15096-0001.
Web site: www.sae.org. Telephone: (724)-776-4970

SAE AIR4094, Aircraft Flight'‘€ontrol Systems Descriptions.
SAE AIR4253, FBW Actuation System Descriptions.

SAE Paper 831484, Development of Redundant Flight Control Actuation Systems for the F/A-18
Strike Fighter, HE. Harschburger.

SAE Publication, Aircraft Flight Control System Design, E.T. Raymond and C.C. Chenoweth.

2.1.2 U.S. Government Publications: Available from DODSSP, Subscription Services Desk, Building 4D,
700 Robbins Avenue, Philadelphia, PA 19111-5094. Web site: http://assist.daps.mil or http://
stinet.dtic.mil/

MIL-F-9490, Flight Control Systems — Design, Installation and Test of, Piloted Aircraft, General
Specifications for.

MIL-STD-882, System Safety Program Requirements.



https://saenorm.com/api/?name=6d0a135af562f6863aa7526f530a5fb3

SAE AIR5273

2.1.3 FAA Publications: Available from Federal Aviation Administration, 800 Independence Avenue,
SW, Washington, DC 20591

AC 25.1309-1A FAA Advisory Circular, System Design Analysis, (1988, June).

NPA 25C-199 JAA Notice of Proposed Rule Making, Interaction of Systems and Structure, (1996,

April).

2.1.4 RTCA Publications: Available from RTCA Inc., 1140 Connecticut Avenue, NW, Suite 1020,

Washington,

RTCA DO-178 Software Considerations in Airborne Systems and Equipment G
2.2 Related Publications:

The following publications are provided for information purposesionly and are not
this SAE Aero]pace Technical Report.

2.2.1 SAE Publica

SAE Publica
G. Jenney (1

2.3 Definitions:
2.3.1  Acronyms an
BIT
CBIT
CCDL
CCM
CMM
CRM
CSAS
DDV
DFCC

ECU

U ZUUS0.

ons: Available from SAE, 400 Commonwealth Drive, Warrendale

on, Fly-By-Wire A Historical and Design Perspective, V.R. Schmif
98)

d Abbreviations:
Built-In-Test
Continuous-Built-In-Test

Cross €hannel Data Link

ertification

a required part of

PA 15096-0001

t, J.W. Morris and

Cross-Channel Monitoring

Common Mode Monitor

Command Response Monitor

Command and Stability Augmentation System
Direct Drive Valve

Digital Flight Control Computer

Electronic Control Unit
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2.3.1 (Continued):
EHV
EICAS
FAA
FBW
FCC
FHA
FMEA
FMECA
FO/FS
FO?/FS
FS
IBIT
IFCM
ILM
JAA
LCA
LES
LRU
LvDT
MBIT
MCV
MMC

MTBF

Electrohydraulic Servovalve
Engine Indicating and Crew Alerting System
Federal Aviation Administration

Fly-By-Wire

Flight Control Computer

-unctional Hazard Analysis

Failure Modes and Effects Analysis
Failure Modes and Effects Criticality Analysis
-ail-Operate / Fail-Safe
Double-Fail-Operate / Fail-Safe
-ail-Safe

nitiated Built-In-Test

ntegrated Flight Coentrol Module
n-Line monitaring

Joint Aviation Authorities

_ight.Combat Aircraft

Leading Edge Slat

Line Replaceable Unit

Linear Variable Differential Transformer
Maintenance Built In Test

Main Control Valve

Mechanical Mode Coupler

Mean Time Between Failures
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2.3.1 (Continued):

NPRM New Proposed Rule Making

NVM Non-Volatile Memory

PBIT Preflight Built-In-Test

PLOC Probability of Loss of Control

RLS Reservoir-Level-Switching

RVDT Rotary Variable Differential Transformer

RVT Sometimes used) RVDT With Only Four Wires
SVM Servovalve Monitor

WRA Weapon Removable Assembly

3. BACKGROUND:

This section disclisses some of the aspects of thé design of flight control actuation systems. It attempts
to discuss their impact on failure detection design only and to avoid a more generall discussion of
control system design.

3.1 Evolution:

Primary flight cpntrol actuation'systems have evolved through three generations since the general
adoption of fullitime powered actuation. Analog FBW replaced the electronic augentation of
mechanical comnmands @nd has in its turn been replaced by digital FBW. Meanwl{ile, the
servoactuators|have also changed significantly. Hydromechanical complication arnd relatively simple
electrical interfaces marked the earlier FBW actuation concepts found in the Spage Shuttle and the
F-16. The currint generation, typified by the Airbus “family”, the Boeing 777 and the V-22, employ
significantly simpler hydromechanical logic and depend much more upon electronic failure detection
and the associated electronic equipment.

The reasons for this are:

* Increased confidence in integrated electronics and digital processing, because of the increased
competence and reliability of the hardware, allows advantage to be taken of the weight and initial
cost savings made possible by the use of electrical logic instead of hydromechanical logic.

» Decentralization of the associated electronics makes the cable weight penalty for a more complex
electrical interface less severe, a factor of increasing importance, as actuation systems become
less centralized.



https://saenorm.com/api/?name=6d0a135af562f6863aa7526f530a5fb3

SAE AIR5273

3.2 Avoiding the “Nuisance-Disconnect”:

The flight control and actuation systems used in FBW aircraft employ redundancy for safety and
incorporate many elements, as shown Figure 1, that interact in a closed loop manner.

PILOT PRIMARY SERVOACTUATOR
CONTROLS  FLIGHT CONTROL ACTUATOR
COMPUTERS CONTROL
] ELECTRONICS
AERODYNAMIC
FORCES
SENSORS AIRCRAFT
STRUCTURE
AIRCRAFT

STATES

—tAIRCRAFT AERODYNAMICS

FIGURE 1 - The FBW Servoactuator and Its Interactions

Because of the|interactions and because the precise states of many of the elemepts cannot be
known, it is oftgn difficult to diagnose servoactuator failures as quickly as the aircraft requires. To one
degree or another, all of the satisfactory methods developed to date filter out trangsient events and
require persistgnce of indication before a-failure will be declared. The design of a diagnostic method
always require$ a balance to be drawn'between satisfactory performance and an|acceptable risk of
the “nuisance-disconnect”. This is defined as the declaration of a failure when nome exists and the
consequent mistaken attempt to provide protection by disconnecting correctly opgrating system

components.
3.3 Architecture and Applicatien:

The primary flight control servoactuators flying today use many different diagnostic techniques.
These differenges-are a function of the year in which they were designed, the diff¢ring performance
they must provide—and-the-variots system architectures-t-which thcy are cnlpiuy ed. There is no
universally applicable, “best” architectural approach. The architecture chosen for each new aircraft
will be determined by its mission and by the component and subsystem technology available to the
design team. This available technology will change for each new generation of aircraft and this will

force a re-evaluation for each new aircraft.
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3.3.1

3.4 Designing “By {he Numbers™:

3.4.1

Cross-Channel Versus In-Line Monitoring: The architectures proposed for the first generation of
FBW aircraft were frequently differentiated by their approach to monitoring. Four-channel
architectures featuring cross-channel comparison for failure detection competed with triplex

architectures

employing “in-line” monitoring.

Cross-channel comparisons between four channels typically allows the detection and isolation of
the first and second failures but not the third since a one-on-one comparison provides no basis for
distinguishing the bad channel from the good. With this type of architecture care must be taken to

avoid the poty
since there is
provide no pr
transducer.

In-line monitd

no way to distinguish the bad from the good. Two dual transducef]

ring provides “self-monitoring” of each channel and‘therefore can

provide sust

therefore proyides the same degree of fault protection as a.quadruplex cross-cq
architecture, though each channel of the triplex architecture contains appreciab
than each channel of the quadruplex architecture. In-ling monitoring allows a gr
system sepaiation, a desirable feature for flight criticalapplications and of great

certification

combinationg of in-line and cross-channel monitoring, protected for system safe

the system s

Probability of
combination

systems”. It is
(LRU) to ach
means that th
to a Fail-Safg
function may

ined operation with only one remaining channel, A triplex in-line m

commercial aircraft. Present-day FBW architectures almost invar|

paration discussion of 3.5.

Failure: Actuationsystems were once designed to operate follow
f failures such as “any hydromechanical failure plus loss of any tw
b now customary-to design an actuation system and each Line-Rej
eve allocated-probabilities of loss of function and loss of control. L
e systenmi ¢an no longer perform its intended function. In general it
(FS)mode of operation that allows continued safe flight and landi
or may not allow completion of a mission and mission reliability is

military actuation systems are specified. Loss of control, by contrast, means los

enttatfor singte faitures that wittresuttimanmevenmrmumberof thanmels being compared

s, for example,

ptection against disconnection of a single load path to the two!probes of one paired

be designed to
onitored approach
mpared

y more hardware
pater degree of
assistance to the
ably use

ty, as described in

ng a selected

o electrical
blaceable-Unit

bss of function
will have reverted
ng. This loss of
pne way in which
5 of control of the

aircraft.

Some military actuation systems have an FS mode that does not allow safe landing. Such a mode
may allow continued flight for a time sufficient only to allow engine restart or safe ejection.

In the military aircraft field the terms Probability of Loss of Function (PLOF) and Probability of Loss
of Control (PLOC) are customarily used. During the preliminary phase of a military air vehicle
design, the prime contractor and the procuring agency must agree on the vehicle mission reliability,

its PLOC and

the associated safety hazard categories, see 3.4.3 and 3.4 4.
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3.4.1 (Continued):

34.2

Each possible failure must be considered for its probability and for its consequences using Failure
Modes and Effects Analysis (FMEA) or Failure Modes and Effects Criticality Analysis (FMECA),
Fault Tree Analysis and Functional Hazard Analysis techniques, see 3.4.3. The design of the
failure-detection methods and the “coverage” they achieve is a vital part of this process.

Accessing historical data covering the failure rates and failure modes of actuation system
components is also of prime importance. SAE publication “Aircraft Flight Control System Design”,

section 12.1.

Fault Covera
percentage o
design togeth
system aspe
In this case tf
the PLOC for

A FMEA is cq
critical, missi
to the PLOC
trailing edge
safety critical
assessment
monitored wi
FMEA are us|

failure modes.

In a voting tri
so critical for
averaging mq
force sum po
the effects of
low. This is b

p,fistspotentratsources:

je: Fault coverage is the number of failures that will be detected g
f all failures that could occur. It is a direct result of a system’s over
er with the detailed design of its hardware and softwaré, Fault cov|
t, because it is often true that certain undetected failures can resu
e product of the probability of these failures and.their “lack of cove
the system.

nducted early in a system design to allow;the failures to be separg
bn-critical and non-critical categories and-hence to determine whic
and which to the PLOF. This categorization is mission dependent.
lap failures might be neither safety nor mission critical for a land-b)
for a carrier-based aircraft. The failure categorization allows a mo

be made of the fault coverage required since failures that are no
h a relatively low coverage without impact on PLOF or PLOC. The
ed to develop algorithms-to detect critical failures or to iterate the g

first failures-upstream of the last voting plane. This plane could be

chanism’such as a magnetic flux summing point within a servoval
nt within*or downstream of an actuator. The ability of such a voting
an undetected failure allows the coverage of the upstream failures
cause their contributions to the PLOF and PLOC are measured b

xpressed as a
bl architectural
erage is a vital
tin loss of control.
rage” will increase

ted into safety-

n faults contribute
For example,
ased aircraft but
e realistic

t critical can be
results of the
esign to remove

plex or quadruplex redundant FBW actuation system the issue of f1u|t coverage is not

digital voter or an
e or a mechanical
plane to absorb
to be relatively
combined

probabilities and the calculation of series additive events suppresses the impact of the undetected
failures on the overall failure rate.

For example, for a triplex system the calculation might be as follows. The PLOC for upstream
failures would be the product of the probability of the first failure, its lack of coverage and the
probability of the second failure. It should be noted that the precise form of these calculations is
dependent on the type of monitoring used.
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3.4.2 (Continued):

343

Failures within a specific channel or lane upstream of a voter can be grouped by their effects and
isolated as a group. All of these failures must be addressed correctly to allow the PLOC allocations
to be met. The PLOC is likely to be driven, however, by failures downstream of the voter. These
must be sufficiently remote and monitored with sufficient coverage to yield an acceptable PLOC.
Overall fault coverage during real time computations is typically 90 to 95%. Achieving a higher
percentage of coverage typically causes penalties in the Mean Time Between Failures (MTBF),
cost, weight, and volume because of the additional circuitry and software required.

Commercial Aircraft Failure Criticality and Probability: The safety analysis of ar} aircraft flight
control systefn starts with a Functional Hazard Analysis (FHA). The FHA{dentifies the hazards
associated wjth the failure modes of the system for that aircraft. These-hazards|are categorized
with respect tp their effect on the aircraft, the ability of the crew to deal with the fgilure condition and
the safety of the occupants.

Commercial aircraft airworthiness requirements define the various effect categories in terms that
vary from “Mipor” to “Catastrophic”. They define the criticality of the loss or degrpdation of function
caused by the failure in terms that range from “Non-Essential”’ to “Critical”. They| define the
allowable probability of occurrence of each category*in quantitative terms ranging from “Probable”
to “ExtremelylImprobable”. Finally, they dictate the-quantitative range of the allowable probability of
occurrence fgr each in failures per flight-hour terms. Table 1 illustrates these relgtionships with
information ektracted from the FAA Advisory Circular AC 25.1309-1A. It also shqws the differences
in definition between the Federal AviationsAdministration (FAA) of the United States and the Joint
Aviation Authorities (JAA), the equivalent certification authority for Europe. The fable shows that
the certificatipn authorities allow differing software levels to be associated with the differing effect
categories. This allows design approaches that segregate the detection of non-gafety-critical
failures to a geparate lane of processing and a lower level of software. Similarly| different design
criteria for thg robustness of the detection with respect to component tolerancing| could be adopted.

These requirgments must be satisfied by the architecture chosen for the aircraft| The design of the
failure detectjon plays*an important part in the choice of architecture and design|of the elements of
the architectyre. €ofrect detection and reconfiguration minimizes the hazard that results from a
failure; failurg to_correctly detect a failure can create an immediate hazard or sef the system for a
later catastrophic effect from a second failure as discussed in 4.2.3.

Analysis of the effects of each failure mode for a servoactuator allows differing approaches to be
adopted for the differing failure modes. More hazardous effects demand full-time, continuous
monitoring. Less serious effects can be addressed by background monitoring. See 3.8 for
discussion of the different categories of testing. In the commercial aircraft field, failures with less
serious effects and with low probabilities are tested for during scheduled testing every few hundred
flight hours.

-10 -
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TABLE 1 - FAA and JAA Failure Criticality and Probability Definitions

FAR-AC No significant degradat - | Reduction of the aircraft Prevention of
25.1309-1A | ion of aircraft capability. capability or of the crew continued safe
definitions. Crew actions well within ability to cope with flight and
their capabilities. adverse operating conditions. landing
of the airplane.
Slight reduction of Significant reduction | Large reduction in Loss of the
safety margins, in safety margins, safety margins, airplane
and/or fatalities.
Effects on
aircraft and reduction in the physical distress or
occupants . : _ ability of the flight workload such that
of the AMJ of slight increase in work crew to cope with the flight crew can-
: s load, (e.g. routine . -
identified JAR changes in flight plan), or adverse operating not be relied upon
failure 25.1309 ’ conditions to
condition. definitions. impairing their perform their
efficiency, or tasks accurately
or completely, or
physical effects but no injury to occupants. L
injury to occupants. serious injury to or
death of a relatively
small portion of the
occupants.
FAR effect category Minor Major Catastrophic
AC 25.1309-1 A.
Effect category ANMJ Minor Major Hazardous Catastrophic
of JAR 25.1309 and
Eurocae ED-12A.
Criticality category RTCA Non-essential Essential Critical
DO-178A for systgm
functions.
DO-178A Softwar¢ Levels. Level3 Level 2 Level 1
DO-178B Softwarg Levels Level D Level C Level B Level A
(Level E - No Effeft).
FAR quantitative Probable Improbable Extremely
probability terms. Improbable
JAR quantitative Frequent | Reasonably Remote Extremely Extremely
probability terms. Probable Remote Improbable
FAR and JAR qudntitative 1073 10° 107 10°
probability rangegT Probability of Failure Condition (for one flight hour or flight if less thap one hour).

3.4.3 (Continued):

The effect category also determines the subsequent action taken by the system. Failures that
impact safety must lead to immediate and automatic reconfiguration. Failures that reduce the
robustness of the system to subsequent failures may be annunciated to the pilot and used to
prevent subsequent flight dispatches until corrected. More benign failures and degradations may
be collected by a maintenance system for correction at a scheduled time and location. An
assessment of the effects and probabilities of all of the possible latent failures must be performed
to justify the scheduled maintenance time intervals.

-11 -
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3.4.4 Military Aircraft Failure Criticality and Probability: Almost all of the content of the previous
subsection applies equally to actuation systems designed for military aircraft. Similar hazard
definitions are established for military aircraft, though there is less consistency to the categories
and to their allowed probability of occurrence. The hazard categories are adjusted and their
accompanying quantitative requirements assigned on a program-by-program basis using MIL-F-
9490 as a guide. A single-engine fighter requires different treatment from a multi-engine transport.

Tables 2 and 3 contain information extracted from MIL-STD-882 providing guiding definitions for
hazard safetycategories andamexampte of a quatitative tazard probabifity Tarking, respectively.

TABLE 2 - Military Usage Hazard Severity Category Guide

Dedcription Category Definition

CATASTROPHIC | Death, system loss or seyvere’environmerjtal
damage.

CRITICAL I Severe injury, severéoccupational illness, major
system or environmental damage.

MARGINAL i Minor injury, minor occupational iliness, or minor
system or environmental damage.

NEGLIGIBLE v Less thaniminor injury, occupational illnegs, or
less than minor system or environmental
damage.

TABLE 3 - Example of Military Usage Hazard Probability Ranking

Descriptjon Level Specific Individual Item Fleet or Inyentory
FREQUENT A Likely to occur frequently Continuously experienced
PROBABLH B Will occur several times in the life ~ Will occur frequently

of an item.
OCCASIONAL C Likely to occur some time in the Will occur several times
life of an item
REMOTE D Unlikely but possible to occur in Unlikely but can| reasonably
the-life-of-an-tem be-expeetedto-occur
IMPROBABLE E So unlikely, it can be assumed Unlikely to occur, but
occurrence may not be possible
experienced

-12-
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3.5 System Separation:

Some applications demand a “brick wall” between the redundant electrical control channels. This
design approach forbids the use of electrical cross-channel interaction to avoid the corruption of one
channel by a neighbor. The issue of hydraulic and electrical system separation is similar. Hydraulic
system switching is sometimes seen in military aircraft, usually protected to prevent loss of multiple
systems through a single leakpath, but very rarely used in commercial aircraft. Electrical bus
switching is used in both military and commercial aircraft, accompanied by dedicated un-interruptible

back-up power

For commercia
elimination of |
brick wall comg

being monitore
approach.

High-performar

control of failur

from the ideal state must be detected immediately. This.situation has been addres

cross-channel

Brick-wall requ
developed to p

of data buses &
channels. DC 4

supplies. Logic

hydraulic presdure. This pressure_is often provided with a “fuse” to protect agains
systems from g

There is program cost associated with many of these means of protection, for exat
verification and validation required for Cross-Channel-Data-Link (CCDL) hardwar
use, any data tfansfer’between channels carries risk and in some situations rem
Where it is adopted care must be taken to limit cross-channel corruption by the u

forfiightTriticatsystems:

| aircraft, brick wall separation greatly assists the certification-procs
ome common-mode failures that could disable more than-ene eled

. The Space Shuttle monitoring description in 5.3 provides one e

ce military aircraft typically operate at flight.conditions that deman
b transients that the differences between ¢hannels must be minimg

rements have become less absolute. Design techniques and tech
rovide safe means of cross channel information handling through “
nd optical coupling. Data*buses now carry multiple commands ger
uses that power each channel are themselves derived from redun
states of an actuation system can be signaled from one channel t

single-point-failure.

bss because of the
trical channel. A

els the use of “in-line” monitoring, that is, monitoring contained within the channel

ample of this

d such close
| and divergence
sed with the use of

pqualization or voting and cross-chanfiel comparison for failure detection

nology have been
puffering”, the use
nerated by parallel
dant DC power

b another as a
loss of two

mple the additional
b. Despite their

aslins prohibited.

e of, for example,

authority limiting and particular care used to prevent a failed channel from turning off a healthy

channel.
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3.6 Fighting Between Redundant Commands to a Surface:

3.7

3.71

When multiple command channels are summed to position a common surface in a majority-vote or
“active-active” manner, the commands will tend to fight one another. The summation may be within
the position control loop or velocity control loop of a single servoactuator, or within the structure of a
single surface driven by multiple servoactuators. It may take the form of a fight between electrically
induced magnetic fluxes, a fight between summed flows, a force fight at the level of the forces
required to drive a control valve or a force fight at the level of the full output force capability of the

......

servoactuator.
servoactuator.
exaggerated by

hese differences are dominated by the tolerances of the elements
their high gain.

This fighting cgn degrade the performance of the servoactuator and, in.the worst

damage the st
architecture tha
the measured i
could be strong

The Space Shu
fighting, places
and provides g
complex hydro
are practicable

Electronic Rigg

ucture of the aircraft. In addition, successful failure detection within

hdicators typically used in failure detection. Servévalve output pres
ly biased or even hardover due to force fight, even though no failu

ttle servoactuators, see 5.3, employ anarchitecture that diminishe
the fighting in a location where it canfot harm the life or performa
bod failure detection despite a complete brick-wall. The actuation
mechanically, however. Simpleractuation schemes with better pos
if electronic rigging is adopted.

ing:

Electronic Ri
functions ha

ging Purpose: In.some digital fly-by-wire flight control systems el
been develeped to reduce maintenance costs by eliminating the

adjustments ¢f actuator length normally required to accommodate manufacturin
air vehicle structure. Tihese functions have a secondary benefit in that they can ¢
effects that cause the-force fighting between redundant channels described in 3

d around the
5 of the loops,

case, could
a system

t did not address force fight would be jeopardized.because of the fesultant effects on

sure, for example,
re had occurred.

s the effect of the
nce of the actuator
ardware is very
tioning accuracy

ectronic rigging
manual

g tolerance in the
ompensate for the
.6.

The critical epdTesult of a rigging process is the correct alignment of the trim pg

sitions for the

surfaces, since this affects the aircraft range performance, and this part of the rigging process
always requires some manual input. The accuracy over stroke, by contrast, the part of rigging
which can be automated, may be very important for the flight control system but is much less
important for the aircraft, This is because, in FBW aircraft, the pilot commands aircraft rates and
accelerations and the control laws automatically adjust the control surface positions to meet the
commands. The actuators are normally provided with sufficient stroke to allow the rate and
acceleration requirements to be met with worst case tolerances and structural deflection.

-14 -



https://saenorm.com/api/?name=6d0a135af562f6863aa7526f530a5fb3

SAE AIR5273

3.7.2 Rigging Definitions: The following related terms are sometimes used to define differing parts of the

3.7.3

overall proces

S

* Rig — An on-ground manual process to adjust each of the actuators to their required trim position
and to ensure that they are capable of achieving their required surface deflections. Typically an
external human interface is required to provide feedback that the correct surface position has
been achieved.

* Autorig — A

as feedbac

Rigging and Failure Detection: All forms of electronic rigging require«the storag
parallel channels in Non-Volatile Memory (NVM). These offsets a
compensate for the fight-producing differences, 1he procedure sq

offsets for the
commands tg
compensateg

the fault mon|toring signals in the redundant channels. This,can allow the failure

automated process by which timitedauthority offsetsare inserte
electronics jof the redundant actuation system. Autorig typically requires less-H
of surface position is handled within the redundant electronic.con

in the servoloop
uman intervention
trol.

e of command
‘e added to the
metimes

for gain differences as well as null offsets, thereby reducing the differences between

-detection

thresholds to|be reduced in size to permit faster detection and diminished transjents. Since the

rigging must pe a ground procedure, however, it cannot correct for in-flight effed

temperature

the LVDTs, which many systems use to sense actuator position, are sensitive tg
maintenance[procedures must define the hydraulic fluid temperature range acce

ts, such as

ariations from system to system, and:the thresholds must allow fgr these. Because

temperature the

ptable for accurate

rigging. Electfonic rigging is easiest to perform when cross-channel transmissiop of information is

allowed. If applied to a brick-walled architecture, each channel must at least kng

neighboring ¢

The issue of where to store command-offset information creates concerns for th

hannel is performing certain operations.

bw when a

e on-time

departure of commercial aircraft and for the sortie rate of military aircraft. Any fdilure that cannot

easily be isolated to the failed LRU is likely to lead to the replacement of differe
attempt to find the failare: If the LRU containing the stored rigging information is
actuation system design must ensure that the system must be rerigged before fi

can be short

n duration the manual rig process is not.

nt LRUs in the

replaced, the
ight. While autorig
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3.8 Real-Time Monitoring, Continuous Built-In-Test and Initiated Built-In-Test:

The monitoring techniques described in this document are used for continuous monitoring and for
periodic initiated testing. The terminology used to define Built-In-Test (BIT) in its various forms is not

consistent acro

ss the industry but the following usage is typical:

Real-Time Monitors — These provide failure detection of all safety critical functions so that the

Redundancy Management System / Actuator Signal Management can isolate the failures.

Continuous B
perform failun
monitors’. CH
failed compo
subsequent n
monitoring of

Initiated Built
sequences pf
has the ability
actuators, tes

The IBIT seque
test the operati
time monitor th
testing the ope
method descril;
pre-flight testin
occurs, a servg
the command f

In addition, the
turn hydraulic s
the performang

uilt-In-Test (CBIT) — CBIT normally employs background processing. It is used to

e detection on non-flight critical functions and report the status-of 4
IT also performs some analysis of status from real time manitors t
hents and collects information to provide the aircrew with system s
haintenance actions. Sometimes the term CBIT is used'to describg
actuation system functions.

In-Test (IBIT) — IBIT includes all of the pilotcand maintenance crew
erformed on the ground, pre-flight, post-flight and during scheduled
to check the entire system including actuator slew rate, shutdown

|l of the ‘real time
D further identify

latus and data for
e all of the in-flight

initiated test
maintenance. IBIT
and reset of the

ts of failure detection hardware and.checks for passive or latent fajlures.

nces will detect the same genuine failures that the real-time monitq
bnal functions and the failure/detection hardware to limits more stri
Fesholds. Checking the failure detection hardware is sometimes m

rs will find and will
ngent than the real
pbre difficult than

rational functions. For example, the hydromechanical servovalve failure detection

ed in 5.6 for the LAVIdetects servovalve failures but not electrical
j, to demonstrate\that the comparator spool is not silted up and wi
valve failure must be electrically simulated which requires addition
aths to the-actuator.

IBIT sequences are able to perform tests that would not be safe in
ystems on and off, perform rate checks, examine thresholds and Ig
e-of the operating components. All of this takes time. Choices mug

failures. During
| move if a failure
al connections in

the air. They can
ok more closely at
t be made as to

what must be performed at every pre-flight check and what may be delayed for one, several or many

flights.

Within the Airline industry, IBIT that can be performed post-flight or at scheduled intervals is much
preferred over pre-flight IBIT. Post flight IBIT may reveal faults that can be fixed by maintenance
action between flights. Pre-flight IBIT can reveal the need for maintenance just as a loaded aircraft is
leaving the gate, a situation that one airline refers to as “maintenance by surprise”. Consequently,
preflight IBIT will be very limited, post flight will perhaps contain more tests and maintenance IBIT will
contain different sequences for different ‘check’ intervals, determined by the criticality of the failure,
the likelihood of its occurrence and the terms of the Airworthiness Certificate.
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3.8 (Continued):

For military aircraft there will be two IBIT modes, preflight/post-flight IBIT and maintenance IBIT.
Preflight IBIT running time is normally limited to 1-2 minutes. Typically it will move several actuators
simultaneously at high rates and will not include any of the manual intervention tests needed to
check some of the flight control crew station switches and functions. Maintenance IBIT assumes the
aircraft is operating on external hydraulic carts and includes the manual intervention tests necessary
for a complete system test.

4. MONITORING TECHNIQUES:
4.1 Failure Locatiops:
Figure 2 illustrgtes the essential elements of a typical FBW actuator.

All of these elements have failure modes that must be addressed.

HYDRAULIC | WA %‘33?585
SYSTEM/S ‘ i ! [—'* ELECTRONICS
]
SERVO-
SENSORS
VALVE/S \l\ -POSITION
' -VELOCITY
| | l -PRESSURE
LOGIC | | SOLENOID
VALVING VALVE/S

- o
@w “acTuAToR

FIGURE 2 - The FBW Primary Flight Control Actuator

4.2 Failure Types:

4.2.1 Passive Failures: A “passive” failure of an element of a servoactuator makes that element unable
to respond to commands. For example, a solenoid valve may fail open and cause the
servoactuator to fail passively to a damped bypass mode. Alternatively, a non-redundant
servovalve may jam at a position away from null and cause an active hardover of the
servoactuator. Finally, an open solenoid failure could cause a servovalve to be bypassed while
other redundant servovalves allow satisfactory servoactuator operation to continue.
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4.2.2 Active Failures: An “active” failure of an element of a servoactuator causes an uncommanded
output of the element that is likely to cause an uncommanded motion of the servoactuator. The
particular arrangement of the redundancies within the servoactuator and its closed loops may allow
the effects of the failure to be suppressed or rejected while the failure is being detected and the
servoactuator reconfigured. For example, whereas a hardover of a non-redundant servovalve will
cause immediate uncommanded motion of the servoactuator, a hardover of a voted position

423

424

command wil

Latent Failure
occurred, has
responding tq
a jam of a by
servoactuato

Oscillatory F4
at levels that
loading of thg
structure “Lo
environment

* The JAA ar
found in NH

specified against frequency, are allowed!io exist. Oscillations below Level 1 a

continue fo
occurring a
must be dig
disabled wi
designer is
amplitudes

Since mode
to visualize

| be rejected without significant output motion.

pbass valve in the operative position would have no immediate effe
" but could prevent isolation of a subsequent hardover failture of a s

ilures: Oscillatory failures are of particular concern because they
are hard to detect. The concern has three differént aspects. There

al” to the actuator or a cockpit vibration may create an intolerably
for the flight crew.

d FAA established “Global Structure” design load criteria. The JAA
A 25C-199. These criteria limit the time for which two differing leve

" the rest of the flight. Oseillations above Level 2 shall be disabled
a frequency of less than*s Hz. If they occur at a frequency higher
abled within 0.2 seeonds. Oscillations between Levels 1 and 2 mu
hin 5 cycles or 3'seconds per failure occurrence, whichever is less
responsible far determining the structural loading and hence the ¢
that correspond to Levels 1 and 2 for the aircraft in design.

rn flight-control systems are extremely complex it may be argued {
all of:ithe mechanisms that could lead to oscillatory failure. Instead

exceed the

. ' is a failure that has
not been detected and isolated, and has not yet prevented thé servoactuator from
commands. The danger lies in subsequent failures of other.eleme¢nts. For example,

ct on the
servovalve.

can be damaging
may be oscillatory

aircraft structure in a “Global” sense, thereimay be damaging dynamic loading of the

fatiguing

criteria may be
ls of oscillation,

e allowed to
within one cycle if
than 5 Hz they
5t be detected and
5. The airframe
bntrol surface

hat it is impossible
, failures that

requirement are postulated. They are assumed to be rare but mug

t be detected and

shutoff since they are safety items. The allowable surface deflections and frequencies set the
thresholds and persistence for the monitors.

 “Local Structure” oscillatory effects may be of concern if multiple actuators are used to drive a
single surface in an active-active manner. Oscillatory force fights between the actuators may
consume the fatigue life of the structure or even cause the disconnection of an actuator. This
type of failure therefore often has a safety implication and always creates an economic concern.
The failure criteria for these failures are expressed in terms of actuator differential pressure and
frequency. The oscillatory pressures must conform to the limits or must be detected and shutoff
within a specified time. The monitor threshold and persistence may be arranged to limit the
fatigue damage to a small percentage of the structural life.
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4.2.4 (Continued):

» Crew station environmental failure criteria are expressed in terms of vibration amplitude at the
pilot and copilot’s seats. A low level of vibration is defined as tolerable for the time required to
divert the flight to an alternate airport, closer than the scheduled destination. A higher level
requires detection and shutoff within a certain time.

4.3 Failure Detection Approach:

The failure-det practicable with
real-time monitprs and CBIT. Some modes have to be detected by periodic in§pe¢tion and others
must be made extremely remote by design and tested by IBIT.

The types of sgrvoactuator failure that are usually covered by CBIT or4BIT are listed in Table 4 and
those that are detected by inspection or protected against by desigh are containeg in Table 5.

The element thiat has historically received the most attention is'the servovalve, which takes one of
two forms:

» The Electrohydraulic Servovalve (EHV), or
» The Direct Diive Valve (DDV)

Most EHVs ard two-stage devices though som@are single stage and most DDVs |are single stage
though some hpve two stages.

TABLE 4 - Servoactuator. Failures Covered by Real-Time Monitoring |or BIT

COMPONENT, FAILURE MODE
EHV Open or shorted coil
First stage zero output
Broken feedback wire
First stage hardover
Second stage jam

DDV Open or shorted coil
Valve jam

LVDT Open or short primary or secondary
Probe disconnect

Logic spool valve Jam
Restrictor clog

Solenoid valve Open or shorted coil
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TABLE 5 - Servoactuator Failures Typically Covered by Inspection or Prevented by Design

COMPONENT FAILURE PROTECTION
Solenoid Valve Jam or leak Three-way, poppet-type
Actuator LVDT Probe disconnect Dual retention of threaded adjustment
Actuator Rod seal leakage Inspection
Mzchanical failure c;f rod, Conservative design, dual load path
rod end, attachmen

4.4 EHV Failure Dgtection:

EHVs incorporate electrical torque motors that consume small amounts of electrigal power, typically
tens of milliwatf{s, to produce a fraction of one inch.Ib of torque. This torque offsetq a friction-free first
stage that produces a flow output of less than one cubic inch pef.second. This flow and the
differential pregsure that the first stage can also generate, is.uséd to drive a spool-and-sleeve-type
second stage dapable of providing many horsepower to the:actuator. Normally a Ipop is closed
around the spopl position with a mechanical spring that feeds a torque back to the torque motor so
that, in the equjlibrium condition, the second stage pasition and output flow are proportional to the
current suppliefl to the valve. These elements are shown in Figure 3.

TORQUE
MOTOR |

W OJ
FIRST M
FILTER \___I‘/ STAGE FIRST STAGE

B
Ps

—— FEI‘El:Ialg/éCK
L EHV
SECOND STAGE
]

l SECOND SIMPLIFIED PICTURE
C

=
|
=

5
LN UE

[}

STAGE

D=5

FIGURE 3 - The EHV
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4.4 (Continued):

441

The EHV has “passive” failure modes, in which the second stage refuses to change its flow output,
despite changes to the current command, and “active” failure modes in which the second stage
output makes uncommanded changes. Note that a passive failure of the EHV can result in an active
failure of the actuator that may be driven towards its hardover position at a high but fixed rate.
Passive EHV failure modes include an open torque motor coil and a jammed spool. Active modes
result from unbalanced orifice-plug modes of the first stage, mechanical failures of the first stage and
failure of the feedback wire spring from the second stage. A third category of failure mode includes
changes of gail i i T i ectromagnetic or
temperature mishaps, erratic operation caused by severe contamination of the, second stage and
oscillatory failufe modes (see 4.2.4). The probability of an oscillatory failure.is“exfremely remote”
(<107 flight hoir) for a conventional EHV with mechanical feedback proyiding the loop closure
around the secpnd stage. For a valve with electrical loop closure it is “remote” (< 0'5/ﬂight hour)
because of the|higher probability of an electronic open failure and the-consequent loop instability.

Passive Failures and the use of Bias: A passive failure of a sérvovalve, or loss [of the current to it,
will induce a hardover failure of the actuator, but normally.at'a lower rate than an active failure will.
This should dive a smaller failure transient but may not¢since passive failures can be hard to
detect. Becayse of this, passive failures are sometimes converted into active failures by biasing the
first stage of the servovalve so that, in normal operation, zero current does not ¢orrespond with
zero flow. Bigsing is also often used to obtain a preferred polarity of failure. A biased first stage will
ensure a preferred hardover direction in the.event of the loss of the electrical cdqmmand. With a
conventional [EHV zero current will correspond to zero flow but with a biased valve a current must
be applied to[achieve zero flow and this performance is illustrated by Figure 4.

| ¢
MECHANICAL OR
EHV MAGNETIC FIRST
FIRST STAGE BIAS
STAGE

i CURRENT

4 EHV
SECOND STAGE

CURRENT
BIAS

FIGURE 4 - Biased Servovalve Operation

It is now conventional for FBW spoiler actuators to achieve fail-to-retract in this manner. Similarly, a
spring bias of the second stage will give a preferred hardover direction if the first stage loses its
ability to provide a force to control the second stage. It is sometimes used for other reasons such
as to ensure that the second stage is open at start up or following loss of supply pressure. In
normal operation this type of bias will be suppressed by the first stage pressure gain and will not
provide a hardover second stage as a result of, for example, an open coil.
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4.4.2 Where to Detect Failure: The sooner an active failure is detected and dealt with, the smaller will
be the failure transient. Ideally then, active failures of the first stage of an EHV should be detected
at the first stage. Detection at the second stage is second best and detection at the servoactuator
output is likely to give the worst transient. In practice, detecting failures at the first stage must be
approached with care because of the non-linearities of the device and because this method will
usually not detect a jam of the second stage. Reliable detection at the output of a surface actuator
is difficult to do because a good actuator will exhibit a wide range of performance due to the wide
range of applied loads, as discussed in 4.9. Most often then, EHV failures are detected at the
second stage, helped by the linearity of the torque motor and of the feedback wire spring which

together mak
therefore pre

4.5 Direct Drive Va

DDVs use an e
usually employ
separate coil w|
summation of n
design is show

Hictable.

ve Failure Detection:

multiple-coil redundancy wherein three or four eléctrical channels
thin a common magnetic structure to control the‘output of the DD
nagnetic flux. A typical single-stage DDV is shiown in Figure 5. A li
n. Rotary force motors are also frequentlyused.

ARMATURE
— TRACTIVE BEARINGS/
AIRGAPS SUSPENSION
R4

MOVING
ARMATURE

I\
C1 l C2l J
STATIONARY POSITION

REDUNDANT MAGNET/POLEPIECE TRANSDUCER
COILS ASSEMBLY

FIGURE 5 - Typical DDV

Fthe Tefationship between the currentand the EFV spootpositiomvery linear and

lectrically powered force motor to position the high-power valve spool directly. They

each drive a
through the
near force motor

Those DDVs that use tractive air gaps employ centering springs to cancel the negative magnetic
spring rate and to help the force motor to generate a chip-shearing force to return the spool to the
zero flow position. In order to provide the resolution required for primary flight control an electrical
loop is invariably closed around spool position. However, the presence of the centering spring means
that a few watts of electrical power must be applied to hold the valve wide open.

Providing for the detection of the active failure modes of an EHV causes much of the typical
hydromechanical complication shown in the examples of 5.1, 5.2 and 5.3. DDVs may suffer from
passive failures caused by coil opens and spool jams but they do not have the potential for active
pilot stage failures. The application of DDVs to flight control has therefore allowed the introduction of
actuators that are much simpler hydromechanically.
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4.5 (Continued):

Coil opens and shorts may be detected with “high-end” cross-channel voltage level comparisons or
in-line modeling of the loaded servoamplifier. The short failure is a special case because the currents
in the non-failed coils that result from the mutual inductance cause poorer dynamic performance than
in the open failure case. Because of the large inductance portion of the impedance of the typical
DDV caoil, this effect is much more marked with a DDV than with an EHV. The algorithm required for
the diagnosis of a short failure is more complicated than that for an open failure but has been shown
to be practicable.

Flight control D|DVs typically have a chip-shearing capability in excess of 1001b aLd are provided
with perhaps 10 to 50 watts of electrical power to achieve it. Even though this forte level is high
compared with [the force normally required to operate the spool valve, it issmuch Igwer than the force
levels designed into previous generations of hydromechanical flight control servoactuator and
carried over intp EHV FBW servoactuators. Consequently, the provision of reliablg detection of a jam
and the ability fo reconfigure the servoactuator following the jamdis)always considgred to be
mandatory. Regonfiguration is achieved, as it would be with an"EHV servoactuatar, with a solenoid-
driven bypass yalve operated by the failure logic. The jam-failure detection logic could be performed
hydromechanidally but the electronic approach is lighter, cheaper and more reliabjle.

Figure 6 illustrgtes the typical logic tests for a jam:

ABSOLUTE

VALUE

s CURRENT}—— \!/

spooL LIC | 2 i
POSITION

ABSOLUTE
VALUE

HIGH CURRENT
CHECK

OB [TME —=JAM !

[+

THRESHOLDS |
FOR POLARITY

HEoLe

POLARITY CHECK

FIGURE 6 - DDV Jam Detection Logic
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4.5 (Continued):

4.6

They are listed as follows:

* A sustained high current with the spool close to null.
» A sustained polarity error between current and displacement, outside a threshol
A sustained polarity error between current and displacement, outside a threshol

d for current.
d for displacement.

It should be noted that the absence of a pilot stage often causes the DDV to require a high electronic

gain, at least fi S ; ;

biases between channels, would drive adjacent channels into opposite-sense’sat
problems with performance, power consumption and failure-detection, if cross<ch
equalization or|voting were not used.

Linear and Rotary Variable Transformer Failure Detection:

Linear and Rotary Variable Differential Transformers (LVDTs and RVDTs) are inva
and sometimeq cross-channel compared. The in-line testing requires a center-tap
winding. The cénter tap allows the individual output voltages to be measured with
and then summed for failure detection. By contrast, the:difference, which could be
a center tap, is|the proportional output normally usedfor control. For failure detect
voltages is compared with a minimum expected value to provide confirmation thaf
voltage is reaching the LVDT, that the LVDT has retained its continuity and that al
leads are correctly connected to the electronic set, as illustrated by Figure 7. Thig
method detectg all opens, shorts across-the primary and shorts to ground of eithe
isolated “high-tp-low” short of the output-Detection of this last type of fault requires
allowing the oufput voltages of the«two halves of the secondary to be measured s
isolated manndr.

DIF:'-ERENCE | CONTROL

- | i

with minor null
Lration, causing
hnnel current

iably in-line tested
ped secondary
respect to ground
measured without
on, the sum of the
the excitation
three secondary
failure detection

r output but not an
5 a “six-wire” LVDT
eparately in an

Bistows
__ 5

e A ml—
+
0 "OPEN"
SUM DETECTION

5-WIRE LVDT

FIGURE 7 - LVDT Failure-Detection

Rotary variable differential transformers supplied with only four wires, for situations where in-line

testing is not required, are sometimes called “RVTs”.
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4.6 (Continued):

4.7

It may be noted

temperature.
Logic Valve Fai

Logic spool an
position requirg
sudden reversa
Consequently,
Nonetheless, tt
needed to shut
periodically grg
comparative pg
example, the b
off, as illustrate

that “ratiometric” LVDTs are wound to provide an output voltage sum that is constant
over stroke. The demodulation of this type of LVDT is arranged to provide a normalized output, of
difference divided by sum, which is independent of supply voltage and much less variable with

lure Detection:

- i -fogded, to the “safe”
usually see a

| of polarity of a generous applied force at the time they are required to move.

ng of the lap-fits.
ition when it is

pff a hardover valve, could be disastrous. Consequently, such valves are customarily
firmed by two
rformance tests. Sometimes it is inferred from.thie operation of angther device. For
ypass for an EHV can be arranged to turn the hydraulic pressure tp the EHV on and

d to deal with a failure. By definition they are not proportional and

hey are normally very reliable devices despite the potentialfor silt
e consequences of say, a bypass valve jammed in the*normal pog

und-tested. Sometimes the correct switching opefation can be con

Then, if the EHV second stage is spring-loaded hardover at loss of pressure, the ability of the bypass
as the solenoid valve is energized and deenergized is confirmed by the output of the

spool to move

d by Figure 8.
TOEHV
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| \ [ —F5
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FIGURE 8 - Logic Valve Failure Detection

second stage LVDT. This approach is used in the V-22 servoactuators

-925.



https://saenorm.com/api/?name=6d0a135af562f6863aa7526f530a5fb3

SAE AIR5273

4.8 Solenoid Valve Failure Detection:

4.9

The scheme described above and shown in Figure 8 also allows the solenoid pilot valve function to
be completely checked. More often the diagnostic method is less complete. Voltage and current
monitoring can detect coil opens and shorts, respectively. Mechanical jams are avoided by the use of
poppet-type valves and protection against leakage of the poppets is provided with three-way valves
so that any seepage from pressure or to return is made insignificant by the vent to return or the
opening to pressure.

Outer Loop Mo

The F-111 Seri
that actuator w
loading.

By contrast, th¢ modeling of the output position of a surface actuator is difficult bg

variation in ser
information abd
differential pres
hydraulic pres
illustrated in Fi
failure detectio

deling:

As a secondary actuator so that it was only exposed to finkage fric

ovalve output that results from the power drawn from the actuator
ut the varying hinge moment demanded from the actuator is often
sure transducers provided for other reasons, such as load dampin
ure supplied to the actuator is rarely;known. In consequence, oute
ure 9, needs generous fail-detect\thresholds and is normally inclu
.

bs Damper servoactuator made successful use of outer loop moniﬂoring. However,

ion and inertial

cause of the wide
Although
available from

g, the varying

r loop modeling,

ded only for final

SURPLY — % 1 le APPLIED
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1 TIM
MODEL Lol s | KR s L= IME L LURE
COMPARATOR DECLARED

FIGURE 9 - Outer Loop Modeling
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5. SERVOACTUATOR FAILURE DETECTION DESCRIPTIONS:

5.1

5.1.1

5.1.2

F-111:

The F-111 is a fighter/bomber aircraft. Its flight control system is mechanically commanded with
electronic augmentation in each axis provided by the redundant series servoactuator, the failure
detection for which is described in this section.

Series Augm T ; al-area, dual-

tandem design, controlled by two two-stage EHVs, force-summed at the actiator. This design can
be said to be [the forerunner of today’s FBW servoactuator. In fact, these servoagtuators were used
in the YF-16 fo provide FBW pilot commands to the hydromechanical surface sefvoactuators. More
information apout the flight control actuation system may be found incAlR4094 and “Aircraft Flight
Control Systgm Design”.

Actuation Arghitecture: The design featured a very simple el€&ctrical interface. The outer loop
closure is mechanical so that the current commands to the EHVs are proportional to the required
output positign and the actuator is turned on and off with, latching solenoid valvgs. The
servoactuatof is complex hydromechanically. It usestwo hydraulic systems and|three electrical
commands each driving a two-stage EHV. Two EHV's operating on different hydraulic systems
power the tarjdem actuator while the third EH\. drives a small actuator that models the
servoactuatof position output. Figure 10 shows the F-111 actuator in much simglified form

oM P \CH2) P2
oy

) d 'ngi?gége USE HYDROMECH
T\ e, ST et
9| SIGNAL FAILURE
Q1 -Q2
S
@_J:rr_lgﬂi - I
Il 1] T LJ I U 7
TANDEM ACTUATOR MODEL ACTUATOR
[N[0] 1 S = MECHANICAL FEEDBACK PATH

FIGURE 10 - F-111 EHV Failure Detection
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5.1.3 Failure Detection: The two functional valves are hydromechanically equalized for good
performance through mechanical feedback from the integrating equalizer. The equalizer compares
the differential output pressures of the two operational EHVs and provides equal and opposite
feedback to each valve. If the equalizer approaches its limited authority to equalize, a failure is
indicated and the third channel determines which of the two functional channels can be allowed to
continue to control the output. This decision is made through a polarity check conducted by a
device comparing the positions of the actuator and the model actuator.

5.2

5.21

5.2.2

If the remaini
would cause
shut down if |

It is notewort
stage output
springs. Thes

f NP N it - "
he actuator to shut down if one functional valve had already beéen-
poth functional EHVs were still operative.

ny that the failure-detection comparisons are at the level of the intg
and that the loop closures around this output are made-with linear
e springs suppress the non-linearities within the EHVs, except thg

motors, whicly are very linear devices, provided saturation effects are avoided.

Tornado:

The Tornado is

a multiple-role combat aircraft. Its flight control system is full FBW|

mechanical comnmand reversion. This section describes the failure detection for tf

servoactuator t

Taileron Seryv,
dual tandem

reversion fea
mechanical s

hat provides control of the differéntial horizontal tail surfaces.

pactuator Configuration;~The Tornado Taileron servoactuator is a

Hesign. The principal mode of control is full FBW. The actuator has
ure that enables a-smooth and immediate transfer of control from
gnaling, either automatically or upon the pilot's command. More in

the flight confrol servoactuators may be found in AIR4253.

Actuation Arg
demand (stic

hitecture? Figure 11 shows a schematic of the overall FBW contro
positiorn) and flight data are processed by a triplex Command and

AugmentatiorL

lanes to four

System (CSAS). The last voter/monitor stage of the CSAS conve

n discrepancy
pst or the model to

grated second
mechanical
se of the torque

with backup,
e Taileron

partially balanced
a full mechanical

electrical to
formation about

system. Pilot’s
| Stability
rts the three input

utput lanes for feeding the Taileron actuator, which is quadruplex

to match the dual

hydraulic supply. This actuator incorporates a complex sub-assembly called the quadruplex
actuator, which performs two important functions. It converts the CSAS electrical output signals

into a mechanical input signal to the actuator main control valves that control the ram position, and
it also allows for variations between the four CSAS electrical lanes. Should there be a substantial
variation in one lane, then the quadruplex actuator automatically isolates that CSAS lane from the
common mechanical input to the main valves.
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5.2.3

CONTROL

STICK
SROGRAVIVED QUADRUPLEX
MANEUVERS ACTUATOR
CSAS MAIN
ACTUATOR
L x
J‘ OUTPUT
VOTER TO
-~ MONITOR _—jL-L MAIN CONTROL
TRIPLEX ] SERVO SURFACE
AOTENTIOMETER [E VALVES

Failure Deted
electrohydral
froma D.C. g
mechanical

clutch plate t
variable degr
actuator to:

FIGURE 11 - Tornado Taileron Actuator EFBW Control Architectu

tion: Each of the quadruplex actuator input lanes commands a se

F

all

e

parate

lic servo valve that governs the position of a small hydraulic actuator with feedback

otentiometer. Thus, the four electrical inputs are converted to four
ovements. The four actuators«drive ‘connecting rod’ links, each off
at is hydromechanically loaded onto a driven plate secured to the
e of coupling between the Clutch plates and the output shaft enab

» Operate with four lanes funetioning, despite minor disagreements.

» Disconnect
» Disconnect

The disconne
driven plate 3

any lane whose-degree of disagreement exceeds a critical value.

all operatinganes in the event of multiple faults.

ct coupling comprises three conical pegs projecting axially from th
nd nermally mating with detent sockets in the corresponding face

plate. With h

independent
which rotates a
output shaft. The
es the quadruplex

e face of each
bf each clutch

draulic power on and all lanes operating, the four actuators drive four clutch plates

arranged in two pairs, each pair gripping a driven plate between them. The whole assembly moves
together and establishes a consolidation of the output displacements of all four control lanes in the
inner loop. In the event of the output of one lane seriously differing from the other three, the output
consolidation favors the three concurrent lanes. Minor deviations are accommodated by the detent
sockets of the clutch plates, riding away from the conical pegs on the driven plates against the

clamping force of hydraulic clutching pistons inside the hollow output shaft. This allows each clutch
plate to move through an angle of about 4° relative to its mating driven plate, which represents

twenty per cent of the total lane displacement in that direction.
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5.2.3 (Continued):

5.3

5.3.1

5.3.2

Once the disagreement in any lane causes the relevant clutch plate to move through a relative
angular distance greater than approximately 5° the axial travel of that clutch plate along the output
shaft becomes sufficient to cause effective disengagement. A spring-loaded latch plate drops
between the clutch plate and driven plate preventing the faulty lane from being re-engaged (until
the latch plate is deliberately manually raised). The axial travel of the clutchplate closes a switch
signaling a failure of that lane. Further rotation of that clutch plate, such as would occur with a
faulty hard-over signal, carries the detent sockets out of engagement with the conical pegs of the

driven plate,
be maintaine

Two of the qu
channels are
energized in
axially overcg

50 thatthetorque itcam transmit s effectivety zero. T e output driv
] by the three surviving channels.

adruplex channels are supplied from one hydraulic system, while
supplied by the other hydraulic system. The clutch plate loading p

ming the separating force from concentric pairs of ¢oil springs. In

p thus continues to

he remaining two
stons are

pairs from the two hydraulic systems and clamp the/quadruplex top shaft assembly

he event of failure

of either hydrpulic system, these springs push apart the two. affected clutch plates until they are no

longer in eng
other failure

The system @
operating ele
mechanical s

Space Shuttle

The Space Shu

such as satellit

Actuator Con

as previously taken place).

ontinues to function on at least one hydraulic system and at least
ctrical channels. Any further fault, however, will cause an immedia
gnaling.

Drbiter:

ttle Orbiter is the reusable “Spaceplane” currently employed for dg

iguration:yThe Space Shuttle Elevon flight control and the Thrust

hgement with their driven plate. This is again.signaled as a fail-opefate condition (if no

WO correctly
e reversion to

livery of payloads

bs to low earth orhit. This section describes the failure detection employed by all of
the full FBW flight control and thrust vectoring servoactuators.

Vector Control

servoactuatofs are-all*equal-area, single-chamber designs. They are controlled [by four two-stage
EHVs and supplied“with two or three hydraulic systems, selected for use by intggral switching
valves. More|information about the flight control servoactuators may be found in AIR4253.

Actuation Architecture: The actuators employ a quad-channel, brick-walled arrangement. The four
channels of control are brick-walled down to a mechanical summing point at the Main Control Valve
(MCV). Each of the four electronic channels drives a separate EHV and the pressure outputs of the
four EHVs are force-summed, in a majority-vote manner, at four pistons rigidly coupled to the MCV.
To aid this force summing the two-stage EHVs use internal pressure feedback for reduced
pressure gain.
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5.3.3 Failure Detection: The four EHV pressures are in-line equalized, to maintain the brick-wall. That is,
the output pressure of each EHV is measured with a pressure transducer and an attempt is made
to hold this pressure down to a third of supply pressure with an integrating, equalizing circuit of
limited authority. If this equalization runs out of authority and the pressure climbs above the fail-
detect threshold a failure of the control channel is declared.

The fail-detection portion of the flight control actuators is illustrated in Figure 12.

CHANNEL 2 EQUALIZATION ‘
T FD MONITOR
GAIN |IMITER LAG DEAD- RESET
POSITION - BAND COMMAND
[Q THRES®

HOLD

1

1

1

]

B ] !

ACTUATOR i TIMER LATCH ‘
|

1

1

1

POSITION

|
|
!
‘ COMMAND
|
|
i
1
|
I

1 ('““"T"ﬁ"rc_ﬁ‘;_" :

‘]T fl [mancontroL LI T T L | T ﬂ 1 ]
r

L I S

FIGURE 12 - Space Shuttle EHV Failure Detection

This failure d¢tection:method is a brick-walled, electronic equivalent of one of th¢ hydromechanical
methods used insthe F-111 servoactuator. The corrective action is to depressurize and bypass the
failed EHV witha solenoid valve. Note that this in-line equalization works because the EHV output
summation is at a secondary level, that is, the EHVs are not providing the actuator output force
directly.

54 F-16:

The F-16 is a single-engine fighter aircraft. This section describes the failure detection used for all of
the full FBW primary flight control servoactuators.
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5.4.1

5.4.2

54.3

Actuator Configuration: The F-16 flight control servoactuators used to control the stabilator, rudder
and aileron primary flight control surfaces of the F-16 show a close family relationship to the F-111
series servoactuator approach. The control is integrated with the power actuator, the electrical
interface remains simple and the hydraulic schematic remains complex compared with some of the
later examples provided in subsequent sections. More information about the flight control actuation
system may be found in AIR4094, AIR4253 and “Aircraft Flight Control System Design”.

Actuation Architecture: Like the F-111, the F-16 servoactuators are dual hydraulically and triplex

electrically witreachefectricat chanmet commanding a separate two-stage £V Two of the EHVs

are flow-summed to drive a modulating piston that drives the tandem MCV. T hi§ provides the
velocity command to the power actuator. The third EHV is arranged to drive-a second MCV
modulating piston half the size of the first, in an active-standby manner.,

Failure Detedtion: Figure 13 shows only the EHV diagnostic elements.

EHV 1 EHV 2 EHV 3 E—
JTiT JT I
ot i
TO SMALL MCV
H MONITOR MOD PISTON
i ToLARGE
MCV MOD
| PISTON
MECHANICAL
FEEDBACK
FROMACTUATOR
AND MCV

TO TWO LOGIC VALVES AND PRESSURE
SWITCHES FOR FAILURE INDICATION

FIGURE 13 - F-16 EHV Failure Detection

The three servovalves are compared in pairs for failure detection. The comparison uses the first
stage pressures from the EHVs but is not corrupted by the first-stage non-linearities because of an
interesting feature of the EHV design. The first stages are designed to have a high-pressure gain
and the loop is closed around the second stage with a conventional feedback wire. However, the
second stage also has a centering spring so that a proportional first-stage differential pressure
accompanies an achieved second stage position. The elegance of this feature is degraded to a
degree by the single-ended pressure comparisons but single-ended comparators are simpler than
differential comparators since they need only two driving areas instead of four.
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5.5

5.5.1

5.5.2

5.5.3

F/A -18 C/D:

The F/A-18 C/D aircraft is a Naval dual-role fighter/attack aircraft with two engines. The flight control
systems are full FBW with a mechanical command reversion capability at the Stabilator
Servoactuator only. This section covers failure detection for all of the primary and high lift actuation.

Actuator Configuration: The Aileron and Rudder servoactuators are single-chamber, single-
hydraulic-system designs controlled by a single two -stage EHV. The Stabllator and Trailing Edge

flap Servoac
EHVs. The mechanical actuation system for the Leading-Edge Flap for eachwi
powered by g single hydraulic motor and controlled by a servocontrol containing
Aileron, Rudder, Leading Edge flaps and Stabilator actuation are all provided wi
hydraulic suplply through upstream switching valves. More information about the
actuation sysfem may be found in AIR4094, SAE Paper 831484 and“Aircraft Flig
Design”.

Actuation Arghitecture: The flight control system is centralized with a quad-cha
Control Computer (FCC) divided into two, separated, dual channel Weapons Re
Assemblies (JZWRAs). Its normal mode of operation is<full FBW but the Stabilator
provide mechanical pitch and roll command reversion capability. Each of the two
separate hydraulic pump pressurizing two, separate, Reservoir-Level-Switching
The electrical commands are “flux-summed?” @t the actuators though the use of 1
The Aileron, Rudder and Leading Edge flap-actuation are all provided with dual-
electrical conpmands for Fail-Operate /'Fail-Safe (FO / FS) electrical command
Stabilator and Trailing Edge servoactuators employ quad coils in each EHV in e
four electrical commands for Double-Fail-Operate / Fail-Safe (FO2 | FS) electrig

Failure Detedtion:

AILERON AN
channel of th

D RUDDER ACTUATION: Failure monitoring of each actuator with
e FCCris as follows:

Servovalve: The)EHV is a conventional two-stage design with mechanical feedk

single-stage

g is separately

a single EHV. The
h a backup
 flight control

ht Control System

nnel digital Flight
emovable
servoactuators
engines powers a
(RLS) “branches”.
nultiple-coil EHVs.
toil EHV's and dual
edundancy. The
ach pair, receiving
al redundancy.

in each command

ack of the second

stage position. This position is also monitored with a dual LVDT for failure detection. Each of the
two driving FCC channels compares its dedicated EHV LVDT output with the output of a
servovalve model. This model employs a first order lag to represent the EHV dynamics and is

driven by the sum of the command currents from the two channels driving the E

HV. Loss of the

pressure supply to the servoactuator is detected with an integrated, dual pressure switch. The

switch discretes are used to prevent the EHV failure detection from latching dur

ing the transition

time for the upstream switching valve and, in the event of an extended loss of pressure, to declare

failure regardless of the EHV monitor status.
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5.5.3 (Continued):

Servoamplifier: All of the electronic forward and feedback path elements are modeled in each FCC
channel. The model accepts the position command signal and the undemodulated actuator LVDT
position feedback signal and generates a model EHV command current. This model current is

compared with the actual current supplied by the same channel.

Command Signal: The actuator command signal is compared to the signal wrapped around
through the model path. A failure is declared if the error exceeds a specified value.

Main Ram LV

allow the det¢ction of open failures and most short failures.

LEADING EL
same as that
than mechan

Broken Shaft
This monitor

Asymmetry M
a broken torq
prevent any &

STABILATOR
components

Servovalve: A
arrangement
four-way, qug
with a differe

Each four-wa
drives two ar

DT: The LVDT is center-tapped and the sum of the output voltages

GE FLAP ACTUATION: The monitoring of this actuation system is
for the Aileron and Rudder servoactuators, though the EHVs empl
cal feedback of second stage position. The system)eémploys two a

Monitor: A command versus position monitor'examines the inboar
Hetects internal hydraulic motor failures.

onitor: The inboard and outboard flap:positions are compared to d
ue shaft. This monitor also controls'the engagement of the asymm
dditional asymmetry.

AND TRAILING EDGEFLAP ACTUATION: The failure monitorin
s as follows:

\s shown in Figure 14, there are four EHVs in each actuator, used
each pair pressutrized by a separate hydraulic system. The EHVs
d-coil valvestand are commanded by all four FCC channels. Each
ntial pressure sensor for detection of EHV hydromechanical failure

y EHV/provides only one active output pressure for control so that
pas)on the MCV. The two inactive ports are coupled together to prd

5 is monitored to

essentially the
oy electrical rather
dditional monitors:

d shaft position.

btect, for example,
etry brakes to

g for these

in a dual-pair
are single-stage,
pair is provided
5.

a pair of EHVs
duce a reference

pressure that is compared with the average of the two control pressures by a differential pressure
sensor. A hydromechanical failure of either EHV, such as a plugged orifice, will unbalance this
pressure relationship. If the imbalance exceeds a spring detent threshold, the sensor piston will
move and drive its quad LVDT to provide a failure indication to each FCC channel. The result is
depressurization of the pair of EHVs through a quad-coil solenoid valve and the servoactuator
continues to operate on the remaining pair of EHVs. These servoactuators are therefore FO/FS for
hydromechanical EHV failures.
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FIGURE 14 - F/A-18 C/D Servovalve.Failure Detection
5.5.3 (Continued):

Servoamplifigr: The servoamplifier is modeled within each FCC channel and the model output
current is compared with the actual current f6p failure detection. The model inputs are the inner
loop position [command voltage and the inner loop position feedback signal so the model also
includes the inner loop-summing junction.

Commands, Feedback LVDTs and:\lnner Loop: The inner loop or MCV position sérvo, referred to as
the “servo rag”, is provided with-a monitor capable of detecting many types of failures. This
monitor models the servo ram-with a rate-limited first-order lag, receives the innger loop command
voltage as an input and.generates a model servo ram position for comparison with the actual
position. Thig position(is)the result of all four commands. Since the commands gre averaged in the
forward path py flux’'Stmming and since the inner loop is closed electrically the position achieved is
negligibly aff¢cted-by the failure of any one channel. As a consequence of this, Without resorting to
cross-channgl comparisons, this in-line monitor can detect failures of the servo fam, the inner loop
LVDT, the main ram LVDT and the command signal.

TEF Asymmetry: The left and right TEF positions are compared to detect asymmetries. A failure of
this type will cause both actuators to drive to 0°. This failure detection is disabled while in autoflap
up mode.

5.6 LAVI:

The LAVI is a single engine fighter aircraft with a full FBW flight control system. This section covers
failure detection for the servoactuators for the elevon, rudder and canard primary flight control
surfaces.
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5.6.1

5.6.2

5.6.3

Actuator Con
conventional
AIR4253.

figuration: The actuators are equal-area, dual-tandem, full FBW designs and use
EHVs. More information about the flight control servoactuators may be found in

Actuation Architecture: The flight control system is centralized and the Digital Flight Control
Computer (DFCC) has four cross-compared channels. The actuator EHVs are single-stage valves,

force-summe
flow from the
performance,
dual-system
commands g

d on separate drive areas on the dual-tandem, spool-type MCV which controls the
two hydraulic systems to power the actuator. The actuators achieve FO%/FS
withrTespectto efectricat faitures and this efectricat redundancy iS5 jndependent of the
nydraulic redundancy, because of the use of multiple-coil EHVs\ Fhe actuator
enerated by all four channels of the DFCC are provided to all.of th¢ servovalves in

series so thal, following loss of one hydraulic system, the valves pressufized byl the remaining

good system

Failure Deted
arrangement
generates tw
of areas on t
pressure to th
performed hy
channels whe

continue to be commanded by all four channels.

tion: As shown in Figure 15, there are four EHVs.per actuator in g dual-pair

one pair pressurized by each of the two hydraulic systems. Each pair of valves

b control pressures, like a single four-way servovalve, which are uged to drive a pair
e MCV. The pressures are also summed and compared with the differential supply
e servovalve pair, for EHV failure detection. This summation and ¢omparison is
dromechanically with a centerline that.opens four switches to signal all four computer
n the difference exceeds a threshold set to the equivalent of more than 10% of torque

motor authority. This failure detection can only detect EHV failures and cannot detect command

failures since
the DFCC. D
cross-compa

each of the two summed pressures is controlled by all four command signals from
-CC failures then are detected upstream by a combination of self-monitoring and
ison.

CH 1 P R
234 L HYDROMECHANICAL
I — 12“3“4| PRESSURE
COMPARATOR
Wl _’ bl

MECHANICAL

FEEDBACK
H THRESHOLD

] L MAIN CONTROL E I—
‘L r VALVE 7 [‘
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FIGURE 15 - LAVI Servovalve Failure Detection
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5.6.3 (Continued):

IBIT checks the status of the fail-detect centerline by introducing an electrical imbalance between
the two EHVs it monitors, using an intermediate tap in the series electrical connection mentioned in

5.6.2.

5.7 X-29A:

The X-29A is an experimental Forward-Swept-Wing aircraft. The aircraft employs a full-FBW flight

control system
Aft Body Strake
5.7.1 Actuator Co
powered by g
system may !
5.7.2

Actuation Arg
arrangement

The Strake a
channels fail.
controlled by
control valvin
5.7.3 Failure Deted
the ram LVD
summed volt
tolerance and

Figure 16 shg
the two EHV
actuated whi
correspondin

withr F-16 Servoactuators used forattbutone of thesurfaces The |

n
actuator. A p;[

pe found in AIR4094 and “Aircraft Flight Control System Design”.

Ctuator operates in an active/standby-fashion with a fail-safe mode

g and a pair of two-stage EHV.s. The EHVs coils are triplex.

surface that was powered by a servoactuator designed specifical

iguration: The X-29A has two strake surfaces, each positioned by
ir of EHVs described below controls each half of the agtuator. Eag
ual 3000 psi hydraulic systems. More information about the flight ¢

hitecture: The X-29A employs triplex digitalflight control compute
with an analog reversion mode.

The fail-safe mode fully extends theactuator at a restricted rate wi
built-in pressure regulators. Each half of the dual actuator containg

tion: Actuator failures are detected by the ram LVDTs and at the E
s, in-line failure detection is accomplished by monitoring the trans
hge. If the summed voltage of one of the triplex LVDTs strays outsi
persistence a failure for the offending channel is declared.

ws a megchanism within each EHV assembly pair that senses a dis
spool positions. For differences larger than 25% of stroke a triplex
th alerts the flight control computer of an EHV failure, at which poif

half of the tandem strake actuator is commanded to bypass.

exception was the

y for the X-29A.

a dual tandem
h actuator is
ontrol actuation

rs in a brick wall

if all electronic
h a force limitation

5 separate mode

HVs. In the case of
Hucers’ output
He of a defined

crepancy between
microswitch set is
nt the
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FIGURE 16 - X-29 EHV Failure Detection Mechanism
5.7.3 (Continued):

Each EHV p4dir is a unique arrangement with the valves plumbed in series such|that the output of
the first EHV [serves as the supply (both pressure-and return) to the second EHY’s second stage.
Furthermore,|the first EHV has a 50% underlap to supply pressure while the se¢ond valve is axis
cut. Since all|EHVs on an actuator receive the same current commands the segond servovalve is
the controlling valve while the first (undertapped) servovalve “goes along for the ride” as long as
both servovalves are functioning properly. If one of the two EHVs malfunctions and does not
respond to cammands the actuator.position loop commands the valves toward the opposite
quadrant from the actual position of the failed valve. Thus the “good” valve spogl is opposite in
polarity from the failed valve which cuts off the flow to the actuator immediately,|thereby stopping
its motion, since the two .EHVs of a pair are plumbed in series.

5.8 V-22:
The V-22 is a nilitary tilt-rotor transport aircraft with a full FBW flight control system. This section

describes the failure detection used by the servoactuators for the swashplate and the flaperon and
elevator primary flight control surfaces.

5.8.1 Actuator Configuration: The Swashplate Servoactuator is a tandem design while the Flaperon and
Elevator Servoactuators are single chamber designs. They are powered by 5000 psi hydraulic
systems and controlled by two-stage EHVs. More information about the flight control
servoactuators may be found in AIR4253.
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5.8.2 Actuation Architecture: The V-22 employs a triplex, in-line-monitored, brick wall arrangement. The

5.8.3

swashplate actuators are flight-critical and therefore are triplex for double-fail-operate performance
while the Flaperon and Elevator Servoactuators are only simplex since they are used in multiples
at each surface. The system is not completely brick-walled; some interchannel communication is
allowed for sensor failure detection and for synchronization and equalization. The flight control dc
supplies are appropriately redundant while leak-protected hydraulic system switching valves are
used to increase the safety of the flight-critical swashplate servoactuators

Failure Detecitmrﬁﬁmﬂméwawmmmmmmmm stage position,
measured with an LVDT, with that of an electrical model, as shown by Figuré 11.

VELOCITY COMMAND e
1=
Yg ()
EHV
- | g Erv FaLURe
1+TS + 14TS . INDICATION
SERVOVALVE MODEL™" FILTER  THRESHOLD
(LAG PLUS LIMITS)
FIGURE 17 - V-22 EHV Failure Detection by Modeling Second Stage Position

This electrica failure detection required the addition of only five wires to the intgrface rather than
the fifteen that would*fiave been required for a triple-coil EHV. The method has the appeal that,
ignoring dyngmicsyspool position will normally be related to the current supplied by the linearity of
the torque motor,and feedback wire since the non-linearities of the first stage ane suppressed by
the high intermaitoopgaimofthe EHV:

5.9 A319/A320/A321 - A330/A340:

These are medium and large commercial transport aircraft. The general architectures of the
actuation systems of the Airbus Standard Body and Long Range families are very similar in principle,
the differences being limited to the number of aileron and spoiler surfaces. The servocontrols and the
associated failure detection techniques described in this section are also similar in principle though
they are sized differently for the two applications.
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5.9.1

5.9.2

Actuator Configuration: The Aileron Servocontrol is a balanced-area electrohydraulic actuator
incorporating a two-stage electrohydraulic servovalve, a piston-position LVDT, a mode selector
valve controlled by a solenoid valve and fitted with an LVDT, inlet/outlet blocking valves, anti-
cavitation valves, a compensator and, on A330/A340, a differential pressure transducer

incorporating an LVDT.

The Elevator Servocontrol is a balanced-area electrohydraulic actuator incorporating a two-stage
electrohydraulic servovalve fitted W|th a spool- posmon LVDT a plston position RVDT, a mode

outlet blocking valves, anti-cavitation valves, a compensator and, on A330/A34(
pressure transducer incorporating an LVDT.

The Rudder $ervocontrol is a balanced-area, mechanically signaledihydromec

K mechanism, inlet/
a differential

hanical actuator

, on A330/A340, a

orating a two-
d maintenance-

raft Flight Control

Actuation Ardhitecture: The ailerons andelevators are fitted with two servocontrols in an active /

stand-by arrangement. The elevator surfaces drive position transducers indepe
servocontrolg. The rudder is powered by three servocontrols active in parallel, t
commands tq the rudder system/being transmitted to the servocontrol input link
electrohydraylic yaw damper'servoactuators in an active / stand-by configuratio

hdent of the

he electrical

age through two
h. Each spoiler

surface is poyered by ongiservocontrol. The actuators are supplied from three independent

hydraulic systems.

modes, as follows:

Aileron, EIethor, Rudder and Spoiler Servocontrols achieve different operating

— Aileron Servocontrol: One servocontrol in active mode positions the surface,

the adjacent

stand-by unit being in damping mode. Change over takes place in the event of loss of control of
the active unit. In the event of loss of control of both units they both adopt the damping mode to

provide flutter protection.

— Elevator Servocontrol: One servocontrol in active mode positions the surface, the adjacent
stand-by unit being in damping mode. Change over takes place in the event of loss of control of

the active unit. In the event of loss of control of both units they both adopt a

centering mode to

hold the surface at neutral. In the event of loss of the hydraulic supply to both units they both

adopt the damping mode to provide flutter protection.

— Rudder Servocontrol: The three simultaneously active units drive the surface in parallel.
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5.9.2

5.9.3

(Continued):

— Spoiler Servocontrol: In normal operation the unit positions the surface. In the event of loss of
control the unit automatically retracts the surface. In the event of loss of hydraulic supply the
unit prevents the surface from rising and enables it to retract under the air loads. A
maintenance mode enables the surface to be manually moved when depressurized.

Failure Detection: Basic failure detection of servocontrol and other servoloop components is
achieved through the monitoring of the following parameters, generally continuously performed by

the monitor upritsof theflightcontrot computers, according to the fottowing gengral principles:

— Servovaly

wiring / sgrvovalve failures.

— Servovaly

detects sérvovalve failures.

— Piston po
servovalV

— Mode sel
positions

- LVDT/R
failures.

— Rudders

The continuo
ground check

— Functiong

e current: comparison of the commanded and measured curtents detects computer /
e spool position: comparison of the commanded and measured spool positions
sition: comparison of the commanded and measured piston positigns detects

e / position transducer mechanical failures:

pctor valve spool position: comparison of the commanded and measured spool
detects computer / wiring / solenaoid-valve / mode selector valve fajlures.

/DT output voltages: out-of-range parameters detect computer / wjring / transducer

brvocontrol valve jamming signal: detects servocontrol / input linkage failures.

s operation aof the above monitoring algorithms may be complemeénted by periodic
S:

| checks of the stand-by servoloops.

— Measurern

nent of the damping coefficient of the damping mode: The maximum rate of an A320

active uni

t driving the stand-by unit, or the differential pressure information of a stand-by A330/

A340 unit driven by the active unit detect servocontrol failures.

— Functional check of the blocking valves and compensator.

— Functional check of the Rudder servocontrol valve jamming detection system: detects
servocontrol / wiring / computer failures.

Implementation of these monitoring techniques, tuning of the associated thresholds and
confirmation times, application and periodicity of the ground checks, depend on the criticality of the

associated fa

ilure modes and the actual purpose of the failure detection function which could be

either to cover safety or maintenance requirements. They are not necessarily applicable to all
control surfaces.
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5.10 C-17:

The C-17 is a military transport aircraft intended for heavy airlift into undeveloped forward areas. This
section describes the failure detection employed for all of the full FBW servoactuators for the primary
flight control surfaces.

5.10.1 Actuator Con

5.10.2

FIGURE 18 - C-17% Integrated Flight Control Module Schematia

iguration: Each-primary flight control surface is powered by two u
single-chamber actuators.“A dual hydraulic system Integrated Flight Control Mo
supplies hydnaulic pressure to each actuator pair.

Actuation Ardhitecture: The IFCM has two principal modes of operation — electt

mechanical. In“electrical mode, the MCV is actuated by modulating pistons pres

ERvsl PR EHV#2  eyvraILURE
L $ oo DETECT VALVE
T T T I H
L{CQ C | G2 LCI r ELECTRICAL
g : MODE
i MECHANICAL CONTROL
i _FEEDBACK | . VALVE
§ i
. : 1T
1T MAIN CONTROL VALVE T 1]
| [
MCV MOD ACTUATOR
TO SYSTEM #2
EHV PAIR

nequal-area,
dule (IFCM)

ical and
surized by flow

from EHVs. The MCV is a dual hydraulic system, tandem design and there are two four-channel
EHVs per hydraulic system. The mechanical input to the IFCM is decoupled from the MCV when
the unit is operating in electrical mode.

Transition from the electrical to the mechanical mode of operation consists of shutting off hydraulic
supply pressure to the EHVs and engaging the mechanical input to the MCV via a Mechanical
Mode Coupler (MMC) device.

In the unlikely event that both hydraulic systems lose supply pressure or that the electrical and
mechanical controls for both systems fail, the surface goes into a damped float mode.
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5.10.3 Failure Detection: There are software monitors in the Flight Control Computers that perform a
"servo fault detector" function. These monitors are operable when the surface is not at a position
where it may be hinge moment limited and check actuator command versus surface movement.
Additionally, the C-17 has some of the same fault detection monitors as the F-18 such as: cross-
channel surface position monitor; cross-channel servo current monitor; servo-amp monitor (active-
model comparison). Detection of a failure causes the EHV Failure Detect Valve to interconnect the
hydraulic output of the EHVs, placing the MCV control input for that hydraulic system in bypass.

5.11 B-777:

The B-777 is a

employed for a

primary flight c

5.11.1 Actuator Con
two single-ch

511.2

servoactuato

Actuation Ard

large commercial transport airplane. This section describesthe fa

pntrol surfaces.

lure detection

|l of the full FBW servoactuators used for the elevator, rudder, flapgron and aileron

figuration: The elevator, aileron, and flaperon control surfaces are|each powered by
amber servoactuators. The rudder control surface is powered by three
's. Each servoactuator on a surface is supplied by a different hydraulic system.

hitecture: Each servoactuator is a single-hydraulic system unit with a single electrical

channel driving a single two-stage EHV. During normal operation, all the actuatofs on a surface are

actively powe
damped-bypa
valve is de-el|
detected on 4
solenoid is dg
the servoactu

arrangement

ergized, forcing the mode select valve into damped bypass mode.

ators also employ a.differential pressure sensor for force equaliza
is shown in simplified form in Figure 19.

DN —]
R —

L VDT} G s Fl

ring the surface. Most of the actuators have three modes of operation, normal,
ss (or free bypass) and blocked) In the event of EHV failure the bypass solenoid

If EHV failures are

Il the actuators on a surface and the surface is near zero position,|the blocking
-energized, causing the'mode select valve to revert to the blocked position. Most of

ion. This

DAMPING ce[ Jci

ORIFICE  To& 1] [Tr r PV
\—MODE SELECT VALVE:
[ - SHOWN IN NORMAL MODE
[LVDT e oA — - SOLENOID OPERATED TO DAMPED BYPASS MODE
- SPRING OPERATED TO BLOCKING MODE

=) =——(®)

1 L [

FIGURE 19 - B777 Servoactuator Schematic
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