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ABSTRACT

The purpose of this study was to provide designs and data to aid in the’
selection of aerodynamic surface control and thrust vector control servo-
actuators during the final definition phase of the space shuttle. The
study coneisted of four basic activities: establishment of requirements,
industry survey, conceptual designs, and trade-off evaluation. Point
design configurations were established for the flight control applications
that had the greatest impact on vehicle interfaces. Parametric weight
data was developed to provide trend information for those applications
not specifically configured. The design configurations were fo employ
any type of power and control that represent current state-of-the~art
technology. This included hydraulic, mechanical, electromechanical,
and gas servoactuator development, Additionally, the trade off included
a digital configuration for comparison to the convéntional'analog type.
The parameters used in the comiparison evaluation were — weight, re-
liability, maintainability, checkout capability and cost. Weight was
developed in quantitative form. The remainder of the parameters were
in qualitative form to provide relative comparisons of the point designs.
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SUMMARY

*Tha ohiectives of this study were to survey the state of the art of flight control servo-
actuators, produce conceptual designs for space shuttle applications, and provide
Lasic information to assist in servoactuator selection during the iinal definition phase
of the space shuttle program.

The study was divided into four basic activities: (1) establishinent of requirements

- and ground rules for the {light control subsystems, (2) industry survey of current
state of the art, (3) conceptual design and point design configurations for various flight
control applications, and (4) trade~off evaluation. '

The principal subject of the study was redundancy mechanization. Failure criferia
rather than reliabilify goals were established as a requirement. The basic {ailure
criteria requirement was fail operate, {ail safe for aerodynamic flight controls and
thrust vector controls. With respect to each subsystem this criteria established
redundancy as follows:

a. Aerodynamic surface controls - fail operate; fail operate, degraded performance
(hooster and orbiter). .

. Thrust vector controls (TVC)/engine (orbiter) — fail éperate, fail to null,

¢. Thrust vector ct_mtrolsﬂangine (oooster — fail to null,

The industry survey included review and analysis of hydraulic, mechanical, electro-

mechanical, gas, and digifal development. Nearly all the effort and advances in the

development of fly-by-wire muitipie channel/system servoactuators has been on ana-~

log hydraulic servoactuators. Development work has heen conducted in the other disw

eiplines but not of sufficient magnitude to consider them equal to the state of the art of

hydranlic servoactuators. An amnotated hibliography report GDC~-DC70-013 containing
110 references was submitied to NASA-MSC at the conclusion of the survey.

‘Three point designs were established for each of the following applications:

2. DBooster elevator (largest load application on booster).
b.  QOrbiter elevator (largest load application on orbiter).

¢. Orbiter aileron (smallest load application).

4. Orbiter TVC,

. Booster TVC, ?RECED
r % SAGE Brang



All configurations except one were either analog electrobydraulic or -analog clectro-
mechanical upper servo stages controlling hydraulic power fo linear hydraulic actuators.
One configuration for the orbiter aileron was an analog electromechanical using spring

- cluich servos fo engage electrical power fo a ballscrew output. In addition, one digital
electrohydraulic configuration was crealed for comparison to the aerodynamic surface
control analog configurations.

Some of the prominent frends and resulis are as focllows:

a. The electromechanical configuration was heavier and contained less output redun-
dancy than the hydraulic configurations for the orbiter aileron. It would have to
be in a stronger competitive position to be considered further because commonality
would dictate that il be used on other applications.

b. The digital configuration compared favorably with respect o weight and relisbility
on the small load application, but became heavier for large load applications due
to the penslties involved in providing large digitizer pistons. The digital concept

" wds new and did not represent anything existing {hat has had the benefit of some
development. As such there remains some doubi concerning its functional and
performance capabilities. )

“c. On the largest load application (booster elevator), a four~chamnel, four-power
actuator configuration/side weighs approximately 20% less (over 2000 1b total
vehicle weight impact) than a four-channel, three~power acfuaior configuration.
This weight difference is the result of failure criteria requirements. A three-
power circuit/actuator arrangement can collectively produce 300% of required
hinge moment (100% after two failures) whereas a. four-power circuit/actuator

- arrangement can produce only 200% of required hinge moment normally to guar~
antee 100% capability after two failures. The increased weight totals for the
three~power circuits are due to increased weights of actuators, transmission,
power source, fuel, and hydraulic power generation over that of four power
circuits. :

d. Considering only actuators and hydrauiic transmission for intermediate load ap~
plications (booster rudder and aileron, orbiter rudder), four actuators weigh
less than three for loads down to approximately 10,000 ft-1b. The weight dif-
ferences become small, however, and future cost effective analysis must deier-
mine the weight versus complexily cross over point.

e. In a four-power circuit/ actuator configuration, for the large load applications,
reducing the actuators by two and inserting switching valves obviously reduces
the overall weight. However, to go one step further and reduce the power circuifs
by two gains little or nothing because the actuators must then double in hinge
moment capability. This is based on a groundrule of no castrastrophic actuator
failures for either case and only one power circuit failure for the latter case.



k.

Self~moniforing mechanization of servo channels whether they be force summing
or active/standby appears to result in higher reliability. The seli-monitoring
detection and switching for each channel is in parallel with all other chamnels
whereas cross monitoring, which depends on cross connections of some form,
is not. The reliability models used in this study were sensitive to the parallel
versus series arrangement of detection and switching elements.

Weight and ease of installation can be improved for TVC servoacivators by reduc-
ing redundancy of power actuators and applying ihe failure criferia to only the
servo confrol portion. This is reasonable due to the short operating time perx
flight.

Reducing the power actuator redundancy as mentioned in g. a servoactuator com-
mon to orbiter and booster and operating off vehicle APU power has considerable
appeal. The lowered redundancy at the oulput makes the boosier configuration
(22 servoactuators) more palalable and separate engine~driven hydraulic circuils
can be eliminated. : ‘

TVC servoactuators should employ mechanical feedback so that automatic center-
ing (fail to null) is achieved afier failure. )

For aerodynamic surface controls, force summing mechanization of control
channels using self-monitoring technigues is easily adapiable to manual detection
and correction by the flight crew.

An electromechanical, four-conirol chanmel mechanization is versalile in that

" one hasic unit can be used to control any combination of hydraulic circuits and

outpul actuators.

XV



SECTION 1
INTRODUCTION

Studies on reusable vehicles for space applications have been conducied for a decade,
Parametric studies over this period have derived a concept called the space shuttle,
This concept can be classified as a vehicle that combines the technology of missiles

and aircraft. Aircraft flight control systems during this era have also been evolving
vowards "fly-by-wire," where control mechanization is electrical rather than mechani~
cal. Larger and higher performance aircraft, survivability, and better tactical weapons
delivery are primary reasons for the need to advance the stafe of the arl of flight con~-
trols. However, until that time when the confidence and reliability of electrical.control -
can matech mechanical control, fly-by-wire systems will employ multiple channels
(systems) to a more redundant level., A major part of the fly-by-wire development has
dealt with redundancy mechanization of servoactuators. '

The space shuitle application adds a new burden to the developroent of fly-by-wire
- servoactuators: space and re-entry environment,

The objectives of this study are to produce conceptual designs of serveactuators suit-
able for use on the space shuttle with supporting data that will provide the basic infor-
mation for servoactuator selection during the final definition phase of the space shuitle.

The approach uged was to establish point designs based on two criteria: vehicle requive-
ments as known at the start of this study and current state-of-the-art technology. The
technology includes the use of electrical, mechanical, and gas power as well as hydrau-
lics. Additionally, the study includes evaluation of a digital servoactuator versus the
conventional analog servoaciuator.

A primary objective of any design is to achieve the desired reliabilily with the minimum
number of parts. As such, redundancy is a means whereby the desired reliability is
achieved, Ideally, a servoactuator would consist of a single functional path of 100%
reliability. Since this is not possible, the next logical step would be to add redundancy
only as required until reliability goals are met, This procedure assumes that relia-
bility goals are known, can be properly apporiioned, and failure rate data is accurate.
Unfortunately, failure raie data for nonelectronic components is subject to error,

The principal subject of this study is the application of redundancy mechanization tech~
niques in servoactuators applicable to the space shuttle. To accomplish this purpose
and also to eliminate dependency on absolute reliability numbers, the requirements are
stated in terms of failures permitied for mission success and/or mission safety {e.g. ,
fail operate, fail safe). This approach is consexrvative and generally defines the limit
of complexity required. ‘ ’

i-1



This introduction is Section 1 of this report. Section 2 covers the indusiry sdrvey,
separate annotated bibliography report, GDC-DCB70-013, includes references used
herein and a glossary of ferms commeonly used in redundancy ‘mechanization discussions,
Section 3 includes a vehicle baseline description, servoactuator requirements, and
ground rules and assumptions needed to establish point designs, Section 4 is a discus-
sion on various technigues used in servoactuator development and lisis the candidate

. point designs and rationale for selection, Section 5 displays the failure modes and
effects analysis of each design. The FMEA is a baclcheck on adequacy of design to
meet failure eriteria requirements and an expose’ of weak elements within a design,
Section 6 estahlishes the basic parameters and data used for tradeoff evaluation.
Section 7 covers the tradeoff evaluation. Section 8 includes the conclusions and
recommendations.



SECTION 2
INDUSTRY SURVEY

2.1 GENERAL

As a part of the industry survey, approximately 45 letters were sent to 36 companies,
Follow~up telephone conversations and lefters were made primarily to those companies
that responded to the original survey letters. Activity in this regard included many
personal contacts with representatives of the responding companies. In addition the
Defense Documentation Center, Alexandria, Va,, and the NASA linear tape were con—
tacted for data retrieval. The time period covered was mainly 1960 to 1970,

The survey yielded approximately 150 documents of which 110 are included in the anno-
tated bibliography, report number GDC-DCRB70~013, The documents may be broken
down as follows: '

Government-—sponsoi'ed reporis 22
Technical papers and articles 29
Industry-sponsored reports 38
Miscellaneous 21

Information gathered is not exclusively on '"multiple fault correcting" servoactuator
development, It also includes general design data that helped form parametric data
used in the evaluation. ‘ .

2.2 STATE OF THE ART

2.2.1 GENERAL. Hydraulics dominate the scene not only in power confrol hut also

in application of redundancy mechanization fechniques. Of the 110 documents described,
in Section 2.1, approximately 75% were concerned with the application of hydraulics.
Development of redundancy mechanization is almost solely a hydraulic venture. The
reason for hydraulic technology dominance is rather obvious: much of the recent de-
velopment efforts have been based on conversion of existing aireraft flight control
systems to fly-by-wire, where a configuration was already in existence employing
hydraulic power., '

"Redundancy mechanization" is a ferm used herein that describes special techniques
used in implementing fly-by-wire control. For many reasons (survivability, betiter
weapons delivery, increased manual control complexity, increased structure life, efe.)
flight control systems are evolving towards fly-by-wire. A larger burden is placed on
the servoactuator to accomplish more functions. As electrical command replaces
mechanical cormmand, redundancy is increased to offset the loss of inherent reliability |

2-1



of a manual confrol system. I a pure fly-by-wire system it is logical to combine the
electrical command conversion devices wiih the power confrol actuator, This total
package is termed the servoactuator. Therefore, within the development of fly-by-
wire control, the servoactuator must accept multipie electrical command signals in
addition to multiple power systems and produce a proper oufput. Due to anticipated
failures and fast reaction time required, the servozctuator usually must also incor-
porate logic to accomplish automatic fault correction. The fechniques used to accom-
plish this staggering task is therefore called redundancy mechanization., The following
paragraphs briefly outline some of the development effort that has been accomplished
or is in progress,

2.2.2 HYDRAULIC APPLICATIONS. Many programs have been sponsored by the
Ajr Torce Flight Dynamics Laboratory (AFFDL). A triple redundant actuator was
developed by Weston Hydraulics for a program conducted by Sperry.l:2% The unit
used "force summing" of the three active command inputs with an electronic model to
give two fail operate capsbility. Hde':‘aulic Research developed a quad redundant servo-
actuator that was installed and flown in a B~47, accumulating approximately 18 flight
hours in fly-by-wire mode.3»% The actuator was an active/ standby arrangement using
hydraulic logic for fault detection and had two fail operate capability.

Hydraulic Research also built a servoactuator for the TWEAD progx'am.4 This actuator
is installed on an F4C. The control package is fail operate, fail safe and performs as
a series servo in conjunction with manual control. Bertea built a fail operate actuator
that employs a hydro-mechanical force summing technique called mid value logic for
Douglas as a part of a program to evaluate a redundant fly-by-wire sysiem. 5 The 680J
program in quest of survivability as well as {ly~by-wire has been responsible for con-

" tinuing development, LTV elecirosystems built a duplex integrated package that in-
corporated two hydraulic power supplies with the servoactuator, The four conirol
channels in this unit use electromechanical rather than the conventional electrohydrau-
lic signal conversion techniques.® The four electromechanical actuators are force
summed, LTV is now developing an eleciromechanical signal conversion conirol that
uses servo motors and differentials in a velocity summing arrangement. In ¢dach case
the oufputs from the conirol portion operate conventional hydraulic power spools and
actuators. In addition to the many development programs that resulled in hardware
either for ground (non flight rated) or flight test, AFFDL has sponsored several studies
that did not carry through to the hardware stage but are definite contributions to the
fly-by-wire development,

The 88T is another activity that has coniribuied to servoactuator development, Bertea

is now working on a quadruple sysiem for the horizontal tail, 7 The configuration has
four hydraulic power systems and four electrical command inputs that sum with mechani-
cal inputs from the pilot. The configuration is not purely fly-by-wire but electrical
command redundancy is quadruple because electrical control is considered mandatory
for safe flight. : '

*Numhers represent references at the end of the report.
2-2



Moog developed a iriple redundant servoactuator for the Saturn 8-IVB stage.8 The
redundancy in ihis case is limifed to the sexvo channels, Detection-correction is not
used in the unit. Tault correction consists of a failure in a conirol channel being over-
ridden by the two good channels, The failed channel is not de-activated. The actuator
provides fail operate capability and can tolerate many combinations of dual faulis,
Moog refers to this design as a majority voting servoactuator,

The programs and hardware listed above are by no means the total efiort that has been
pursued in the development of hydraulic servoactuators, but do represent some of {he
more prominent efforts, :

Electronic models have been used as a substitute for an electrohydraulic servo channel
to provide intelligence for comparison of signals, This was quite offen necessary in
an aireraft equipped with two hydraulic systems but requiring fail opérate capability

in the servo control portion, Fail operate normally requires a minimum of three
signals for comparison. There seems to be some disagreement as to the effectiveness
of using electronic models, Electrohydraulic serves have been modeled; however,
there has been difficulty in simulating wear, temperature effects, and fluctuating load
of an electrohydraulic servo valve,

2.2.3 MECHANICAL/ELECTROMECHANICAL APPLICATIONS. Mechanical and
electromechanical are grouped together hecause of their similarity. The servoactuator
or actuating device is essentially the same in either system. The major difference is
in power itransmission. A pure mechanical system uses mechanical shafting from the
power source to the servoactuator. An eleciromechanical system uses electrical power
transmission and eleciric motors at the servo.

The development of electromechanical servoactuators for primary flight controls and
specifically fly-by-wire flight controls is not as advanced as its hydraulic counterpart,
Development has been progressing but practically no hardware testing has beeh accom-
plished on multiple system servoactuators for large load applications, The primary
advantages an electromechanical system has over hydraulics is long term storage at
cold temperature, elemination of fluids and seals, and adaptability to environmenial
extremes.

Curtiss Wright designed and built an all-mechanical aileron control system for the
North American F-100 simulator.? Mechanical shafting delivered power from the
power source to the servo clutch, A torroidal clutch was used to clutch in power on
command to power hinge actuators lecated af the aileron., This system was 'flown' on
the simulator for evaluation., The conclusions were that the mechanical system servo
performance capabilities compared favorably with those of a hydraulic servoactuator 10


http:servoactuator.10

There have been many electromechanical servo applications primarily for small power
applications. Examples of these applications are:

-

Marc Condor missile steering: Spring cluich servo

Mark 37 torpedo -fin control; Magnétic cluteh servo
QH-50C helicopler: Magnetic cluich sexrve
Sergeant missile: Magnetic elutch servo
KC~135 — horizontal stab. Magnetic cluich servo

manual trim:

Apollo service module — Magnetic clutch servo
engine gimballing: :

None of these applications would classify as automatic—fault-correcting servoactuators
although the Apcllo system has a redundant power supply, command, and servo clutch
arrangement that ean be switched in manually.

2.2.3.1 Servo Clutch. The heart of the electromechanical servoactuator is the servo
clutch. Figure 2-1 is a simplified schematic of an electromechanical arrangement,
The servo clufch is analogous to the electrohydraulic servo and power spool in a hy-
draulic system. The three basic types that have been used in servo applications are
the torroidal clutch, spring clutch, and magnetic elufch,

—_ ~[>_ —_ — éi?}"}%ﬁ P ——— ——— [}« LOAD

COMMAND SIGNAL ] [ GEARING . OUTPUT
CONVERSION

POWER SOURCE
& GEARING

Figure 2-1, Eleclromechanical System

The torroidal clutch has a continuous rotating input shaft, variable rollers, center

torroid, and differential rollers attached to the ouiput shaft. See Figure 2-2. In the
position shown there is no rotation of the output shaft. A command inpul changes the
angle of the variable rollers which in turn causes the center torroid to change speed
with respect to the input shaft, This causes rotation of the differential rollers and
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Figure 2-2, Torroidal Clutch

output shaft. The unit is bi-directional and has good resolution. Disadvantages of this
device are the requirement for a lubrication sump, high heat generation, -and high
force inputs for large step inpuis due io the gyro effect.

The spring clufch consists of an input shaft, spring energizer, two springs to give bi-
directional output, an output shaft, and brake as shown in Figure 2-3 (only one spring
assembly is shown). The spring cluich is by nature an on-off device. When on, the
cluleh transmits power at full rate. Problem areas for this device include lowered
response as size increases (spring inertia), dead zone (spring engagement motion),
and high threshold (there must be positive cluich engagement). I is attractive in that
there is no appreciable heat generation. To eliminate the first two problems the unit
can be designed such that the spring rotates with the input shaft and clearances reduced
s0 that spring engagement travel is minimized. This, however, eliminates the brake
from the design which in effect disconnects the output from ground when there is no
error signal,

An example of the magnetic clutch is shown in Figure 2~4, When the clutch coil is
energized, the magnetic field is produced, crosses the powder gap, and causes radial
alignment of the iron particles in the gap forming chdins across the gap. These
chains couple input to the oufput (drive disc) where the ouiput torque is proportional to
input enrrent. This type clutchhag beenapplied successfully, as mentioned before, for

2~5



ENERGIZING CONE
IRIVE SPRING

PRAYE ey
IR
== ’
7 ESSSSISNSSSSSSS g
' 1 027 y A I i VY A S Ao S S S T /O
- L A - o ()
éw_{
- ey 4 COMMID
.--! E [Z]_CL) L r L ‘2 V. yd 7_70/
N TN A Y SN AN BN IS DR N | 362:
= s s s sy P o
INpur
ourrur)
4
|
Figure 2-3. Spring Clutch
COTL
ANNULAR POWDER GAP
IROIR GCORE \/// /{ / /Fﬁ T prse

\

“15F] VG
1K1 H

: OVEFUT

(LTI

P

\inm CRAR

Figure 2-4. Magnetic Particle Clutch
2-6



small power applications. However as sige increases response lowers as seen by
observing Figure 2-5, Also there are problems in repeatability where experience has
shown that due to shearing action the magnetic particles start o lose their effective-
ness and the output torque versus input current relationship changes after repeated
cycling., The clufch would suffer severe heating problems unless a brake is used when
applied to control of aerodynamic surfaces because the clulch absorbs power when
holding against an external load.

2.2.3.2 Harmonic Drives., A harmonic drive is basically a gear reduction device,
However, there is some development effort to adapt this technique to servo control.

In addition to describing 20 operational applications of harmonic drives, Reference 11
describes a potential electromagnetic sexrvo solution, Figure 2-6 is a schematized
version of the device. 'A series of electromagnets are positioned about the flexspline,
and are progressiveiy excited to produce a rotating field vector which serves to radially
deflect the low inertia flexspline, Mechanical rotation occurs only at the low speed
ecircular spline and output shaft. This type of structure appears capable of very high
acceleration rates well in excess of those obtainable with state-of-the-art electrome-
chanical drives and servoactuators, ™11

2.2.4 GAS APPLICATIONS. Some development work.has been accomplished on
pneumatic servoactuators but very little hardware is in existence., Bendix conducied
a study for the Air Force Flight Dynamics laboratory evaluating the feasibility of

-1
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Figure 2-5, Typical Frequency Response Curves — Magnetic Clutch
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Figure 2-6, Electromagnei;ic Harmonic Drive

applying the Bendix Dymavector* acinator {ope:c:ating on 50 psig compressor bleed air)
to actuate flight control surfaces.12 A pneumatic servoactuator was built and tested

- by Parker-Hanuifin under contract to NASA-MSFC,13 The unit was designed to use
-250°F hydrogen gas. Weston built and tested a pneumatic digital servoactuator under
contract to NASA~MSFC. This unit was also designed to use -250°F hydrogeﬁ gas,

The work on pneumatic development has been essentailly to advance the state-of-the-
art of pneumatic servos to the level that hydraulics reached nearly 20 years ago. As
such there is no specific correlation between pneumatic servo development and fly-by-
wire development,

2.2,5 DIGITAL APPLICATIONS. Most of the development effort on digital servo
actuators has been in the field of hydraulicg, The industry survey did not disclose any
effort conducted on multiple channel servoactuators,

*Trademark of the Bendix Corporation



There is very little operational hardware in existence. The Convair 990 commercial
jet uses a digital open loop arrangement for low rate frifm of the horizontal stabilizer,
There have been feasibility studies and breadboard models tested of single channel
digital servos. 14,15,16

Digital servoactuators fall info two broad categories and are classified in relation to
the input signal characteristics.,

@, Tncremental — The input signal is in the form of a seriss of pulses some-
times referred o as a pulse frain, In this case a hydraulic
control unit might consist of a single valve, digifal pump,
and associated sequencing and polarity valves as shown in
block form, Figure 2-7,

b. Parallel-binary — The input signal is in the form of parallel or simultaneous
signals to multiple coils of a valve or fo multiple valves,
An example of a multiple coil valve is shown in Figure 2-8,
Each coil produces twice the output of the adjacent coil.
The smallest coil is sized to produce the smallest incre-
mental change required. Thus, the valve can receive one
or more pulses in the same lime interval and produce an
output proportioned to digital input. The digital/analog
interface is at the first stage of the valve in this case.
Another example of parallel mechanization is shown in
TFigure 2-9, Here the unit is completely in digital form to
the output actuator, The actuator in this case is arranged
in binary parallel form.

An incremental type digital servoactuator has less severe failure modes than its anaiog
equivalent in that a hardover signal is only one pulse or one incremental change at the
output. However, this type is usually severely rate limited because of the limiting

valve cyeling frequency and the small incremental change per cycle required fo achieve
positional accuracy,

The parallel types begin to resemble analog with respect to failure modes. The worst
hardover in this case is equivalent to a half hardover in a conventional analog servo-
actuator,

The digital strut appears to be impractical when applied to large load applications
because of the size and complexity of the output actuator.

2.3 SUMMARY

Table 2-1 summarizes In general the state of the art for the various disciplines. A
conspicious trend is the absence of multiple systems (redundancy mechanization)
development except in hydraulic analog servoactuators.
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" Table 2~1, State of the Art Summary

HECHANICAL ELECT/MECH GAS HYIRAULIC
POWER ACTUATION OFERATIOHAL YES “YES YES YES
FLIGHY CONYROL SERVOS OPERATIONAL YES YES
(skaLL {2 HP) (sMALL (2 HP) N0 YES
DEVELOPMENT TESTING YES .
MULTIPLE CHANWEL & POWER SERVOS -
WITH AUTOMATIC FAULT CORRECTING
OPERATIONAL Ho RO NO YES
DEVELOEMENT TESTING N0 - FO 200
STUDIES O O )
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2.4 RECOMMENDATIONS
Based oun the survey, the following typés of servoactuators were considerecf further:

a, - Hydraulic analog for all applications.

b. Electromechanical analog for orbiter aileron only.

An eleciromechanical arrangement was considered to be more adaptable Lo the orbiter
aileron application because of the low load requirements and severe environment.
(Refer to Section 3 for requirements. )

One digital configuration was studied fo provide a comparison with analog seivoactuators.

Neither the electromechanical nor digital configuration as shown in Section 4 is {aken
from previous studies per se. They are configured to meet automalic lault correcting
eriteria as established in this report and as such represent new concepts employing
redundancy reechanization.

Gas servo applications are not considered further. They appear to be the least desir—
able of all the disciplines in ierms of development effort required to achieve operational
status within the short term future slated for space shuttle development, The scope of
this study is to configure point designs that have the best chance of succeeding using
the technology of today (1870). )
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SECTION 3
REQUIREMENTS

3.1 GENERAL

TFor purpose of establishing point design configurations the following vehicle baseline
definition, servoactuator requiremenis, ground rules, and assumptions apply.

3.2 VEHICLE BASELINE DESCRIPTION

3.2.1 GENERAL. The space shultle concept consists of a two~stage, fully reusable
system mounted in a piggyback fashion at liftoff. The lower vehicle acts as the booster,
the upper vehicle completes the orbital phase of the mission.

Duriﬁg the boost phase, only the booster vehicle's rocket engines are operating and
propellant is supplied from this stage. At staging, the orbital stage's rocket engines
ignite and continue thrusting.to orbit. The booster element enters from the staging
altitude and decelerates to subsonic velocity where it starts its cruise engines and f{lies
back to the launch sife unmanned under automafic control. Following preflight checkout,
both elements are ready for payload integration, vertical assembly, refueling, and
relaunch,

The vehicles are both equipped with a fixed wing and a horizontal and vertical tail. Roll,

pitch, and yaw control is achieved by using aileron, elevator, and rudder control sur-
faces. The surfaces are not splif, '

3.2.2 VEHICLE STATISTICS

a. Orbiter ,
Approximate gross landing weight 200,000 1b
ﬁumber of rocket engines 2
Thrust rating/engine - 400,000 1b (S, L.)

Both engines gimballed

b. Booster

Approximate gross landing weight 500,000 1b
Number of rocket engines 11
Thrust rating/engine 400,000 1b (5. L.)

All engines gimballed



3.2.3 ALLOWABLE FAILURES ~» ROCKET ENGINES AND TVC

4
a. Orbiter ~ Critical Mission Segment

Lose one engine and/or TVC* — safe abort -

b. Booster
Lose one engine and/or TVC¥ — complete mission
Lose two engines and/or TVC* ~— safe abort

'3.2.4 ALLOWABLE FAILURES - AERODYNAMIC SURFACE CONTROLS., None.
Elevafors, rudder, and ailerons must function,

3.3 SERVOACTUATOR REQUIREMENTS

3.3.1 PERFORMANCE, TFor all functions the following characteristics apply:

Positional accuracy : . . 0.2% of total travel
Frequency response (no load, closed loop)
Frequency
Amplitude ratio at 10% of valve saturation =3 db
Phase lag input amplitude . 45 deg

Refer to Table 3~1 for other performance criteria,

" 8.3.2 ENVIRONMENT. See Figures 3~1 and 3-2 for temperature-time histories
for the orbiter and booster, respectively.

3.4 GROUND RULES AND ASSUMPTIONS

3.4.1 INTERFACES

-3.4. 1.1 Command Channels. There are four electrical command channels available
for use. It is assumed that all four signals are identical and proper to the servoactua-
tor interface. The servoamplifier and summing point are included in the servoactuator.

*Fail to null position ~ hardover failures nol allowed, (e.g., no engine shutdowns
permitted due fo thrust vector control (TVC) failure),
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Table 3-1. Performance Requirements

Max Static [Max Rafe Degraded Degraded
Hinge No Tofal Performance | Performance
Moment Load Travel (after 1 (after 2

Funetion | Stage Ft-Lb Deg/Sec | Deg. Redundancy Required failure) failures)

Aileron Oxbiter | 4,800/side 40 +30 Fail Operate, Fail Operate] Negligible 67% Max H, M.
* |Degraded Perf. 75% Max Rate
| Aileron Booster { 19,200/side 40 £30 [Same As Above. Same As Same As Above.
Above.
Rudder Orbiter | 27,000 30 £30 [Same As Above. Same As Same As Above.
Above,

T™ve Booster |y 65,000 *10 £ 7 Fail to Null - -

each axis

TVC Orbiter | 65,000 *10 + 7 Fail Operé.te, Fail To Null | Negligible -

each axis .
Rudder Booster {135,000 30 £30 Fail Operate, Fail Operate| Same As 67% Max H.M.

' Degraded Perf. Above. 75% Max Rate

Elevator | Orbiter | 66,500 30 | 240 |Same As Above. Same As 100% Max H, M.
{ea of ' Above, 75% Rate

2 Units) '
‘Elevator | Booster| 325,000 30 +40 | Same As Above. - | Bame As 100% Max . M.
{ea of 2 Above. 75% Rate
Units)

FIVC Actuators Are Always Loaded. At 100/880, Hinge Moment Is 44,000 Ft-Lbs.
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3.4.1.2 Power Sources

a., Electrical
Number of systems available 4

115/200 Vac, 3 phase, 400 Hz

b. Hydraulic

Number.of systems available

Vehicle APU 4

Rocket engine accessory pad As required
Pressure ‘

No flow 4000 psi

Full flow 2500 psi
Temperature ) ‘ )

Maximum ~ Normal bperating 350°F

Minimum ~— Non-operaling -20°F

An operating pressure of 4000 psig maximoum is chosen as a ground rule based ontrends
of present day large aircraft. The B~70 used 4000 psig and the SST has gone to 4000
psig after many studies on the merits of 4000 psig versus the standard 3000 psig.
Boeing showed a net 7% weight saving in favor of 4000 psig but noted that the weight
savings may be lost or reversed if the flight control actuators' sizes were defermined
by stiffness requirements.l” Subsequent to that study, Boeing selected 4000 psig.
Results of an actuator weight study by Moog showed that optimum pressure is from.
3000 fo 4000 psi for usual size loads (1000 to 10,000 fi-1b torque) but becomes higher
for larger loads. However, the magnilude of weight improvement in the actuator is
small 18 Perhaps that particular tradeoff of optimum pressure should be conducted
for each new aerospace application; however, that tradeoff is not within the scope of
this study. Regardless of the eveniual selection, 4000 psig used here will still yield
valid comparison evaluations.

The pressure droop characteristic (2500 psi, maximum flow) is another ground rule
established in anticipation of the eveniual design requirements. Thatf ground rule is
discussed further in Section 3.4.2.

The 350°TF maximum operating {luid temperature is chosen as a reasonable compro-
mise between two design considerations that tug in opposite directions ~ stiffness and
thermal conditioning. Bulk-modulus (e.g., actuator physical stiffness) lowers as fluid
temperature increases. The weight penalty for transferring heat from a hydraulic
system naturally goes up as maximum fluid operat:‘ilg temperature is lowered.
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3.4.2 OUTPUT POWER. Preliminary data on surface hinge moment and ratc
requirements usually define the end limits; that is, maximum stall hinge moment
and maximum no load rate. The output of a hydraulic system will give a paraholic
curve (A) as shown in Figure 3~3, and this curve usually defines the requiremenis of
hinge moment versus rate. However, the inlermediate poinls are not defined and it
is questionable whether they represent real requivements. If a constant oufput
horsepower curve (B} caun be defined as the real limit of hinge moment versus rate
required for the intermediate points, then a reduction in delivered horsepower is
possible. By allowing hydraulic pressure io droop with increased flow, the ocutput
will resemble curve C. Shown another way the required developed power in the
hydrauvlic system is significanily reduced as shown in Figure 3-4. This affects APU
size, APU fuel, transmission line size, and valve size. The APU and fuel weighis
reduce and the hydraulic transmission line size and valve weight increase {e.g. ,
lower allowable pressure drop). However, {or the space shuttle application, only
warm oil need be considered where tubing {riclion losses are low. The resulting
increase in line weighis is more than offset by savings in APU and fuel weight.
There are some undesirable features in allowing the pressure fo droop. One is

that the servovalve flow gain becomes non-linear as shown in Figure 3-5, The flow
gain is normally defined as output {low rate versus valve input at a constant pressure
drop. The slope (flow gain) varies from a maximum for small valve inputs to a

% HINGE
MOMENT

50 -

50 100
% RATE

Figure 3-3. Hinge Moment vs. Rate

+
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¥
minimum for full valve input due to the reduction in inlet pressure, This variance
may be approximately 25% but is not considered to be a problem. The valve can be
designed to compensate for this non-linearity.

Allowing pressure to droop is not valid if maximum rate at high hinge moment
{typical of TVC) is defined as a requirement. .

3.4.3 ALLOWABLE CORRECTION (SWITCHING) TRANSIENTS. -The MSC space
shuttle straight wing orbiter was examined to determine the vehicle response to
control surface failure transients, Failure transienis were simulated as triangular
pulses having a specified failure surface rate and a specified area. The vehicle was
examined at a cruise altitude of 20,000 £t and a velocity of 250 knots and at surface
rates of 5 to 30 deg/sec and accumulated errors of 0.2 and 0.5 deg-sec. Maximum
error for the case of 30 deg/sec surface rate and 0.5 deg-sec accumulated error for
an elevator trailing edge down failure is +0.048g and -0, 044 g. These accelerations
are within the failure transient specification contained in MIL~F~8785B, "Flying
Qualities of Piloted Airplanes,' paragraph 3.5.5, which requires transients fo be
less than 0. 05g for a first failure.

The 0.5 deg~-sec transient is well within the capability of an automatic fault correcting
actuator. For example, in a position summing arrangement, assuming a control
channel {secondary aciluator) time constant of 0.02 sec, an output rate due to one
channel hardover of 30 deg/sec, a failure not sensed until the channel is hardover,
and a 30 millisecond switching time, the outpul transient would be approximately

0.1 deg-~sec,



The 0.5 deg-sec transient may also be applied {o the orbiter TVC as a reasonable
allowable transient. The booster TVC crifevia is not based on degree-seconds since
one engine could go hardover and control could be maintained. The limit is simply
physical restraint and the aliowable transient is more liberal than for all other appli~
cafions.

The allowable transients listed above are much more liberal than can normally be
permitted on high performance aircraft {(which established correction i{ransient
allowables for most servoaciuator designs)., As such, correction transients bhecome
diminished in importance as evaluation criferia for this study.

'8.4.4 DUTY CYCLE, Duty cycles are defined so that power scurce fuel weight can
be determined. Duty cycles are established for asrodynamic surface confrols only.
Thrust vector controls operate for only short durations (approximately three minutes
compared to approximately two hours for aerodynamic surface controls on the booster)
and exert a minor influence on fuel weight. The duty cycle is given in terms applicable
to hydraulic systems f{or the largesi surface or demand on each vehicle. As such fuel
weight will only be a factor in the largest surface servoactuator tradeoff comparison.
See Table 3-2 for mission segments and duration.

Table 8~-2, Mission Segments and Duration

TIME ~ SECOHDS

MISSION SECMENT ORBITER BOOSTER
ENTRY B 2000 920
TRANSITLON T 100
CRULSE . 600 Y700
LAYDING - 300 480

MISSTON DURATION * 3000 6200

;I‘he duty cycles are

a, Enfry 15% of maximum elevator rate — continuous
‘Transition} 100% of maximum elevator rate — 10% of the time
Landing )

b. Cruise 5% of maximum elevator rate — continuous

100% of maximum elevalor rale — 1% of the time

2
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From the above data an average power in % of maximum delivered power can be
derived:

Maximum Delivered Power = 100% Elevaior Rate X 2500 psi

Constant HP Loss (Pump & System Leakage = 10% of a 4000 psi System
4000

[
0% (5555
16% of Max Del power

#

) ¥ Max Del power

i

) 4
Continuous Cyeling @ 15% = 15% ( 2233) = 249 of Max Del power
_ 4000) _ ]
@ 5% = 5% (2500 = 8% of Max Del power

[at lower surface rates pump discharge pressure is approximate 4000 psi]

Steady Siate Power = Constant L.osses + Contfinuous Cycling

= -+ - = A N
HP AVE HPS. s, KHP q HPS, S.) HP AVE verage Power
HPS g = Steady State Power
K = % of Time @ Max Rate
HP 4 ‘= Delivered Power = 100%

3.4.4.1 -TFor Entry, Transifion, and Landing

it

HP (16% + 24%) + 10% [ 100% = (16 + 24))

AVE

H PAVE

i

46% of Max Delivered Power
Adjusling to APU shafll power where delivered power = 0.9 shaft power,

HPAVE = 46% % 0.9 = 41,5% of APU Shaft Ouiput Power

3.4.4.2 Tor Cruise

(16% +8%) +1% [100 - 24]

Hr AVE =
HP AVE 259 of Max Delivered Power

or 25x 0.9 = 23.5% of APU Shaft Output Power




3.4.4.3 Average Power Over Total Mission

a. Ovrbiter:

i PAVE

o4
B AVE

H PAVE

b. Booster:

H PAVE

H PAVE

i

l

43, 5% (Entry + Transition + Landing Time) + 23.5% (Cruise Time)
Total Mission Duration

41.5% (2000 + 100 + 300) + 93. 5% (600)
3000

38% of APU Rated Shafi Output Power

41.5% (920 + 100+ 480) -+ 23.5 (4700)
6200

30% of APU Rated Shaft Qutput Power

The average power shown above converfed to hp-hrs and used with specific fuel con~
sumption data shown in Section 6, Figure 6-10, determines fuel weight for each
elevator configuration; see Section 7.
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SECTION 4
CONCEPTUAL DESIGN

4.1 POWER CIRCUITS

All aerodynamic surface controls are required to be fail operate, fail safe. In this
case fail safe means fail operate, degraded mode. Allowable degradation in terms of
hinge moment is 67% for ailerons and rudders and no degradation for elevafors.~ To
show convenienl comparisons of the different applications, their requirements are
converted to output power, This is done to provide a convenient base regardless of
the type of power used (e.g., hydraulic, electrical, mechanical). The power listings
below do nof represent actual power developed but represent the minimum theoretical
output required as shown cn the constant power curve, Figure 3-3, Section 3. The
constant power curve passes through thé half hinge moment, half rate point which is
used for this comparison, - Table 4-1 shows the output poweér required when applying .
.multiple circuits per the failure criteria. For example, each of four circuits need
only supply half the power (hinge moment) that is required of each of ‘three circuits.
This indicates that a four-power circuit arrangement is a candidate for large load
applications because of the possible weight reduction over three-power circuits. The
chart also identifies the type of power to be used based on the recommendations of the
industry survey,

..

Table 4-1, OQutput Power Required

Min Req't " Multiple Systems (hp/sys)
Application ] (hp) . 3 Systems 4 Systems
Aileron - orbiter 3 ' 2 1
*Rudder - orbiter 6.4 4,3 2.15
*Ajleron - boosier 12.2 8.1 4
*Elevator - orbiter 31.5 - 81,5 - 15,75
*Rudder ~ booster - 32 21.5 10.25
*Elevator - booster 155 155 77.5

*¥TVC 19.7 Based on 70, 7% (Pitch + Yaw H, M. @ 10 deg/sec)

*Applicable to hydraulic power and control only. Only hydraulics is con-
sidered for these applications because it is the only technology lhat has
combined large power requirements, multiple éystem output, and auto-
matic failure correcting capability,
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4.2 DESIGN APPLICATIONS

Aerodynamic surface controls range from 9600 ft-1b hinge moment for the orbiter
aileron to 650, 000 ft~1b for the booster elevator and suggest no common solution for
all, To do a separate tradeofl for each of six surfaces would dilute the overall effort,
It is reasonable then to break the applications down as follows:

a. DBooster critical-application (Jargest hinge moment)
b. Orbiter critical application (largest hinge moment)

. ¢, Smallest size,

The elevator for each vehicle is the critical application., They have the greatest effect
on vehicle weight (subsystem and interfaces). The orbiter aileron has the least effect
on vehicle weight, is the smallest size, and is a candidate for something other than
hydraulic power. The intermediate applications are not configured, but the data gen-
erated is applicable, TFor example, qualitative comparisons for the elevator servo-
actuators will apply to the intermediate size servoactuators due fo similarity of the
control portions, Weight is the major difference that might exist hetween the orbiter
elevator and rudder.

Three configurations are established for each application to provide basis for tradeoff
evaluation, These configurations are all of the analog type. One digital configuration
is established for comparison t¢ the analog versions. ’

Three analog configurations are established for each of the booster and orbifer TVCs.
They are studied separately because of the different levels of redundancy required.
The number of power systems to be used for TVC is based solely on redundancy re-
quirements and not weight. .

4.3 DESIGN CONCEPTS

As stated before, the majority of work has been accomplished in hydraulics. There
are many types of redundancy mechanizations possible. Figure 4-1 is a flow chart
showing many combinations that have been conceived to give automatic faull correc-
fing capabilily. Reviewing the space shutfle requirements, the aerodynamic surface
controls must be fail operate, fail operate-degraded mode. This requires a minimum
of three power circuits, three output actnators, and four confrol channels. Four
channels are required fo provide a two ouf of three agreement after one failure. Elec-
tronic models are not used in this study.

The flow chart is broken down to show major classifications of techniques used to
achieve automatic fault correcting capability. Some of these terms are unique to this
report and may not agree with all published data to date. The following gh'scussions
describe these classifications.,
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4,3.1 LOAD SHARING VS. ACTIVE/STANDBY. (Thi's section is concerned only with
the power output portion of a servoactuator. Sections 4.3.72 through 4.3.11 are dls—
cussions on the control porl;mns only.)

Load sharing has all output actuators aclive where 'they share the load equally. Active/
standby has only one oufput actuator aclive at one time. :All other output actuators are
bypassed.

4.3.2 SECONDARY ACTUATORS V8. DIRECT DRIVEN SPOOLS. A secondary actu-
ator (sometimes referred (o in other literature as servo ram or mod piston) is an
intermediate actuator that converts an upper sfage servochannel command fo 2 mech-
aniecal oufput fo drive a power spool.

Secondary actuators came into being as a means of providing a mechanical eguivalent

of an electrical signal so that convenient summation with a pilot’s manual input to a
serveactuator was possible. In a pure fly-by-wire arrangement, the need to produce

a mechanical output from an elecirohydraulic servé to sum with a pilot's mechanical
command is unnecessary. A gecondary actuafor may be used, but for different reasons:
remote location of a control package from a power valve and actuator, or the need to
provide a convenient output of each command/servo channel for monitoring.

"Direct driven spool" as used herein describes a‘power spool driven hydraulically by
an upper stage (either a spool or first stage amphfler) In this case, secondary actu-
ators are not used.

4.3.3 FORCE SUMMING, All channel outpufs are aclive and in parallel. Where
gecondary actuators are used (see Figure 4-2A) the outpuf pesitions are common, and
any force unbalance is due primarily to channel mismaleh. Force summing arrange-
ments must be synchronized to mainfain static sfiffness around null, prevent dead band,
and reduce power drain. The power spools must also be synchronized cither by some
foree balancing means or by close {olerance fabrication in the case of tandem spools.

If secondary actuators are not used and direct driven spools cannot be synchronized by
fabrication, force signals from the power output actvuators can be used to synchronize
the channels, Maintaining stabilify becomes a problem when inserting a pressure feed-
bhack loop within a position feedhack loop where the control or synchromzahon loop gain
is nearly equal to the controlled or position loop gain.

The outpuf force of each channel being unique to that channel is used for self monitoring
or comparison with the other channels in fault detection and correction logic, Ina
hydraulic arrangement, signals proporticnal to AP developed at each channel oufput
(secondary actuator) are usually used for this purpose,

A change in output does not occur after a failure {hercby allowing a long switching
time, There is negligible loss in performance after failure. Complexity is high be-
cause of the synchronization required,
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Another method of force swmming is mid value logic. In a four-channel, secondary
actuator arrangement, all actuators are in parallel. Detents are used with unequal
breakout forees in opposite divections. Channel mismatch causes the secondary
actualors to break out of their defents in the ensuing force fight. The unequal break-
out forces are fo ensure that one channel sfays in delent and provides the output, There
is a considerable problem in preventing all acluators from brealing out and/or suffexr-
ing numerous channel disengagements (nuisance tripping) via fault delection and correc-
tion logic with this arrangement,

4.3.4 POSITION SUMMING. All channel outputs are active and in series. Position
summing, Figure 4-2B, does not require synchronization (no force fight between chan-
nels). Since an individual channel is nol resisted by adjaceni channels, a failure such
as a hardover will cause ouipui motion of the power actuator., In fact an outpul motion
must oceur for failure deiection because position is mique Lo each channel and provides
the intelligence for comparison to other channels to defect and swifch out fanlis. When
comparing force summing to position summing the methods used to deactivate a faully
channel are opposite. A secondary actuator in a force summing arrangement must be
bypassed since 2ll actuators are in parallel. A secondary actualor in a position sum-
ming arrangement is centered and locked. Therefore,, failures in a position sumining
arrangement reduce position authority of the common output which in turn reduces loop
gain and maximum rate capability of the output actuators unless some means of gain
changing is used.

4,3.5 VELOCITY SUMMING. A redundancy mechanization technique employing elec-
tromechanical servo channels developed by LTV elecirosystems uses velocity summing;
see Figure 4-2C, The ouipufs of servo mofors are summed through differentials to
provide-an input to a hydraulic power spool, As channels are de-activaled, velocily
output of the ball screw to the hydraulic power spool is reduced. Velocily summing is
similar o position summing in that all outputs are in series, but failures in velocity
summing reduce the velocity of the power spool rather than position which affects ac-
celeration of the outputf actuator and not rate.

4.3.6 ACTIVE/STANDBY-CONTROIL CHANNELS. Active/standby is self explanatory
in that there is usually only one active oufput at one time. Engagement of standby
channels are by predefermined seguence. All channels receive commands and fault
detection and switching is achieved by position comparison of an element within each
channel. There is no degradation in performance after a failure.

4.3.7 SYNCHRONIZATION, In aforce summing arrangement, synchronization
usually consists of an equalization (or compensation) signal feedback to forece all
channels to seek 2 common null, Self equalization is confained wilhin the channel;

see TFigure 4-3A. Load pressure is allowed fo build up in a secondary actuafor to a
limit that safisfies synchronization (approximately 1000 psi in a 4000 psi system). As
load pressure exceeds this limit, a proporlionally larger signal is fed back o bias the
servovalve in the direction to reduce the actuator AP. The correction signal stays
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nearly constant until the AP reaches a minimum value (approximately 200 psi) then will
reduce fo zero. To accomplish this hysteresis effect, the equalization network consists
of a preloaded piston and a LVDT. The equalization signalis also directed to a detec~
tion and switching function for de-activating the channel at a *fajlure threshold" limit,

Force signals are averaged befween two adjacent channels hefore beihg fed back as a
biasing signal in a cross equalization scheme; see Figure 4-3B. Detection and correc-
fion in this case consist of comparing channel oufpuis (force) two-by-two and logically
delermining the faulty channel.

Self equalization and c¢ross equalization are synchronizing techniques that were devised
primarily to meet the broader classification of self monitoring and cross monitoring,
respectively. :

4.3.8 CROSS MONITORING. Cross monitoring or inter channel monitoring refers
to any comparison arrangement requiring interchannel connections fo implement fault
detection logic. Figure 4-3B is an example of cross monitoring where some form of
“majority vote logic' is used fo detect and switch out a failure, )

4.3.9 SELF MONITORING. Self monitoring or intra channel monitoring does not use
interchannel connections. The self equalization technique of Section 4.3.7 and its fault
indication method is an example of self monitoring. In Figure 4-4, a monitoring chan-
nel is added for comparison to each channel that provides an output, There are no
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interconnections befween the channels that provide outputs other than a device {o engage
standby channels. This approach requires more servo channels but fewer power sup-
plies when compared fo cross monitoring. ¥For example, using electro hydraulic servo
channels, cross moniforing requires four serve channels and four hydraulic systems
whereas self moniforing requires six servo channels andthree hydraulic systems for two
fail operate capability.

In Figure 4-5, the fault detection method is simply the comparison of output to input
within one channel. This method is simple but has some disadvantages. For example,

if the oufput meets siall load and the stall lasts the duration of a time delay, all channels
may be de~activated at cnce.

4.3.10 ELECTRONIC LOGIC VS, HYDRAULIC LOGIC. Two fault detection and cor-
rection methods widely used are electronic logic and hydraulic logic. Elecfronic logic
has all comparison or monitoriag information converted to electrical signals and ulilizes
electronic devices for {ailure detection and switching. It is versatile in {hat it can be
packaged remote from the servoactuator, or its function can be removed enfirely from
the servoactuator subsystem and assigned {o the vehicle computer. Hydraulic logic is
more of a specialty design integrated with the iype of redundancy mechanization em-
ployed by the servoactuator. For example, the hydraulic logic developed by Hydraulic
Research for active/standby switching bears liltle resemblance to the hydromechanical
logic used in the F-111 damper servoaciuator. 18 mydraulic logic by necessity is pack-
aged within the servoaciuator.
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4,3,11 MONITOR VS. MONITORLESS. Figure 4-1 with all of its classgifications of
techniques for redundancy mechanizations describes monitored systems only. A moni-
tored servoactuator is synonomous with detection-correction in this {ext. In 2 monitor-
less servoactuator, a fault is not switched out but is simply overpowered by the remain-
ing good channels. An example of a monitorless servoactuator is the one developed for
the Saturn S-IVB by Moog, commonly called a majority voting servoactuator. In general,
to achieve the same level of fajlure capability, a moniforless design requires more re-
dundancy than a monitored design; however, it is not encumbered with detection and
switching elements.

4.4 CONFIGURATIONS

4.4,1 SELECTION CRITERIA. As stated before in Section 4.2, three configurations
for each of five applications were established and, per the recommendations based on
the industry survey, hydraulic analog concepts are configured for all applicafions and
one electromechanical configured for the smallest load application (orbiter aileron).
In addifion, one digital concept was established {0 meel the surface controls failure
capabilify. It should be noted here that a concept using electromechanical sexrves fo
control hydraulic power stages is classified as a hydraulic concent.




Hydraulic concepts were given preliminary evaluation based on redundancy performance,
complexity, and development status. Redundaney performance includes eriteria such as
nuigsance fripping and effects after failure.

The electromechanical concept (compared to other electromechanical) was evaluated on
normal performaice as well as the criteria above.

4.4.2 AERODYNAMIC SURFACE CONTROLS. Refer {o Figure 4-6 for descriptions

of the configurations and where they are applied. These were selected to represent

the best candidates and also to provide meaningful trends over wide ranges of loads

and sizes. Electromechanical control (velocity summing) is used wiih three hydraulic
power circuils to delete the need of a fourth small hydraulic circuit just for control
channel power. Electromechanical control could also be used with four hydraulic power
circuits, A weight comparison is made in Section 8 befween electromechanicdl and
hydraulic servo control portions only. The electromechanical control is a candxdate
for all three applicalions so that this compamsom can be made,

Alf.hough- a four-power system appears to {veigh less than a three-power system for
large load applications, a three-power system is a candidate for the -elevator applica-
_ tions to show the weight trends of four versus three through this range of large loads.

The booster and orbiter elevators have the same configurations because they have much

in common. Although the booster loads are much larger, both surfaces must be classi-

fied as being big, They are the driving functions for both vehicles {e.g., they determine
interface sizes and quantities). -

‘One principal difference between the elevalor configurations 1 and 2 (see Figures 4-7
and 4-8, respectively) is the physical installation, Configuration 1 has four separate
control packages, each mounted integrally with an acluater. Configuration 2 has one
large control package and could be installed remote from the actuator such that only
fluid and electrical lines interconnect the two. The control package location must not
be so remote that fluid line compliance would seriously degrade hydraulic stiffness.

4.4.2,1 Booster and Orbiler Elevator — Configuration 1 (Figure 4-7)., The unit has an -
all active-force summing control mechanization, Four hydraulic power systems and
four separate valve/actuators are used. The control sections are force summed through
a mechanical shaft. The secondary actuators are synchronized by a self-equalization
loop fed back within each channel to keep all secondary actuators within predetermined
synchronous limits. The equalization signal (force signal) is also used for fault defec-
tion and correction. When a chahnel output reaches a threshold of failure, power is
removed from the continuously energized shutoff valve. Wilh the shutloff valve off, the
pressure operated bypass valve shifis to bypass the secondary actuator. Hydraulic
pressure o a2 power actuator is not affected by a channel fajlure that de-activates a
secondary actuator. Each conirol channel loop is closed by elecirical position feedback
from secondary actuator to servo amplifier,
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Each power actualor is sized for one~half the maximum hinge momeni so that 1009 of
the required hinge moment is available affer two hydraulic failures. Null synchroni-
zation of the power spools is achieved by use of static pressure feedback. This in
effect softens the pressure gain of each power spool at null, thus preventing a force
fight between hydraulic circuits. A jammed secondary actuator or power spool can be
driven out of its detent by the three good channels, The detent breakout force is sef
below the output of any two secondary actuators operating within their synchronous
limits, This is to preven! disengagement of channels when they are driving against
this load. Over pressure bypass on the oufput is provided to allow the three good oui-
puis fo follow commands, Mechanical feedback closes the outer loop from the actuator
fo the power spool.

4.4.2.2 Booster and Orbiter Elevator ~ Configuration 2 (Figure 4~8). This unit is
all active-force summing. Equalization force) signals from secondary actuators are
averaged between channels hefore fedback to the servoamplifiers to synchronize chan-
nels. Electronic fault detection and correction logic is used. When one channel fails,
the logic conipares channels on a two-by-two basis, detects the faulty channel and by-
passes the secondary actuator by sending a signal to de-energize the normally ener-
gized shutoff valve which in turn cycles the bypass valve to bypass. The four channel
control and the power spools are integrated into one package and can be remote from
the output actuators.

Each of the output actuators is sized for one-half hinge moment so that 100% of the
required hinge moment is available after two hydraulic failures, The power spools are
synchronized by fabrication, where all circuits null within approximately 1000 psi AP

of each other. There are no provisions for power spool jams other than the overpower-
ing force of the secondary actuators., Elecirical position feedback is used to close all
control loops.

4.4.2.3 Booster and Orbiter Elevator — Configuration 3, (Figure 4-9); Orbiter Aileron —
Configuration 3. This unit is all electromechanical in the control stages, The ac servo-
motfor and differentials arranged in an all active, velocity summing arrangement provide
2 ballscrew oufput to drive hydraulic power spools. The servo motors incorporate a
fixed phase and control phase winding and normally electrically energized brake (brake
off). The control phase accepts a variable voltage input to control the output. Each
channel incorporates velocity (tachomeler) feedback which is also used foxr channel
comparison, When a channel reaches threshold of failure {(disagreement with adjacent
channels) the electronic detection and switching logic signals the faulty channel o shut
down., Power is removed from the control phase winding and brake, locldng the oufput,
The output velocity to the ballscrew is reduced 25% after each channel failure, A back-
up differential and ballscrew is provided. Should the primary ballscrew/differential
jam, the back-up ballscrew is driven out of its detent to drive the power spools.

Each oufput actuator is sized.for {ull hinge moment to provide 100% capability after two
failures. The triple tandem spools are synchronized by close tolerance fabrication.
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4.4.2.4 Orbiter Alleron — Configuration 1 (Figure 4-10). The unitis active/slandby
employing hydraulic logic. Secondary actuators are not used. The active and two
standby circuits each have two servo channels, one being a monitor with no output,

The system is self monitoring with no cross comparison between channels that have
outputs. The lockout solenoid valves are energized momentarily to cycle the unit to

the starting position shown. Fault correction logic consists of hydraulic flapper/nozzle
assemblies that port pressure proportional fo electrohydraulic valve spool position {o

a spring loaded slide valve called a comparator, If spool positions disagree between
the active channel and its moniftor by a predetermined amount, the AP on the comparator
causes it to shift, which in turn causes the engage valve to shift, bypassing the acfive
output and engaging the first siandby. The lockout valve (de-energized) cycles upon
collapse of control pressure to prevent re-engagement of the channel. If either standby
channel should fail first, separate shutoff valves cycle to prevent engagement. A hy-
draulic piston pressurized by the firsi standby circuit provides an additional 'engage
valve position should the first standby fail first, Pressure switches in the comparator
valve provide intelligence for failure indication.

Because the mechanization requires six servo channels, voters arve placed between the
four channel inputs and thé six driving sexvo amplifiers. This allows up fo itwo erron-
eous command inputs fo be voled out before reaching the servos. Electrical feedback
is used to close the control loop. Each actuator is sized to 100% of maximum required
hinge moment.

4.4,2.5 Orbiter Aileron — Configuration 2 (Figure 4-11). This unit is all electro~
mechanical employing spring clufches. Three electrical power systems are clutched
in upon electrical command and summed through a triple differential to provide output
to a single ballscrew actuator. -Two clutches are required per circuil to give bi-direc-
tional motion, The input signals from four channels are condilioned to permit only
signals of sufficient level to energize the solenoids (or coil energizers) to prevent
cluich slipping. The clutches transmil power from a continuous rotahing input shaft at
constant rate. Faulf detection is self monitoring, comparing input to outpuit. If there
is no outpuf with an input signal present, power is removed from thal channel and the
output is locked by means of a brake incorporated within each clutch assembly, The
signal conditioning electronics also includes failure detection and switching logic lo
remove an erroneous command signal so that comparison can be made after one failure.

Due to the triple differential summing arrangement, failures cause unequal effects,
Should either channel 1 or 2 fail, for example, the outpul ballscrew rate is reduced 25%.
If channel 3 fails, the output rate is reduced 50%. There is no degradation in hinge
moment after failure but there is a degradation in surface rate.

4.4.3 THRUST VECTOR CONTROLS. See Figure 4-12 for descriptions of the config-
uralions and where they are applied.
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2 HYDRAULIC POWER CIRCUITS - ACTWE/STANDBY
1 CENTERING ACCUMULATOR & ACTUATOR

[ CONFIGURATION 1 ™=, ~yanNELS - CLEGTRONYDRAULIC

PER AXIS (YD) SELT MONITORING - (POSITION)

2 HYDRAULIC POWER CIRCUITS - LCAD SHARING

1 HYDRAULIC CONTROL AND STANDBY POWER CIRCUIT
—t OHBITER CONFIGURAFION 2 3 CHANNELS - ELECTROHYDRAULIC

FORCE SUMMING - CROSS EQUALIZATION

CROSS MONITORING - (FORCE)

2 HYDRAULIC POWER CIRCUITS - LOAP SHARING
1 HYDRAULIC COH'TROL AND CENTERING CIRCUIT
b CONFIGURATION 3 t=—= 3 CHANNELS ~ ELECTROHYDRAULIC

POSITION SUMMING

THRUST CROSS MONITORING - {POSITION)
VECTOR |
CONTROLS —+ CONFIGURATION 1 —SAME AS ORBITER #1

1 HYDRAULIC POWER CIRCUIT

; 1 CENTERING ACCUMULATOR

L BOOSTER CONFIGURATION 2 {3 CHANNELS - ELEGTROHYDRAULIC
FLOW SUMMING

MONITORLESS

1 HYDRAULI¢ POWER CIRCUIT

1 HYDRAULIC CONTROL AND STANDBY/
CENTERING CIRCUIT

2 CHANNELS - ELECTROHYDRAULIC -

. . CROBS MONITORING ~ (POSITICN)

Figure 4-12, TVC Applications

1 CONFIGURATION 3 [~

The orbiter and booster TVC configuralion 1 are common and ulilize the vehicle ceniral
APU driven hydraulic circuits. The cenfering power for this case is an accumulator
checked off from an active hydraulic circuit, ’

To see how the APU sysiems are arranged, refer to Figure 4-13, The dual blocks
represent dual tandem actuators and the numbers within the blocks represent the power
circuits, One can see that one hydraulic circuit loss does not shut down any TVC, A
second hydraulic fajlure shuts down two TVC systems on the booster and one TVC sys-
tem on the orbiter. The configuralion is more redundant than is normally required

(fail to null) for the booster, but it eliminates the need for 11 separate hydraulic circuits,
one per rockel engine., The addition of power distribufion lines from the APU hydraulics
is the only power penally applied lo this configuration since the power supplies are sized
by the aerodynamic surface confrols, )

Configurations 2 and 3 for the o:.blter require three active hydraulic systems per TVC
due to continuous channel control power consumption.

The booster configurations represent three levels of redundancy. Configuration 1 has
the highest level fo be able to use only 4 hydraulic power circuits for all 11 engines,
Configuration 3 has the least redundancy in the control channels, sufficient to prevent
hardover on the first failure. This configuralion meets only the fail to null requirement.
Configuration 2 has (hree channels because il is monitorless in the control channels.
The only defection and switching occurs when the actualor is centered after loss of
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BOOSTER -~ TVC ACTUATOR ARRANGEMENT

1 1
2 2 3
PITCH YAW
ACTUATOR ACTUATOR.
(TYD {TYE}
ENGING 1 ENGINE #2 ENGINE #3
1
1 1 1 1
4 4
" 5 , ¥6
2 2 2 2 2
3 3 3 3 4 4
¥ 8 T
LEGEND:
210 3 3 ) TANDEM.
4 _ 4 4 ACTUATOR
#10 #11 1 APU #1 POWER
2 APU #2 POWER
OREBITER - TVC ACTUATOR ’ z ﬁgg ’*#2 ;’g%g
ARRANGEMENT - ’
1 3 3
3 2 4 4

ENGINE #1 ENGINE #2
Figure 4-13, APU Driven Hydraulic Circuits for TVC — Configuration 1

hydraulic control power, Configuration 2 is {ail operate dégraded if the failure is con-
fined fo the upper servo.porlicns where redundancy exists., It can survive many com-
binations of failures providing there are no two like failures.

4,4.3.1 Orbiter and Booster TVC — Configuration 1 (Figure 4-14). The unitis
active/standby employing hydraulic logic. The aclive and standby circuits each have
two servo channels, one being a monitor with no output. The unitis self monitoring
with no cross monitoring between P and P, outputs. The lockout solenoid valves (6)
are energized momentarily to cycle the unil lo the starting posifion shown. TFault
correction logic consists of hydraulic flapper/mozzle assemblies (4) ihat port pressure
proportional to elecirohydraulic valve spool position to a spring-loaded slide valve (5)
called a comparator. If spool positions disagree between active channel and ifs monitor

4-20



1e-%

[T ITEE ST

e

——-..k I
ld _——— — — —_— — — 5 6 ] C
L—*
MOWITOR
. ; 3 ] X
! Thy —— o] L |
bl
FATIURE ||
INDICATION
& SWITCEING

FOR CENTERING

l

L
1
] 1 4
|| LT o
] v
IA

? INB"—'_'—‘”"‘

TO HYD
SHUTQFF —
VALVES
1. SERVO AMPLIFIER . 8. BYPASS & ENGAGE VALVE (SYS 2)
2. E/H SERVO VALVE ' 9. SHUDOFT & BYPASS VALVE (SYS 2)
" 3. POMER SPOOL . 10. LVDT {QUADRUPLE)
L. HYD, MONITOR * 3. PCJER ACTUATCR
5. HYD. COMPARATCR ' 12, CENTERING ACTUMECR

€. SOL LOCKOUT VALVE 13. S50L. CENTERING VALVE

7. SHUTOFF & BYPASS VALVE (5Ys 1)

Figure 4-14, Orbiter and Booster TVC —~ Configuration 1

TO OFP, AXIS
b CENTERING
ACTUATOR

D
3 =
A
———cm] 1

3

ELECTRICAL - - ~ =
HY ZRAVLIC
MECHANICAL oo



by a predetermined amount, the AP on the comparator causes it fo shiff, which in furn
causes the engage to shift bypassing the active outpul and engaging the standby. The
lockout valve (de-energized) cycles upon collapse of control pressure {o prevent re-
engagement of the channel, If the standby should fail first, its shutoff and bypass valve
(9) prevents engagemenl, Pressure switches in the comparator provide intelligence
Tor failure indication and actuator cenfering. Affer two failures, Pj and Py hydraulic
pressure is shutoff and the centering valve energized, porting Py (accumulator) to the
centering and locking actuator.

Each half of the tandem actuator is sized for full hinge moment. Electrical position
feedback is used to close the loop around ihe servoactinator,

4,4,3.2 Orbiter TVC — Configurafion 2 (Figure 4-15). Three aclive channels powered
by three hydraulic circuits provide a common oulput that controls a tandem output actu-
ator. Pg3 is used as a standby and switched into the power actuator in event of loss of
either P1 or Py. The servo channels use secondary actuators mechanized to provide

a force summed output, To minimize the force unbalance the three channels are syn-
chronized by force siguals (AP) returned to the electronic comparison, detection and
switching logic where an equalization signal is fed back to each channel forcing them

to a common null. If one channel (e.g., secondary actuator AP) reaches a predetermined
threshold of disagreement with the other channels, it:is shut off via the detection and
switching logic, and the secondary actuator is bypassed.

Elecirical position feedback closes the control loop from the secondary actuator to the
servo amplifier. After a second failure all channels are shut down and all secondary
actuators center. Cenler position of the secondary actuators is coincident with geo-
metric center of the power actuators due to the mechaniecal feedback arrangement.

Each half of the tandem power acluator is sized to provide full hinge moment.

4.4.3.3 Orbitexr TVC — Configuralion 3 (Figure 4-16). Two hydraulie circuits (P and
Py} and corresponding serve channels provide active outpuls to & tandem power actualor,
whereas the servo channel powered by Py serves only as a model, All channels use
secondary actuators mechanized to provide position summing of the oufputs of channels

1 and 2. If one secondary actuator position reaches a predetermined threshold of dis-
agreement with the other secondary acluators, the electronic detection and switching
logic shuils off that channel. As hydraulic pressure collapses the affected secondary
actuator centers and locks, If an active actnator is centered, ihe output siroke to the
power spool is halved and gain and ouiput rale are reduced. A second failure that will
cause sufficient disagreement between the two remaining channels will shut down all
channels via the detection and switching logic, All secondary actualors center and lock,
In addition the power control actuator is by-passed by action of the power hy-pass valves,
allowing the centering actuaior to center and lockthe TVC. The centering valve is
energized by the same intelligence thal de-activates all channels,

Each half of the tandem power actuator is sized to provide-full hinge moment.
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4.4.3.4 Booster TVC — Configuralion 2 (Figure 4-17). - This unif is monitorless o
deteclion or correction in the servo channels), It has one active hydraulic circuit that
powers three servo channels., The first stage electrchydraulic valve outpuis are flow
summed fo drive a common power spool, which in turn controls the power actuator. A
bad ouiput from any channel will attempt to drive the power spool. Mechanical feedback
from ihe spool {o each first stage will direcl the two good channels (o oppose the dis-
crepant signal. Single faulls in the servo upper stages, therefore, are overpowered
and no switching is required. There is some degradation (unsymmetrical response,
slighl output position change, loss of control sensitivity about-null) after a failure de-~
pending on the nature of failure. The unitf can survive many combinations of dual fail-
ures but cannot tolerate two like failures (e.g., two channel hardovers in the same
direction}. '

Centering and locking provisions are incorporated inlo the power acf:ual:or. A second
hydraulic circuit, P, (accumulator), is switched in fo center the actuator should the
active circuit, P, fail.

4.4.3.5 Booster TVC — Configuration 3 (Figure 4-18). This unit has one active hy-
draulic circuit, P;. A second hydraulic circuitis used to power a monitoring channel
and provide centering. The two servo channels are required fo prevent a hardover
oufput. Hydraulic logic is used (e.g., the monitors, comparator; and shutoff and
bypass are the same as described in Section 4.3.3.1). A secondary actuafor is used
on the active channel., When there is sufficient disagreement between channels, pres-
sure is removed from the secondary actuator and it centers. Center position is coin-
cident with geometric center of the power actuafor due to the mechanical feedback
arrangement. The cenlering valve is triggered by either loss of Py hydraulic pressure
or servo channel disagreement, fo pott cenlering power to-the tandem power actuator.
Should Po fail first, P; is available to center the power acluator.

4,4.4 DIGITAL CONFIGURATION. One digital design is configured to safisf'y the two
fail operate requirements for aerodynamic surface controls, This configuration, Fig-
ure 4-19, was selected because itis all digital except for the outpui aclualor. To ex-
tend digital design’{o include the output actuator (digital strut) would result in a very
large and complex acfuaior. Torque mofors rather than solencid valves are used in
the upper stages because of the severe cycling requiremenis (number and frequency).

Figure 4-20 ig a functional schemafic that shows detail operation of one channel. Com-
mand signals are received in incremental form. For each signal pulse, the torque
motor drives the pilot stage spool. Pressure is boot strapped to drive the pilot stage
spool affer initial movement to reduce the signal level and pulse duration required on

the forgue motor. The pilol stage spool directs pressure to the main power spool,
positioning it to open pressure to one cylinder port. The flow from the opposite cylinder
port drives the digitizer spool against a stop. The displacement of the digitizer spool
represenis the incremental displacement of the actuator {or one pulse. When the signal
is removed from the torgue motor, the pilot stage and power spool center, blocking the
actuator ports and recycling lhe digitizer spool,
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Two digitizers are used. The smaller gives 0.2% positional aceuracy per requirements
of Seciion 3, but has limited rate capability, Rale capability is based on the assumption
that the maximum practical cycling rale atiainable is 30 Hz., The larger digitizer gives
maximum rate required but has a larger displacement per cycle.

The large digitizer would normally receive signals for large surface position changes.
The small digilizer acts as a vernier for accurate positioning. The digitizers operate
in sequence, not in parallel.

The fault correction consists only of overpressure sensing on the output actuators. If
one aciuzator is not in agreement and is driven by the other three, it will be swifched
off when sufficient disagreement is reached. This "force voting" on the oulpul requires
four sysiems to enable correclion afier a second failure,
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SECTION 5
FAILURE MODES AND EFFECTS ANALYSIS

5.1 DEFINITIONS

Refer to pages 5-2 through 5-23 for the failure modes and effects analysis of the
eleven candidate confipurations.

Jamming failures of output linear hydraulic actuators are not considered in this
analysis. This is in keeping with past experience that this type of failure mode
is virtually non-existent.

The last column, entitied Failure Category, carries the following definitions:

Category I ~ Single failure or failure level that could czuse loss of
personnel or vehicle,

Category II - Single failure or failure level wherehy the next associated
failure could cause loss of personnel or vehicle,

Category III ~ Single failure or failure level that can be sustained without
loss of primary mission objectives; or the single failure or
failure level whereby the next associated failure could cause
loss of primary misgion obhjectives. -
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ASC CONFIGURATION 1, ELEVATOR - BOOSTER AND ORBITER USAGE; 2 PLACES SHEET 1
ITEM FAILURE MODE . PRIMARY CAUSE DETECTED BY FAILURE CORRECTION EFFECT ON SYSTEM EFFECT ON VEHICLE gﬁ‘#ﬁg@m
1 ) LOSS OF ONE HYD,] o FLUID LOSS LOW PRESS WARN-| SECONDARY ACTUATOR BY- | NQ QUTPUT FROM ONE CIR-~ | NO DEGRADATION 11
SYSTEM s PUMP FAILURE ING PASSED CULT. PASSIVE SEC, ACTU-
ATOR DRIVEN BY 3 GOOD
CHANNELS
*2 JLOSS OF TWO HYD| SAME AS 1 SAME AS 1 TWO SECONDARY ACTUATORY NO OUTPUT FROM TWO CikR- | DEGRADATION IN 11
SYSTEMS BYPASSED CUITS. PASSIVE SEC, ACTU- | SURFACE RESPCONSE
. ATORS DRIVEN BY 2 GOOD GAIN & STIFFNESS
CHANNELS
3 | HARDOVER SIGNAL] » LOSS OF SICNAL | FAULT INDICATION FORCE (AF) SIGNAL FROM OUTPUT FROM ONE CON- SAME AS ] 11
o ELECT, HARDCOVER} -DETECTION AND | $EC, ACTUATOR DE-~ TROQL CHANNEL DE-
© OPEN FEED BACK] SWITCHING LQGIC | ENERGIZES SHUTOFF, SEC. ACTIVATED. ALL POWER
© PLUGCED NOZZLE ACTUATOR BYPASSED, CIRCUITS QPERATIVE
HYD, AMPLIFIER :
4 IHARDOVER SIONAI{ SAME AS3 SAME AS 3 SAME AS 3 2 CONTROL CHANNELS SLIGHT DEGRADA- 11
WITH ONE CHAN- DE-ACTIVATED, ALL POWER | TION IN SURFACE
NEL DE-ACTLVATED CIRCUITS OPERATIVE RESPCONSE
5 |JAMMED BYPASS s CONTAMINATION | NOT DETECTED NONE NONE BY ITSELF NO EFFECT ui.
+ | 8POOL « (WONT * BROKEN SPRING
BYPASS)
HARDOVER SIG- ~ . SAME AS 3 FORGE SIGNAL DE-ENERGIZES] SECOMDARY ACTUATOR SAME AS 2 i1
NALA{SECOND SHUTOFF, SEC. ACTUATOR BREAKS QUT DETENT AND
FAILURS) WONT BYPASS DRIVES POWER SPOQL.
GOCD CIRCUITS "BUCKY OUT
HARDOVER ATTEMFT.
SMALL SURFACE POSITION
CHANGE
§ |JAMMED SEC., * CONTAMINATION | SaM=® AS 3 - FORCE SIGNAL DE-ENERCGIZEY 3 GOOD CHANNELS MAIN«- SAME AS 2 ‘I
ACTUATOR #STRUGTURAL SHUTCFF TAIN POSITION CONTROL
FAILURE AND DRIVE JAMMED ACTUA-
TOR QUT OF DETENT, OVER-
PRESSUGRE BYPASS OPENED
ON AFFCCTED POWER
ACTUATOR
¢
7 §JAMMED MAIN SAME AS 6 SAME AS 3 SAME AS b SAME AS 6 SAME AS 2 4

POWER SPOOL




£-¢

AGE HIGH RATE

SEAL
*STATIC SEAL TO
AMBIENT

WARNING WHEN
CIRCUIT FLUID IS
DEPLETED

PASSED WHEN CIRCUIT 15
DCP LETED,

SAFETY HAZARD EXISTS
WITII OLL SPILLAGE

ASC CONFIGURATION I, ELEVATOR - BOOSTER AND ORBITER USAGE: 2 PLACES SHEET 2
ITEM] FAILURE MODE PRIMARY CAUSE DETECTED BY FAILURE CORRECTION : EFFECT ON SYSTEM EFFECT ON VEHIGLE CF:;LEU;gm
8 | DETEGTION AND BROKEN WIRE OR | FAULT INDIGATION} SHUTOFF VALVE DE-ENERGIZE QUTPUT FROM ONE CONTROL NO DEGRADATION 1
SWITCHING LOGIG] OPEN CONNEC- DETECTION AND | ED SEC. ACTUATOR BY- GHANNEL BE-AGTIVATED,
ONE OPEN TION SWITCHING LOGIC | PASSED ALL POWER CIRCULITS CPERA
TIVE
9 |S0L SHUTOFF SAME AS 8 NOT DETECTED SAME AS 8 SAME AS B SAME AS & 1
VALVE - OPEN
10 ] SOL SHUTOFF CONTAMINATION | NOT DETEGTED NONE NONE NO EFFECT 1
VALVE-STUGK IN
ENMERGIZED POSI-
TION
HARDOVER SIGNAL} - SAME AS 8 SHUTOFF VALVE DE-ENERGIZ{ SAME AS 5 SAME AS 2 i
{2ND FAILURE} ED, VALVE WONT CYCLE
11 | CONTROL MIS- - NOT DETEGTED NONE REQUIRED UNTIL FAIL- -EQUALIZING CIRGUITS ON | NO EFFECT 1
MATCH, PRIESS UNLESS MIS- URE THRESHOLD IS REACHED,] EACH CHAMNNEL PROVIDE
VOLTAGE, GAIN, MATCHES REACH | THEN RESULT IS SSME A4S 3 BIAS SIGNAL TO SERVO AMP
RESPONSE FAILURE DETEC- TO FORCE ALL GHANNELS
TiON THRESHOLD. TQ COMMON NULL,
(NULSANCE TRIP)
12 §SYNCHRONIZING STRUGTURAL NOT DETECTED NONE LARGE DEAD ZONE AND LCBS| SERIOUS DEGRADA-} 1
SHAFT-BROKEN FAILURE OF STIFFNESS TION IN PERFOR-
MANGE & POSSIBLE
LOSS OF PITCH CON .
} TROL
13 {INTERNAL LEAKX- | «FAILED SEAL NOT DETECTED NONE UNTIL FAILURE THRES-| *FLUID HEATING SAME AS 1 1t
AGE HIGH RATE ACTUATOR PIS- | UNLESS CHANNEL | HOLD IS ACACHED, THEN RE-l « LOWER SERVO GAIN
TONS N PERFCRMANCE DEJ SULT IS SAME AS3 +LOWER LOAD CAFPABILITY
» EROSION/WEAR | GRADES TC FAILURE ON ONE GIRCUIT
LAPPED SPOOLS | THRESHOLD ' .
NOZZLE
14 FEXTERNAL LEAK-] »ROD DYNAMIG LOW PRESS SECONDARY ACTUATOR BY- | SAME AS 1. POTENTIAL SAME A5 1 11
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ASC

CONFIGURATION 2, ELEVATOR - BODSTER AND ORBITER

USACE: 2 PLACES

SHERT 1

ITEM

FAILURE MODE

PRIMARY CAUSE

DETECTED BY

FAILURE CORRECTION

EFFECT ON SYSTEM

EFFECT ON VEMICLE

FAILURE
CATEGORY

LOSS OF ONE HYD,
SYSTEM

LOSS OF TWO HYD,
SYSTEMS

HARDOVER SIGNAL

HARDOVER SIGMAL
- WITH ONE CHAN-
NEL DE-ACTIVATEL

JAMMED BYPASS
SPOOL-{WONT BY~
P ASS)

HARDOVER SIGNAL
(2ND FAILURE)}

JAMMED SEC,
ACTUATOR

JAMMED MAIN
POWER SPOCL

+ FLUID LOSS
«PUMP FAILURE

SAME AS ]

« LOSS OF SIGNAL
* ELECT, HARDOVER|
* OPEN FEEDRACK
* PLUGGED NOZZLH

HYD., AMPLIFIER

SAME A5 3

» CONTAMINATION
+ BROKEN SPRING

* CONTAMINATION

*STRUCTURAL
FAILURE

SAME AS 6

+LOW PRESS WARN-
ING

+FAULT INDICATION
- DETECTION AND
SWITCHING LOGIC

SAME AS |

FAULT INDIGATION
- DETECTION &
SWITCHING LOGIC

SAME A5 3
NOT DETECTED
SAME AS 3

NOT DETECTED

SAME AS 6

PASSIVE FAILURE DETECTED
BY CROSS MONITORING. SHUT
OFF VALVE DE-ENERGIZED,
SEC ACTUATOR BYPASSED

TWO SECONDARY ACTUATORS
BYPASSED

ACTIVE FAILURE DETECTED
BY CROSS MONITORING, SHUTH
OFF VALVE DE-ENERGIZED.
SEC. ACTUATOR BYPASSED,

SAME AS 3

NONE

DETECTION SIGNAL DE-
ENERGIZES SHUTOFF. SEC,
ACTUATOR WONT BYPASS

* EACH SECONDARY ACTUA-
TOR HAS 800 LBS NET FCRCE
‘4 CHANNELS HAVE 3200 LBS

AVAILABLE, APPROX 10 TIMES

FORCE NEEDED TO SHEAR
CHIP

» JAM WOULD NOT CLEAR
ONLY IF MASBIVE STRUG-
TURAL FAILURE OCCURRED

SAME AS 6

NO QUTPUT FROM ONE CIR-
CULT. PASSIVE SEC, ACTU-
ATOR DRIVEN BY 3 GOOD
CHANNELS

NO QUTPUT FROM TWO CIR-
CUITS. PASSIVE SEC, ACTU-
ATORS DRIVEN BY 2 GOOD
CHANNE LS

OQUTPUT FROM ONE CONTROL]
CHANNEL DE-ACTIVATED.
ALL POWER CIRCULTS :
OPERATIVE

z CONTROL CHANNELS DE-
ACTIVATED. ALL POWER
CIRCULITS CPERATIVE

NONE BY ITSELF

3 GOOD CHANNELS MAIN-
TAIN CONTROL. LOSS IN
SERVO Gall & RESPONSE

*NO EFFECT IF JAM IS
CLEARED

*SERVO ACTUATOR CAN'T
FOLLOW COMMANDS., 2ND
SERVOACTUATOR STALLED

SAME AS 6

NO DEGRADATION

DEGRADATION IN
SURFACKE RESFCNSE
GAIN & STIFFNESS

SAME AS 1

SLIGHT DEGRADA -
TION 5N SURFACE
RESPONSE

NGO EFFECT

SAME AS 2

NO EFFECT

.

*LOSS OF CONTROL
SURFACE POSITION
FIXED

SAME AS 6

I

X

I

I
iy
iI

juisd




AGE - HIGH RATE

s STATIC SEAL TO
AMBIENT

ING WHEN CIRCULT
FLUID i§ DEFLETED

PASSED WEEN CIRCULT IS
DEPLETED

HAZARD EXISTS WITH OIL
SPILLAGE

ASC CONFIGURATION 2, ELEVATOR - BOOSTER AND ORBITER USAGE: 2 PLACES SHEET 2
ITEM}  FALLURE MODE PRIMARY CAUSE DETECTED BY FAILURE GORRECTION EFFECT ON SYSTEM EFFECT ON VEHICLE | [ LURE
CATEGORY,
8 |DETEGTION AND BROKEN WIRE OR  |SAME AS 3 SAME AS 3 SAME AS 3 SAME AS 1 ux
bW ITCHING LOGIG- | OPEN CONNEGTION '
ONE OFEN — -
] SQL. SHUTQOFX SAME AS 3 SAME AS 3 SAMI AS 3 SAME AS 3 SAME A3 1 L

VALVE - OFEN * :
10 |soL. duuTorE CONTAMINATION NOT DETECTED NONE : NONE NO EFFECT I

VALVE - STUCK IN

ENERGIZED POSI. .

TION
" |HARDOVER SIGNAL : SAME AS 3 DETECTION SIGNAL 7O SHUT- |3 GOOD CHANNELS MAINTAIN  |SAME AS 2 13

{(ZND FAILURE} . . OFF VALVE. VALVE CANIT CONTROL. LOSS IN SERVO GAIN

SHUTOFF, SECONDARY ACTUA- | & RESPONSE
TOR WON'F BY-PASS

11 | CONTROL MIS- - ’ NOT DETECTED UN- | NONE REQUIRED UNTIL FAlL- | EQUALIZING CIRCUITS BE- NO EFFECT L

MATCH - PRESS, LESS MISMATCHES | URE THRESHOLD IS REACHED, | TWEEN CHANNELS PROVIDE

VOLTAGE, GAIN REAGH FALLURE THEN RESULT IS SAME AS 3 AVERAGING BLAS SIGNALS TO

RESPONSE DETECTION THRES- | EACH SERVO AMP TO FORCE

HOLD (NUISANCE ALL CHANNELS TO A COMMON
TRIP) NULL
12 | INTERNAL LEAK- }s FAILED SEAL NOT DETEGTED NONE UNTIL FAILURE THRES- [+FLUID HEATING SAME AS 1 1
AGE - HIGH RATE | ACTUATOR PISTONS| UNLESS CHANNEL | HOLD IS REACHED, THEN RE. [sLOWER SERVO GAIN
*EROSION/WEAR FPERFOCRMANCE . SULT IS SAME AS 3 *1LOWER LOAD GAPABILITY . o
LAPPED SPOOLS | DEGRADED TO ON ONE CIRCUIT )
NOZZLE FAILURE THRES- .
. HOLD

13 | EXTERNAL LEAK~ |* ROD DYNAMIC SEAL| LOW PRESS WARN- | SECONDARY ACTUATOR BY- |SAME AS |, POTENTIAL SAFETY{SAME AS | Jors
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SHEET 1

ERENTIAL QUT-
PUT - SUMMING
QUTPUT OF 2
MOTORS

HARDOVER SIGNAL
(ZND FAILURE)

« 3EARING FAIL-
URE

* STRUCTURAL
FAILURE

SAME AS 3

TO 2 SIMULTANEQUS CHANNEL
FALURES, LOGIC DISABLED
& ALL CHANNELS REMAIN ON,

WITH THIS ADDITIONAL FAIL-~
URE LOGIC WILIL SHUT OFF
THE NON JAMMED SYSTEMS

*ONE SERVOACTUATOR FIX-
ED. 2ND SERVOACTUATOR
STALLED (ELEVATOR)

*ONE SERVOACTUATOR FIX-
ED, CPP SIDE ACTUATOR
§TILL OPERABLE

{AILERON)

sELEVATCR FIXED.
LOSS OF CONTROL

«IF FINED POSITION
I NEAR EXTREME
POSITION - LOSS
OF CONTROL

ASG COMNFIGURATION 3, ELEVATQR - BOOSTER AND ORBITER CONFIGURATION 3, AILDRON - ORBITER USAGE: 2 PLAGES
{TEM FAILURE MODE PRIMARY CAUSE DETECTED .BY FAILURE CORRECTION EFFECT ON SYSTEM EFFECI ON VEHICLE gﬁltll"gg}éiw
LOSS OF ONE HYD, | *FLUID LOSS LOW PRESS NONE NO QUTPUT FROM ONE NO DEGRADATION I
SYSTEM s PUMP FAILURE WARNING CIRCUIT :
LOSS OF TWO HYD,] SAME AS | SAME AS 1 NONE NO QUTRUT FROM 2 CIR~ DEGRADATION IN I
S5YSTEMS CUITS SURFACE RESFOINSE]
. GAIN & STIFFNESS
HARDOVER SIGNAL| +LOSS OF S$IGNAL | FAULT INDIGATION{ FAILURE DETECTED BY OUTPUT FROM ONE CEANNEILSLIGHT DEGRATION HI
+ELECT HARDOVER! DETEGCTION AND CROES MONITORIN(, POWER [ LOCKED, VELOCITY QUTFUT!IN SURFACE RE-
“OFPEN'-FEEDBACK | SWITCHING LOGIC | REMOVED FROM SERVO OF BALL SCREW (SECOND- |SPONSE
MOTOR AND BRAKE, ARY ACTUATOR) REDUCED
25%

HARDOVER SIGNAL-] SAME AS 3 SAME AS 3 SAME AS 3 SAME AS 3, EXCEPT WITH SAME AS 3 1
ONE CHANNEL OFF 2 CHANNELS OFI", VELOCITY
AND LOCKED OF QUTPUT REDUCED 50%
LOSS OF TACH. = OPEN COIL SAME AS 3 AFFECTED CHANNEL OUT- MOTOR ROTATION AT NULL. {SAME AS 3 Lt
FEEDBAGK +«BROKEN WIRE PUT VELOCITY BECOMES NOM 3} GOOD CHANNELS COUNTER

LINEAR WITH RESPECT TO ROTATE TO PREVENT QUTFUT

ERROR SIGNAL. IF FAILURE | POSIION CHANGE, INCREASED

THRESHOLD REACHED, FOWER } FOWER CONSUMPTION AT NUL|,

REMOVED FROM SERVO IF DEICCTION REMOVES

MOTOR AND BRAKE . | POWER FRCOM MOTOR, RESUL]

15 SAME! AS 3,

LOSS OF 2 TAGH, SAME AS 5 SAME AS 3 SAME AS § SAME AS ¢ SAME AS 3 It
FEEDBACKS
FAMMED DIFF - + CONTAMINATION | NOT DETECTED NONE, FAILURE EQUIVALENT | SAME AS 4 SAME AS 3 H
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ASC CONFIGURATION 3 ELEVATOR - BOOSTER AND ORBITER CONFIGURATION 3, ALLERGN - CREBITER SHEET 2
1
ITEM FAILURE MODE PRIMARY CAUSE DETECTED BY FAILURE CORRECTION EFFECT ON SYSTEM EFFECT ON VEHICLE gﬁl'i:gRG%RY
8 | JAMMED STANDBY SAME AS 7 NOT DETECTED NONE- STANDBY NORMALLY | NO EFFECT NQ EFFECT r
OUTPUT - BALL ' CGROUNDED AGAINST FUNK
SCREW OR DIF- STRUT
FERENTIAL
9§ TAMMED ACTIVE SAME AS 7 SAMFE AS R WHEN FORCE LEVEL EXCEEDS] NO EFFECT NOQ EFFECT I
QUTPUT - BALL FUNK STRUT BREAKQUT, 5TA1D-
SCREW OR DIF- BY BALL SCREW CONIROLS
FERENTIAL CUTPUT FROM ALL CHANNELS
10 JTAMMED HYDRAU-! » CONTAMINATION | SAME AS 8 *BALL SCREW QUTPUT IS *NO EFFECT IF JAM IS sNOQ EFFECT 11
LIC POWER SFPOOL 800 LBS, SUFFICIENT TO CLEARED
. SHEAR CONTAMINATION
*STRUCTURAL *JAM WOQULD NOT CLEAR ONLY+ ELEVATOR SERVQACTUATORS [+LOSS OF CONTROL i
. FAILURE 1F MASSIVE STRUCTURAL STALLED .
FAILURE OCCURRED *ONE AILERON SERVOACIUATOR [#IF FIXED ACTUATOR 1L
OPERABLE & ONE STALLED. | IS NEAR EXIREME
FOSITION - LOSS OF
. CONTROL.
11 | FAILED MOTOR «QFEN COIL SAME AS 3 ONE MOTOR LOCKED. FAIL- SAME AS 3 SAME AS 3 sy
BRAKE - (LOCKED URE DETECTED BY CROSS :
MOTOR} * MONITORING., POWER RE-
MOVED FROM SERVO MCOTOR
AND BRAKE.
12 § FAILED MOTOR s JAMMED NOT DETECTED NONE® NONE BY iTSELF NO EFFECT hiid
BRAKE (WONT MECHANISM
LOCK} .
HARDOVER SIGNAL - SAME AS 3 SAME AS 3 REMAINING CHANNELS BACK SERIQUS DEGRADA- I
{ZND FAILURE) DRIVE THRU QPEN. NO OUT- | TION. LOSS GF
' PUT UNLESS HYD POWER CONTROL BENSI-
SPCOLS' FLOW FORCES & TIVITY,
CENTERING SPRING FORCE
! LESS THAN MOTCR FIXED
. PHASE REACTING TORQUE,
13 FINTERNAL HYDRAJ-§ +PISTON SEAL NOT BETECTED NONE . «FLUID HEATING BSAME A5 1 i
LIC LEAKAGE - *EROSION/ WEAR *LOWER LOAD CAPABILITY
HIGH FLOW POWER SPOOL ON ONE CIRCULT
14 F EXTCRNAL HY - *BOD DYNAMIC SEAL] 1LOW PRESS WARN- | NONE SAME AS 1 111

DRAULIC LEAKAGE
- HIGH FLOW

*STATIC SEAL TO
AMDIENT

ING WHEN FLUID
CIRCUIT IS DEPIETELD

SAME AS 1
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ASC CONFIGURATION 1, AILERON -~ ORBITER USAGE: 2 PLACES SHEET }
ITEM FAILURE MODE PRIMARY CAUSE DETECTED BY FAILURE CORRECTION EFFECT ON SYSTEM EFFECT ON VERICLE Cii‘léggi{?
1 {LOSS OF ACTIVE * FLUID LOSS LOW PRESS ENGAGE VALVE SHIFTS AT ACTIVE CIRCUIT BYPASSED. {NO DEGRADATION jais
HYD. SYSTEM *PUMP FAILURE WARNING LOW FPRESS, LOCKOUT VALVE| FIRST STANDBY ENGAGED
) SHIFTS TO PREVENT RE-EN- | NO PERFORMANCE DEGRAD-
GCAGEMENT ATION
Zz {LOSS OF STANDBY| SAME AS ) SAME AS ) SHUTOFF & BYPASS VALVE IN|] AFFECTED STANDBY CiR- NO EFFECT ji1g
HYD. SYSTEM AFFECTED CIRCUIT SHIFTS CUIT CANNOT BE ENGAGED
TO BYPASS, LOCKOUT, SAME
. AS 1.
3 JLOSS OF TWO HYD SAME AS 1 SAME AS 1 SAME AS 2. ENGAGE VALVE REMAINING CIRCUIT ENGAG - |SAME AS 1 II
SYSTEMS - ONE SHIFTS TCO NEW POSITION. ED, NO PERFORMANCE
ACTIVE DEGRADATION
4 |HARDOVER SIGNAL-{ *ELECT HARDOVER FAIL INDICATION -~ | COMPARATOR SPOOL SHIFTS, | SAME AS 1. SAME AS 1 1
ACTIVE OR MONI- *PLUGGED NQZZLE COMPARATOR DUMPING PRESS5. ENGAGE
TOR CHANNEL HYD. AMPLIFIER | SPOOL VALVE SHIFTS AT LOW PRESS,
LOCKOUT, SAME AS 1
5 [IARDOVER SIGNALA SAME AS ¢ SAME AS 4 COMPARATOR SPQOL SHIFTS, | FAILED CIRCUIT CANNOT BE {SAME AS | 11
STANDBY OR CYCLING SHUTOFF & BYPASS | ENGAGED. NC CHANGE TQ
MONITOR CHANNE L VALVE, LOCKOUT SAME A5 | ACTIVE CONTROL
6 [HARDOVER SIGNAL- SAME AS 4 SANME A5 4 COMPARATOR SPOOL SHIFTS, | SAME AS 3 SAME AS 1 II -
}ON FIRST STAND- DUMPING PRESS. TO HYD .
BY - [ACTIVE CPLING, ENGAGE VAIVE
CHANNEL FAILED) SHIFTS AT LOW PRESS LOCK-
QUT, SAME AS 1 .
7 ISUMMING AMPLI- *ELECT OPEN NOT DETECTED NONE ' NONE. BAD SIGNAL BLOCK- [NO EFFECT T
FIER ~ BAD OUT~ +*ELECT SHORT ED BY VOTERS & DISEN-
PUT *OPEN FEEDBACK GAGEDR FROM VOIER LOGIC
8 ISUMMING AMPLI- SAME AS 7 NOT DETECTED NONE NONE. BAD SIGNAL BLOCK- INO EFFECT II
JFIER -~ 2 FAILED ED BY VOTERS
9‘ T AMMED POWER CONTAMINATION | SAME AS 4 +SAME AS 4 - IF ACTIVE SAME AS 4 - IF ACTIVE SAME A8 1 11
SPOOL N sSAME AS 5 ~ IF STANDBY SAME AS 5 - IF STANDBY
10 {FAILED HYDRAULIQ « BROKEN SAME AS 4 SAME AS 9 SAME A5 9 SAME AS 1 jiis
MONITOR +* BLOCKED RE~
STRICTOR
L
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ig

AGE - HIGH RATE

EXTERNAL LEAK-
AGE-HIGH RATE

s EROSION/WEAR
LAPPED SPOCLS

*ROD DYNAMIC

SEAL
* STATIC SEAL TO
AMBIENT

SAME AS 1

SWITCH TO STANDBY

SAME AS 1

* LOWER SERVO GAIN
+ LOWER LOAD CAPABILITY

SAME AS 1. POTENTIAL
SAFETY HAZARD WITH
OIL SPILLAGE

TION IN VEHICLE
ROLL RESPONSE
UNTIL CREW
SWITCHES TO
STANDBY

SAME AS 1

ASGC CONFIGURATION 1, AILERON - ORBITER SHEET 2
ITEM FAILURE MODE PRIMARY CAUSE DETRECTED BY FAILURE CORRECTION BEEFECT ON SYSTEM EFFECT ON VEHICLE Ci‘TrHE‘lg:)ERY
il § JAMMED COMPAR-] « CONTAMINATION{+NOT DETECTED NONE NONE BY ITSELF NO EFFECT 1hig
ATOR (INNEUTRAL) +BROKEN SPRING .
HARDOVER SIGNAL +NOT DETECTED NONE. IF ON ACTIVE CHANNEI{ OQUTPUT WILL FOLLCOW HARD{ LARGE ROLL I
{2ND FAILURE) CREW MUST SWITCK OFF AC.| OVER. OPPOSITE ALERON TRANSIENT., SAME AS
TIVE SYSTEM HYD, PRESSIRE] WILL MOVE IN SAME DIRECTION| 1| AFTER SWITCHING
<
12 | JAMMED COMPARA- CONTAMINATION | SAME AS 4 NOMND THIS FALLURE IS RESULT OF | NO EFFECT II1
TOR SPOOL-END FREVIOUS CHANNEL FAILURE. .
POSITION HAS NO EFFECT ON SUB-
SEQUENT FAILURES
13 SOL. LOCKOUT SAME AS 12 NOT DETECTEDR NONE NONE BY ITSELF NO EFFECT HIL
YALVESTUCK INEN
ERGIZED FOSIIION :
ERRATIC CHANNEL - SAME AS 4 COMPAR ATOR SPOOL CYCLES FAILURE MODFE OF LOCKOUT| INTERMITTENT I
OUTPUT BETWEEN NEUIRAL & END VALVE CANNOT PREVENT ER~ | SWITCHING BETWEEY
{ZND FAILGRE) FOSITION, SHIFIING ENGAGE RATIC CHANNEL FROM RE- CHANNELS CAUSE
VALVE ENGAGING UNDESIRABLE BUT
NOT CATASTROQPIC
TRANSIENTS
14 1 SOL LLOCKOUT +« BROKEN WIRE NOT DETECTED NONE IN FLIGHT NONE IN FLIGHT, AFFECTED | NO EFFECT AT
VALVE - OPEN «QFEN COIL CHAINEL CANNOT BE ENCAEDR
. DURING GRD CHECKOUT
15 1 JAMMED ENGAGE ~CONTAMINATION] NOT DETECTED NONE NONE BY ITSELF NG EFFECT k1
VALVE
HARDOVER-ACTIVE - SAME AS 4 NONE DEFECTIWE CIRCUIl CANNOT | LOS5 OF CONTROL I
CHANNEL BE DISENGASED, QUIFUT GOLS
(2ND FAILURE) HARDOVER. OPP. AILERON
) MOVES IN SAME DIRECTION
1§ | FAILED VOTER- *EZLECT OPEN SAME A5 4 SAME AS 4 « IF ACTIVE SAME AS 4 - IF ACTIVE SAME AS 1 )31
BAD QUTPUT «ELECT SHORT SAME AS 5 ~ IF STANDBY SAME AS 5 - JF STANDBY .
17 JINTERNAL LEAK- *PISTON SEAL NOT DETECTED NONE. UNLESS CREW *FLUID HEATING FOSSIBLE REDUC~ I

il
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ASC  CONFIGURATION 2, AILERON « ORBITER USAGE: 2 PLACES SHEET 1
FFEM}  FAILURE MODE PRIMARY CAUSE DETECTED BY FAILULRE CORRECTION EFFECT ON SYSTEM EFFECT ON VEHICLE ci‘;‘;‘éism
NOTE: SPEED REDYCTION AFTER FAILURE DEPENDS ON CHANNEL FAILURE DUE TO SUMMING ACTION OF DIFFERENTIAL.
FOR THIS ANALYSIS, THE FOLLOWING DEFINITIONS APPLY FOR ONE AILERON:
CHANNEL OUTFUT LOCKED | MAX, RATE CAPABILITY

NO. 1 T5%
NO, 2 75%
NO. 3 50%
NO, | & 2 50%
NO. L &3 25%

. No, 2 &3 25%

1 |LOSSOF NO. & *ELECT OPEN- INPUT TOOUTFUT | DETECTION SWITCHES OFF | OUTPUT OF CHANNEL NO. 1 |VEHICLE ROLL I

POWER RNPUT - MOTOR PETECTION INPUT POWER TO AFFECTED | LOCKED. SERVOACTUATOR |RESPONSE 88%
ONE ALLERON «JAM QR QPEN CLUTGH OFPERATES AT 75% MAX, RATE {OF NORMAL MAX,
- GEAR BOX

2 |LOSS OF NO. 2 SAME AS 1 SAME AS | SAME AS 1 SAME AS } EXCEPT CHANNEL{SAME AS | 441
POWER INPUT- NO.. 2 LOCKED
OME AILERON .

3 1LOSs OF NO. 3 SAME AS 1 SAME AS 1 SAME AS 1 OUTPUT OF CHANNEL NO, 3 |VEHIGLE ROLL m
POWER INPUT- LOCKED., BERVOACTUATOR [RESPONSE 75% -
ONE AILERON , OPERATES AT 50% MsX, RATE |OF NORMAL MAX,

4 JLOSS OF NO, 1 &ENG} SAME AS 1 SAME AS 1 - SAME AS 1 OUTPUT OF NO. 1 & NO, 2 S5AME AS 3 II
2 POWER INPUT - : . LOCKED. SERVOACTUATOR

‘JONE AILERON OPERATES AT 50% MAX. RATE

5 |LOSSOF NO. 10R | SAME AS 1 SAME AS 1 SAME AS 1 OUTPUTS OF AFFECTED VEHICLE ROLL 1
NO. 2 & NO. 3 FOWER CHANNELS LOCKED, SERVO- |RESPONSE 62. 5% ’
INPUT.-ONE AILERON ACTUATOR OPERATES'AT  |OF NORMAL MAX

: 25% MAX, RATE
6 JLOSSOF NO.10R | SAME AS1- SAME AS 1 SAME AS 1 OUTPUTS OF AFFECTED SAME AS 3 I
NO. 2 POWER INPUT : CHANNELS LOCKED. SERVO-
-BOTH AILERONS ACTUATOR OPERATES AT
50% MAX RATE
7 JLOSSOF NO.1OR | SAME As 1 SAME AS 1 SAME AS 1 SAME AS 5 SAME AS 5 1
NO.2-ONE AILE-
RON
LOSS OF NO, 3 -
ONE AILERON

8 |LOSS OF NO.3 - SAME AS 1 SAME AS71 SAME AS 1 EACH SERVOACTUATOR VEHICLE ROLL RE- | I
BOTH AILERONS OPERATES AT 50% MAX, RATE] SFONSE 50% OF NOR-

-
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ASC CONFIGURATION 2, AILERON - ORBITER. SHEET 2
ITEM!  FAILURE MODE PRIMARY CAUSE DETECTED BY FAILURE CORRECTION ERFECT ON SYSTEM EFFECT ON VEHICLE gﬁg‘g gg,w
9 JHARDOVER SIGNAL | *ELECT HARDOVER] FAULT INDICATION| FAULTY SERVO AMPLIFIER | 3 CHANNELS STILL AVAIL- |NO EFFECT HI
+ELECT OPEN - ELECTRONIC CHANNEL SWITCHED QFF ABLE FOR FAULT DETEC-
*OPEN FEEDPBACK| VOTER & AVERAGER TION
10 | HARDOVER SiGMAL SAME AS ¢ SAME AS 9 SAME AS 9 2 REMAINING CHANMNELS IN | NO EFFECT 1
“ONE CHANNE L OF F] CONTROL. CANNOT SUSTAIN
' ANOTHER LIKE FAILURE
11|ONE SOLENOCID - +CONTAMINATION | SAME AS | SAME AS 1 WORST CASE -SAME AS 3 SAME A5 3 1
STUCK IN ENER- *MECH. JAM
GIZED POSITION *ELECYT OPEN
OR OPEN
12 | SPRING CLUTH - *BEARING SAME AS } SAME A5 1 WORST CASE - SAME AS 3 SAME AS 3 1t
JAMMED FAILURE
13 | SPRING CLUTCH - | -BROKEN SPRING | SAME AS1 ' SAME AS 1 NO OUTPUT FROM DIFFER- | SERIOUS DEGRADA-] I
OFEN ENTIAL IN ONE DIRECTION. | TION,ONE AILERON
2 GOOD S§YS, BACKDRIVE THE| DISCONNECTED IV
DISCONNECTER SHAFT ONE DIRECTION.
ROLL RESPCNSE
50% OF NORMAL IN
ONE DIRECTION &
‘15% IN OFP, DIREC-
TION
14 | LOSS OF DETEC- {. *"ELECT OPEN SAME AS } SAME AS ) WORST CASE - SAME AS 3 SAME AS 3 iid
TION FPEEDBACK ' -
15 { FAMMED OUTPUT | +DIFFERENTLAL SAME AS 1 DETECTION SWITCHES OFF NO OUTPUT FROM DIFFER~ [*IF JAM IS AT TRAIL, had
BEARING SEI- . . INPUT POWER TQ ALL ENTIAL, ALLERON JAMMED, | VEHICLE ROLL RE-
ZURE, STRUCT, CLUTCHES SPCNSE 50% OF
FAILURE NORMAL
. *QUTFUT ACTUATOR *IF JAM 1S AT OR 11
CONTAMINATION NEAR EXTREME -
BEARING SEI- ALLERQON POSITION,
ZURE LOSS OF CONTROL

NOTE: WITH SELF]
PERIOD EX
MUST BE 3

NTRODUGED TO PRE

STRUGT.FAILURE

- MONITORING {(INTRA-CHANNEL), SURFA

CEEDING DETECTICH TIME DELAY WILL ¢

ENT THIE OR RELILA]

NCE MUST REST ON RESET OF

[E HINGE MOMENT SATURATICH
{AUSE MASSIVE SHUTDOWN AS {

HOWN IN ITEM 14, ADDITIONA
NPUT POWER BY CREW,

I OR SURFACE AGAINST THE STOPS FOR A

L. CIRCULITRY
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™ve CONFIGURATION 1, BOOSTER AND ORBITER USAGE: 2 PLACES - PITCH AMD YAW SHEDT 1
ITEM|  FAILURE MODE PRIMARY CAUSE DETECTED BY FAILURE CORRECTION I EFFLCT ON SYSTEM EFFECT ON VEHICLE chl-lﬁuggm
1 | OS5 OF ACTIVE | +FLUID LOSS LOW PRESS ENGAGE VALVE SHIFTS AT | ACTIVE CIRCULT BYPASSED, |NO DEGRADATION I
HYD, SYSTEM sPUMP FAILURE | WARNING LOW PRESS. LOCKOUT VALVE | STANDBY ENGACED. NO
SHIFIS TO PREVENT RE-ENGACEH PERFORMANCE DEGRADATION
MENT.
2 |LGSS OF STANDBY SAME AS I SAME AS 1 SHUTOFF & LBYPASS5 VALVE INf STANDBY CIRCUIT CANNCT NO EFFECT It
HYD, SYSTEM STANDBY CIRCUIT SHIFTS TO | BE ENGAGED
BYPASS. LOCKOUT, SAME 48 1. .
3 |LOSS OF TWO SAME AS 1 - SAME AS 1 AFTER 2ND FAILURE, BOTH |+l TVC CENTERED ON sORBITER CONTROL| II
HYD SYSTEMS P CIRCUITS BYPASSED., CENIER-{ OCORBITER LED BY REMAINING
ING CURCULT SWITCHED IN, | *2 TVC SUBSYSTEMS CENT- |TVGC. PERFORMANGE]
LOGKOUT, SAME AS 1 ERED ON BOOSTER DEGR ADED
*BOOSTER GONTRCL| 11
ED BY 9 REMAINING
TVG, PERFORMANCE
DEGRADED
4 [LOSS OF CENTER- | (ACCUMULATOR FEYj
ING SYSTEM BY APU HYD.CIR-
QUIT) }
+ LOSS OF GAS NONE NONE NONE BY [TSELF NO EFFECT w
PREES
» FLUID LEAK TO | SAME AS 1 DEPENDING ON CIRGUIT LOSS) SAME AS 10R 2 SAME AS 1 OR 2 i
AMBIENT VALVES SHIFT PER 1 OR 2 )
LOSS OF REMAIN- | SAME A5 SAME AS 1 AFTER 2ND FAILURE, BOTH | +1 TVC INOPERATIVE ON P FOSSIBLE LOSS OF I
ING BYD CIRCUIT CIRCULITS BYPASSED ORBITER - CANT CENTER CONTL ON ORBITER.
{ZND FAILURE) +2 TVC INOPERATIVE ON WPOSSIBLE COLLI- I
BOOSTER - CANT CENTER SION OF ADRJACENT *
_ ENGINES-BOOSTER
5 |HARDOVER SIGNAL| + ELEGT HARDOVER | FAIL INDICATION - | COMPARATOR SPOOL SHIFTS,{ SAME AS 1. SAME AS 1 1
-ACTIVE OR MONI-| » PLUGGED NOZZLE COMPARATOR, DUMPING PRESS, ENGAGE
TOR CHANNEL + OPEN FEEDBACK | SPCOL VALVE SHIFTS AT LOW PRESS,
LOGKOUT, SAME AS 1,
6 IHARDOVER SIGNAL | SAME AS 5 SAME AS 5 COMPARNTOR SPOOL SHIFTS, | SAME AS 2 NO EFFECT 4
STANDEY OR CYGLING SHUTOLF & BYPASS
MONITOR CHANNEL VALVE, LOCKOUT SAME 45 1
7 |HARDOVER SIGNAL-f SAME A5 5 SAME AS 5 SAME AS 3 SAME AS 3 SAME AS 3 i
ONE CHANNEL OFF
§ (POWER S5POOL JaM] CONTAMINATION | SAME AS 5 SAME AS 5 SAME AS 1 ot

-ACIVE OR MONI-
TOR

SAME AS |
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VG CONFIGURATION 1, - BOOSTER AND ORBITER SHEE
i ILU
I'TEM FAILURE MODE PRIMARY CAUSE DETECTFD BY FAILURE CORRECTICN EFFECT ON SYSTEM EFFECT ON VEHICLE ci%mc
] POWER SPOOL JAM- SAME AS 8 SAWE AS S5 SAME AS & SAME AS 2 NO EFFECT i1
STANDBY OR MONI- . ,
ITOR .
10 |COMPARATOR SPOOI] *CONTAMINATION NOT DETECTED NONE NONE BY ITSELF NC EFFECT fifs
JAM - NEUTRAL *BROKEN SPRING
| ACTIVE CHANNEL
HARDOVER SIGNAL-| - NOT DETECTED NONE *QUTPUT FOLLOWS COMMAND, |*LOSS OF CONTROL I
ACTIVE CHANNEL . ) REMAINING TVC CORRECGTS «POSSIBLE COLLI-
{2ZND FAILURE) ERROR. MINIMUM CONTROL SION OF ADJACENT
’ ENGINES-BOOSTER
11 COMPARATOR SPOOL] SAME AS 10 SAME AS 10 NONE NONE NO EEFECT 11
JAM - NEUTRAL -
STANDBY CHANNEL
HARDOVER SIGNAL | - SAME AS § « ACTIVE] SAME AS 5 - IF ACTIVE SAME AS 5 - IF ACTIVE SAME AS 1 11
ACTIVE OR STAND- NOT DETECTED - NONE - IF STANDBY NONE - IF STANDBY NO EFFECT 1
BY (2ND FAILURE) STANDBY N
12 |COMPARATOR SPOOL! SAME AS 10 SAME AS 5 ! NONE THIS FAILURE RESULT OF PRE{ NO EFFECT hiid
JAM-END POSITION VIOUS CHANNEL FAILURE. HAS
NO EFFECT-ON SUBSEQUENT
FAILURES
13 SOL, LOCKOUT CONTAMIN ATION NOT DETECTED :\EONI: NOME BY ITSELEF. CANNOT NO EFFECT UNLESS I
VALVE-~STUCK IN PREVENT ERRATIC CHANNEL NUISANCE TRIPPING
ENERGIZED POSI- FROM RE-ENGAGING OCCURS - THEN
TION ’ TRANSIENT SWITCHING
14 }SOL. LOCKOUT «BROKEN WIRE NOT DETECTED NONE IN FLIGHT NONE IN FLIGHT. AFFECTED | MO EFFECT I
VALVE - OPEN *OPEN COIL ' CHANNEL CANNCT BE RE-EN- -
CGAGED DURING GRD, CHECKOUT
15 [ENGAGE VALVE JAM| CONTAMINATION NOT DETECTED NONE B NONE BY ITSELF NO EFFECT I
HARDOVER SIGNAL-] - SAME AS 5 NONE. STANDBY CAN'T BE" OUTPUT FOLLOWS COMMAND }+LOSS OF CONTROL 1
ACTIVE CHANNEL SWITCHED IN REMAINING TVC'S CORRECT ON ORBITER
(2ND FAILURE) ERROCR. *ADJACENT ENGINE i
. COLLISION-BOOSIER
16 [NTERNAL LEAKAGE{*PISTON SEAL NOT DETECTED NONE ) *FLUID HEATING *REDUCED VEHICLE Jadd
- HICH RATE * EROSION/WEAR * LOWER SERVO GAIN RESPONSE-ORBITER
LAPPED SPQOLS +*LOWER LOAD CAPABILITY *NO DEGRADATION-
: BOOSTER
17 |EXTERNAL LEAK~- |*ROD DYN. SEAL SAME AS 1 SAME AS | -1F ACTIVE CIRCUIT SAME AS i OR 2, *SAME AS 10OR 2 1

AGEL - HIGH RATE

STATIC SEAL TO
AMBIENT

SAME AS 2 - IF STANDBY

POTENTIAL SAFETY HAZARD
WITH OIL SPILLAGE
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TVC  GCONFIGURATION 2, - ORBITER . USAGE- 2 PLACES - PITCH AND YAW SHEET )
ITEM{  FAILURE MODE PRIMARY CAUSE DETECTED BY FAILURE CORRECTION EFFECT ONSYSTEM EFFECT ON VEHICLE cih'xl‘ggav
! | Loss OF ONE + FLUID LOSS *LOW PRESS WARN-} PASSIVE FAILURE DETEGTED} STANDBY CIRCUIT SWiTCHEL NO DEGRADATION I
HYD, GIRCUIT »BUMP LOSS ING BY CROSS MONITORING. SHUT} INTQ POWER ACTUATCR.
«FAULT INDICATION] OFF VALVE DE-ENERGIZED. | PASSIVE SECONDARY ACTU -
-DETECTION & SECONDARY ACTUATOR BY- | ATOR DRIVEN BY 2 GOOD
. SWITGHING LOGIC | PASSED, CHANNELS.
z | LOSS OF BOTH SAME AS 1 SAME AS 1 ALL CHANNELS BYPASSED. | STDBY CIRCUIT SWITCHED | ORBITER CONTROL] I
ACTIVE HYD SEC. ACTUATORS CENTER. INTO POWER ACTUATOR, LED BY REMAINING
55 TEMs POWER ACTUATOR CENT- § TVG. PRERFORMANCEH
ERED & LOCKED DEGRADED
3 | LOSS OF STANDBY|[ SAME AS) SAME AS 1 SAME AS | P ASSIVE SECONDARY ACTU- | SAME AS ) 1
HYD SYSTEM ATOR DRIVEN BY 2 GOOD
’ CHANNELS. NO GHANGE IN
. OUTFUT )
4 |HARDOVER SIGNAL { *LOSS OF SIGNAL | FAULT INDICATION ACTIVE FAILURE DETEGTED| PASSIVE SECONDARY ACE- | SAME AS i it
+ | +ELECT.HARDOVER} -DETECTION & -BY CROSS MONITORING, SHUT} UATOR DRIVEN BY 2 GOOD
* OPEN FEEDBACK} SWITCHING LOGIC | OFF VALVE DE-ENERGIZED. | CHANNELS
« PLUGGED NOZZLE SEC. ACTUATOR BYPASSED
5 |HARDOVER SIGMAL SAME AS 4 SAME AS 4 SAME AS 2 SAME AS 2, EXCEPT ACTIVE | SAME AS 2 L
WITH ONE CHANNEL/ HYD CIRCUITS CENTER THE
DE-ACTIVATED POWER ACTUATOR
6 | TAMMED BYPASS | *CONTAMINATION| NOT DETECTED NONE NONE BY ITSELF NO EFFECT - m
SPOOL {WONT BY-! *BROKEN SPRING
PA 58) .
HARDCVER. SIGNAL - SAME AS 4 DETECTION SIGNAL DE- 2 GOOD CHANNELS OVER- DEGRADATION IN i
{2ND FAILURE) ENERGIZES SHUTOFF. SEC. |. POWER FAILED CHANNEL. | TVC CONTROL
ACTUATOR WONT BYPASS LOSS IN SERVC GAIN, SENSITIVITY
RESPONSE
7 } JAMMED SECON- CONTAMINATION| NOT DETECTED [+EACH SEC. ACTUATOR HAS {+NO EFFECT IF JAM IS NO EFFECT i
DARY ACTUATOR ' APPROX 400 LBS NET FORCE | CLEARED -
TO SHEAR CONTAMINATE OR
1200 LBS TOTAL.
STRUCTURAL NOT DETECTED |+JAM WOULD NOT CLEAR *SERVOACTUATOR CANT POSSIBLE LOSS OF §, &
FAILURE ONLY IF MASSIVE STRUG- FOLLOW COMMAND, RE- CONTROL-DEPEND

TURAL FAILURE OQOCCURRED

MAINING TVC CORRECTS
ERROR

ENT CN JAM POSI-
TION
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TVC GONFIGURATION 2, - ORBITER SHEET 2
ITEM FAILURIE MODE PRIMARY CAUSE DETECTED BY FAILURE CORRECTION EFFECT ON 5YSTEM EFFECT ON VEHICLE Ci‘;’IEngiY
8 MAIN SPOOL-JAM SAME AS 7 SAME AS T SAME AS 7 SAME AS 7 SAME AS 7 I OR 1
g PETECTION & BROKEN OR OPEN | SAME AS 4 SAME A5 4 SAME AS 4 SAME A5 1 jins
SWITCHING LOGIC CONNECTION
ONE OFEN
10 {SOL SHUTCFF CONTAMINATION SAME AS 6 SAME AS 6 SAME AS 6 SAME AS 6 HIORII
VALVE - STUCK IN -
ENERGIZED POSI-
TION
11 | SOL SHUTOFF - BROKEN GR OFEN | SAME A5 4 SAME AS I SAME A5 4 SAME AS | 1
VALVE - OPEN CONNECTION
12 | CONTROL MIS- - NOT DETECTED UN~| NONE UNTIL FAILURE THRES-| EQUALIZING CIRCUITS BE- NG EFFECT I
MATGH - PRESS, LESS MISMATCHES HOLD I5 REACHED, THEN TWEEN CHANNELS PROVIDE
VOLTAGE, GAIN REACH FAILURE RESULT IS SAME AS 4 AVERAGING BLAS SIGNALS TO
RESPONSE DETECTION THRES- EACH SERVO AMP 70 FORCE
HCG LD ALL CHANNELS TO A COM_
(NUISANCE TRIP) MON NULL.,
13 [INTERNAL LEAK- e FAILED SEAL ACTULNOT DETEGCTED NONE URTIL FAILURE *FLUID HEATING SAME AS 1 1
AGE - HIGH RATE ATOR PISTONS UNLIZSS CHANNEL THRESHOLD IS REACHED, » LOWER SERVO GAIN
+« ERCSION/WE AR PERFORMANCE THEN RESULT I§ SAME AS 4 °LOWER LOAD CAPABILITY
LAPPED SFOOLS DPEGRADED 10 FAlL~ ON ONE CIRCUIT
NOZZLE URE THRESHOLD
14 JEXTERNAL LEAX- *ROD DYNAMIC SEAL| LOW PRESS WARN- SCCONDARY ACTUATOR SAME AS I, POTENTIAL SAME AS 1 I
AGE'- HIGH RATE *STATIC SEAL TO ING WHEN FLUID SAFETY HAZARD EXISTS
AMBIENT CIRCUIT IS DEPLETED) WITH Q1L SPILLAGE .
15 {SWITCHING VALVE *» EROSION/WEAR SAME AS 1 SAME AS 1 FLUID FROM ONE SYSTEM SAME AS 1 181
- INTERSYSTEM +SEAL ! LOST THRU LOW PRESS RE-
1 LEAKAGE LIEF OF Z2ND SYSTEM.
EFFECT SIMILAR TO ITEM 1 !
. LOSS OF HYP CIR- SAME AS 1 SAME AS 2 ACTUATOR CENTERED BY SAME AS 2 jis
CUIT {2ND FAILURE) . REMAINING HYD. CIRCUIT N
16 jSWITCHING VALVE- CONTAMINATION NOT DETECTED NONE NONE BY ITSELEF NO EFFECT jiss
JAMMED, NORMAL .
P OSITION
LOSS OF ACTIVE - SAME A5 1 SAME AS 1 STANDBY CIRCUIT CAM'T NO EFFECT e
HYD. CIRCUIT SWITCH IN. POWER ACTUATOR
[2MD FAILURE) ' DRIVEN BY GQOD CIRCUIT
i
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TVvC CONFIGURATION 3, ORBITER USAGE: 2 PLACES - PITCHE AND YAW SHEET 1
L}
ITEM!  FAILURE MODE BRIMARY CAUSE DETEGTED BY FAILURE CORRECTION \EFFECT ONSYSTEM _ EFFECT ON VEHICLE é’ ;,;I;E‘Jé\gm
1 | LOSS OF ONE » FLUID LOSS «LOW PRESS WARN-| PASSIVE FALURE DEIECTED | INNER LOOP GAIN & OUTPUT|{ VEHICLE RESPONSE IO
RYD SYSTEM *PUMP FALURE NG BY CROS5 MONITORING. SHUT{ RATE ON SERVOACTUAIOR LOWERED IN¥ ONE
*FAULT INDICATION| OFF VALVE DE-ENERGIZED, | REDUGED 50%.0QUTPUT CIR- | PLANE 25%
~RDETECTION & SECOMDARY ACTUATOR CENI} CUIT TO POWER ACTUATOR
SWITCHING LOGIC | ERED & LOCKED BYPASSED
z | 1055 OF BOTH SAME AS 1 SAME AS 1 ALL SHUTOFF VALVES DE- NO CONTROL QUTPUT. ORBITER CON- i3
ACTIVE HYD SYS, ENERGIZED. SEC. ACTUATORS GENTERING ACTUATOR TROLLED BY RE-
CENTER & LOCK. CENTLRING} CENTERS & LOCKS TVC MAINING LYC, PER-
. VALVE OPENS FORMANCE DE-
GRADED
3 LOSS OF CENTER- SAME AS 1 SAME AS ) MONITOR CHANNEL SHUTQFE} NO EFFECT NO EFFECT |11
ING HYD SYSTEM SECONDARY ACTUATOR. CEINEEREY] .
FAILED CHANMNEL] - SAME AS 1 ACTIVE CHANNELS SHUTOFF,| SERVOACTUATOR BYPASSEDJ POSSIELE LOSS OF 1
OR HYD CIRCUIT ALL SEC, ACTUATORS - POSITION CONTROLLED BY | CONTROL
{z2ND FAILURE) CENTERED & LOCKED LOAD.REMAINING TVG COR-
RECTE ERROR
4 | HARDOVER SIGNAL-| «ELECT HARDOVER| FAULT INDICATION ACTIVE CHANNEL SHUTOFF, | SAME AS-l SAME AS 1 1
ACTIVE CHANNEL { <ELECTY QPEN ~-DETECTION & SECONDARY ACTUATOR
+PLUGGED NOZZLE SWITCHING LOGIC | CENTERED & LOCKED
=QPEN FEEDBACKr .
5 | HMARDOVER SIGMNAL | SAME aS 4 SAME AS 4 .SAME AS 2 SAME AS 2 SAME AS 2 i
WITH ONE CHAN- :
NEL OFF ’
6 | JAMMED BYPASS-| CONTAMINATION] NOT DETECTED NONE NONE BY ITSELF NO EFFECT m
SECONDARY ACT- :
UATOR(WONT BY- .
PASS) . . :
HARDCVER SIGNAL| - SAME AS 4 CHANNEL SHU'TOFF.SECON- Y OUTPUT WILL RESPOND TO | UNSYMMETRICAL i
(2ND FAILURE) DARY ACTUATOR WONT COMMAND IN ONE DIREG. VEHICLE RESFONSE
CENTER. REMAINING ACTIVE{ TION ONLY
SECONDARY GOES HARDOVER]
IN OFP DIRECTION
7 | JAMMED BYPASS-| CONTAMINATION] NOT PETECTED NONE NONE NO EFFEGT i1
POWER ACTUATOR ’ .
{WONT BYPASS)
HARDOVER, SIGNAL - SAME AS 4 SAME AS 4 SAME AS | EXCEPT POWER NO EFFECT X

{2ND FAILURE)

ACTUATOR WONT BYPASS
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SHEET 2

13

14

QPEN

INTERNAL LEAK-
AGE-HIGH RATE

EXTERNAL ILEAK.
AGE-HIGH RATE

CONNECTION

*FAILED SEAL
ACTUATOR PIS- |,
TONS .

*EROSION/WEAR
LAPPED SP0O0LS
NOZZLE

*ROD DYNAMIC
SEAL

*STATIC SEAL TQ
AMBIENT

NOT DETEGTED
UNLESS CHANNEL
PERFORMANCE
DEGRADED TO
FAILURE THRES-
HOLD

SAME AS 1 WHEN
FLUID CIRCUIT 18
PEPLETED.

NONE UNTIL FAILURE
THRESHOLD 15 REACHED,
THEN RESULT 15 SAME AS 4

SAME AS B

JJeFLUID HEATING

*LOWER SERVO GAIN
sLOWER LOAD CAPABILITY
ON ONE CIRCUIT

SAME A5 1, POTENTIAL
SAFETY HAZARD EXISTS
WITH QIL SPILLAGE

NOC DEGRADATION
UNLESS ONE
CHANNEL SHUTOFE,

"|THEN SAME AS 1

SAME AS 1

TVC ONFIGURATION 3, - ORBITER
ITEM FAILURE MODE PRIMARY CAUSE DETECTED BY FAILURE CORRECTION EFFECT ON SYSTEM EFFECT ON VEHICLE cié‘é’gg‘?{y
8 SECONDARY ACT-|+S5TRUCTURAL SAME AS 4 ACTIVE CHANNEL SHUTOFF. [INNER LOOP GAIN & OUTPUT JUNSYMMETRICAL 1
UATOR JAM - AC-f FAILURE SECONDARY ACTUATOR RATE REDUCED IN DIREC- |{VEHICLE RESPCOINSE
TIVE CHANNEL WONT CENTER TION OPP. JAM
¢+ CONTAMINATION | NOT DETECTED EAGH 5CC, ACTUATOR HAS NQ EFFECT IF JAM IS CLEAR [NO EFFECT X
SUFFICIENT FORCE TO SHEAR | ED WiTHIN FAILURE DETEC-
CONTAMINANT TION(POSITION) THRESHOLD
9 |TAMMED POWER | * STRUCTURAL 5AME AS 4 MONITOR CHANNEL SHUTOFE| SERVO ACTUATCR FIXED, LOSS OF CONTROL i
SPOOL FAILURE SEC. ACTUATOR CENTERS REMAINING TVC CORRECTS [IF JAM OCCUARED
ERROR AT ACTUATOR EX-
TREME POSITION
¢ CONTAMINATION { NOT DETECTED EACH SEC, ACTUATOR HAS NO EFFECT IF JAM IS NO EFFECT I
SUFFICIENT FORCE TO SHEAR] CLEARED
- CONTAMINANT
10 |DETECTION AND BROKEN OR OFEN | SAME AS 4 . SAME AS 4 SAME AS 1 SAME A5 1 i
SWETCHING LOGIC-] CONNECTION :
ONE OPEN
11{50L SHUTOFF - CONTAMINATION | NOT DETECTED * | NONE NONE NO EFFECT hoid
STUCK IN ENER- .
GIZED POSITION .
HARDOVER SIGNAL| - SAME AS 4 SAME AS 6. SAME AS 6 SAME AS 6 b §4
{2ND FAILURE}
12 }S0L SHUTOFF - *BROKEN OR OPEN] SAME AS 4 SAME AS 4 SAME AS 1 SAME A5 1 JRAS

L
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TVGC NFIGURATION 2 - BOOSTER USAGE- 2 PLACES - PITCH AND YAW SHEET 1
: RE
ITEM|  FAILURE MODE PRIMARY CAUSE DETECTED BY FAILURE CORRCCTION EEFECT ON SYSTEM EFFECT ON VEHICLE | catBcORY
1 }LOSS OF ACTIVE [ +FLUID LOSS LOW PRESSURE. (POWER PISTON BYPASSED.  |NO OUTPUT FROM I TVC.  |VEHICLE GONTROL-| Iu
HYD SYSTEM « PUMP FAILURE | WARNING CENTERING VALVE QPENED |TVG CENTERER & LOCKED |LED BY REMAINING
TVC SUBSYSTEM.
SMALL DEGRADA-
TION IN VEHIGLE
RESPONSE
2 |LOSS OF CENTER-| SAME A5 1 SAME AS ! NONE MONE BY ITSELF NO EFFECT It
ING SYSTEM ; '
LOSS OF ACTIVE | S5AME AS) SAME AS 1 SAME AS 1 NO OUTPUT FROM AFFECTED{POSSIBLE COLLISION 1
SYS. {ZND FAILURE) : TVC & WONT CENTER OF -ADJACENT
ENGINES
3 [HARDOVER SIGNAL | »ELECT HARDOVER | NOT DETECTED  { ACTIVE FAULT OPPOSED BY | SMALL NULL SHIFT OF POW- |{NEGLIGIBLE i
INPUT- - PLUGGED NOZZLH 2 GOOD GHANNELS ER SPOOL, SLIGHT OUTPUT |DEGRADATION
CONTROL POSITION CHANGE
FEEDBACK
4 {OPEN +LOSS OF SIGNAL |NOT DETECTED  |PASSIVE FAULT OPPOSED BY | REDUGTION IN SENSITIVITY INEGLIGIRLE 1
INPUT *OPEN CABLE z GOOD GHANNELS ABOUT NULL DEGRADATION
CONTROL «BROKEN FEED-
FEEDBACK BACK WIRE
5 {2 HARDOVERS IN SAME AS 3 NOT DETECTED {2 CEANNELS CANGEL EACH | RESPONSE 33% OF NORMAL BAME AS 4 1
OFP. DIRECTION OTHER OUT, OUTPUT CON- | ON AFFECTED SERVOACTUATCH
TROLLED BY 3JRD CHANNEL
6 |2 HARDOVERSIN | SAME AS3 NOT DETECTED  |GOOD CHANNEL OVERCOME | SERVOACTUATOR GOES IPOSSIBLE COLLI- 1
SAME DIREGTION ' BY 2 LIKE FAILURES. HARDOVER SION OF ADJAGENT
' ' ENGINES
"7 l2 opEns SAME AS 4 NOT DETECTED  |SAME AS 5 SAME A5 5 SAME AS 4 1
g |1 oPEN AND 1 _ NOT DETECTED |- DEPENDING ON FAILURE POSSIBLE GOLLI- i
HARDOVER ‘ COMBINATIONS, OUTPUT  [SION OF ADJACENT
WiLL BE LIMITED TO CON- [ENGINES
TROL IN ONE DIRECTION
OoNLY
9 |3AMMED POWER | »CONTAMINATION |NOT DETECTED |FORCE (PRESS) ON SPOOL NONE NO EFFECT I
SPOOL AREA SUFFICIENT TO SHEAR
CONTAMINANT .
*STRUCTURAL NOT DETECTED  INONE OUTPUT FIXED AT SAME 45 8 I
\ FAILURE, LAMMED POSITION
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TVC  CONFIGURATION 2 - BOOSTER . SHEET 2
ITEM|  FAILURE MODE PRIMARY CAUSE DETECTED BY FAILURE CORRECTION EFFECT UN SYSTEM EFFEGT ON VEHICLE ciﬁ%‘éﬁw
10 }JAMMED BYPASS | CONTAMINATION [NOT DETECTED NONE NOMNE BY ITSELF NO EFFEGCT i
SPOOL-WONT . '
BYPASS
LOSS OF ACTNE | - SAME AS 1 CENTERING VALVE OFPENED | NO QUTPUT. CENTERING SAME AS 1 11
HYD SYSTEM . RATE IS SLOW, CONTROLLED
(2ND FAILURE} ' BY LEAKAGE RATE ACROSS
. POWER SPOOL
11 [INTERNAL LEAK- | «FAILED SEAL NOT DETECTED NONE «FLUID HEATING INEGLIGIBLE m
AGE - HIGH RATE | ACTUATOR PIS- . -LOWER SERVO RESPONSE IDEGRADATION
TON LOWER LOAD CAPABILITY
« EROSION/WEAR
LAPPED SPOOLS
- NOZZLE
12 |EXTERNAL LEAK- | *ROD DYNAMIC SAME AS 1 SAME AS 1 SAME AS 1 SAME AS 1 fhid

AGE - HIGH RATE

SEAL
SANY STATIC SEAL
TO AMBIENT
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-

(ZND FAILURE)

MAND HARDOVER

ADFACENT
ENGINES

T™VG CONFIGURATION 3 - BOOSTER USAGE: 2 PLACES - PITCH AND YAW SHEET I |
: FAILURE
ITEM|  FAILURE MODE PRIMARY CAUSE DETECTED BY FAILURE CORRECTION EFFECT ON SYSTEM EFFECT ON VEHICLE | ATEGOR Y
Y ILOSS OF ACTIVE « FLUID LOSS +LOW PRESS SHUTOFF & BYPASS VALVE POWER ACTUATOR CENTERENVEHICLE CONTROL~| Il
HYD SYSTEM « PUMP FTAILURE WARNING SHIFTS AT LOW PRESS, SECON] B8Y CENTERING CIRCUIT & LED BY REMAINING
. 'FAULT INDICATION! DARY ACTUATOR CENTERS. | LOCKED . TVC SUBSYSTEMS.
COMPARATOR CENTERING VALVE OFENS SMALL DEGRADA-
. TION IN VEHICLE
RESPONSE
z |1085 OF CENTER-| SaME AS ) SAME AS 1 SAME AS 1 POWER ACTUATOR CENTEREDISAME AS ) 1
. | NG HYD SYSTEM BY ACTIVE CIRCUIT, LOCK
DOES NOT ENGAGE
3 [HARDOVER SIGNAL { +ELECT HARDOVER | FAULT INDICATION-| COMPARATOR SPOOL SHIFTS, | SAME AS 1 SAME AS ) m
ACTIVE OR MONi- { *ELECT OPEN COMPARATOR DUMPING PRESS TQ BYPASS.
TOR CHANNEL +PLUGGED NOZZLE SECONDARY AGTUATOR
+OPEN FEEDBACK CENTERS, CENTERING VALVE
OFPENS
4 JAMMED SERVD CONTAMINATION |SAME AS 3 SAME AS 3 SAME AS | SAME AS 1 i
EPOOL
5 JJAMMED BYPASS | CONTAMINATION |NOT DETECTED NONE NONE BY [TSELF NO EFFEGCT 1§)
VALVE (WONT +BROKEN SPRING
BYPASS)
HARDOVER SIGNAL - SAME AS 3 COMPARATCR SPOOL SHIFTS, {OQUTPUT FOLLOWS COMMAND [ COLLISION QF AD- I,
{2ND FAILURE) DUMPING PRESS TO BYPASS, |HARDOVER JACENT ENGINES
. SECONDARY ACTUATOR CANT
CENTER, CENTERING VALVE
OPENS ]
6 |FAILED HYDRAULIC *BROKEN FLAPPER SAME AS 3 SAME A5 3 SAME AS 1 SAME AS 1 i
MONITOR *EXCESSIVE WEAR
*BLOCKED RESTRIG-
) > TOR
7 {1AMMED com- SAME AS 8 NOT DETECTED NOMNE NOME BY ITSELF, NO EFFEGT u
PARATOR SPOOL- .
NEUTRAL
{HARDOVER SIGNAL NOT DETEGTED NONE QUTPUT FOLLOWS COM- COLLISION OF
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TVG CONFIGURATION 3 - BOOSTER SHEET 2
ITEM FAILURE MODE PRIMARY CAUSE DETECTED BY FAILURE CORRECTION EFFECT ON SYSTEM EFFECT ON VEHICLE ci‘}%ﬁ‘éiy
8 {JAMMED COM- SAME AS 5 SAME AS 3 NONE THIS FAILURE RESULT OF NO EFFECT hii
PARATOR SPOOL- * PREVIOUS FAILURE, HAS NO
END POSITION EFFECT SINCE POWER ACTUM
TOR, IS CENTERED & LOCKED
¢ 1JAMMED SEGON- | +CONTAMINATION [NOT DETEGTED FSECONDARY ACTUATOR HAS | NONE NO EFFEGT bEud
DARY ACTUATOR ' SUFFIGIENT FQRCE TQ ‘
SHEAR CONTAMINANT
*STRUCTURAL NOT DETECTED FTAM WOULD NOT CLEAR SERVOACTUATOR CANT POSSIBLE COLLI- 1
FAILURE ONLY IF MASSIVE STRUC- FOLLOW COMMAND SION OF ADJACENT
TURAL FAILURE OCCURRED ENGINES
10 ! SOL LOCKOUT «BROKEN OR OPEN| NOT DETECTED NONE IN FLIGHT NONE iN FLIGHT., CONTROL SAME AS 1 EIE
VALVE-FAILED CONNECTION CANNOT BE RE-ENGAGED
OPEN DURING GROUND CHECKOUT
11 {SOL LOCKOUT CONTAMINATION |NOT DETECTED NONE NONE BY ITSELF, CANNOT NO EFFECT UNLESS| 1
VALVE - STUCK IN PREVENT ERRATIC CHANNEL NUISANCE TRIPPING
ENERGIZED POSI- FROM RE-ENGAGING CCURS - THEN
TION TRANSIENT SWITCH-
ING
12 { CENTERING VALVH *FALLED SEAL NOT DETECTED NONE sFLUID HEATING ENO EFFECT hing
- FallL OPEN OR +EROSION/WEAR
INTERNAL LEAK- | LAPPED SFOOL .
AGE
13  INTERNAL LEAK- [ SAME AS 12 NOT DETECTED A JNOME sFLUID HEATING NEGLIGIBELE I
AGE - HIGE RATE SLOWER SERVQ GAIN DEGRADATION
LOWER LOAD CAPABILITY
14 [EXTERNAL LEAK- | *ROD DYNAMIC SAME AS 1 SAME AS 1 SAME AS 1 bhid

AGCE-HIGH FLOW

SEAL
s ANY STATIC SEAL
TO AMBIENT

SAME AS 1
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FAILED OPEN

CONNECTION

ASC  DIGITAL CONFIGURATION - AILERON - ORBITER USAGE: 2 PLACES-LEFT AND RIGHT SHEET 1
o FAILURE
ITEM|  FAILURE MODE FRMARY CAUSE DETECTED BY FAILURE CORRECTION EFFECT ON SYSTEM EFFECT ON VEHICLE | CATEGOR Y
1 | LOSS OF ONE HYD | *FLUID LOSS LLOW PRESS POWER ACTUATOR BYPASSED | NO OUTPUT FROM ONE GIR- |SMALL DEGRADA. | 1
lsYSTEM «PUMP FAILURE | WARNING ‘ CUIT. REDUGTION IN ACTUA- | TION 15 SYSTEM
TOR. STIFEFNESS STIFFNESS
z lLossor TwoHYD | SAME as1 SAME AS | 2 ACTUATORS BYPASSED NO OUTPUT FROM TWO CIR- DEGRADATION IN u
YSTEMS . CULTS, 67% HINGE MOMENT [5YSTEM STIFFNESS
. AVAILABLE & REDUCTION K ROLL RESPONSE
. IN SERVOACTUATOR STIFF-
© INESS
3 MARDOVER INPUT | +SHORTED SWITCH | FAULT INDICATION | QUTPUT ACTUATOR OPPOSED | SAME AS 1 SAME AS 1 11
+JAMMED TORQUE ] -OVERPRESSURE  ]BY 3 GOOD GIRCUITS-OVER
MOTOR ARMATURE SENSOR PRESSURE SENSOR SIGNALS
<JAMMED PILOT SHUTOFF VALVE TO OPEMN. .
STAGE SPOOL POWER ACTUATOR BYP ASSED -
4 |z HARDOVERS SAME AS 3 SAME AS 3 SAME AS 3 SAME AS 2 SAME AS 2 1
5 | LOSS OF CHANNEL| »LOSS OF SIGNAL |SAME AS3 SAME AS 3 SAME AS 1 SAME AS 1 I
OUTPUT +BROKEN WIRE
6 }JAMMED DIGITZER] CONTAMINATION }SAME AS 3 OUTPUT AGTUATOR CANT SAME AS 1 SAME AS 1 I
SPOOL - ANY RESPOND TO COMMAND, N
POSITION RESULT SAME AS 3
7 |7AMMED POWER CONTAMINATION ]SAME AS3 SAME AS 3 SAME AS 1 SAME AS 1 paid
SPOOL-BLOGK~ i
ING POSITION . .
& |TAMMED POWER CONTAMINATION | SAME AS 3 SAME AS:3 WEEN COMMAND [ SAME AS 1 ) SAME AS 2 i1
SPOOL-END POSI- | - DRIVES GOOD CIRCUITS TO
TION OPPOSE AFFECTED ACTUATOR]
OUTFUT
9 koL sBUTOFF - BROKEN OR OPEN ] NOT DETECTED SAME AS 1 SAME AS 1 SAME AS 1 m
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$G. DIGITAL CONF

GURATION - AILERON - ORBITER,

SHEET 2

ITEM|  FAILURE MODE PRIMARY CAUSE DETECTED BY FAILURE CORRECTION EFFECT ON SYSTEM EFPECT ON VEHICLE | capBGoRY
10 § JAMMED PILOT CONTAMINATION |SAME AS 3 SAME AS 6 SAME AS } SAME AS 1 1
S5POOL- NEUTRAL
1l JAMMED PILOT CONTAMINATION |SAME AS 3 SAME A5 3 SAME AS 1 BAME AS 1 m
SPOOL-~ END )
POSITION
12 {5OL SHUTOFF - CONTAMINATION |NOT DETEGTED NONE NONE BY ITSELF NO EFFEGCT i
STUCK.IN ENER- .
" |ciZER POSITION
HARDOVER SIGNAL - SAME AS 3 CVERPRESSURE RELIEF 67% BRINGE MOMENT CAPA- SAME AS 2 13
{2ND FAILURE) OPERATES WHEN ACTUATOR | BILITY. REDUCTION iN
. 15 DRIVEN BY GOOD CIRCUITS,} STIFFNESS
ACTUATOR CANT BE BYPASS-
ED
13 |INTERNAL LEAK~ { *FAILED SEAL NOT DETECTED NONE ONE CIRCUIT LOSES SAME AS 1 L
AGE - HIGH RATE § ACTUATOR PIS- CFFEGTIVE STIFFNESS.
TON SURFACE POSITION HELD BY
*EROSION/WEAR REMAINING CIRCUITS
POWER SPOOL
14 EXTERNAL LEAK-] " ROD DYNAMIC SAME AS ) SAME AS 1 SAME AS ) SAME AS 1 i

AGE « HIGH RATE

SEAL
*STATIC SEAL TQ
AMBIENT




SECTION 6
PARAMETERS AND DATA

8.1 TRADE-OFF PARAMETERS

This section deals with the parameters used in the trade~off evaluation and the origin of

data used, Weight is displayed where possible inparametric form and serves as the cri-
teria for establishing the point design weights in Section 7 for the various configurations.
All other parameters listed below are used to make qualitative comparisons.

Weight

Reliability
Maintainability:
Perforn‘lance
Checkout capability
Cost

6.2 WEIGHT

6.,2,]1 HYDRAULIC TRANSMISSION. Tigure -1 is a paramefric curve of specific
weight of fransmission tubing versus flow. The two lines represent the end limits of
0 ft length and 200 ft length. The 0 line represents a minimum for short runs. The
200 ft line is based on 500 psi allowable pressure drop. This line was modified from
Vickers da’ca.20 The Vickers data were based on 3000-psi circuits where maximum
efficiency (total vehicle minimum weight impact) occurred with approximately 33%

of maximum pump discharge lost in tubing pressure drop at maximum flow. For
this study, the ground rule circuit pressure is 4000 psi. The AP allowed in the
tubing is 500 psi or 12% of maximum pump discharge pressure. This is to conserve
power because the pump discharge pressure drops to 2500 psi at maximum {low.
Limiting the tubing drop would impose sizable weight penalties if performance were
required at low {luid temperatures. For the space shuitle, the operating oil temper-
ature is asswumed to be 70°F or warmer where friction (viscosity) losses are low.

The tubing weights are based on using AM 350 high strength stainless steel and per-
manent joint fittings.
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CONDITIONS:
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SYSTEM PRESSURE: 4000 PSIA

MAXIMUM AP; 500 PSI-

TUBING MATERIAL AM 350 STEEL
-FTU =111 KSI AT 350°F.

DISTANCE = PHYSICAL DISTANCE (ONE WAY) A
+ LINE ROUTING CONSIDERATIONS.

LINES, INSTALLATION, AND FLUID FOR
ROTH PRESSURE AND RETURN.
L

10
.FLOW RATE (Q), gpm

100 1000

Figure 6~1. Transmission Line Weight



6.2.2 HYDRAULIC POWER GENERATION, A typical hydraulic power generation
circuit schematic is presented in Figure 6-2. The total weight of a circuit is broken
down into the following elements:

a. Tubing and fluid in tubing

b. Pump (dry)

¢. Reservoir (dry)

d. Miscellaneous components (dry)

e. Fluid in components

6.2.2.1 Power Generation Tubing. The tubing within the power generation circuit
cannot be estimated from Figure 6-1 because less pressure drop is allowed. Figure
6~1 applies to transmission lines only, where up to 500 psi drop is allowed. The
power generation {ubing is based on an allowable pressure drop of 1 psi/it. Figure
6-3 shows this relalionship, Comparing Figure 6-3 o Figure 6-1, one can see the
specific weight of tubing is heavier, Ancther contributing factor to the increased
specific weight is the addition of a pump case drain line,

FILTER

HYDRADLIC

RESERVOR
ACCUMULATOR . RELIEF VALVE

LF—_]N

HIGH
PRESSURE
FILTER

R pRESSURE
{T——3 RETURN

T2l CASE BRAING

TFigure 6~2. Hydraulic Power Generation Circuit

6-3
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Figure 6-3, Hydraulic Power Generation Tubing Weight

6.2.2.2 Pump Weights, The hydraulic pump weight was established as a function
of rated flow. See Figure 6-4. Pump weights were obtained using Vickers data for
inline pumps and adding a correction factor for operation at 360°F maximum and
4000 psig.

6.2.2.3 Reservoir, The hydraulic reservoir weights are shown as a function of
swept volume, See Figure 6-5. The reservoir is assumed fo be a piston type, These
data are based on previous designs used at Convair, Reservoeir weight is more closely
associated with total oil volume and differentiial displacement than with circuit flow.

A reservoir size for any given circuit is approximalely 15% of total circuit fluid volume
plus differential volumes (accumulators only for flight control systems). The 15% in-
cludes allowance for thermal contraction, fluid compressibility, thermal expansion,
and leakage. '

6.2.2.4 Miscellaneous Components. The remaining components in the hydraulic
power generation circuit include such items as filters, valves, ground connections,
accumulator, and instrumentation, The weight of these miscellaneous components
is shown in Figure 6~6. This curve is based on 2 fixed weight of 10 1b and a variable
weight that is a function of flow rate,
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6.2.2.5 Summary. The preceding data on power generation elements are shown to
give hackground information that was used to develop the total hydraulic power gener-
ation weight shown on Figure 6-7. The curve is not truly parametric, The change in
slope of the curves between the booster and orbifer circuits is primarily due to the
following factors:

a. Longer transmission lines for the booster, (Transmission lengths assumed are
shown in Section 7.) This influences reservoir and reservoir {luid weights,

b. Longer power generation lines for ithe booster. The lengths are assumed as
follows:

1. Orbiter: 25 ff each of pressure, return, and pump case drain,
2., Booster: 40 ft each of pressure, return, and pump case drain,
The booster line lengths are longer primarily due to larger power circuits and

distance to ground connections.

Also shown on Figure 6-7 is weight for a rocket engine driven TVC hydraulic circuit,
This falls on the orbiter curve because of the similarity of the assumed tubing lengths,
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6.2.3 HYDRAULIC CONDITIONING., The hydraulic conditioning weight includes the
heat exchanger (hydrogen-to-oil) and associated control valves. The heat exchanger
size and heat load wag defermined for four cases:

a., Orbiter with four hydraulic circuits.
Ir, Orbiter with three hydraulic circuits.

. Booster with four hydraulic circuits.

o

d. Booster with three hydraulic circuits,

Figure 6-8 displays hydraulic circuit flow rate and conditioning weight versus thermal .
rate. The ratio of environmental heat rate to hydraulic generated heat rate (constant)
varies from approximately 0. 66 for a 27 gpm circuit to 0.28 for a 265 gpm circuit,

The thermal load was determined using the following assumptions:

a., Maximum ambient temperature of the horizontal stabilizer is 600°F,

b, Only elevator equipment (lines and components-) contribute to environmental load.
[ The wing hydraulics also confribute but are much smaller and are not included
so that vehicle weight impact becomes a function of elevator systems only. ]

¢. Total length of fubing exposed to high ambient temperature:
Orbitgr: 50 # (horizontal stabilizer Tuns)
_ Booster: 75 it (horizontal stabili.zer runs)
d, Emissitivify of lines and components in high temperature area = 0. 6.
e, Nominal temperature of hydraulic system is 300°F.

f. Hydraulic equipment is insulated from hot structure (e.g., conductive heat load
is neglected). -

g. ‘Total heat load consists of;
Environmental heat load
Pump losses (Case drain flow 5% of rated flow)

Leakage losses (5% of rated flow)
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The heat exchanger size and weight were based on:

a. Cross/counter flow heat exchanger.
b. Hydrogen gas is available as a heat sink (200°R and 100 psia).

c. Mean AT in heat exchanger: outlet oil to inlet hydrogen = 360°R
) inlet o0il to outlet hydrogen = 100°F,

d. The weight is a fixed weight of 10 1b plus an incremental weight which is a function
of equivalent tube weight to provide sufficient surface area.

6.2.,4 POWER SOURCE AND FUEL, Figure 6-9 shows APU weight versus shaft
horsepower. The basic APU is shown as well as the total APU installation weight.

The total weight is based on an installation weight of 50% of the APU weighi plus a

fixed weight of 15 1b for fire detection and fire extinguishing equipment. Figure 6-10
shows specific reactant (fuel) consumption (SRC) versus pexr cent rated capacity. The
SRC varies slightly with APU size but is not significant. Per cent rated capacity is
significant, however, The average hp as established in Section 3 (38% for orbiter and |
30% for booster) converted to hp-hr and used with Figure -9 determines the fuel weight
reguired for each elevator configuration, See Section 7.
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6.2.5 HYDRAULIC ACTUATORS. Figure 6-11 shows actuator weight versus work
capability. This is essentially the base weight of the actuator including fluid but not
valving or other integrated equipment., Work capability is used as the modst convenient
measurement for sizing actuators. The curve is independent of pressure and actuator
geometry. It is assumed that geometric efficiency (ratio of moment arm length at
maximum load point to belleranik length) is approximately 90%.

6.2.6 HYDRAULIC VALVES AND VALVE MANIFOLDS., Two curves are shown in
Figures 6-12 and 6-13. The first curve lists electrohydraulic servovalve weights
versus a flow function as shown. The upper portion (high flow rates) of the curve is
not applicable because in high flow applications additional valve stages are added to
keep the electrohydraulic servo relatively small, The second curve, Figure 6-13,
identifies power valve and manifold weights. A G.5-1b fixed minimum weight is
assumed. )
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6.2.7 ELECTRICAL. Two basic elements are defined: motors and amplifiers.
Amplifier weights arve shown because of the grods differences in power levels required
between electrohydraulic and electromechanical control. Additionally, some con-
figurations employ more servoamplifiers than others. The delta weight differences
are small when compared to overall weight but are displayed here so that a comparison
can be made of servoactuator control portions, Figure 6-14 shows ac motor weights
versus hp. The curve is based on Westinghouse data. Figure 6-15 shows amplifier
weight versus power output and is derived from information within Convair.

6.2.8 MECHANICAL, Spriﬁg clutch weight versus outpul torgue is shown in Figure
6-16, The curve is based on Curtiss-Wright data for bi-directional clutch assemblies
without brake provisions. The curve is modified to incorporate hraking.

Differential weights, shown in Figure 6-17, ave derived from data that established
weights of gear {rains in a previous study conducted al Convair .21

Figure 6-18 is used to size the output ballscrew actuator used in the orbiter aileron
configuration 2 and the secondary actuators used in the eleciromechanical control
porfions of orbiter aileron configuration 3, and orhiter and booster elevator con-
figuration 3. Determining output hallserew actuator weights is straightforward, with
output force, stroke, and rate determined by surface hinge moment requirements.
Sizing secondary actuators is not straightforward in that the ballscrew is sized by
hydraulic power spool flow forces, friction, control loop maximum actuator rate and
gain, power spool stroke, and secondary actuator/power spool geometry: The most
predominant factor is power spool flow {orces, especially in the very large servo-
actuators where each of three power spools may be controlling up to 75 gpm. An
equation used for correlation between the secondary actuator and hydraulic power
spool size is:

F = 9.1 +
PV 9.1Q + 400
where
FPV = power valve force
Q = flow rate, gpm.

The term 8.1Q is a function of {low forces and 400 is established as a minimum force
capability., ) ’

Ballscrew actuator weights in Figure 6-18 are shown in relation to force for different
strokes, Unlike a hydraulic linear actuator, the ballscrew weights cannot be shown
in terms of work capability because within reasonable values of strokes and rotational
speed, the ballscrew weight is more sensitive to force.
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6.3 RELIABILITY

A compilter program in existence at Convair was used to generate the reliahility com-
parisons shown in Section 7. The analysis consisted of the following basic steps:

a, Determine failure rate data {rom existing sources,

b, Convert failure rates to failures/tlight.

¢, Computer programming.

d. Normalize resulis,

6.3.1 FAILURE RATE DATA. Two basic sources of failure rate data were used.
They are RADC-TR-68-114° and FARADA., %3 Low, high, and average failure rates
were taken from these sources. The failure rates covered a wide range, but for this

study the failure rales picked were, in general, conservalive or representative of the
high failure rates listed.

6.3.2 TAILURES/FLIGHT. Table 6-1 lists the failure rate data used and the con-
version to failures/{light, The column headings are identified as:

failure rate per 108 hours (from reliability data scurces)

A =
}\tB 1= expected failures x lomﬁ/ﬂight‘ - boost phavse - booster (.05 hr)
ktB g = expected failures x 10 —'6/ flight - total flight tirmzj - bc;oster (2.5 hr)
htO ;= expected failures x 10 »G/ﬂight ~ boost phase - orbiter (2.1 hx)

IH

Aoz

The above mission times are not necessarily actual operating iimes for the various
servoactuators but include fotal time that the units may be exposed to exireme en-
vironments and/or be powered up.

expected failures x 10"6/ flight - flight time - orbiter (2.9 hr)

The failure rate data shown for hydraulic actuators, item 6, must obviously include

all discrepancies that require maintenance action, but not necessarily serious failures.
Two computer runs were made, one using the failure rate data as shown to establish
maintainability comparisons. The failure rate of 765/ 106 hours was reduced to 76.5
on the second run to establish reliability comparisons. Iftem 3 failure rates are shown
divided into two groups. The first number ig "fail to open!' {ailure mode and the sec-
ond number represenis "fail to close" failure mode.

6.3.3 COMPUTER PROGRAMMING. The servoactuator is broken down in functional
sets where all components in a set are in series. For example, congider a servo-
actuator that employs three servo channels, three hydraulic circuits, a tandem power

6-18




Table 6-1,

Failure Dafa

[tem Nomenclature A KtBl Ao, Aot )‘toz
1 | Hydraulic Pump 85 4.2 212 179 246
2 | BE/H 2 Stage Sexvovalve 125 6.2 311 262 362
3 | Solenoid Valve 287/143| 14.4 |717/358 |[603/301 |832/416
4 | Spool Valve 62 3.1 155 | 130 180

.5 Spool Valve, Spring Loaded 62 155 130 180
6 | Hydraulic Actuator 765 | 38.2 | 1912 | 1807 | 2220
7 | LYDT 38 1.9 94 79 109
8 Sexrvo Amplifier 160 8 400° 336 464 .
9 | Power Amplifier " 820 800 929
10- | Servo Motor 107 268 310
11 | Differential 41 103 119
12 | Ball Screw 23 58 67
13 | Electronic Voter 263 658 552 763
14 Solencid .. 72 209
15 Spring Detent 20 50 58
"16 | ‘Spring Clutch 28 ' 81
17 | Gear Reduction 46 133
18 Tachometer 126 315 365
19 | Motor, A.C, 470 1363
20 | Pressare Switch 368 18 920 811 1067
21 AP Transducer 368 920 811 1lo67
22 Hydraulic Monitor 30 1.5 75 87
23 | Hydraulic Comparator 62 | 3.1 130 180
24 | Time Delay Relay 103 258 300
25 | Valve Controller 4 10 12
26 Integrator g6 239 278
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actuator, cross monitoring, detection, and correction. If is fail opsrate whereby if
can lose one channel and/or one hydraulic circuit. The {unctional sefs might be:

SET

Servo Channel No. 1

Servo Channel No. 2

Servo Channel No. 3

Hydraulic Supply No., 1
Hydraulic Supply No, 2
Hydraulic Supply No., 3 ~ .
Tandem Actuator (and Power Spool)
By-Pass Function No, 1
By-~Pass Function No, 2
By-Pass Function No, 3
Moniforing and Detection

W o <1 Oy oo W DN e

=t
[ e

A servo channel includes a servo amplifier, two-stage servo valve, LVDT feedback,
and a secondary actuator, A reliability number for the servo channel is assigned
using the failure raie data of all the components in the set and considering that all
the components are in series. This procedure is repeated for each functional set,
For example, reliability of the bypass function is the reliability of a solenoid shutoff
valve {to shuf off} times the reliability of a pressure/spring~operated bypass valve
(to by pass). ' '

A "minimum truth table' is then developed (based on the Tailure modes and effects
analysis) that describes all of the minimum ways in which the servoactuator can
function and still be successful. The minimum fruth table is prepared in binary form
where a 1 means the set must function and a 0 means the set is not required to function.

Shown below is an example of the table where the sets correspond to those shown above
and the rows represent the combinations (minimum number of ones) that can exist for
success. -

SET

1 2 3 4 5 6 7 8 9 10 11
1 1 0 1 L 0 1 0 0 1 1
1 0 1 1 0 1 1 0 1 0 1
0 1 1 0 1 1 1 1 0 0 1

The reliabilities for the sets and the minimum truth tables were then submitted to
the DCS and 7094/7044 computer {fo calculate the system reliability, The computer
determines all the combinations that can be successful and computes the probability
of any successful combination that might exist. For example, the compuler calculates
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the probability of all sets functioning correctly, then proceeds downward o a minimum
limit established by the minimum fruth table, The summation of the probabilities of
all the successful combinations that can exist is the reliability of the unit,

6.3.4 NORMALIZE RESULTS. Since absolute reliability numbers are only as good
as the original failure rate data used, an additional step was taken. The reliability
numbers are normalized based cn the least reliable configuration (in 2 group being
compared} reduced to 1. Therefore all comparisons are in whole numbers and the
larger the number the better the ranking.

6.4 QUALITATIVE COMPARISONS

Maintainability, checkout capability, performance, and cost are treated qualitatively.
Major features or characteristics are shown in tables in Section 7. The following
paragraphs list criteria that was used for comparison,

6.4.1 MAINTAINABILITY, Criteria for comparison,

a. Mean flights between maintenance action (MFBMA).
The probability (Pg) that all functions work successfully within a servoactuator
was determined from the first computer run using the high failure rate data for
actuators. 1 - Pg is then the probability of failure (maintenance action), The
reciprocal 1/1 - Pg = MFBMA. The MFBMA data is normalized in the same
manner as described in Section 6.3.4.

b, Number of components,
For aerodynamic surface control actuators only servoactuator components are
totaled. Electronic logic where used was assumed to be equivalent to many com-~
ponents (up to 20) and the actual number was estimated based on apparent com-
plexity. TVC servoactuator component count includes hydraulic power circuit
components where rocket engine driven circuits are used. Twelve components
per circuif were assumed.

c. Installation complexity.

6.4.2 CHECKOUT CAPABILITY., Comments in Section 7 are hased on capabilily
- of performing three checkouts listed below in order of importance,

a. Normal operation,

b, Health status of each servo channel.

c. Health status of faulf detection and switching,

6.4.3 COST. Relative comments in Section 7 are based on the three factors listed
helow;

a. Unit procurement cost.

b. Operational cost.

c. Development cost.
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SECTION 7
TRADE-OTF EVALUATION

7.1 GENERAL

This section contains the tabulation of all resulis and comments and is arranged as
follows:

7.2 BOOS"I‘ER AND ORBITER ELEVATOR

7.2.1 BOOSTER WEIGHTi

7.2.2 ORBITER WEIGHT

7.2, 3. -ALTERNATE ORBITER ELEVATOR ARRANGEMENT
7.3 - ORBITER AILERON |

7.4 DIGITAL SERVOACTUATOR COMPARISON

7.5 ORBITER TVC

7.6 BOOSTER TVC™”



7.2 BOOSTER AND ORBITER ELEVATGCR

7.2,1 BOOSTER WEIGHT

Basic data used to generate weight:

Hinge Moment Total Req'd, Ft-Ib
Hinge Moment/Power Circuit, ft-1b
Hinge Moment/Actuator/Side, fi~1b
Flow to Elevator Sysiem/Circuit, gpm
Flow to Each Actuator/Side, gpm
Length - APU to Aft Vehicle @,, ft
Length ~ Actuators to Vehicle ¢,, ft
Max APU HP/Hydraulic Circuit, hp
Ave Hp/Circuit - % of Max, &
Flight Hours ~ Operating Time, hr
Hp~Hr

3 Hydraulic

Power Circuits

650,000
630,000
325,000
265

133

26

75

430

30

1.72
222

Table 7-1. Weight - Elevalor, Booster

4 Hydraulic
Power Circuits

650,000
325,000
162, 500
133

67

25

75

215

30

1,72
111

Configuration 1 Configuration 2 Coulnguration 3
Nomenclature Unit Wt. | Total Wt. Umt Wt. | Total Wt Unit Wi, | Total Wt
No, 1b L No. Lb 1 5:) No. 1b b
Ser\'oacwator.:: 8
Actualor 315 4 030 2520 6 585 3510
Pwr Valve & Manifolds 13 52 ’ 120
Control Portion A.4 18 32 .
’ 332.4 2659 2 70 140 2 172 344
Synch, Shaft 2 10 20
Hyd. Power Generation 4 716 2864 4 716 2864 3 1222 3666
Hyd, Transmission 4 285 11406 4 285 1146 3 455 1365
Hyd, Conditioning 4 138 72 4 18 72 3 30.5 92
APU a ] a2 | 728 s |82 T w28 3 | 325 975
APU Fuel 4 § 416 . | 1664 4 | 416 1664 3 | 832 24986
Total Vehicle Weight 9147 9128 12448
AWeight 0 - +3300

T=2



7.2.2 ORBITER WEIGHT

Basic data used {o generate weight:
)

Hinge Moment Total Req'd, {t-1b
Hinge Moment/Power Circuit, {t-1b
Hinge Moment/Actuator/Side, ff-1b
Flow to Elevator System/Circuit, gpm
Flow fo Each Actuator/Side, gpm
Length ~ APU to Aft Vehicle @,, ft
Length ~ Actuators to Vehicle ¢,, fi
Max APU Hp/Hydraulic Circuit, hp
Ave Hp/Circuit - % of Max, %
Flight,Houlrs - Operating Time, hr
Hp-Hr

.3 Hydraulic
Power Circuils

133,000

133,000
66,500

54

27

15

50

88

38

0.83

28

Table 7-2. Weight - Elevator, Orbiler

4 Hydraulic

Power Circuits

133,000
66,500
33,250

27

13.5

15

50

44

38

0.83

14

Configuration 1 i Configaration 2 Configuration 3
Nomenclature Unit Wt, | Total Wt. Unif W, Tot_al Wi, Unil Wt,| Total WL,
No. 1b Lb No,’ Lh 1h Ho. b 1b
Serxvoactuator 8
Actualor 76 4 152 Gu8 b 142 852
Pwr Valve & Manifolds . 6.8 27 21
Conirol Portion _ 3.2 14 48
86 688 2 41 - 82 2 69 138
Synch, Shaff 2- 6 12
Hyd. Power Generation 4 | 191 764 4 181 764 3 285 855
Hyd. Transmission 4 61 244 4 61 “244 3 99 297
Hyd., Conditioning 4 12 48 4 12 48 3 13 39
APU 4| 62 248 4 | 62 248 3 | 95 285
APU Fuel 4] 48 192 4 | 48 192 | 3 | 96 288
Total Vehicle Weight 2196 2186 2764
AWeighi': 0 - +540




Table 7-3. Reliablity Comparison — Elevator, Orbiter and Booster

Criteria Configuration 1 Configuration 2 Configuralion 3
Probability of Mission )
Saccess . 99595 . 99927 .99918
16.4 1.12 1

Relative Ranking

Table 7-£,

Maelalnability Companson — Elevator, Orbiter and Booster

Criteria

Conliguration 1

Configuration 2

Configuration 3

MEBMA (Mean Flights
Between Maintenance
Action)

a. Probability of All

Elementis Working . 9639 ' L9148 . 9928
b.. MFBMA 28 39.7 141
c. Relalive Ranking 1 1.4 5
Components/Vehicle 134 120 - 132
Installation 8 SBeparate Valve Packages, 2 Unitized Valve Packages,! @ 2 Umtized Valve

Integral with Actuators.
Difficult to Troubleshoct
Installation,

Remote From Actuators.

. Packages, Remote
From Actuator,
¢ Large and Heavy
Units

. n

Table 7-5. Performance Comparison - Elevator, Orbiter and Booster

Crileria

Conbguration 1

Confirguration 2

Configuration 3

Normal Performance o

Redundancy Performance | e

Versaulity And/Or
Commonality

Lower Static Stiffness
and Posihional Accuracy
Due to Power Spool
Synch, Method

Moxe Adaptable To
Spreading Actuators
Along Rear Spar

Nuisance Tripping May
Be Problem.

Negligible Degradation
After Channel Failure.

YFault Correchion Can Be
Manual Function of Crew
Due to Force Summing
Mechamzation,

¢ Stiffness Better Than 1 <

If Dual Tandem Spools
CanBe Synchrenized By
Fabrication.

e Less Nuisance Tripping |e

Than 1 Due to Gross
Eqnalization.

o HNegligible Degradation
After Channel Failure.

Same as 1. °

“same as 1.

Stiffness Better Than 1 .
If Triple Tandem Spools
Can Be Synchronized By
Fabricabion,

Mzy Be Subject To Smalil
Awplitude Limit Cycling
If Tach Feedback Gan
Can't Hold Channels At
Null,

Regmires Auwlomatic Fault
Correction,

Can Be Used With 2, 3
Ox 4 Hydraulic Power
Syslems With No Change,




Table 7-6. Checkout Capablity — Elevaler, Booster and Orbiter

Criteria

Configaration 1

Configuration 2

Configuration 3

Normal Operation

Single Channel Operatlion

Add Burface Position
XDCR Or Surface
End Position Limit
Swaitches To Provide
Quiput Signal To The
Checkont/Monitoring
Funetion,

e Add Swtching To Dis-

abie Self Equalization
And Fault Detection,

8 Add Swilching to De~

energize Solenoid Shutoff

Use Actuator Position
XDCR Signal.

Cross Equhzation &
Faultl Detection Logic.

o Add Switching to De-

o Add Switching To Disabic

energize Solenoid Shutoll

Same as 2.

o Add Switching To Ihsable
Fault Deleclion Logic.

o Add Switching to Shut Oif
Elect Power To Each

Valves, Operate Gue On Valves, Operate Onc On Channel.
At A Tume. AL A Time. ;
Fault Deteclion o Add Program , & De-energize Shuteif Valves(® Switch Off Elect Power To
1o Introduce in Sequence and Observe Servos In Sequence And
Hardover Failures Failure Indication Observe Failure Indica~
A tion,
) ¢ Add Reset Provisions. @ Add Reset Provisions ¢ Add Reset Provisions.
Table 7-7. Cost Companson — Elevator, Booster and Orbiter
Criteria Configuration 1

Configuration 2

Configuration 3

Unit & Insfl. Costs

Operalional Cost

Development

. High — Due To 4 Power

Circuits And 4 Power
Actuators.

High - Complexity And’
Low MFBMA Means High
Maintenance,

Low — Sumilar Umt Of
Same S1ze Range Under
Development.

High — Sameds L

High — Same As 1

Medium — Sunilar Unit
OF Small Size Under
Development. Problem
With Power Spools!
Synchronization.

Lower Than Configura-
tion 1 Or 2 Due To 3
Power Crrcuits And 3
Power Actuators.

Less Than Basehmne.
Fewer Power Circuils,
Higher MFBMA.

Medium — Control
Portion Under Develop-
ment, Problem With
Power Spoola® Syn-
chronization.




7.2.3 ALTERNATE ORBITER ELEVATOR ARRANGEMENT,. The previous three
configurations for the orbiter elevator required one servoactuator package in each
left and right horizontal stabilizer. There are many aliernate physical installation
options to consider, bul one that deserves attention is a center fuselage instlallation
using four power actuators. The servoactuator has many advantages:

a. Less severe environment (vibration and femperature).
b. Only four valve/actuators instead of eight.,
¢. More installation space.

d., Less weight in the actuators and elimination of horizontal stabilizer,
transmission lines,

" e. DBetter maintenance.

A key structural consideration in determining the required actuator configuration is
flutter. For the cenier-fuselage~mounted arrangement the moment will be reacted
in the hody, whereas for the actuators mounted in the horizontal stabilizer, the
moments will be reacted there. In the case of the fuselage-mounted actuators, the
“elevator torsional stiffness must be sufficient to prevent excess aeroelastic losses
due to elevator twist, In the case of acluators mounted in the stabilizer, the elevator
torsional stiffness is not as critical since it is effectively clamped in torsion at the
actuator points. The horizontal stabilizer twist due to the elevator hinge moment in
this case should be small because the horizontal stabilizer structure is sized for
max gd. : i

By actuating the surface at the root only, a large structural weight increase may be
required in the elevator to provide enough stiffness to prevent flutter. It is not the
intent of this discussion to determine what that weight increase is, but to point out
that with a center-fuselage-mounted servoactuator grouping, a weight savings of
approximately 250 1b can be realized within the servoactuator and power supply sub-
* systems,

76



7.3 ORBITER AILERON

Basic data used to generate weight:

Hinge Moment Req'd, fi-1b

Hinge Moment Req'd/Power Circuit, ft~1b
Hinge Moment/Actuator/Side, ft-ib

Flow to Aileron System/Hyd Circuit, gpm
Flow to Each Actuator/Side, gpm

Length - APU to Mid Vehicle §,, ft
Length - Actuators to Vehicle @, ft
Aileron Max. No Load Rate, deg/sec

Active /Standby

3 Power Systems

Hydraulic
or .
Elect/Mech

9,600
9,600
4:’800

6.2
2.6
50
100
40

Table 7-8. Weight — Aileron, Orbiter

Load
Sharing

9,600
6,400
3,200
3.5
1.75
50
100
40

Conliguration 1 Configuration 2 Configurabion 3
Nomenclature Unit W, | Total Wi, Unit Wt. {Total Wt. Unit Wi, |Total Wt,
No, Lb b No, 1h 1b No. 1h b
Servoactuator:
Power Actnator 6 10 Li14] 2 50 100 6 7.2 T 43
Control Portion 22,5 2 7.0 14 45.0
Pwr Valve &/or
Manifolds 3.5 19.5
2 36 T2 2 64.5 129
Differantial 2 11 22,
Solenoids & Spring
Clutch . 6 7.7 _48 .
132 182 172
Hyd. Transmission 3 53 159 3 42.5 128
Elect. Moior and Gearing _—— 6 36.2 217 —
Total Weight 291 399 360
AWeight . ) 0 +108 +9
4
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Table 7-9.

Reliability Comparson — Aileron, Orbiter

Criteria

Configuration 1

Configuration 2

Configuration 3

Probability Of Mission
Success

Relative Ranking

. 999098

486

. 999027

1

. 99918

1.18

Table 7-10. Maintzinability Comparison — Aileron, Orbiter

Criteria

Configuration 1

Confliguration 2

Configuration 3

MFBMA (Mean Flights
Between Maintenance
Action)

a. Probability Of All

Elements Workang . 9736 . 9866 L9929
b. MFBMA 37.9 4.6 141
¢. Relatwve Ranking 1 2 3.7
Components/Vehicle ! 98 128 132

Installation Smallest Envelope. Integrated Power Supply Similar to 1 Bul Larcger
Most Feasible To Install Makes Unit Large And Envelope And Heavier.
And Remove. Heavy. ! :
TFable 7-11, Performance Comparisen — Aileron, Orbiter
Critersa Configuration 1 Conliguratron 2 ConDhguration 3

Normal Performance

Redundancy Performance

Versatility And/Or
Commonalily

Good. No Fight Between
Quiputs, Only 1 Active At
A Time.

@ May Be Subject To
Nuisance Tripping.

@ No Degradation Aftex
Failure.

@ Fault Correction Hyd.
Logic Musl Remain With-
m Servoactuator Inter-
face,

@ Reguires Awtomalic
Fault Correction.

Poor. Subject To Limit
Cyeling, High Threshold
And Dead Zone.

@ Quiput Rate Is Degraded
After Failure.

¢ Dependent On No Jamming
At Output.

3 Requires Automatic
Fault Correction.

May Be Subject FTo Small
Amplitude Limit Cychng
If Tach Feedback Gain
Can't Hold Channels At
Null.

Same As 1.

© Requires Automatic
Fault Correction.

@ Can Be Used With 2, 3
Or 4 Hydraulic Power
Systems With No Change.
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Tablc 7-12. Checkout Capability -

Aileron, Orbiter.

Critena

Conhg‘n:ati‘on 1
{Baseling)

Configuration 2

Configuration 3

Normal Operation

Single Chamnel Operation

“‘Fault Detection

¥Shutting Off Hydraulic
Power Wall Not Check
Status Of Monitors And
Comparator.

Use Actuator Position
XDCR Te Provide Quiput
Signal To Checlout/
Momtoring Function,

Must Stait Up And Shut
Down Hydrashe Systems
In Bequence Or Add
Hydraulte Shontoff Valves
And Control Swilches.

a*Add Program To
Iniroduce Bardover
Srgnais Sequentially To
Serveamplifiers Down-
stream of Voters.

© Must De-pressure And
Repressurize Hydraulic
Circuits For Reset Or
Add Shuboff Valves.

Use Actualor Position
XDCR Sigmal.

Add Switching To Shut
Off Elecirical Power
In Sequence.

o Introduce Command
Input With Electrical
Power Off To All
Cluiches An Chsexve
Power Stage Failure
Indication.

% Add Program To Intro-
duce Hardover Signals
(Electrical Power Off
To Power Stages)
Sequentially And Qb-
sexve Command Failure
Indicabion. . 7

e Add Reset Provisions.

Use Actuator Position
XDCR Signal,

o Add Swntchmg To Disable
Fault Dateciion Logie,

e Add Swiltching To Shut
Qif Electrical Power To
Each Channel.

& Switch Off Electrical
Power To Servos In
Secuence And Observe
Failure Indication.

& Add Reset Provisions.

Table 7-13. Cost Comparnison — Aileron, Orbiter

Criteria

Configuration 1

Configuration 2

Configuration 3

[Unit & Insil. Costs

fOperational Cost

Development Cost

Low., Smaller Envelcpe,
Fewer Parts,

Migh Due To High Main-
tenance Required {Low
MFBMA4).

Low. Swmrlar Units
Under Development.

Mediem. Difficuli Insil.
Fabricalion.

Less Than Configuration 1,
{Less Maintenance
Required).

High. Requires Extensive
Development.

Low,

Low. (High MEBMA).

Mediem, Control Portion
Under Development,
Problem With Power
Spools! Synchromization.
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7.4 DIGITAL SERVOACTUATOR COMPARISON

A digital configuration weight was established for the orbiter aileron, orbiter elevator,
and booster elevator. They are compared to the analog configurations as shown in
Figure 7-1. The weight is approximately equal to Configuration 1, aileron orbiter,

but tends to become heavier than analog electohydraulic when compared at the elevator
applications (+70 1b for the orbiter, +260 1b for the booster). In the case of the aileron,
the digital configuration has less weight in the actuators, but more weight in transmis-
sion lines. This is due to the four power circuits it has compared to three. (The
digital configuration uses four power circuits, analog Configuration 1 uses three.) The
flow rates are small allowing small digitizers to be used; thus they have little influence
on weight but become sensitive to fabricalion tolerances.

For the larger applications, the increased weight trend of the digital configuration
over that of analog Configurations I and 2 is due primarily to the digital valving (all
use four power circuits). The valving becomes unwieldy at high flows and the assump-
tion of a 30-Hz cycling rate may not be valid for the large digitizer spools.

The reliability of the digital configuration compares favorably with the analog configura-
tions even though the upper stage servo failure rates were assumed to be 10 times that
of an equivalent analog. This assumption was made to compensate for the increased
number of cycles imposed on a torque motor for digital applications.

The reliability of the digital configuration remains high, apparently, due to the multiple
redundancy and failure effects, which are less severe in digital systems.

The maintainability suffers drastically in the digital configuration. The duplication of
servos and digitizers in each channel coupled with high failure rates result in an esti-
mated MFBMA of 7.5, This compares with analog configurations thal range {rom 28
to 140,

The crifical comparisons between the digital and analog configurations are in ihe area
of performance and development. Performance of the analog type has been verified by
development, testing, and usage. As stated before, the digital configuration in this
report is a concept only and does not represent any previous development effort with
regard to redundancy mechanization. Without detailed investigation, there remains
considerable doubt that pulse synchronization and exact positioning belween channels
can be achieved.

In summary, the comparisons show that a digital configuration can be competitive in
most areas with analog types, but more investigation and development effori is needed.
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Figure 7-1. Analog vs. Digital Weight Comparison



7.5 ORBITER TVC
NOTE: Conﬁgﬁration 1 for the orbiter is the same as Configuration 1 for the
boosler, These configurations operate off the vehicle APU driven

hydraulic circuits.

Basic data to generate weight:

Max Hinge Moment/Axis/TVC, fi-1b ] 65,000
Hinge Moment 2t Max Rale/Axis/TVC, ft-lb 44,000
Max Flow Rate/Axis/TVC, gpm 8.8
Max Flow Rate/TVC (1.41 x Max Flow/Axis), gpm i2.3.
Flow Rate/Circuit/Engine Mounted Hyd. Supply, gpm 12.3
Flow Rate/Circuit/APU Driven Hyd. Supply, gpm ) 12.3
Length — ASC Junction to Engine Bulkhead, ft 21
Length - Bulkhead to Actuators/TVC/Circuit, ft . 17
Length - Engine Mounted Hydraulic Transmission/ TVC/ Circuit,-ft . 16

Table 7-14. Weaght Comparison - TVC, Orhter

Configuration 2 Configuration 2 Configuralion 3
Nomenclature Unit Wt. | Tolal Wt. Tt Wi, Total Wi Tnit Wi | Total Wt
No. Lb L No, ib . ib o, Lb b
Servoactuator 4 4 4
Power Actuator 58 ) G0 58
Control Poxtion 18.5 . 15 14
Pwr Valve And/Or ~
Manifold 9 33 16
85.5 342 88 352 - B8 352
Centering
Actuator 4 20 80 ' 4 20 80
Accumulator 2 20 40 ’ ’
Valve 2 2 4 2 2 4 2 2 4
Hyd. Power Genaration 6 125 750 4 124 496
83 156
Hyd. Transmission 4 3 120 6 13 78 6 13 78
"Total Weight B 586 1184 1176
AWeight o ) +598 - +590

Tml2



Table 7-15. Rehabulity Companison — TVG, Orbiter

Criteria Configuration 1 Configuration 2 Configuration 3
Probahility of Mission
Success . 99598 - 99941 C.99904
Ralative Ranlang 48.5 1.65 1

Table 7-16. Maintainability Comparison — TVC, Orbiter

Criteria Configurzation 1 Configuration 2 Configuration 8
MEFBRMA
Probability Of Al Elements
Working . 9915 . 9862 .9876
MFBMA 118 73 81
Relative Ranking 1.62 1 .11
|Components/Vehicle 128 252 212
Insiallation Difficult Actnators! Instl., | Poor, Due {o Separate Poor. Difficult Actuators?
But Requires No Engine Engine Mounted Hydraulic | Instl. Plus Engine Mounted
Mounted Hydraulic Circuits.| Circuits. Hyd. Circuits.’
Table 7-17. Performance Comparison — TVC, Orbiter
Crileria Configuration 1 Configuration 2 Configuration 3

Normal Performance

Redundanrcy Performance

Versatility And/Or
Commonality

6 Good., No Faghl Between
Qutputs, Only 1 Active At
A Time,

© No Degradation After
Failure,

o Muisance Tripping May
_Be Problem

Common To Booster
Configuration.

Good

© Slight Degradation After
Failure.

May Be Subject To Small
Amplitude Limat Cyeling.

& Qutput Acluztor Rate
Reduced 50% After
Failure.

@ Nuisance Tripping May
Be Problem.
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Table 7-18. Checkoul Capability — TVC, Orbiter

Criteria

Configuration 1

Configuration 2

Confignration 3

Normal Operation

Single Channel Operation

Faull Deleclion

TUse Actuater Posilaon
XDCR To Provade Ouiput
Signal To Checkoul/
Momlioring Function.

Rust Start Up And Shut
Down Hydraulic Circuils
In Seguence Or Add
Hydayulic Shut Off Valves
And Control Switching.

Add Program To Intro-
duce Hardover Signels
Sequentially To Sexvo
Amphfiers.

Add Actuzator Position
XDCR Or End Position
Limil Switches.

o Add Switching To Dis-
able Cross Equaliza-
tion & Faull Detection
Logic.

o Add Switching To De-
energize Shat OIf Valves.

@ Deo-cnergize Shut Off
Valves In Sequence
And Obsexve IMailure
Incication.

a Add Reset Provigions,

Same as 1.

o Add Swilehing To Dis-
able Fanlt Correclion
Logic.

o Add Switehwg To De-
enexgize Shut Off
Valves.

@ Same as 2.

Table 7-19. Cost Comparison — TVC, Orbiter

Criteria

Configuration 1

Configuration 2

Configuration 3

Unit & Instl. Costs

Operational Costs

Development Cost

Low. Fewer Parts.

Low. Same As Above.

Low.

High. Due To Muitiple
Engine Mounted Hydravlic
Circuits.

High. Same As Above.

Low.

Iligh. SameAs 2.

High. Same As Above.

Low.
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‘7,6 BOOSTER TVC
NOTE:  Configuration 1 for the booster is the same as Configuration L for the
orbiter, These configurations operate off vehicle AFPU driven hydrau-

lic circuits.

Basic data to generate weight:

Max Hinge Moment/Axis/TVC, fi-1b , , 65,000
Hinge Moment at Max Rate/Axis/TVC, fi-lb 44,000
Max Flow Rate/Axis/TVC, gpm 8.8
Max Flow Rate/TVC {1.414 x Max Flow/Axis), gpm 12.3
Flow Rate/Circuit/Engine Mounted Hyd, Supply, gpm 12.3
TFlow Rate/Circuit/APU Driven Hyd. Supply, gpm 74
Length - ASC Junction to Engine Bulkhead, ff 35

Ave Length - Bulkhead to Actuators/TVC.{(APU Hyd.), ft 30
Length - APU Hyd. Transmission (6 Engines/Circuit, i 180
Length - Engine Mtd, Hyd. Transmission/TVC/Circuit, ft 16

Table 7-20. Weight Comparison - TVC, Booster

Configuration 1 Configurabion 2 Configuration 3
" Nomenclature Umit Wt. | Total Wt Unit We. | Total Wt, Unit Wt, | Total Wt.
- No. 1h 1b No. Lb Lh No. 1b Lb
Servoaciuator 22 22 22
Power Actuator 58 51 ] 51
Control Portion " 18.5 "5 i 7.5
Pwr Valve And/Or
Manifolds g 8,5 13
85.5 1881 62.5 1375 71.5 1573,
Centering
Actuator - 22 20 440
Aeccuomulator 11 20 220 11 20 220
Valve 11 2 22 11 2 22 11 2 22
Hyd. Powel Generation i1 125 1375 il 125 1375
11 83 915
Hyd. FTransmission 4 258 L1032 11 13 143 22 13 286
Total Weight 3595 3135 4171
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Table 7-21, Reliability Companmson — TVC, Booster

Critena

Configuration 1

Configuration 2

Configuration 3

Probability of
AMlission Success

Relative Ranking

. 998996

2,5

- 939596

2,5

. 000808

3

Table 7-22. Maintainability Comparison — TVC, Boosier

Crilerta

Configuration 1

Configuration 2

Configuration 3

MFBMA

Probability Of All Elements

Working . 99984 . 99991 . 99983
MEFBMA 6250 11,111 5888
Relative Ranking 1. 06 1. 89 1
——
Components/Vehicle 766 444 - 720
Installation Difficult Actualors Fewer Actuators Fo Poor. Tandem Actuator
Instl. , Bul Requires No Maintain, But Requires _Instl. Plus 22 Engine
Engine Mounted Hydranhe | 11 Engine Mounted Mounted Hydraulic
Circurts. . Hydraulic Circuafs, Cireuits,
Table 7-23. Performance Comparison — TVC, Booster
Criteria Configaration 1 Configuration 2 Configuration 3

Normal Performance

Redundaney Performance

Versatility And/Or
Commonalily

Good,

¢ No Begradation After
Failure (Fal Operate
Capahlity).

e Nuisance Tripping May
Be Problem. .

¢ Common To Orbiter
Configuration,

Good.

® Fail Operate In Upper
Servo Stage. Some
Degradation After
Failure.

& Not Fail Safe After 2
Like Fatlures.

e No Moniloring - Health
Status Cannot Be
Verified In Flight.

Good.

o Fail To Null Capability
Only.
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Table 7-24, Cheokout Capability — TVC, Booster

Criteria

Configuration 1

Configuration 2

Configuration 3

Normal Operation

Single Chaanel Cperation

Use Actuater Position
XDCR To Provide Qutput
Signal To Checkout/
Momboring Function.

Must Staxt Up And Shut
Down Hydraulic Circuts
In Sequence Or Add
Hydraulic Shutoff Valves
And Control Switching.

Add Acluator Position
XDCR Or End Position
Limit Switches,

Add Program To
Introduce Opposite Hard-
over Signals To 2 Servo
Channels Sequentially

To Disable All But One.

Same As 2.

Same As Normat
QOperation.

Fault Detection Add Program To Introduce | Not Applicable. Add Program To Intro-
Hardover Signals Sequen—~ | Servoactuator ks duce Hardover Signal To
tiatly To Servo Amplifiers. | Monitorless {No Detec- Either Servoamplifier.,

. tion, Correclion)
Table 7-25, Cost Comparison — TVC, Buooster
Critena Configuration 1 Configuration 2

Configuration 3

Unit & Instl. Costs

Operaticnal Costs

Development Costs

High. To Be Common To
Orbiter And Also Use APU
Power, Excess Redundancy
Is Applied At All 22
Aectuator Instls.,

High, Due To Number Of
Components To Stock &
Maintain,

Low,

Lower Than 1. Simpler
Actuator Parhally Offset
By The 11 Eagine Mounted
Hydraulic Circuits.

Low. Fewer Parts.

Mini-mum. Similar Unit
Fully Developed.

High. Excess No, Of
Engine Mounted Hydraulic
Cirtuit Instls.

Same As 1.
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SECTION 8
DISCUSSIONS AND RECOMMENDATIONS

8.1 DISCUSSION

8.1.1 WEIGHT TRENDS

8:1.1.1 Intermediate Applications. Figure 8-1is a plot of servoactuator and frans-
mission line weights for three and four power circuits through all hinge moments of
interest for aerodynamic surface controls. This trend is only valid if the ground
rules and requirements of this study apply. That is, there is no alternate function

to back up an aerodynamic control surface, and fail operate, fail safe (e.g., fail
operate) performance is required. The fail operate, fail operate rule allows each of
the four actuators to be designed for 50% of the required hinge moment after two fail-
ures. This concept weighs less than a three-actuator arrangement down to the lower
limit where valve and hydraulic transmission weights begin o have influence. No '
other power weights are included. ’

8.1.1.2 Electromechanical, The only pure electromechanical configuration studied
was applied to the orbiter aileron. The weight did not compare favorably with hydrau-
lic configurations primavily due to the electric motor weight. The motor sizes were
determined by torque requirements resulting in oversized motors with respect {o
horsepower rating. Due to the limited time available for detail design analysis, no
attempt was made to apply the balanced power concept.m’ This concept involves the
use of flywheel inertia to absorb power peaks allbwing the motors to be sized for
average power demand, thus reducing overall weight, The electromechanical unit -
was configured as an inlegrated package (power and conirol). This configuration
would be very difficult to install in the limited space in the wing and more likely would
consist of control channels, clutches, and motors in the fuselage with mechanical
shafting installed in the wing to an output ballscrew or power hinge. No weight penalty
was assigned for mechanical shafting to offset the over-design of the motors.

8.1.1.3 Electromechanical Control. The electromechanical velocity summing con-
trol unit was used with three hydraulic circuits (Configuration 3, aerodynamic surface
controls). ‘This configuration is obviously heavy because of the use of three hydraulic
power circuits. Figure 8-2 shows the comparison of just the eleciromechanical and
electrohydraulic control components. The eleclromechanical weights for this study
are shown by the upper solid line. The criteria used for sizing channel control outputs
were conservative and affected electromechanical weights more than electrohydraudic.
The dotted line représents a reduced size for eleciromechanical control where the
output force ranges from 400 1b at small flows to 1000 1b at high flows. The reduced
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eleciromechanical control is still heavier than its elecirohydraulic counterpart but
the & weight is less significant in comparison to power actuator and power circuit
weights., -

8.1.1.4 Redundancy vs., Weighl - Aerodynamic Surface Conirols. The configurations
in this study define the limits of redundancy required to meet fail operate, fail operate
criteria. The redundancy was carried through fo the power stages, The result is a
rather dismal weight tolal. It is no surprise to note that most of the weight is packed
into the power systems and power actuators.

We assume that a hydraulic power actuator never jams. If redundant seals are used
to reduce leakage failures and adequate margins are built in to preclude any structural
failures (parrel rupture} the actuator becomes very reliable and as such may not need
to be as redundant as other elements. Figure 8-3 shows the effects on weight when
power actuator and power circuif redundancy are reduced. The curves are based on
averaged data: 1.5 hr flight time, 35% average power and 40 ft transmission length.
Curve A is the four-power circuit, four-actuator/side configuration per this sfudy for
the booster and orbiler elevator. Curve B eliminates two actuators per side but re-
tains the four power circuits. Switching valves are used to switeh in.two standby
power circuits. Curve C goes one step further and eliminates the two actuators/side
“and two power circuits., In this case each pair of actuators has to provide 100% hinge
moment. The trend shows that eliminating power circuits is not effective, especially
at the orbiter hinge moments, because the remaining two circuite must produce twice
the output required of each of the four circuits.

8.1.1.5 Redundancy vs, Weight -~ TVC. Following the same procedure as mentioned
4n Section 8.1.1.4, the weights of all configuralions could be reduced. In Configura-
{ion 3 for the booster TVC, the centering power circuil is also used in the servo
channel to ensure that the system will fail to null at the first power circuit failure.
This requires two hydraulic circuits for the configuration. If only one power circuit
were used in the servo chamnels, the servoactualor could be centered by accumulator
power, By eliminating one half of the tandem actuator and speol (add a switching
valve) the total weight could be reduced 1256 1h from ithe 4157 1b tabulated in Seetion 7.
This arrangement is not as safe as Configuration 3 because centering capabilily is
lost after a failure combination of accumulator gas pressure and hydraulic circuit,

If power actuator redundancy is eliminated in the booster TVC configurations, the

A weight decrease is as shown in Table 8-1.

8.,1.2 COMMONALITY. Configuration 1 for the orbiler and booster TVC was com~
mon and operated off vehicle APV sysiems. The resulis show that the beoster TVC
systems become heavy and quite complex in the servoactualor. The 22 acfuator in-
stallations should not be configured by orbiter requirements for the sake of common-
ality alone, However, when power actuator redundancy is reduced, the absolute
weight penalty between Configurations 1 and 2 (least weight configuration) for the
boosler is 262 1b as shown above. Lazaier studies will have 1o determine the allowable
penalty to attain commonality. '
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The electromechanical velocily summing contr_ol is atiractive because of the potential
commonality on aerodynamic surface confrols. It can be applied to any application
independent of the number of hydraulic power circuits used., The unit is essentially
the same whether it controls iwo, three, or four hydraulic power circuils. Hydraulic
control requires small hydraulic circuits for servo power, in addilion to the circuits
supplying output actuators if the control is more redundant than the output.

8.1.3 RELIABILITY AND MAINTAINABILITY. A review of reliability indicates
that self~monitoring techniques offer a substantial gain in reliability. This reflects
the paralleling effect that self~-moniforing provides'. It does not require cross con-
nections or cross monitoring voting logic which tends to place all detection and switch-
ing elements in seriés in a reliability model. This {rend can be ‘seen by observing the
relative reliability ranking of each Configuration 1 for aerodynamic surface confrols
and TVC, BSelf monitoring is common to these configurations.

In the orbiter aileron, Configuration 1 is two orders of magniiude hetter than Configura-

tions 2 and 3, This gain is due to hydraulic logic defection and switching (not depen-

dent on electronic or electrical switching) as well as self monitoring. In this case

self monitoring is accomplished by massive redundancy at the control level (six chan-
nels).

Another noticeable trend, however, is thal maintainabilify is usually lower for self-
monitoring schemes in terms of MFBMA, These results agree with the normal con-
flict between reliability and maintainability; that is, when channel or system redundancy
is used to increase reliability, maintainability -suffers;

8.1.4 AUTOMATIC VS, MANUAL SWITCHING., The {orce summing redundancy
mechanization has the advantage over all other methods in that switching does not
have to be immediate because the output of a bad channel is prevented from feeding
through to the output. Thus a servoactuator (for aerodynamic surface controls) can
be simplified (human factors permittting) by assigning the switching funection to the
crew. :

8.1.5 INTEGRATED HYDRAULICS, Integrated hydraulics (pmirer and control by
wire) was not considered in this study. A cursory look at sizes for the elevalor of
both vehicles indicated a prohibitive package size for installation. Once central
hydraulic circuils were assumed, they were then available to supply any load applica-
tion. Insialling integrated packages at low load applications would introduce small
hydraulic power circuits in addition to the APU~driven centrzl circuits causing an
unnecessary complexity. Additionally, an integrated package would no doubi require
cooling lines to route into the fuselage, thus hydraulic transmission couid not be
eliminated entirely.
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8.2 RECOMMENDATIONS

a. Hydraulic power and analog servoactuators should be used throughout all ﬁight
control applications.

b. Four hydraulic power circuits should be available and all four used on aero-
dynamic surface conlrols where they are competitive in weight.

c. Power actuator and power circuit redundancy as defined by this study be
retained on aerodynamic surface controis.

Reasons: 1. Length of operating time/flight.
2. Need to spread actuator reaction points on large single surfaces.

3. Number of power circuits reguired on board is not solely a
function of flight confrols. (Utility functions will probably
require a minimum. of four circuits.)

d. Power actuator redundancy should be reduced or eliminated on TVC and failure
criteria applied to control channels only.

Reasons: 1. Short operating time reduces probabilify of failure/flight.
2. ©BDave weight. '

3. Difficult actuator installation.

e. Mechanical feedback be employed in TVC if possible o eliminate separate
cenlering acluator (fail to null).

f. Central APU-~driven circuits be used for TVC if power actuator redundancy is
eliminated and APU driven circuits are sized by aeroiiynamie surface controls:
If TVC sizes the APU (nol true hased on requirements used in this study)
additional study is required to determine impact on power source and power
source fuel weight. (Aerodynamic surface controls operating at lower part
load will increase fuel consumption.)

g. Obvious superiority of one control redundancy mechanization method could not
be established. The many different techniques under development in the indus-
try today indicate that no one solution has a clear advanfage. Quite often a
particular technique evolves as a resull of special requirements. However,
based on the requirements and findings of this study the following techniques
are recommended as best candidates:

1. Force summing control (self monitored) for aerodynamic surface controls
[ similar to Configuration 1 for the elevator]. '

Reasons: a) Nearly fully developed concept (S5T).

b) Provides protection against jams.
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¢) Has potential of providiﬁg control aiter three conirol
failuves. (e.g., three channels may be able to provide
two fail operate capabilities in a pure fly-by-wire system.)

d) Versalile: Switching can be manual.

2. Electromechanical velocity summing for aerodynamic surface controls
[ similar to Configuration 3 for the elevators].

Reason: Easier to achieve commonalily for all load applicalions. Unit
is functionally the same regardless of the number of hydraulic
power circuifs used. (Use is contingent on fabrication of

- multiple tandem power spools.)

3. Active/standby control (sell monilored) using secondary actuator {or TVC
[ similar to Configuration 1, TVC, except secondary actuator, and mechan~
ical feedback from power actuator added, and power actuator redundancy
reduced].

Reasons: a) Common fo orbiter and booster.
b} Can use vehicle APU~driven circuits (four pex vehicle).
¢} Attains fail cperate capability with only two hydraulic circuits.

d) Redundancy level is consistent with available command chan-
nels., Redquires no voters or additional servoamplifiers.

4, Monitorless "majorily voting' for booster TVC only
[ similar to Configuration 2 for the hooster TVC].

Reasons: a) Least weight,
b} Fully developed concept.
¢} Least complex servoactuator.

d} Monitorless arrangement more adaptable to booster than
orbiter. (System checkout on the ground prior lo flight.)

h. A single orbiler elevator package be installed in the fuselage area if at all pos-
sible. If elevator stiffness can be improved satisfactorily with a 250-1b A weight
increase, no weight penally is involved and the servoactuator complexity,
installaiion, and performance are vastly improved.

8.3 ENVELOPE SIZES
Installation configurations were not possible at this time due lo the preliminary staie
of vehicle design. To show some representative sizes, reasonable geomelric pro-

portions were used based on very preliminary vehicle configuration data. Figures
g-4 and 8-5 are examples of booster elevalor and orbiter elevator envelope sizes
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respectively. These examples ave shown only for the sake of ball park estimating.
To pursue this exercise further was not considered productive in thai actual envelope
sizing requires more vehicle physical definition. One point is obvious from tlie
figures: the installation designer will be hard pressed to install the three power

circuit actuators in the available space.
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