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ABSTRACT

This report presents final results of a study of the application of Pilot~
Controller Integration (PCI) design techniques to the flight control system of a
representative V/STOL aircraft. Under this program the validity of the concept was
established in the application to the X-22A V/STOL. In this application the PCI
technique indicated the areas of the X-22A flight control system where modifications
would result in the greatest improvement to the probability of mission accomplish-
ment. Design modifications were made and an iteration using the technique was
accomplished and the payoff was evaluated. The digital program which was developed
and applied to the X-22A has general applicability to other aircraft. Several
improvements to this program as well as to the details of technique application are
suggested.
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SECTION 1
INTRODUCTION AND SUMMARY

This is a final report presenting the results of a study of Pilot-Controller
Integration techniques accomplished under Contract AF33(616)-1866. The primary
objective of this program was to provide a detailed example of the application of
pilot-controller integration (PCI) design techniques to the flight control syastem of a
representative V/STOL alrcraft - the X-22A. Also, the payoff in FCS operational
performance resulting from PCI orientated component redesign was to be evaluated.
Additional objectives were to evaluate the existing concept procedures (1) in terms
of validity and utility, and to expand and Improve these procedures (concept improve-
ments) to better accomplish the primary objective. A secondary objective was the
conduct of a control power-damping handling qualities analysis of the X-~22A.

The increasing complexity of the interface relationships between the human
operator and state-of-the-art aerospace vehicle control systems has resulted in
severe limitations in the ability of man-machine systems to successfully accomplish
their operational objectives. The analysis of potentially catastrophic failure conditions
is currently treated in an essentially open loop manner, with each design specialty
{or group) contributing its separate inputs to the design task, and with no fully coor-
dinated approach to the efficient integration of the information generated by the
participating groups.

The purpose of the PCI technique i8 to fill the need for a systematic approach to
the quantitative prediction of the integrated capabilities and reliabilities of the man~
machine system. PCI basically utilizes existing engineering talents in the areas of
systems design, reliability analysis, and human factors, and effectively integrates
them into a digital program for the analysis of mission success probability (AMSP) -
refer to Figure 1.

In addition to the prediction of overall mission success probability, the AMSP
program provides a listing - in ranked order of probability - of those failure mode
combinations making the greatest contribution to the probability of mission failure.
This data provides the basis for logical and efficient control systems redesign.

Additional payoff accruing from the application of PCI in the design procedure
results from the applicability of PCI program output to operational and cost effective-
ness studies.

@) The PCI technique as originally developed by Minneapolis-Honeywell under Con-
tract AF33(657)~-7601 is defined in Technical Documentary Report No.
RTD-TDR-63-4092.
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The scope of the PCI application to the flight control system of the X-22A under
this program dictated the specification of certain limiting conditions including the
following:

(1) Automatic attitude control(2), height control and height damping (2}, and the
duct rotation subsystems were not included in the analysis.

(2) The prediction of component failure modes and rates was not as detailed
and complete as would be required if the output from the PCI application
were to be utilized in the actual vehicle design procedure. It is estimated
that the 450 hours devoted to the reliability analysis under this program
would be multiplied by a factor of 3 to 4 in the case of a prototype vehicle
design.

(3) Detailed redesign of FCS components as dictated by PCI was carried only
to a point sufficient to determine the validity of the proposed changes.

Inclusion of the above constraints in no way restricted the accomplishment of
contract objectives in the application of PCI to the X-22A,

The payoff in man-machine systems performance was studied for the hypothetical
redesign of the four elevon control actuator systems. The resulting payoff was as
follows:

(1) The probability of successful mission accomplishment increased from
98.79 to 99.22% - a 35% reduction in the probability of not completing the
mission.

(2) The probability of successful aircraft recovery (including the ability to
successfully abort the defined mission) increaged from 98.97% to 99.42%.

(3) Cost effectiveness studies indicate a saving of 4.4 aircraft (total value of
$6,600,000) in flying 1000 sorties of a type similar to the evaluation
mission.

A number of improvements to the basic PCI concept {listed in Section IV)
evolved during the subject application; the following were the most significant:

(1) The construction and functional aspects of mission success diagrams were
expanded.

(2) The problem of interference effects between pilot work load and/or
transient control capability for certain concurrent failures was recognized,
and methods of analysis were suggested.

(8) The structure of the digital program for the analysis of mission success
probability was modified and expanded.

(2) Not part of the X-22A primary control system. These functions are
integral to the variable stability system (VSS).



(4) The utilization of the digital program for AMSP to also predict the
probability of successful aircraft recovery was explained.

Longitudinal and lateral handling qualities studies for hover flight and transition
were conducted as a separate task under this program. Pilot opinion ratings and
measured pilot work loads were recorded at each control power-damping test con-
dition. This data is discussed in Appendix I.

PC1 provides a useful tool for systems design from the preliminary phase on
through the design procedure and into post production - in service modification
programs. The value of PCI in the design procedure is dependent upon the detail,
accuracy, and completeness of the data required for input to the AMSP program;
i.e., the prediction of component failure modes and rates; the modeling of failure
mode dependencies in the mission success diagrams; and the analysis of pilot work
loads and transient control capabilities.

The PCI technique i8 not restricted to aerospace vehicle flight control systems
but may have application to the general area of integrated man-machine systems
that have a mission or task reliability goal.



SECTION 11
PILOT-CONTROLLER INTEGRATION CONCEPT PROCEDURES

1, INTRODUCTION

The pilot-controller integration technique is a systematic approach to the
quantitative prediction of the integrated capabilities and reliabilities of the man-
machine system. The PCI technique consists of twelve separate phases (Figure 2),
each of which constitutes a unique task in the accomplishment of the overall concept
objectives. The PCI phases as presently defined (3), are described below.

a. Familiarization with the Vehicle Systems

The background knowledge of vehicle operational tasks, performance
capabilities, systems descriptions, and design goals required throughout the imple-
mentation of PCI will be provided during this phase.

b. Development of Success Diagrams

The development of success diagrams involves the construction of block
diagrams defining the control continuity and pilot work load relationships between
control system failure modes which affect mission success probability in each of the
evaluation mission segments. The success diagrams provide the basis for the con-
struction of the mathematical model required for the functional testing of control
system failure modes in the digital analysis of mission success probability.

¢. Prediction of Component Failure Mode
The prediction of flight control system failure modes provides a measure
of the effects of component failure on systems and vehicle response. This informa-
tion is basic to the construction of mission success diagrams, the prediction of com-
ponent failure rates, and the analysis of pilot control capabilities.

d. Development of Vehicle-Controller Models

Mathematical models of the vehicle-controller system are formulated for
use in the analysis of simple and complex failure conditions.

e. Establishment of Man-Machine Constraints
The physical limitations to the safe operating regimes for both the human

operator and the machine systems are required as criteria in the specification of
catastrophic pilot-vehicle response to systems failures.

(3) The concept improvements described in Section IV are incorporated into the PCI
procedures as originally defined in Reference 1
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f. Categorizing of Failure Modes by Degree of Severity

Failure modes must be identified as being definitely catastrophic, poten-
tially catastrophic, or trivial in their effects on vehicle response in order to establish
the nature of succeeding failure effects analysis and treatment in the AMSP.

g. Analysis of Simple Failures

This analysis is limited to the failure effects analysis of those failure
modes which result in readily definable. (through direct mathematical means) pilot-
controller-vehicle response. It is employed primarily in the preliminary design
phase.

h. Analysis of Complex Failures

The analysis of complex failures is concerned with the failure effects and
work load analysis of those potentially catastrophic failure modes resulting in highly
nonlinear and/or interaction effects between vehicle-control system characteristics,

i. Prediction of Component Failure Rates

Failure rates of all those component modes of failure determined to be
either definitely catastrophic or potentially catastrophic are predicted for input to
the digital AMSP:

j. Digital Analysis of Mission Success Probahility

The analysis of mission success probability is the focal point of the PCI
procedure. Mission success diagrams (in the form of a mathematical model) failure
mode, failure effect, pilot work load, and failure rate data generated in the previous
phases is funneled into the digital program for the analysis of mission success
probability. The AMSP program generates, in addition to overall mission success
probability, the contributions of the individual failure mode combinations to mission
success or failure. When the predicted mission success probability meets or exceeds
the design goal, no further iteration through the PCI procedures is required.

k. Ewvaluation of Results

On first pass through the PCI procedure, the output from the AMSP program
18 analyzed to establish those failure modes having the greatest influence on mission
failure.

On successive iterations through the PCI procedure, evaluations similar to
that explained above are conducted; however, in addition, the application payoff (4)
resulting from each successive systems modification or redesign is evaluated,

) Refer to Sections III and IO-1 for further detail



1. Iteration of the PCI Process

Should the predicted mission success probability fall below the design goal,
the most critical systems components should be examined from the standpoint of
modifications to improve their reliability and/or to decrease their failure effects on
pilot control capabilities. After system redesign, the PCI procedures should be re-
applied. Several such cycles may be required until the mission success goal is
attained.

Also, as the design progresses and more refined and accurate information
becomes available, PCI should be reiterated to establish more realistic predictions
of mission success.

2. FAMILIARIZATION WITH THE VEHICLE SYSTEMS - PCI PHASE 1

Application of the PCI technique to a given aerospace vehicle requires a know-
ledge of the vehicle and its system, the operational tasks, and vehicle performance
capabilities as well as a definition of the control-display interface between the man
and the machine. Thus, in this first phase of the PCI program, a background know-
ledge for use in the succeeding phases of the procedure is developed.

a. Vehicle and Control System Definition
(1) Aircraft General Description

The Bell X-22A (Figure 3) selected as the application vehicle for the
PCI concept is a dual tandem~ducted propeller V/STOL research aircraft in the
15,000~-pound gross weight class. Figure 4 shows the general arrangement of the
aircraft and lists its dimensional data.

The aircraft carries a flight crew of two men and a 1200~pound payload
in the cargo/passenger compartment. Four interconnected and rotatable ducted pro-
peller propulsion units provide a high static thrust-to-weight ratio for vertical takeoff.
The duct-propeller combination also provides a large part of the lift in level flight.
The ducts contain seven-foot controliable pitch propellers which are powered by four
T58-GE-8 turboshaft engines rated at 1250 shp each. The engines are mounted in
pairs in nacelles on each wing adjacent to the fuselage at five degrees incidence
relative to a fuselage waterline and are geared directly to the cross-shaft between
the two aft ducts. A shaft carries the power forward from the rear cross-shaft to the
front duct cross-shaft. Because the propellers are interconnected, the aircraft may
be powered more efficiently during cruise by two or three engines with only a smali
drag penalty due to the shutdown engines which are declutched from the drive system.
In the nominal cruise configuration, the forward ducts are locked at two degrees
incidence with respect to the fuselage reference line and the aft ducts at minus three
degrees. These duct incidence settings can be ground adjusted plus or minus two
degrees from the nominal in one degree ingrements.
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Propulsion

Powerplant (4) YT58~-GE-8D

SLS Static Rating (each)
1250 HP

Weights

Empty Weight - 10,500 1b

Design G.W. (VTOL, 1
Engine Out) ~ 14,600 Ib

Max. G.W. (VTOL all
Engines or STOL) -
17,600 1b

ftrme— 470,90 in.

39.24 ft
E

oo 276,60 iN, it
22.97 ft-

i

474.87 in.
39.57 ft

100.00 in.
8.33 ft

4

248.32 in,
20.69 ft

1

Figure 4. X-22A General Arrangement 3~View

192.50 in.
16.00 ft

8.00 ft

10



For vertical takeoff and landing, the ducts rotate together at a maxi-
mum rate of 5 deg/sec. This rate drops in the last five degrees of travel to 1 deg/sec,
one-half degree ahead of the mechanical stop. The maximum angular travel from the
cruise duct incidence combination is 93° for the forward pair and 98.34° for the aft
pair.

Longitudinal stability is provided by the rear lifting assembly which
consists of the ducts, wing, and horizontal stabilizers. Directional stability is pro-
vided by a conventional fixed vertical stabilizer. The in-board wing is set at three
degrees positive incidence relative to a fuselage waterline. The horizontal stabilizers
are mounted at zero degrees incidence relative to the aft duct centerline. These
stabilizers rotate with the aft ducts during transition.

Aircraft control is provided by conventional flap control surfaces
located in the exit planes of all four ducts and by differential thrust variation between
pairs of ducts through propeller blade pitch change. The elevon control surfaces
provide pitch and roll control in level flight and yaw contrel in hover. Thrust varia-
tion between pairs of ducts is used to provide pitch and roll control in hovering; thrust
variation between the left and right ducts provides yaw control in level flight. The
elevon deflections and propeller blade angle travels used for conirol about each axis
during transition are varied as a function of duct angle to minimize roll due to yaw
control, and yaw due to roll control. The X-22A design provides full STOL as well as
VTOL operating capabilities. The bounding conditions for a specified STOL configura-
tion are shown in Figure 17, the transition flight envelope. All controls are operated
by dual irreversible powered systems, which are designed to meet control specifica-
tions for normal operation and with a single soft failure.

Primary system artificial feel is provided by means of a q sensitive
electrohydraulic system with a backup spring system.

An automatic stability augmentation system (SAS) is provided in ail
three axes by means of dual hydraulically powered systems and appropriate elec-
tronics. The SAS is included in the PCI evaluation.

A variable stability control system is provided in addition to the
primary hydromechanical system. Its purpose is to provide the capability to simu-
late other V/STOL aircraft, to evaluate handling qualities requirements, define
optimum and minimum VTOL handling qualities and simulate changes in the aircraft
to evaluate different concepts and modifications. The variable stability system is not
included in the PCI evaluation.

(2) Flight Control System
The primary flight control system is a type III power operated system
designed to meet the requirements of MIL~F-18372. It is a dual hydraulic power sys-

tem consisting of two basically independent single hydraulic systems simultaneously
driven by a single mechanical system consisting of push-pull tubes, bellcranks,

11



rotating shafts and gearboxes. Figure 5 is a single line schematic showing the basic
system using symbolic representation. The conirol systems used for the various
flight modes are:

Level
Hover Transition Flight
Pitch Thrust Modulation (T.M.) T.M. & Elevons Elevons
Roll T.M. T.M. & Elevons Elevons
Yaw Elevons T.M. & Elevons T.M.

Change in control from T.M. to elevon for the various modes of flight
is accomplished by means of variable ratio bellcranks and lockout bellcranks driven
and positioned by duct angular position.

As shown in Figures 10, 11, and 12, both elevon and thrust modulation
control are mixed in the correct proportion when the ducts are at angular locations
between those used for hover and level flight. Mixing levers are used in the control
system to provide the correct direction of control to the four ducts during all modes
of flight. The propeller pitch and the elevon controls are operated by dual hydraulic
power systems.

(a) Hydraulic System

The hydraulic system used on the X-22A VTOL airplane is a
Type 11, class 3000 psi system designed in accordance with MIL-H-5440B, using
fluid conforming to MIL-H-5606.

Two separate and independent hydraulic systems are provided
(see Figure 6). The primary system provides power to the flight control system,
while the secondary system supplies redundant power to the flight control system
plus power for landing gear actuation and for the variable stability system.

Each system is supplied hydraulic pressure by a variable volume,
pressure compensated pump, driven off the accessory gearbox. The pumps are
rotated at 6000 rpm when the engines are operated at full military power. At this
engine speed, the rated output of each pump is 22.5 gpm and the rated pressure is
3000 psi.

(b) Electrical Systems

The electrohydraulic portion of the primary artificial feel and
trim system and the dual stability augmentation systems is designed to operate from
28 volts d.c. and 115/200 volts 400 cps 3-phase power in accordance with MIL-STD~
704 Category B. A block diagram of the electrical power system as it pertains to
the feel and trim system 18 shown in Figure 7.
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The system contains a standby battery, which supplies emergency
power to the primary feel/trim system and SAS pitch axis high speed lockouts for
periods of at least sixty seconds without power from the aircraft primary electrical
system,

(c) Feel and Trim System

The artificial feel and trim system has two modes of operation:
an electrohydraulic primary mode, and a mechanical backup mode.

The electrohydraulic primary system, shown in Figure 8, utilizes
strain gauges located on the safety pilot's stick and pedals to generate force com-
‘mand signals. These signals are transmitted through electronic amplification and
gain shaping circuitry to power amplifiers which drive the variable stability system
position actuators. These actuators in turn position the respective pilot controls to
reflect the applied forces.

The feel forces in the pitch and roll axes are varied as functions
of equivalent airspeed and feel forces in the yaw axis are varied as a function of duct
angle.

Pitch and roll feel forces are trimmed at rates measured in
pounds per second and yaw forces are trimmed in terms of pedal displacement.
Fore-aft actuation of a "coolie hat' switch on the top of the stick trims out pitch feel
forces while lateral actuation trims out roll forces. Rotation of a potentiometer on
the pilot's left side panel trims yaw forces.

A monitor circuit is provided to automatically detect any electri-
cal malfunction in the primary feel/trim system. Should a failure occur during
hover or transition flight (ducts unlocked), the primary feel/trim system will "fail
soft"; i.e., the VSS position actuators will automatically go into bypass, placing the
system in the mechanical backup mode of operation. Should a failure occur in con-
ventional flight with the ducts locked in the down position, the stick and pedals will
be locked in the position they were in when the failure was detected. The purpose
for locking the controls in the event of conventional flight failure is to give the pilot
time to adjust to the greatly reduced force gradients of the backup system such that
he will not prematurely overdrive the controls resulting in oversiressing of the
aircraft. After lockup, the pilot must actuate the emergency override switch to put
the VSS position actuators in bypass.

Backup system feel is provided by hover springs in all three
axes with instantaneous trim provided through mechanical clutches. Actuation of
the "coolie hat' in any direction will trim out all three axes simultaneously with the
single exception of the pitch standby feel spring. The standby feel spring - program-
med with duct angle - is designed to provide a longitudinal stick force of 3 pounds
per g at maximum forward velocity.
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(d) Stability Augmentation System

Stability augmentation is provided in roll, yaw, and pitch. A
representative block diagram of SAS operation is shown in Figure 9. In each axis
the actuator assembly consists of a pair of actuators whose output positions are
additive. The output of the actuators is connected to a common output linkage.
Electrohydraulic servovalves control the positioning of the actuators. Electrical
transducers, internally mounted, provide position feedback for each actuator. The
actuators can be centered and locked individually by deenergizing an integral solenoid
valve in the pressure line. Centering forces are provided by mechanical springs and
locking is accomplished by a spring-loaded detent. Locking of one section of the
assembly does not prevent the operation of the other section. A switch which is
actuated by the locking mechanism provides an indication when the actuator is locked.

Fail-safe features are incorporated in the pitch, roll and yaw
axes of the SAS such that a single malfunction or failure in any axis of the system
will not affect safety of flight. A malfunction or failure of one channel in the pitch,
roll, or yaw axes will not cause the other channel of the SAS to shut down or be
rendered inoperative. Electrical signals from the two transducers in the dual servo
actuator in the pitch, roll, and yaw axes are compared in a differential amplifier and
detector. Any difference between transducers indicates impairment of the SAS func-
tion, which is signalled by a warning light. The warning light is located on the
annunicator panel, providing visual warning to the pilot when a malfunction occurs in
the SAS in any of the three axes.

An automatic SAS shutdown is incorporated in the pitch axis only
to prevent a hardover electrical signal malfunction from causing a catastrophic
failure to the aircraft when flying at speeds in excess of 200 knots. At such speeds,
the maximum output {authority) of the SAS in the pitch axis may otherwise exceed the
authority limitations of MIL-H-8501A.

(e} Mechanical System

Mechanical mixing levers are employed in the control system to
integrate pitch, roll, and yaw commands for different combinations of signals from
attitude stick and rudder pedals to the elevons and propeller pitch change control.
The mixing levers take the pilot inputs and command the affected system or systems
to move in the correct direction differentially in pairs, right and left and fore and
aft for all modes of flight.

The variable ratio bellcranks are hasically screw and nut type
commanded by duct angle. Each varies the amount of output signal from the pilot
control input from full command in some cases to lockout in other cases. These out-

put signals go to the mixing levers which determine the direction the signal shall take
or which system shall move.
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The variable ratio bellcrank ratio change is commanded by duct
position by means of mechanical shafts and gearboxes driven from the duct rotation
system.

The maximum elevon and propeller pitch angles for all duct posi-
tions are shown in Figures 10, 11, and 12. Maximum travel of all controls is
established by stops at the sticks and rudder pedals in conjunction with the position
of the variable ratio bellcranks.

(f) Propeller Control

Propeller pitch control is accomplished by means of a mechanical
rotating drive shaft system which drives a signal converter located in each propeller
hub resulting in blade pitch angle changes both collectively and differentially - between
the four propeller systems.

Two types of signals can be introduced into this system: differen-
tial signals by means of attitude stick and rudder pedal; and collective signals by
means of the master governor. The differential signals are introduced from the atti-
tude stick and rudder pedals by means of a push-pull tube system going through
variable ratic bellcranks and mixing levers which establish the correct signal and
magnitude of signal to the appropriate boost actuator and gearbox. There are two
gearboxes and boosters in the differential roll-yaw system. One is located in the aft
end of the aircraft and the other in the forward fuselage. The differential pitch atti-
tude input system requires one gearbox and booster located in the aft fuselage area.
The boosters are dual hydraulic servo actuators.

Collective pitch signals are introduced directly into the propeller
blade control system through a gearbox driven by the master governor. The master
governor holds rpm of the propeller constant by change of blade pitch angle for
varying power commands from the throttle controls in the cockpit.

(&) Elevon Control

The elevon actuation system is located in the aft portion of each
propeller hub. The assembly consists of an input and feedback linkage, a tandem
servovalve, and a pair of push-pull actuators. The mechanical inputs are fed into the
tandem spool valve, which modulates and directs the flow of hydraulic fluid into the
actuators according to the degree and direction of displacement of the spool from the
neutral position. To eliminate structural compliance problems in a one-system-out
condition, one hydraulic system supplies the retract side of both actuators and the
other hydraulic system supplies the extend sides. The output motions of actuators
rotate the elevon about its pivot point. Elevon motion is fed back through a set of
linkages and is algebraically summed with the input to reposition the servovalve to
neutral when the steady state elevon position is reached. The servovalve incorporates
a load pressure feedback mechanism which acts in a direction to close the servovalve
with increasing load pressure. This provides dynamic stability to the system.
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b. Layout of Pilot Controls and Displays

Basic flight controls (stick, rudder pedals, throttle, rpm) have been
located in the conventional manner (Figure 13). The pitch/roll trim - coolie hat
switch - is located atop the stick and a directional trim position potentiometer is on
the pilot's left hand control panel. The duct rotation switch is located on the right
side of the in-board throttle. Emergency control switches have been located for
easy pilot access.

Cockpit instrumentation is located as shown in Figure 13. Instruments are
arranged in functional groups in a manner to best facilitate pilot scanning. The major
functional groups are: primary flight displays; engine instruments, failure warning
displays (annunciator panel); hydraulic system and landing gear displays; variable
stability system control-display panel; and radio communications and navigation,

Instrument arrangement is based on the ground rule that the more important
parameters shall be placed in the generally accepted (conventional) locations.

¢. Mission Description

A VTOL utility transport, radius of action flight was selected as the basic
mission model for the PCI analysis. The mission is flown under VFR conditions by
a single pilot.

The mission model was broken down into five separate and unique mission
segments (as shown in Figure 14) on the basis of the nature and anticipated degree of
difficulty of the control tasks. Sequentially, the five mission segments are defined
as follows:

MS1 - Vertical liftoff, climb to 50 feet, and momentary hover (preliminary
to start of transition) in the presence of a steady 20/25 knot wind.

MS2 - Transition from hover to conventional flight with a climb to 500
feet cruise altitude.

MS3 - Cruise at constant altitude to vicinity of landing site.

MS4 - Descent from cruise altitude and transition to hover.

MS5 - Landing site positionz]l maneuvering in steady wind and vertical
descent to touchdown.

d. Vehicle Control and Performance Characteristics

The general functional requirements governing X-22A maneuverability,
control, and stability are defined in the military specifications covering handling
qualities (MIL-H-8501A and MIL-F-8785), flight control system design (MIL-F-18372)
and flight demonstration (MIL-D-8708A). The more significant characteristics of the
vehicle may be summarized as follows.

24



Figure 13. X-22A Cockpit Instrument Panels
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Throughout hover flight and while in the lower speed range of transition
(V < 60 knots) the X~23A has very low natural stability both longitudinally and
laterally/directionally. The natural stability gradually increases such that as velocity
increases to 160 knots and higher the basic vehicle damping has reached satisfactory
levels. The natural vehicle damping has been augmented by a three axis, dual channel
SAS with gain levels programmed as functions of equivalent air speed in order to
provide optimum damping with both channels functioning and acceptable levels of
damping with single channel operation.

Considerable margins of control power, above the levels required for the
most severe trim conditions, have been provided about all three axes. This capability
was dictated by the V/STOL research requirements specified for the X~22A. Although
this surplus of control authority may generally be appreciated by the pilots, it also
raises some serious difficulties in regard to minimizing the effects of systems failures
which tend to drive control surfaces (propeller blade and elevon) hardover. A number
of monitor functions and component redundancies have been incorporated in the con-
trol systems design to prevent the occurrence of catastrophic single failures.

e. Preliminary Pilot-Controller Task Description for Normal and Emergency
Operation

During vertical liftoff, hover and translation flight, the primary pilot task
involves 3-axis maneuvering with respect to a terrain-restricted takeoff or landing
site. Maneuver control is obtained by the modulation of vehicle attitudes (stick and
rudder pedals) coupled with throttle control of engine power. Considerable pilot
attention is required in this mode of control as attitude trim changes rapidly with
translation velocities.

Throughout takeoff transition flight, the primary effort is one of longitudinal
control. Modulation of duct attitude and engine power couples with the increasing
aerodynamic effects to generate large changes in pitch trim (Figure 15) in an atmos-
phere of near neutral static stability as the vehicle accelerates. Landing transition
presents a similar type of control problem with the trim requirement varying in a
reverse order.

Throughout hover, translation and transition, pilot cues are obtained by
out-of-the-window observation of surrounding terrain with a minimum of attention
devoted to cockpit instruments and secondary tasks.

The flight control system has been designed to provide adequate margins
of stability and control in the event of a single active electrical failure or an active
failure plus a hidden failure. Thus, in the event of 2 primary feel/trim system
failure, the monitor circuit automatically switches to the mechanical hackup mode of
control. This situation will result in a minor change in the pitch mode of control -
as the pitch backup spring is not trimmable - and no change in roll or yaw.
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A single channel SAS failure will result in a 50% decrease in damping
augmentation about the associated axis. Generally in the event of a single SAS
failure, it would not be necessary to shutdown the respective system, thus reducing
the augmentation in all axes by 50%. However, for the purposes of this study, it was
assumed that a single failure would always result in pilot shutdown of the respective
stability augmentation system. Although this effected a conservative bias in mission
analysis results, it tended to simplify the mathematical model representation of the
SAS in that a failure in one of the dual hydraulic power supplies or in one of the 1 psi
dynamic pressure transducer-servo units (SAS gain change drive) would result in
complete loss of one of the dual stability augmentation systemsa. Were this an actual
"on line" design application of PCI, this simplifying restriction would be removed in
the next iteration.

Flight control of the X-22A does not differ appreciably from normal
transport category aircraft in the conventional mode of flight. However, as a result
of increasingly high elevon control surface éffectiveness as conventional flight
velocity increases, steps must be taken to protect against overstressing the aircraft
in the event of feel/trim or SAS failures.

In conventional flight, the feel/trim monitor system has been designed to
lock pilot controls in their positions at the time of failure detection. After assessing
the situation, the pilot actuates the emergency override switch placing the VS8
position actuators in bypaas and thus resorting to the mechanical backup system.

SAS hardover failures in pitch are protected against by dualized centering
and lockout of the pitch axis SAS actuators at velocities above 200 knots (SAS gains
are phased to zero by 160 knots).

In all modes of flight, single hydraulic failures are protected against by
dualized power sources, parallel distribution system, and dual actuators for propel-
ler boost, propeller control, and elevon control.

f. Establishment of Pilot-Controller Reliability Goals

For the purpose of this study, a reliability goal - probability of successful
mission accomplishment- of 0.96 for one hour of flight was established for the X-22A
flight control system. The setting of this goal has taken into account the fact that the
aircraft under study is primarily a research vehicle even though the evaluation mis-
sion has been tailored along operational lines. Also, the simplifying assumptions
made in limiting the scope of the failure modes and rates analyses resulted in
considerable congervatism in estimating subsystems reliability.

Ag noted in Section VI, Concept Improvements, the PCI procedure has been
expanded to include the analysis of probability of successful aircraft recovery.
Should this additional analysis be desired, it will of course be necessary to define an
equivalent goal.
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3. DEVELOPMENT OF SUCCESS DIAGRAMS - PCI PHASE 2

The success diagram is a block diagram representing all the functional com-
ponents of the flight control system - oriented to show the effect of concurrent
failures on control continuity, catastrophic single failures, and pilot work load.
Success diagram construction is based primarily on conventional reliability diagram
rules with each failure mode represented by a separate block.

The primary purpose of the success diagram is to serve as a reference model
for the development of a mathematical (model) representation of the flight control
system required in the digital analysis of mission success probability. A more
detailed discussion of success diagram philosophy, construction, and usage is in-
cluded in Section IV.

Because the effects and interrelationships of component failures differ in the
several mission segments, three separate success diagrams were constructed to
represent the functional relationships within the flight conirol system of the X-22A
throughout the defined mission (refer to Section II.2.a). Figure 16a represenis
mission segments 1 and 5 - vertical flight and hover. Figure 16b represents the
takeoff and landing fransitions, and Figure 16c represents the conventional flight
portion of the defined mission.

Pilot reliabilities, which properly should be placed in series with the respective
manual backup failure mode reliabilities, were assumed to be 100%. This assumption
was dictated by the lack of a state-of-the~art means for the determination of pilot
reliabilities in the performance of continuous tracking tasks.

Although development of success diagrams is listed as the second PCI phase, it
is apparent that no more than a rough pass at SD construction can be made at this
early stage in the PCI application. Construction of the final success diagrama fully
and correctly showing the functional relationships between the various control system
failure modes must await the completion of PCI phases 3, 5, and 6.

4. PREDICTION OF COMPONENT FAILURE MODES - PCI PHASE 3

Failure modes were determined for each hydromechanical subsystem of the
X-22A flight control system. These subsystems were expanded to the component
level, and it was at this level that the basic failure mode and effects analyses were
conducted. Failure modes were not determined for hydraulic and electrical power
generation, primary feel/trim, and stability augmentation, and worst case failurés
were therefore assumed to account for 100% of the respective failure rates.

For each subsystem component, the probable modes of failure and failure
effects were predicted through analysis based on layout and schematic drawings
reinforced by bench tests in the case of several of the more critical electronic com-
ponents.

30



Continuity Diagram

Work Load Diagram

Flight Control System ol Pitch Prop Boost Roll/Yaw Prop Boost C nt Groups Propeller Blade Control Component Groups
| Mechanical Linkages Component /Yaw Prop Boost Compone p/ {Hardover Failures) - "
(Soft/Open
bo—— (Hardover/Frozen Failures) — Falures) ™
Roil Pitch Yaw Valves Primary Fwd Boost Aft Boost Fud Boost Left Fuwd Right Fuwd Left Aft Right Aft
— Actuators Hydraulic —@— —1c nents —— ™ an an Prop |— Prop i Prop i Prop |
Linkage Linkage Linkage Linkages Power Componer:t:) ompo o Commner;:) Control Control Control Control
(1) (1) m (1}
Secondary | | Aft Boost
Hydraulic — —
Power Components
{1}
Propeller (?&ﬁﬁ:lfﬁﬁ:;m Groups Elevon Control Component Groups (Hardover/Frozen Failures) Elevon Control Component Groups
j——————Left Fw'd Elevon Control Components ——————and (8oft/Open Fallures)
L.F. Prop Series Hydraulic Primary Right Fwd Left Aft Right Alt
-F. R.F. Prop LF. P LA P Val .F.
Control [T} Control Contrlc:p Contr:':p —?— zes Actuator j——oi Hydrauiic —+_ Elevon [—-4 Elevon [ Elevon ——*— LF = R.F. LF. L.A.
1 ) t 1 Linkages No.l Power Control Control Control Elevon Elevon Elevon Elevon
{1) (1) (1) (1) {2) {2) {2 2)
(2 2) 2)
L.A. Prop R.A. Prop R.F. Prop RA. P Hydraulic Secondary [
- F. .A. Prop L.A, R.A. R.F R.A.
fmaced Actuator fp=—d Hydraulic f—d - ] WX,
] cmm‘l Control Control Control cNo. » r ypo‘:,c Elevon [~ 1 Elevon Elevon Elevon
. (1) (1) (1) | (2 (2) (2) (2)
-~ Btabllity Augmentation System Channel No. 1 Component Groups ole 8AS Channe! No. 2 Component Groups o jo—— Roll/Yaw Prop Baoat
{Boft/Open Failures)
Feel Trim Primary Dual 1psi Q Dual
Seco 1psi Q SAS No. 1
Mechanical Roll A Pitch 84S Yaw 8AS | | i drautie |— Redundantf—] Servo No. 1 Roi8AS | | Picnsas | | vawsas [ [ Peeomanry ) [ ot ] Leerine 3 Component @] Fd Boost AftBoost | 1
Comp Gpa - - Power A. C. Power|  |Components No. 2 No. 2 No. 2 Power A. C. Power Components Groups ",- Components Components
4) {1 (1)
PMlot Pllot 8AS No. 2
Actusted Actuated Componen. t
Bypass ® Bypass
» {3}
() o ot—(om ——
EBtade Control Klevon Control
levon
(Fromen/Open Failures) {Soft/Open Failures)
Primary Secondary
L, F. Prop R. F. Prop L. A. Prop R. A Prop Hydraulic Hydraulic L F R ¥ L. A,
_L_ - - IR .F. || R . R, A,
Cootrol Control Control Control [ | Power | | Powere | ] alevon Bevon [] Bevon [ mieven @
w ) Gen Gen
(2) 2 (3 (2)
“ AWL ,g q AwL { \

—L awr )

Figure 16a. Success Diagram - Mission Segments 1 and 5
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Figure 16b. Success Diagram - Mission Segments 2 and 4
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Figure 16c. Success Diagram - Mission Segment 3
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Tables IA to I summarize the results of the above analyses of the flight
control subsystems and components. The tables also include the predicted generic
failure rates for each mode, with the rates distributed by degree of severity (),

The generic failure rates have been included in these tables in order to present
all of the egsential reliability parameters in a concise, unified manner.

(5) Failures classified as:

Catastrophic -~ definitely results in loss of ability to control the vehicle.

Major - definitely results in degradation of system's performance
with probable effects on pilot's control capabilities.

Minor - maximum severity limited to a discernible effect on control
response but not of sufficient significance to influence pilot
control capabilities,

Trivial - exercises no appreciable effect on system operation and

pilot response.
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TABLE IA (CONT)

Failure Severity
Failure Mode Catastrophic Major Minor Trivial
Hardover - High Pitch 26
Hardover - Low Pitch 25
No Control 16
Unstable Control 39
Poor Control 191
Excess Vibration 57
Flat Pitch 4
Excess Hysteresis 28
Trivial or Negligible Effect 202
Total ~ Per 108 hours 51 55 280 202
Remarks

- Hardover High Pitch C - Catastrophic

- Hardover Low Pitch M -~ Major

- No Control m - Minor

- Unstable Control N - Negligible

1

2

3

4

5 - Poor Control

6 - Excess Vibration
7 - Excess Hysteresis
8 - Flat Pitch

9

- Negligible Effect
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TABLE ID

FAILURE RATE SUMMARY
(HYDRAULIC POWER GENERATION PLUS DISTRIBUTION SYSTEM)

Failure Rate/ 106 hr

Element Common | Single System
Descriptions: Elements Elements
Primary Hydraulic System:
Hydraulic Pump 10.0
Check Valve 3.0
Ground Test Connections 3.0
(Pressure) Filter 1.5
Pressure Transducer 2.0
Relief Valve 3.0
(Return) Filter 1.5
Case Drain Line 1.0
Reservoir 5.0
Pressure Switch 2.0
Aft Prop Pitch and Elevon Manifolds 3.0
Aft Prop Pitch and Elevon Check Valves 4.0
Aft Prop Pitch and Elevon Tubing, Ete. 3.0
Fwd Prop Pitch and Elevon Manifolds 2,0
Fwd Prop Pitch and Elevon Check Valves 4.0
Fwd Prop Pitch and Elevon Tubing, Etc. 3.0
Aft Duct Rotation Valves and Plumbing 7.0
Fwd Duct Rotation Valves and Plumbing 7.0
Duct Lock Control Valves 3.0
Stability Augmentation Plumbing 4.0
Height Control Plumbing 3.0
Primary System Total 75.0
Secondary Hydraulic System:
As Above for Primary System 75.0
V.8.8. Plumbing and Valves 3.0
Feel and Trim Plumbing and Valves 2.0
Landing Gear Plumbing and Valves 5.0
Secondary System Total 85.0
Gear Drive for Pumps 7.0
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TABLE IE

FAILURE RATE SUMMARY
(AC POWER GENERATION AND DISTRIBUTION SYSTEM)

Failure Rate/ 106 hr

Element Series Redundant
Descriptions Elements Elements
Primary AC System:
Constant Speed Drive 44.0
20 KVA 3¢@Generator 35.0
Voltage Regulator 20.0
P.M. Generator and T.P. Unit 25.0
Fail Light and Contactor 5.0
3QGenerator Current Transformer 8.0
3 Single b Load Current Transformers 12.0
Fault Detection Circuitry 16.0
AC Power, Line Contactor 12.0
AC Power, Slave Relay 12.0
Ext.Power, Relay Contacts 8.0
Power Transfer Relay Contacts 8.0
Total Primary AC System a=205.0
Secondary AC System:
Variable Speed Drive 22.0
10 KVA 3@Generator 36.0
Voltage Regulator 20,0
P.M. Generator and T.P. Unit 25.0
Fail Light and Contactor 5.0
3¢Generator Current Transformer 8.0
3 Single CbLoad Current Transformers 12.0
Fault Detection Circuitry 16.0
AC Power, Line Contactor 12.0
AC Power, Slave Relay 12.0
Ext.Power, Relay Contacts 8.0
Power Transfer Relay Contacts 8.0
Secondary AC Bus Tie Relay 12,0
Total Secondary AC System b =195.0
115v - 3¢Airframe Essential Bus 3
115v - 3¢ Cockpit Essential Bus 3
26v - 1D Airframe Essential Bus 2
26v - 1¢Cockpit Essential Bus 2
116v/26v Transformer 4
Auxiliary Instrumentation 4
4 Circuit Breakers 6
Series Elements Total 24
Feeder Cables and Fuses
g | 2xbX 10712
Total AC Failure Rate Per Hour 24x10 " | =0.04 x 107"

*Digscarded Hereafter as Having Trivial Contribution
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TABLE IF
FAILURE RATE SUMMARY

(3 pei Q-Pressure Transducer/Servo System)

Element Failure Rate
Pressure Transducer 25
Servo Motor and Gear Train 31
Servo Amp and Quadrature Correction 42
Feedback Pot T
Total 105 per 10% hr
TABLE 1IG

FAILURE RATE SUMMARY

(1 psi Q-Pressure Transducer/Servo System No. 1)

Element Failure Rate
Pressure Transducer 15
Servo Motor and Gear Train 21
Servo Amp and Quadrature Correction 42
Feedback Pot 4
Total (System No. 1) 82 per 10% hr
Total (System No. 2) 82 per 108 hr
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TABLE H
FAILURE RATE SUMMARY

(Primary Electrohydraulic Feel and Trim System)
(Pitch Channel)

Feel Components Failure Rate

Block I Strain Gauge Bridge 8.0
Constant Current Source 6.8
A1 Amplifier 3.2
Auxiliary Parts for Aj 8.0
Agand Ay 25.2
Limiter 5.6
Auxiliary Parts for Az and Ay 12.8
Servo Actuated Pots (2) 17.6
Total (Block I) 97.2

Trim Components

Trim Button 3.4
Trim Clutches 36.0
Relays (2) and Suppressors (Redundant) 0
Relay and Suppressor 12.6
+15 Volt Source 6.8
Input Network and Multipot 14.2
Limiter (1) 5.6
Amplifier with Chopper 38.0
Auxiliary Components 10.4
Feedback Multipot and Gain Adjust 10.4

Total 137.4
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TABLE IH (CONT)

Composite
A1 and Ag Amplifiers
Auxiliary Components and Limiter
Output Stage
Monitor Amp Ay
Input Network
Internal Feedback Network
VSS Relays (2)
Pitch Valve Coil and Actuator
Pitch Actuator Pot
Total
Total (Pitch Channel)

(Yaw Channel)

Feel Components (Block I)

Strain Gauge Bridge
Const. Current Source
Ay, Agand A4 Amps
Auxiliary Comp Ay, Agand A4
Limiter
Duct Angle Pots (2)
Total

Trim Components (Block II)

Trim Pot and Supply Resistors
15 -Volt Source

Input Network

Transfer Relay

Limiter
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Failure Rate

25,2
18.0
8.4
12.0
5.0
3.8
25.2
28.0
2.4
128.0
362.6 per 108 hr

Failure Rate

8.0
6.8
38.4
20.8
5.6
11.8
91.4

Failure Rate
8.4
6.8
5.6

12,4
b.6



TABLE IH (CONT)

Trim Components (Block II} (cont) Failure Rate
A1 Amplifier 13.2
Output Network 8.2
Duct Pot and Assoc. Resistors 8.4

Total 68.6

Composite (Block III) Failure Rate

Same as Pitch Channel Total 128,0

Total (Yaw Channel) 288.0

Power Supply Failure Rate
Transformers (2) and Capacitors (2) 18.0
Power Rectifiers (4) 3.0
Isolation Rectifiers, Resistors and Zeners 7.0
Trickle Charger 5.0
24V Batteries 3.0
Switching Relay and Filter Capacitors 14.0
22.5V Sources + and - 22.0

Total 72.0

Totals Pitch Channel 362.6
Roll (Identical to Pitch) 362.6

Yaw Channel 288.0
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TABLE I-I

FAILURE RATE SUMMARY

(Stability Augmentation System No. 1)

Pitch Element Failure Rate
1 Gyro 45.0
1 Actuator Pickoff 10.0
32 Fixed Resistors 10,0
4 Limiters 20.0
T Capacitora 5.6
4 Amps 48.0
1 Master Pot 6.0
3 Minor Pot 3.0
2 Transformers 6.0
8 Demod. Diodes 4.0
2 Regul, Diodes 4.0
2 Driver Diodes 1.0
2 Power Transistors 2.4
Reset Contacts 2.0

173.0 per 105 hr

Total
Roll Axis (Identical to Pitch) 173.0
Yaw Axis (Identical to Pitch) 173.0
Monitor Circuitry Failure Rate

32 Fixed Resistors 16.0
2 Limiters 10.0
1 Regulator 2,0
1 Relay 10.0
2 Diodes 1.0
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TABLE I-1 (CONT)

Monitor Circuitry {cont) Failure Rate
1 5V Zener 1.0
2 Delay Capacitors 1.6
2 Amps 26.4
Total 68.0
Power Supply Failure Rate
3 Power Transformers 9.0
8 Rectifiers 4.0
6.8-Volt Zeners 2.0
4 Power Supply Transistors (Lo} 2.8
4 Power Supply Transistors (Hi) 2.4
4 Capacitors . 4,0
2 Suppressor Capacitors 1.6
2 Potentiometers 2.2
Total 28.0
Total for SAS No. 1 615 per 106 hr
Total for SAS No. 2 615 per 108 hr

(identical to No. 1)
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6. DEVELOPMENT OF VEHICLE-CONTROLLER MODEL - PCI PHASE 4

For this program, the primary means of failure effects and pilot work load has
been a six degree of freedom hybrid simulation of the X-22A. The reasons for this
decision are given in Section 2.8.

The mathematical model of the X-22A as defined in the hybrid simulation
consists of the following equations.

Equations Mechanized on Analog Computers

@ @ = -qw+rv-gain 6+ @,
(2) W = -pv+qu+gcos Bcos¢+(v})Dc
@ v =-ru+pw+gcosesin¢+(€r)nc

e ; O - . . DBLR

X - max:
. DFLR
Ap, ‘F’nc( DFLR )
max

N 1 .
® 4 = {1, e - g e @

DBAF DFAF
A4, Bipc (DnAqu)‘ A4, (F)pc (DFAF )

. 1 B .
@ =—Iz—{1xz(p—qr)-ay-lx)pq} + (g *+

DBLR DFLR )
max

ox (B)DC(DBLR " o (F’Dc(nrm

(7 c,'6=p+\l'lain9
® é=qcoa¢—rsm9
® \b = (rcos ¢ +qsing)/cos 6

Also mechanized on the analog computers were:

(1) Stability Augmentation System
(2) Attitude Control Phasing Refer to
) Power Control (Thrust) Section I1.2

{(4) Control System Fallures;
Introduction of - refer to
Section I11.8
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Equations Mechanized on the IBM 7090 Digital Computer

® @, = €, q8)/m
B

*

® My, = €, ¢,8/m
8

q,.b 2
_8 F { } _ 3462 ]
@) Gpe " m _Cysq'r Y3V Cyrr +Cypp 81008 P

*
i q.b 2 2
. _ bS F 4250x , 26507
@ ®hpc T _Cﬁqu+ 2v {C p+Cp } 810008 P * 810068 r]
q.c y
: _es | F 413022 ]
©®  @pe ~ 1, L Cmgar* 3v Mg %~ B8i00cs ¢
*Xz
. bS I 6670 *
® @pe =7 |t {C“pr *CnP | “51006S ”]

2 2
n v =\/u2+v + W

@ 9y . _;_ pv2

® ap = %*qr

a0 oy - &'_:,5

1) a = tan} (<)

az  g= s (F)

(13) Yy = sin'l(‘—i;—)

a9 £ - tan dp /&

* Artificial dimensional derivatives introduced to correct the rotary derivatives as
A = 90°. The effects of these quantities wash out as A decreases
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(5)

as)

a7)

)

2

®)

4

©)

(®)

™

®)

®)

(10)

(11)

d(I) = u(cos Ycos 8)+v (cos Ysin € sin ¢ - ain Y cos ¢p)
DC +w (sin Y sin ¢ + cos ¥ ain & cos ¢)

(1"1) = u (sin ¥ cos &) +v (cos ¥ cos ¢ +sin ¥ sin 8 sin ¢)
DC +w (sin ¥ sin 8 cos ¢ - cos ¥ sin ¢P)

= «h = -usin 8 +v (cos 8 singh) + w (cos & cos ¢P)

Functions Stored on Digital (Aero, Propulsion, Control)

Cz (a,)\,CT)
8 B8

C_ (a.X,C.)
8 B

C (a, B8, A,C_)

yB TS
C_Z (0:81 A’CT)
8 8
Cn (a, B, )\.CT)
8 8
ac
T 8
Bl fwd
a=0°
dCN
Jc_ X Cp)
Ts a
aft
a=0°
Ty (A, C.. )
& T,
X
'—'Ig"é_(k: CT)
c 8
cm ()\,CT)
q 8
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T [('-H A) |u|]

{12) max
(13) C_ (a, A)
y
P
(14) C£ [( a+ A), CT ]
p 8
5 C_ (a, X)
p
(16) C_ (@, A)
Y
r
a7) G (a A)
T
(18) Cn {(a, A, CT )
r 8
Control Equations Solved by 7080 and Sent to Analog
(1) Pitch Acceleration Due to Prop Blade
ac
Aélc ®B) = (12-1—) ( 2¢ g; ) T( XAXF - XAXA)+2BC—N
y PROP ¢ T
L s| fwd
a=0°
ocC h
-2 3 N (_X&_) DBFA ~rad/sec2
C c max
T
8 | aft
a=0° |
where:
- OT
2¢ 38 B = (3080 - 3.1 V) ~ (ft-1b)/deg,
PROP
DBAF =+ T deg
max
c =11t
Xaxr ~*axa

L4

= (0.32 +2.36 8in A)



(2) Pitch Acceleration Due to Flaps

» -1 - 2
ch (F) =7~ (0.04 - 0.000444 A) (a, Sc) DFAF ~ rad/sec

y
where:
DFAF = +30 deg
max
s = 226 ft2
c = Tft
q, =f [(a+ A Cy ]
8
{3) Roll Acceleration Due to Prop Rlade-
oC
. -1 JT N
AD (B)=( )(2 ) v +.v)sin>~+2( y
c I /X Borop F'Ya 9C, | fwd F
a=0
dCN 9
* 3¢ | aft yA) cos A DBLR max ~rad/sec
T|,.
={
where:
yp =725y, =13.51t; DBLR __ = +6 deg

(4} Roll Acceleration Due to Flap

Ap,, (F) = (-0.005 cos \) (q, 8 b)( Il—) DFLR _ =~ rad/sec’
X

where:

b = 38.33 ft; DFLRmax = + 30 deg

(5) Yaw Acceleration Due to Blade

oC
. 1 aT N
Ar (B)=(-——)(2-—'———) 6. +ty,)coe A-2[ —— y
¢ Iz dBprop F A GCT f;vczl of
: dCN 2
+ 3C aft YA) sin A DBLRma‘x ~ rad/sec
T a=90
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(6) Yaw Acceleration Due to Flap

Aq Sb

. _ e 2
Arc (F) = Iz DFLR max ™ rad/sec
where:
45deg < A < 90 deg A = +0.0045
30 deg < A < 45 deg A = +(0.0018 + 0.00006 \ )
0deg < A < 30 deg A = 0.00012 X

6. ESTABLISHMENT OF MAN-MACHINE CONSTRAINTS - PHASE 5

The analysis of failure effects requires the establishment of criteria defining
the boundaries between non-catastrophic and catastrophic man-machine response.
These criteria are generally specified in terms of critical structural stress and

performance limits.

Normal acceleration structural limits of the X-22A - at VTOL design gross
weight of 14,364 pounds ~ are shown in Figure 17 for hover and transition flight and
Figure 18 for conventional flight. Limiting stall conditions are shown in the same

figures.

Certain performance limits such as Qg4y41) while flying at extremely low
altitude are autocratic by nature. However, other performance limits such as mini-
mum control margins above trim requirements and minimum levels of static stability
are dependent upon such factors as flight environment, maneuver tasks and pilot
proficiency.

For the purposes of this program - constraint boundaries for these more sub-
jective limits have been defined as follows:

(1) As the entire X-22A subject mission is flown at low altitude, h < 500 ft,
the flight trajectory was assumed to be catastrophic if the altitude devia-
tion from reference altitude exceeded the following limits:

. 205h
a. A hnegative ref

>
b. hpo:sitive B href

(2) Throughout transition and conventional flight, heading deviations 2 30°
were considered to result in catastrophic consequences.
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As with most transport type aircraft, the tolerance levels of the pilot are higher
than those of the X-22A aircraft structures. In only one respect is the pilot perform-
ance limited, i.e., maximum work load, and this is a limitation of capability and not
physical tolerance levels.

7. CATEGORIZING OF FAILURE MODES BY DEGREE OF SEVERITY -
PCI PHASE 6

A detailed inspection was made of flight control subsystem failure modes in
order to categorize them by degree of severity. The subsystem failure mode defini-
tion tables in Section 2.3 supplied the basic failure effects ingredients necessary to
translate the consequences of specific failures into control surface motions and
hence the prediction of vehicle-pilot responses.

Those failures determined to be definitely catastrophic are indicated in Table
11A, and the potentially catastrophic failures are listed in Table IIB. In both of the
above tables the individual subsystem failure modes are identified by their respec-~
tive numerical codings used in the digital program for the analysis of mission success
probability.

The minor and trivial failures were eliminated from further analysis at this
point in the program as a result of their insignificant influence on man-machine
capabilities.
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01
02
03
04
05
06
07
08
09
10
11
12
13
14

TABLE A

NUMERICAL IDENTIFICATION OF CATASTROPHIC
SINGLE FAILURE MODES

Flight Control System Mechanical Linkages

Dual A.C. Electrical Power Generation System

Pitch Propeller Boost Actuator

Forward Roll/Yaw Propeller Boost Actuator - Hardover Failures
Aft Roll/Yaw Propeller Boost Actuator - Hardover Failures
Left Forward Propeller Blade Control ~ Hardover Failures
Right Forward Propeller Blade Control - Hardover Failures
Left Aft Propeller Blade Control - Hardover Failures

Right Aft Propeller Bléde Control - Hardover Failures

Left Forward Elevon Control - Hardover/Frozen Failures
Right Forward Elevon Control ~ Hardover/Frozen Failures
Left Aft Elevon Control - Hardover/Frozen Failures

Right Aft Elevon Control - Hardover/Frozen Failures

Dual Hydraulic Power Generation Drive (Common Components)
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TABLE IIB

NUMERICAL IDENTIFICATION OF POTENTIALLY CATASTROPHIC
FAILURE MODES INVOLVED IN CONTROL CONTINUITY
AND PILOT WORK LOAD TESTING

0100 Primary Hydraulic Power Generation System

0200 Secondary Hydraulic Power Generation System

0400 Q-Pressure Transducer/Servo System (3 psi)

0500 Q-Pressure Transducer/Servo System (1 psi), No. 1
0600 Q-Pressure Transducer/Servo System (1 psi), No. 2
0700 Backup Feel/Trim System (Mechanical)

0801  Primary Feel/Trim System (Electrohydraulic)

0901 Stability Augmentation System, No. 1

1001 Stability Augmentation System, No. 2

1100 Forward Roll/Yaw Propeller Boost Actuator - Soft Failures
1200 Aft Roll/Yaw Propeller Boost Actuator - Soft Failures

1300 Left Forward Propeller Blade Control - Soft/¥Frozen Fajlures
1400 Right Forward Propeller Blade Control - Soft/Frozen Fallures
1500 Left Aft Propeller Blade Control - Soft/Frozen Failures

1600 Right Aft Propeller Blade Control - Soft/Frozen Failures

1700 Left Forward Elevon Control - Soft Failures

1800 Right Forward Elevon Control - Soft Fajlures

1900 Left Aft Elevon Control - Soft Failures

2000 Right Aft Elevon Control - Soft Failures
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8. ANALYSIS OF SIMPLE FAILURES - PCI PHASE 7

For the reasons explained below, none of the potentially catastrophic failure
modes of the X-22A flight control system were treated as simple failures throughout
the failure effects and pilot work load analysis.

During vertical flight and transition, the aerodynamic characteristics of the
X-22A are functionally dependent on thrust level and duct angle as well as velocity.
The employment of differential propeller blade pitch and duct-exit elevons for three-
axis attitude control results in control surface effectiveness being strongly affected
by thrust and duct angle. Single-axis attitude control is phased between propeller
pitch and elevon on the basis of duct angle. As a consequence of the above physical
dependencies, all the significant X-22A control system failure modes in the potentially
catastrophic category are complex in nature - requiring analysis by appropriate
piloted simulation techniques.

The six-degree-cf-freedom hybrid simulation of the X-22A was consequently
made available for all of the PCI failure effects and pilot control capabilities studies.

9. ANALYSIS OF COMPLEX FAILURES - PCI PHASE 8

Potentially catastrophic, complex failures were analyzed through use of a
hybrid simulation of the X-22A. The simulation model of the flight control system
was modified to provide for the introduction of those active, non-catastrophic failures
affecting pilot control capabilities.

The objectives of the simulator analysis were to:

(1) Determine steady state pilot control capabilities in the presence of existing
failure conditions - by measurement of pilot work loads.

(2) Evaluate active failure transient control capabilities; i.e., can the pilot
maintain control immediately following the introduction of an active (6
failure and bring the vehicle into a state of equilibrium without exceeding
system constrainta ?

The failure modes to be analyzed on the simulator are listed in Table Il by
mission segments and identified as to system and pilot response to failures.

(8) For the purposes of this study, an active failure is defined as a failure which
results in a discontinuity or transient in the response of one or more control
surfaces of sufficient magnitude as to be apparent to the pilot.
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TABLE II1
CONTROL SYSTEM FAILURES ANALYZED ON SIMULATOR

Mission Segments
For Steady State

Mission Segments
For Transient

i Pilot Action

Control System Components Failure Mode Failures Failures System Response to Failure
- : ;
/5 | 2/4 1/5 2/4 | 3
I - -
; |
Electrohydraulic Feel/Trim Electrical or Hydraulic - X - X x . Mission Segments: Switch to mechanical
Failure | {2/4 Control actuators to bypass backup
' ¢ 3 Control Actuator
Mechanical Feel/Trim Broken Spring or Clutch X X - - ; - | Limp stick or pedals with no trim No specific emer-
! | ' gency procedure
SAS No. 1 (or Primary Hyd. Pwr.) or Hardover, Soft. or X X X Cx ‘ - 1 Trim change or rotational oscillation Put appropriate SAS
SAS No. 2 (or 1 psi Q. System No. 2) Oscillatory ‘ in bypass
Forward Roll/Yaw Prop. Boost Soft Failure X X X X - | Failed booster limits effective range of Must exercise very
good hooster to extent of valve piston travel; | limited roll/yaw
beyond this point, opposing motion of failed control motions
hooster cancels out good booster
Aft Roll/Yaw Prop. Boost Soft Failure X X X X , - No output until input exceeds limit of valve For initial 45% of
piston travel; beyond this point aft booster pilot control dis-
dragged by fwd booster - sluggish response placement - response
from fwd booster
only
Prop. Blade Control, Single Frozen or Soft X X X X x | Erratic trim change with pilot control Reduce power;
inputs restrict control
motions in freq.
and displacement
Elevon Control, Single Soft, Dragging X X X X X | Similar in nature in prop. control failures Reduce power;
restriet control
motions in freq. and
displacement
El-hyd. Feel/Trim and SAS No. 1 {(or 1 psi Hardover or short in Q - X - X - | Feel/trim lockup and trim change or Switch F/T to mech.
Q. System No. 1) or El-hyd. Feel/Trim and System or Separate rotational oscillation backup and bypass
SAS No. 2 (or 2nd Hyd. Pwr.) Failures appropriate SAS
SAS No. 1 and SAS No. 2 Failures in both Systems X X - - - | Trim change and/or rotational oscillation Put both SAS in
hypass
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The block diagram: for the work load measurement unit developed for the simu-
lation studies is shown in Figure 19. The pilot's auxiliary work load task congists of
resetting to zero a three-state, randomly generated error signal at a maximum
tolerable rate without compromising performance of the primary flight control task.
The error signal is displayed to the pilot on a 4 inch vertical edge reading meter
which is installed to the right of the altimeters on the cockpit instrument panel
(refer to Figure 20). The pilot responds to the displayed error by depressing a
rocker switch, mounted on the front of the control stick grip, in the same direction
as the observed error signal; i.e., depress top side of switch for "hi" errors and
bottom side for "low'" errors.

This task is similar in concept to the sixteen light-switch array utilized in the
original PCI study program (Reference 1). However, the work load task employed in
the X-22A simulator studies was restricted to a three-state task as a result of the
continual occupation of both of the pilot's hands in the flight control task throughout
vertical flight and transition; i.e., the right hand required for attitude control (pitch-
roll stick) and left hand required for throttle control.

Two company pilots served as the subjects for these studies. Both men are
experienced test pilots with a variety of aircraft qualifications as indicated in the
following table.

Pilot A Pilot B

Total Flight Time 3100 hr 8200 hr
Conventional A/C Time 3000 4200
(jet and recip. engine)
Helicopter Time 100 4000
Number of Conventional

A/C Types 25+ 50+
Number of Helicopter 5 12

Types

Also, each pilot had 40 to 50 hours time "flying"” the X-22 simulator prior to
the beginning of these studies.

Simulated flight profiles - representative of the several segments of the subject
evaluation mission - are outlined in Table IV.

The general procedure followed in the conduct of the simulation studies was:

(1) Familiarize the pilots with the operation of the work load measurement
unit.

(2) Familiarization and warm up: Fly the simulated flight profiles under
normal system operation and under degraded conditions (failure) - with
and without auxiliary work load task.
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Figure 20. X-22A Simulator Cockpit
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TABLE IV

DEFINITION OF MISSION PROFILES - PILOTED SIMULATED PROGRAM

1. Hover - Vertical Flight 100 < t < 120 sec
a. Climb to 100 ft, momentary hover
b. Translate forward to 25 knots, hold for 5 seconds
c¢. Return to hover, momentary stabilize
d. Climb to 150 ft, momentary hover
e. Translate laterally (right or left) to 25 knots, and hold for 5 seconds
f. Return to hover, momentary stabilize
g. Translate backward to 25 knots, hold for 5 seconds
h. Return to hover, momentary stahilize
i. Descent to zero altitude - end of flight
2. Transition Flight 90 < t < 150 sec
a. Begin flight stabilized at V = 0 knots, h = 100 £t
b. Transition at constant altitude to conventional flight 30 < At < 60 seconds
Accelerate to 150 knots and stabilize for 5-10 seconds
d. Decelerate and transition to vertical flight at constant
attitiude 30< At < 60 sec
e. Stabilize in hover - end of flight
3. Convantional Flight 140 < t < 180 sec
a, Start in level flight stabilized at V = 240 knots,
h = 1000 ft
b. Execute 90° (left or right) turn at standard rate and stabilize on new
heading for 5~10 seconds
Decelerate to 170 knots and return to original heading at standard rate
d. Setup 1000 fpm rate of descent holding 170 knots
e. Level off at 100 feet maintaining 170 knots - end of flight
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(3) Evaluate steady state control capabilities (work load measurement) for
normal system operation and for the specified failure conditions.

(4) Evaluate transient control capabilities with active failures introduced
during a run. The evaluation runs were randomly mixed with handling
qualities studies discussed in Appendix I to minimize pilot anticipation
of failures. Transient failures were introduced in 20% to 25% of these
runs.

The pilots each made 5 to 8 evaluation runs for each steady state failure con-
dition, and pilot "A" made 3 to 5 runs for each transient control condition.

The averaged pilot work loads for the potentially catastrophic failure condi-
tions are shown in Table V.

The basic work loads represent the average loading on the pilot throughout the
most critical 10 second period of each mission segment with all systems operating
normally. The work load increments - for the seven indicated failure modes - are
added to the basic work load for a given mission segment to arrive at a total failure
work load. In a case of multiple failure interference - characterized by the two
failure mode combinations at the bottom of Table V - the interference increment is
summed with the respective individual failure increments and the basic work load to
arrive at a total failure work load.

The significance of interference effects is illustrated by the example of a dual
stability augmentation system failure in hover/translation flight. As indicated in
Table V, the failure of either SAS No. 1 or SAS No. 2 results in a AWL of 0.12.
Summing the AWL's for failure of both SAS No. 1 and No. 2 with the basic (no failure)
work load results in a total value of 0.84. However, the measured (simulated) total
WL with both SAS's failed was 1.00. This indicates that a discrepancy of 16% would
exist in the total WL if the interference effects had not been taken into account.

The relatively high basic pilot work loads - with normal system operation ~
appear to reflect the large pitch trim and normal force sensitivities to air speed,
angle of attack, and thrust level as well as the somewhat marginal thrust response
to throttle control inputs (characterized by an equivalent 0.65 second time lag).

The level of pilot work loads was also influenced by the inherent IFR nature of
the simulated flight tasks with all visual cues derived from cockpit instruments;
i.e., no visual scene display for simulated VFR. A conservative approximation to
the reduction in work loads for VFR performance of the defined tasks can be
aitempted by correlating the difference between equivalent IFR and VFR pilot rating
boundaries (Figure 25 of Appendix I) as established by Salmirs and Tapscott with the
work load boundaries of Figure 30. This procedure indicates a reduction of 6% to
10% in work load for the visual flight task.
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TABLE V

PILOT WORK LOADS FOR POTENTIALLY CATASTROFHIC FAILURE MODES:

ESTABLISHED THROUGH SIMULATION ANALYSIS

Mission Segments

1/5 2/4 3
{Vertical (Takeoff
Flt/Hover and | and Landing | (conventional
Failure Mode Translation) Transition) Flight)

Basic Work Loads (No Failures): 0.60 0.72 0.58
Single Failure Work Load Increments

Primary Feel/Trim System 0 0.08 0.11

{Electrobhydraulic)

Backup Feel/Trim System 0.04 0 0.05

(Mechanical)

Stability Augmentation System .12 ¢.08 0

No. 1 or No. 2

Forward Roll/Yaw Prop. Boost 0.09 0.11 0

Aft Roll/Yaw Prop. Boost 0.04 0.05 0

Propeller Blade Control, Single 0.16 0.19 0

Elevon Control, Single, Soft 0.14 0.15 0.200)
Multiple Failure Work Load

Interference increments:
Primary Feel/Trim and SAS 0 -0.06 0
No. 1 or No. 2
SAS No. 1 and No. 2 0.16 0.10/0.95(2) 0

Notes:

(1) Catastrophic transient failure situation if moderate amount of pitch

or roll control is being employed at time of failure, and pilot does
not react instantaneously.

(2) Takeoff transition AWL = 0.10; landing transition total work load
exceeds 1.0 as duct angle increases beyond 65° to 70°
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The only failure mode condition analyzed which resulted in a steady state work
load greater than unity was a dual SAS failure during landing transition or vertical
flight. It should be noted, that if the possibility of work load interference had not
been taken Into account in the simulator analysis, this pilot overload condition would
have gone unrecognized. A procedure for the analysis of work load interference is
discussed under the heading of Concept Improvements - Section IV.

Pilot opinion ratings were algo recorded during the steady state failure studies.
The analysis of this data is discussed under the Handling Qualities Studies in
Appendix I.

Pilot transient control response to the introduction of active failures - under
worst case conditions - ig indicated in Table VI. The only transient situation which
results in loss of control is an elevon control failure at conventional flight speeds of
220/240 knots or greater during mission segment 3. This failure mode will thus be
treated as a catastrophic single failure in the digital analysis of mission success
probability,

10. PREDICTION OF COMPONENT FAILURE RATES - PCI PHASE 9

The failure rates for certain of the electronic components and piece parts were
established on the basis of in-house bench test data.

Asg the majority of the electrohydraulic and hydromechanical components are
unique to the X-22A flight control system, no first hand field experience or lahoratory
test data was available. As a result of the above situation, the prediction of failure
rates for these components was based primarily on data published for similar units -
with the application of appropriate modification factors. The reference reliability
publications are listed in the bibliography.

Component failures are generally grouped in three categories according to the
major influences of failure:

(1) Initial or wear-in failures
(2) Intermediate chance failures
(3) Wear out failures

This study is concerned only with the second category - the intermediate or
chance failures. The assumption is made that the aircraft has flown no less than
100 hours and that the influence of wear-in failures has thus been eliminated,

Chance failures are those which occur throughout the majority of the normal
operating life of the system. Failure rates during this period are assumed to be
esgentially constant since failures are characterized by randomness with future
probability being independent of the operational age of components.

71



3071d 303 woarqoxd
ou - sax® [[8 uj dumqg plIwr £ 0g Y » 01 J& paonpoxjuy saanjreg

‘110a /qo31d ojur Surdnod SIS YIm juswow mek piiN

* SUOTJIPUOD jualsue) [enIur uey} jord uo peoy
}Iom JULBULI)E 2JOoW Yonuwr sasodwr [0IIU00 2je)s Apeals juanbasuo)

*UOIJTIPUOD JUaTsSUBRI} TRTIIUT Uy} jortd uo peol
Jaom JUIBULI)S 230w yonw sasodwl] [oIJU0D 9IS Apes)s jusnbasuo)

18N8 Pl 03 jUS[BAMDO SUOISINOXS IpNIIHe WNWITXBUI
gdo z > 3 ‘edo g < -baxj a0y jo1id £q siqrideoaad jou ofodo JTwar]

8,303+ < Us

‘SI0UY 887 = A IV "9J0WAI A[OWLIIXS - SIN[IB] SAIIO® 9y} 0) UCHIPPE Ul

(smoyoo| peeds ySpy sVS yod 1enp) saanjrey usppry omj aambaa pmom

*(£yrxoyine xodurep) ¢°g'¢ UOTIOAS VI0S98-H-TIW 22 ‘4Lydosoryd
uBrsop YIIM 20UBPIO0DE UT J0TId Aq paifoIjuco A[ISee S20UBqIN}SIJ
omdoajsered Arenuajod jou - odoToAUd UOISSIW POULILP JO SITW]
puodaq 11em - Aruo ynojmd pesds y8iy ur omdoalsejeo A[renuatod
*o1qdoq)seleD J0U ~ 189J8URI} “OINE I8 JuSTsURI} WIT[S yoyd ur

Joydryg A[ojeaopowr pue mei pue [[0J UI s§9] sjuaIpeasd wasds dnyordg
*89010] NONBRAIY /SIUSTpeIS

[eopuspr g dujoeq jeoTUByOAW 0) 5119491 A[[BOTIR WICINE WAISAG

v/e
S/1

€ ‘¥/2 ‘s/1

£ ‘$/2 ‘s/1

¥/2 ‘¢/1

$/% ‘e/1

¥/2

S/1

(eanire g 1308)
a18uIg ‘[oXjuo)) UOAS[H

(eanpre g 1og) o[3uws
‘1oajuoy) aperqg Joriedoad

(ouamreq
1308} NV 10 pmJ
‘3800 ‘doxd mex /1108

(ean[req Axoyer[1080Q)
Z "ON 10 T "ON §VS

(sanjre Isaopien)
Z "ON I0 T "ON w848
uopeRWANyY A[IqRIS

(orimeapiyoxioardy)
w1l /1994 AIBWILId

I

fMigede) 1013U0)

sjuowdeq NOISSTIN

SPOIN sanyred

SHILIIgvdv) ISNOdSHYH TOH.LNOD INHFISNVUL LOTId - SHUNTIVA JAILDV

IA J3T19V.L

72



-omdoajseleo Aqrejuajod jou - L[uo

wiay/[ee) AxswLid UBy) 819496 IOW JBYMIWOS FUOTITPUOD JUSTSUBLYL -

Asnoauejuglsul
01 pajoral j0u ;t DIHAQOULSVIVD §10W] 0%3/08% < A 104

e ‘v/2 ‘s/1

€

2 "ON
10 T 'ON SVS pue
wiil /1994 Atewid °J

f1qede) [onuo)

gjusmdag UOISSTIN

9pON @Janireq

(LNOD) 1A ATAV.L

73



The generic failure rates indicated in Tables VII and VIII are arrived at on the
basis of ideal laboratory type operating conditions. These generic rates must be
modified on the basis of stresses imposed by the operating environment of the subject
system in order to arrive at "basic" failure rate values. After consulting the avail-
able literature, it was decided for the purposes of this study to use a basic application
factor of 50.

The basic failure rates are thus considered appropriate for X-22A operation in
the conventional flight mode. However, as the vehicle control system is exposed to
more stringent operating conditions {(cycle rates, vibration, temperature variations,
g's) in hover and transition flight than in conventional flight, it was deemed appropriate
to apply additional "mission segment application factors" to these modes of operation.
Thus, the generic failure rates for the defined mission are modified as follows:

Mission Segment Applied Failure Rate
1 and 5 (hover and vertical flight) 3 x 50 x Generic Failure Rate
2 and 4 (takeoff and landing 5 x 50 x Generic Failure Rate
transitions)
3 (conventional flight) 1 x 50 x Generic Failure Rate

The applied failure rates for the potentially catastrophic and definitely catas- *
trophic failure modes of the X-22A flight control system are listed in Tables VII and
VIO by mission segments,

11. DIGITAL ANALYSIS OF MISSION SUCCESS PROBABILITY - PCI PHASE 10

A digital program was developed to provide a systematic method for analyzing
the effect of control system failure combinations on mission success or failure (7).

In very simple systems involving a restricted number of failure moede combina-
tions (FMCmax < 100}, paper and pencil analysis of mission success probability is
practical; however, because the analysis procedure expands rapidly as the number of
failure modes and mission segments increase, digital processing becomes the only
practical method of analysis.

The failure rates and pilot work loads for the several subsystem modes of
failure - as developed in PCI Phases 8 and 9 - are inputs to the digital program along
with the pilot work load and control continuity failure mode relationships as defined
in the mission success diagrams - PCI Phase 2 - and shown in digital flow chart form
in Figures 21 and 22.

(7) A detailed description of the digital program is presented in Appendix III,
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TABLE VII

FAILURE RATES FOR POTENTIALLY CATASTROPHIC FAILURES INVOLVED
IN CONTROL CONTINUITY AND PILOT WORK LOAD TESTING

Element ssion Segments
Identification* 1 2 3 4 5
0100 11,250 18,750 3,750 18,750 11,250
0200 12,750 21,250 4,250 21,250 12,750
0400 15,750 286,250 5,250 26,250 15,750
0500 12,300 20,500 4,100 20,500 12,300
0600 12,300 20,500 4,100 20,500 12,300
0700 900 1,500 300 1,500 900
801 162,750 271,250 54,250 271,250 162,750
0901 92,250 153,750 15,375 153,750 92,250
1901 92,250 153,750 15,375 153,750 92,250
1100 3,600 6,000 1,200 6,000 3,600
1200 3,600 6,000 1,200 6,000 3,600
1300 1,650 2,750 550 2,760 1,650
1400 1,650 2,750 550 2,750 1,650
1500 1,650 2,750 550 2,750 1,650
1600 1,650 2,750 550 2,750 1,650
1700 3,000 5,000 0 5,000 3,000
1800 3,000 5,000 0 5,000 3,000
1900 3,000 5,000 0 5,000 3,000
2000 3,000 5,000 0 5,000 3,000
* See Table IIB
Note: Failure rates are indicated for 106 hours
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TABLE VIII
FAILURE RATES FOR CATASTROPHIC SINGLE FAILURE MODES

Section Mission Segments
Identification* 1 2 3 4 5

01 900 1500 300 1500 900
02 3600 6000 1200 6000 3600
03 2850 4750 200 4750 2850
04 750 | 1250 250 1250 750
05 750 1250 250 1250 750
06 15630 2550 510 25560 1530
07 1530 25560 510 2550 1530
08 1530 2550 510 2550 1530
09 1530 2550 510 2550 1530
10 3300 5500 2100 5500 3300
11 3300 5500 2100 5500 3300
12 3300 5500 2100 5500 3300
13 3300 5500 2100 5500 3300
14 1050 1750 350 1750 1050

* See Table IIA

Note: Failure rates are indicated for 106 hours
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As the flight control system designer is primarily interested in the effect of the
more probable failures, capability was provided in the program to rank failure mode
comhinations in descending order of probability. Cutoff criteria are put into the pro-
gram to exlude from analysis all those failure mode combinations with a probability
less than a specified value and with a cumulative probability of occurrence less than
a selected triviality total (8). This subject is further discussed in Appendix III.

The pilot work load and control continuity testing of the ranked failure mode
combinations separate those failure conditions which result in mission failure from
those which permit successful accomplishment of the defined mission.

Those component failure modes for which there is no backup path (catastrophic
gingle failures) do not enter into the pilot work load and control continuity testing.
The product of their reliabilities is ingtead multiplied by the summed success
probability of the individual failure mode combinations to arrive at the overall
probability of mission success.

Examples of the program output sheets listing the catastrophic (excessive pilot
work load and backup control continuity) and noncatasirophic failure mode combina-
tions are shown in Appendix ITT.

12, EVALUATION OF RESULTS - PCI PHASE 11

Evaluation of the output data from the digital analysis of mission success
probability indicates that the flight control system reliahility exceeds the goal of
0.96 per hour of flight. The computed probability of successful mission accomplish~
ment for the evaluation mission with a duration of 44 minutes and 27 seconds is
0.988. Normalizing the computed reliability on the basis of one hour of flight reduces
the value to 0.984. It is this last figure which is compared with the original reliability
goal.

A breakdown of misgion failure probability by failure categories indicates the
following distribution:

Failure Category Mission Failure Probability
(1) Catastrophic Single Failure 1.08%
Modes (CSFM)
(2) Pilot Work Load Failures - 0.04%
(3) Control Continuity Failures One "gignificant' failure with a
probability of 7.05 x 10~4%
Total Mission Failure Probability 1.12%

®) For the present study, all FMC’s with a probability less than 2 x 10-6 were ex-
cluded, and the cumulative triviality total was set at 0.08%.
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The above table indicates the predominant influence of catastrophic single
failures on the probability of not successfully completing the defined mission.

A detailed analysis of the catastrophic single failure modes and pilot work load
failures indicated the individual failure modes listed below to be the major contri-
butors to mission failure,

Failure Mode Mission Failure Probability
(1) Elevon Control -~ Hardover 0.39%
(2) Elevon Control - Soft 0.28%
(ranked with CSFM in mission
segment 3)
(3) Propeller Blade Control - Hardover 0.18%
(4) Dual a-c El. Power Generation 0.08%

The above table indicates the extremely large influence of failures in the four -
elevon control systems on the total probability of mission failure - contributing to
60% of the mission failures. It is therefore apparent that the greatest improvement
in probability of successful mission accomplishment will result from redesign of the
elevon control systems.

13. ITERATION OF PILOT-CONTROLLER INTEGRATION PROCESS -
PCI PHASE 12

In the event that the probability of mission success goal is not met, suitable
modifications must be made to those control system components identified in Phase 11
as being the major contributors to mission failure.

The dual objective in the redesign process is to reduce pilot work load to
tolerable levels and to increase component reliabilities such that the mission success
goal will be met or exceeded upon subsequent iteration through the PCI process.

As indicated in Phase 11, the success goal for the defined mission has been
exceeded, and iteration is therefore not required. However, as the evaluation of
digital program results indicated an extremely large contribution on the part of
elevon control failures (4 units) to the total probability of mission failure, the
decision was made to proceed with a hypothetical redesign of these units.

a. Redesign of Elevon Control Servo Actuator Systems

In the original Mark I (%) elevon design, a hardover or frozen failure of one
of the four units results in a restriction in the freedom of control motions all the way

{®) The original and redesigned control systems will henceforth be referred to as the
Mark I and Mark 1 systems, respectively.
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back upstream to the pilot's stick and pedals. This failure condition was thus of the
catastrophic single failure variety resulting directly in loss of control of the aircraft.

In order to eliminate the possibility of the hardover/frozen control condi-
tion from feeding upstream from the failed unit, load reliever springs were installed
on the drive (command signal input) linkage of each elevon actuator.

In addition, the elevon actuator control valve assemblies were redesigned
to reduce high stress points in the pressure feedback piston rod extension and the
control valve piston rod in the event of need to break loose chips jamming the valves,
The Mark I actuator system is shown in Figure 23. Asg indicated in Figure 24, the
pressure feedback assembly was dualized with the two piston rods joined to the input
linkage through a U-link rather than through the original L-shaped extension. The
diameters of the control valve cylinders, pistons, and piston rod were increased to
provide sufficient strength (>500 1b) to break free chips jamming the valve.

b. Prediction of Component Failure Modes

The installation of load relievers on the elevon input linkages lessens the
effect of hardover/frozen failures in regard to aircraft control capabilities, but does
not alter the basic elevon failure modes. Also, redesign of the control valve assem-
blies will reduce the rates of failure but will not alter the modes.

c. Categorizing of Failure Modes by Degree of Severity

The severity of single elevon hardover failures has been altered by the
installation of the load relievers. The pilot will now have freedom of control and the
capability to trim out the unbalance moments generated by a failed elevon (but with
less control authority remaining in the direction of the failure) throughout vertical
flight, translation, and transition. However, a hardover elevon will continue to be
catastrophic in conventional flight due to the generation of excessive airframe struc-
tural stresses and large uncontrollable moments in the higher speed range.

d. Analysis of Complex Failures by Simulation

The simulation model of the elevon control system was modified to pro-~
vide for the introduction of single elevon hardover failures.

The averaged pilot work loads for the steady state elevon hardover failure
condition were:
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AWL

Vertical Flight and Translation 0.17
(mission segments 1 and 5)

Takeoff and Landing Transitions 0.21

(mission segments 2 and 4)

Conventional Flight catastrophic single failure
(mission segment 3) (not tested)

Pilot transient control response to the introduction of active hardover

elevon failures in mission segments 1, 2, 4, and 5 indicated no situation where loss
of control occurred (10},

e. Prediction of Component Failure Rates

New failure rates were predicted for the Mark II elevon control systems.
The generic failure rates for the Mark I system are compared with those for the
Mark I system in Table IX. The payoff resulting from the redesign indicates a 63%
reduction in hardover failures and a 55% reduction in major failures.

f. Digital Analysis of Mission Success Probability

Modifications were made to the digital program input to account for the
changes in elevon control system failure mode severity and failure rates as indicated
in Paragraphs I1.13.c and I1.13.e.

g. Evaluation of Results

The resuits from the digital analysis of mission success probability for the
redesigned Mark II control system have been evaluated and are compared with the
Mark I system in the following two tables:

(10) The introduction of the transient failure situation at low duct angles { A < 30°)

during the landing transition resulted in loss of control in approximately one
third of the test cases. As it was felt that the loss of control resulted primarily
from inadequate presentation of vehicle attitude visual cues (to the pilot), this
failure has not been treated as being catastrophic.
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Failure Modes

(1) Elevon Control - Hardover

(2) Elevon Control - Soft
Total Flight Conirol System

Defined Mission
Per Hour of Flight

Total Trivial Probabilities (not
included in digital analysis)

Mission Failure Probability

Mark I System Mark II System
0.390% 0.116%
0.280% 0.126%
1.129% 0.702%

Probability of Successful

Mission Accomplishment
98.791% 99.218%
98.4% 98.9%

0.08% 0.08%

The payoff resulting from application of the PCI technique to the X-22A flight
control system represents better than a 35% improvement in ability to successfully

complete the defined mission (11);

a1

The improvement in probability of successful mission accomplishment was

computed as follows: (99.22 - 98.79) x 100/(100.00 - 98.79) = 35%.
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SECTION I
APPLICATION PAYOFF

As a result of the hypothetical control systems redesign based on application of
the PCI procedures to the X-22A, the following statements can be made in regard to
improvements in man-machine systems performance.

1. MISSION RELIABILITY

The improvement in missjon reliability (successful mission accomplishment)
resulting from elevon control redesign is summarized in the discussion of the
Iteration procedure rework efforts - paragraph I1.13, Evaluation of Results. The
improvement resulting from application of the PCI technique to the X-22A flight
control system represents better than a 35% increase in ability to succesafully com-~
plete the defined mission.

2. FLIGHT SAFETY

Flight safety has been enhanced by the installation of load relievers on the
elevon input linkages. With load relievers installed, the pilot now has freedom of
control and the capability to trim out the unbalance moments generated by a hardover
elevon failure throughout vertical flight, translation, and transition. Such elevon
failures will continue to be catastrophic in conventional flight due to the generation of
exceasive airframe structural stresses.

The combined effect of load reliever installation and redesign of the elevon
actuator servo valve assemblies, in addition to the improvement in probability of
successful mission accomplishment, has been to increase the probability for success-
ful abort in the event of failure situations occurring which, although not immediately
catastrophic, will result in loas of the aircraft at some future flight condition if the
defined mission profile is adhered to.

Analyzing the output from the digital program on the basis of flight safety
(including the ability to succeasfully abort the mission with safe recovery of the
aircraft) indicates the following:

Probability of
Control System Probability of Successful Missjon
Configuration Successful A/C Recovery* Accomplishment
Mark I 98.97% 98.79%
Mark O 99.42% 99.22%

* Computed on the basis of no catastrophic failure situations
developing after the decision has been made to abort.
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The above simplified analysis of successful aircraft recovery was predicated
on the stated assumption. A more exact analysia would require extensive
modification to the digital program which is beyond the scope of the present con-
tract.

3. MODIFICATION COSTS

The total nonrecurring costs for design, development, test and checkout for
the load relievers and redesigned elevon servo valve assemblies is estimated to be
$7000 to 7500.

The fabrication and installation costs per aircraft are estimated to be: $13,200
if the redesigned elevon control systems are installed as original equipment; or
$19,500 to 20,000 if the redesigned control systems are retrofitted to aircraft
previously equipped with the original control systems.

There would be some decrease in the servicing and maintenance requirements/
costs for the Mark U system compared with the Mark I; however, as there is no
field service information available on the subject systems, it is not at this time
possible to quantitatively evaluate the cost savings.

It is not anticipated that there would be any appreciable difference in main-
tenance personnel or crew training requirements between the Mark I and Mark II
systems.

4, OPERATIONAL EFFECTIVENESS

Studies have been conducted to determine the payoff in operational effectiveness
resulting from the control systems redesign. For 1000 sortiea of the type of the
sample defined migsion, the following savings would result from the Mark 1I
redesign:

reduction in the number of aircraft lost in flying 1000 sorties is 4.4
with the Mark II system as opposed to Mark I

value of the difference in aircraft losses is 4.4 x $1,500,000%* =
$6,600,000

if the number of A/C used to fly the 1000 sorties is 20, the savings
would be $6,600,000 - 20 A/C x $20,000 retrofit cost per A/C =
$6,200,000

if 100 aircraft were used, the savings would still be $4,600,000

*+ Price per aircraft is based on a total
purchase of 200 to 300 vehicles
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5. COST EFFECTIVENESS OF PCI APPLICATION

The cost effectiveness payoff resulting from application of PCI to the X-22A is
based on a comparison of the manpower required to implement PCI in the FCS design
effort with the flight time equivalence in probability of aircraft loss without PCI.

The manpower required for the PCI application to the complete FCS of the
X-22A was eatimated on the basis of the limited application performed under this
program (refer to Introduction and Summary) modified to provide complete

systems coverage in sufficient detail for actual vehicle design.

Manpower Distribution Hours
Systems Analysis 1800
Systems Desaign 200
Reliability Analysis 600
Human Factors 700
Teat Pilots (Simulation) 400
Total 3800

The above estimate i8 based on the following conditions:

(1) Assumes a basic knowledge of the PCI technique including familiarity with
the digital program for ASMP.

(2) Includes only that effort which is unique to PCI, and which would not
normally be included in a '"conventional design' program.

(3) Assumes two iterations of the PCI procedure needed to attain the required
reliability design goal(s) (PSMA and PSAR).

(4) Does not include hours required for component redesign, as those were
covered in paragraph III.3.

{5) Assumes 2000/2500 hours for basic reliability analysis and consequent
systems redesign to be a part of the normal prototype vehicle design
effort.

On the basis of the above manhour estimate, the cost of including PCI in the
FCS design effort would be approximately $60,000.

From paragraphlll.2, the increase in probability of successful aircraft
recovery resulting from PCI application is 99.42-98.97 or 0.45% (assuming same
improvement as in present application). Inverting this value results in an
equivalent /A MTBF of 222 hours.
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The flight time equivalence to the cost of PCI is

PCI Cost
A/C unit cost

At® AMTBF

60,000

= 1,500,000

220

& 8.8 hours of flight time

The above computation indicates thatonly 8.8 aircraft hours would have to be
flown before the manhour investment in PCI would be fully recovered.
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SECTION 1V
PILOT CONTROLLER INTEGRATION CONCEPT IMPROVEMENTS

The recommended concept improvements discussed in this section evolved as
the PCI application to the X-22A aircraft progressed. These refinements were the
result of objective evaluation of the existing techniques (as defined in Reference 1),
with the aim of providing the necessary validity, utility, and ease of application
throughout the PCI procedures to satisfy the primary contract objective; i.e., the
application of pilot-controller integration techniques to a representative V/STOL
aircraft.

1. PILOT-CONTROLLER INTEGRATION PHILOSOPHY

Application of PCI in the design procedure will provide - in addition to the
previously established payoffs in the prediction of mission guccesas capability and
logical basis for systems redesign - the following:

(1) Measures of ability to successfully recover the aircraft by following
seleeted abort procedures and flight profiles in the event of certain
failure situations occurring which, although not immediately catastrophic,
will result in loss of the aircraft at some future flight condition if the
defined mission profile is adhered to.

(2) Factors essential to the prediction of control systems maintainability and
logistics requirements.

(3) A basis for the estimation of systems modification costs.

(4) A basis for operational/cost effectiveness evaluations of systems redesign.
2, ESTABLISHMENT OF PILOT-CONTROLLER RELIABILITY GOALS

Reliability goals may be specified both on the basis of probability of successful
mission accomplishment and probability of successful aircraft recovery - considering
appropriate abort procedures and flight trajectories.

3. SUCCESS DIAGRAM PHILOSOPHY AND CONSTRUCTION

Success diagram (SD) layout is based primarily on conventional reliability
diagram construction and employment.

In order to clearly and concisely define the failure effect relationships between
the various subsystems and components of the flight control system, the SD - for
each mission segment - has been divided into two separate parts:

(1) A system continuity diagram - includes only those failure modes which
gingly or in combination affect systems continuity.
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(2) A work load diagram - includes only those failure modes which result in
changes in total pilot work load.

The logic governing the continuity diagram remains the same as established in
Reference 1; i.e., all components required in the primary mode of operation are in
series, and backup/redundant components are shown in parallel with their respective
primary components. Thus, any combination of failures which breaks the continuity
through the diagram is a catastrophic condition.

The logic governing the pilot work load diagram is as follows:

(1) Test for continuity through the logic blocks representing a single component
group or section failure.

(2) Successful passage indicates no work load increment for that component
group or section.

(3) No passage indicates the addition of the associated work load increment.

(4) After all component groups/sections have been tested in the above manner,
the indicated work load increments are summed with the basic work load to
arrive at a total work load for the particular failure conditions being tested.

Workload diagram philogsophy also provides for the incorporation of "interference
effecta" between certain failure modes (Refer to Sections II.9 and IV.6 for further
explanation and discussion of workload interference). Workload interference is
accounted for in the success diagrams by the inclusion of dummy sections with the
contributing individual failure modes shown in parallel.

4. CATEGORIZING OF FAILURE MODES BY DEGREE OF SEVERITY

The scope of PCI Phase 6 has been expanded from '"the identification of non-
catastrophic failures' to ''the categorizing of failure modes by degree of severity";
i.e., separating the failure modes into catastrophic single failures, potentially catas-
trophic failures, and noncatastrophic (trivial) failures.

5. REORIENTATION OF PCI PHASES 7 AND B8

The orientation of Phases 7 and 8 were redefined on the basis of failure mode
complexity rather than by methods of analysis. Thus, Phase 7 becomes ''the Analysis
of Simple Failures' rather than "Failure Analysis by Paper and Pencil Methods't and
Phase 8 becomes "Analysis of Complex Failures" rather than "Failure Analysis by
Simulation™.

The revised orientation of these phases is felt to better reflect the progression
in degree of analysis sophistication commensurate with the increasing complexity and
detail definition of the vehicle response representation as the design procedure pro-
gresses from the preliminary to the final detall stages.
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6. PILOT WORKLOAD AND TRANSIENT CONTROL INTERFERENCE

The possibility of workload and/or transient control capability interactions
between concurrent or excessive failures is not a new or unique situation. Multiple
failures, each of which affects the dynamic response of a vehicle in the same degrees
of freedom, are the most obvious example of interference - as represented by a
dual damper fzilure.

An attempt to analyze through paper-and-pencil or simulation techniques all
possible combinations of workload and transient control response interactions could
become a ponderous job for a system with appreciable nonlinear variations in vehicle
aerodynamic characteristics.

A more logical approach for the analysis of such situations is:

(1) On first pass through the PCI procedure, consider only single failure
effects (including possible secondary failures) on workload and transient
control capabilities

(2) Skip over PCI Phases 7 and 8, and proceed directly to Part I of the digital
program for the analysis of mission success probability - the ranking of
failure mode combinations in descending order of probability.

{3) On the bagis of the ranked probabilities of cccurrence, those failure mode
combinations with a probability of occurrence of "'significant magnitude"
can be identified.

(4) The "Significant" failure mode combinations can now be analyzed to deter-
mine the degree of work load and/or transient control interference.

7. MEASUREMENT OF PILOT WORKLOAD

The quantitative accuracy of pilot work load data has a profound influence on
the validity of AMSP results. The selection of techniques for the measurement of
pilot work loads - especially where the primary task is one of multi-axis tracking -
is deserving of considerable study. The nature of vehicle response characteristics,
the pilot control-display interface, and simulation profiles are all factors which must
be considered in the selection process.

8. PHILOSOPHY AND STRUCTURE OF THE DIGITAL PROGRAM FOR THE
ANALYSIS OF MISSION SUCCESS PROBABILITY

Evaluation of the results from the AMSP requires, for intelligent system
redesign, an ability to isolate those failure mode combinations having the major
influence on the probability of mission failure. To enhance the accomplishment of
the ahove objective, the digital program was provided with a capability to rank the
failure mode combinations in descending order of probability.
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A second significant feature of the ranking procedure is the provision to limit
the extent of the table of the ranked failure modes by eliminating from further analysis
all those FMC's with a probability less than a selected value. This feature results in
a very significant saving in digital processing time and cost as opposed to analyzing
all possible FMC's. In the case of the X~-22A application, by eliminating all com-
binations with a probability less than 2 x 10~6, the number of FMC's processes
varied between 200 and 300. If all possible combinations had been processed they
would have totalled = 6 x 1014. Moreover, all those combinations in excess of the
largest 200 to 300 account for less than 0.08% of the total probabilities of occurrence.

The structure of the digital program for AMSP as stated in Reference 1 has
been redefined and expanded upon in order to meet the requirements of the present
PCI application and also to provide a basic program which will be readily inter-
preted and immediately usable in future applications of PCI.

A detailed description of the digital program is presented in Appendix III.
9. PREDICTED PROBABILITY OF SUCCESSFUL AIRCRAFT RECOVERY

The basic data required for predicting the probability of successful aircraft
recovery are available in the output from the digital analysis of mission success
probability. As the digital program is presently defined, it is necessary to
manually scan through the listings of those failure mode combinations contributing
to migsion failure to determine which failure situations do not explicitly eliminate
the potential for successful mission abort. The potential for mission abort should be
based on a pilot's anticipated ability to analyze the failure situation and make the
proper decisions. Pilot capabilities in such situations are dependent upon: failure
warning and indication; knowledge of vehicle systems and emergency operating
procedures; environmental conditions; availability of landing sites; etc.

Automating the prediction of successful aircraft recovery probabilities is
discussed in Section V.1.

10. REORIENTATION OF PCI PHASE 11

To better reflect the importance of the dual tasks originally included in Phase
11, this phase has been split in two. Phase 11 now constitutes "Evaluation of Resulis" -
including the payoffs in operational effectiveness resulting from systems redesign
(refer to Section IV.1). '"Iteration of the PCI Process' has been redesignated as
Phase 12,
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SECTION V

SUGGESTED AREAS FOR FUTURE DEVELOPMENT AND

EXPANSION OF PCI DESIGN PROCEDURES

The subjects discussed in this section represent areas in which additional effort
is required to bring the PCI procedures to a degree of utility sufficient to satisfy the
demands of general usage and application.

(1) Develop methods to incorporate pilot ability to redefine missions down-
stream of systems failure based on foreknowledge of future effects of a
given failure on ability to control. The pilot capability to analyze such
sitnations may result in a decision to:

(2)

(3)

(a)

(b)
()

Modify the proposed mission profile but still anticipate successful
completion of mission objectives.

Abort the mission and return to base (or alternate landing site).

Sustain controlled flight for a sufficient time to evacuate the aircraft
or initiate an emergency landing.

Investigation of techniques for the measurement of pilot workload for
primary tasks involving multi~-axis tracking and control response.

()
(b)

(c)
{d

Auxiliary Task - Approach I

Measurement of Pilot Control Response {gain and frequency ) -
Approach I

Study correlations between pilot workload and pilot opinion rating.

Multiple crew participation in performance of the primary task.

Expand the flexibilities and capabilities of the digital program for the
analysis of mission success probability to include:

(a)
(b)

(c)

(d)

Analysis of items (1) (a) and (b) from above.

Provide greater flexibility in the inputting of subsystem component
relationships.

Provide print out of failure combinations contributing to mission
failure grouped according to individual failure modes.

Provide selectable reliability equations to compute proper probabilities
of success and failure based on subsystem component configuration.

(4 Compile a handbook for use of the PCI procedures.
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SECTION VI
CONCLUSIONS

The primary objective of this program has been to provide a detailed example
of the application of the PCI technique with secondary objectives of evaluating
existing procedures and expanding them as required to perform the primary objective.
Accomplishment of these objectives within the scope of the program necessitated the
exclusion of certain of the X-22A flight control subsystems from the sample applica-
tion, and the simplified treatment of others (refer to the Introduction and Summary for
more detail in this regard). The above restrictions are not regarded as being limiting
factors in the accomplishment of contract objectives, as they resulted primarily in a
reduction in the quantity of data to be analyzed and did not affect the quality of data
generation and analysis.

The sample application of the PCI techniques to the X-22A V/STOL aircraft
has demonstrated the general utility and effectiveness of the procedure. Primarily,
PCI provided information essential to the systematic and logical design and
development of flight control systems as follows:

(1) The prediction of mission reliability.

(2) An evaluation of the effecta of individual subsystem/component failures
on mission reliability - this evaluation provides the basis for systems
modification and redesign.

(3) The basis for evaluating the payoff accruing from systems redesign in the
areas of:

(a) Mission reliability

(b) Flight safety

(c) Costs of modification, redesign, and training

(d) Systems maintainability and logistics support requirements
{(e) Operational/cost effectiveness.

As the PCI application to the X-22A was not conducted with the level of effort
required for the development of a prototype, especially in regard to the depth of the

reliability analysis,incorporation of the Mark II systems modifications to the actual
aircraft hardware were not proposed.

Throughout the sample application, the PCI procedures - as originally stated
in Reference {1) - were evaluated and a number of improvements (Section 1V) were
incorporated.

Those limitations which still exist in the PCI procedure are felt to be basically

oriented in several of the individual analytical techniques rather than in the concepts
and methods of PCI itself. That is, more extensive field operational and test data
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are required for the prediction of failure modes and rates. Also, state-of-the-art
advances are required in the accurate measurement of pilot workloads and in the
determination of human operator reliabilities.
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APPENDIX I
HANDLING QUALITIES STUDIES OF THE X-22A

1. INTRODUCTION AND SUMMARY

An additional objective of this program was to establish handling qualities
criteria defining the limits of acceptable stability and control characteristics for the
X-22A in the hover and transition modes of flight.

Handling qualities criteria are stated in terms of pilot ratings (Cooper Rating
Scale) and pilot workloads as functions of longitudinal and lateral control powers and
damping levels.

These studies were conducted in conjunction with the PCI failure workload and
transient control capability studies (as described in Section I1.9) utilizing the Bell
X-22A hybrid simulator.

The X-22A pilot rating boundaries are compared with the data generated in
several of the more frequently quoted handling qualities investigations (References
2 and 3).

Lateral pilot rating boundaries were found to agree quite well; however, X-22A
longitudinal requirements for satisfactory handling qualities were found to be con-
siderably higher in both contrecl power and damping than the published data. The
variation in longitudinal requirements is explained on the basgis of X-22A aerodynamic
(levels of static stability ~ M g and My) and control system (feel force gradients and
thrust response) characteristics.

A comparison of pilot rating boundaries with pilot workload contours for the
X-22A shows good correlation in the areas of optimum control power-damping com-
binations.

Shifts in the quantitative correspondence of pilot rating and workload data are
apparent as the definition of the control task and flight environment are varied.

The shift in pilot rating and pilot workload correspondence is accountable fo
the subjective nature of both pilot opinion rating and the technique of workload
measurement.

It must be concluded that, based on the present state-of-the-art, the technique
of measuring workloads has not bridged the gap in the quantitative assessment of
operator performance loading and capability.
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2. PROCEDURE FOR SIMULATOR STUDIES

Matrices of test conditions - in terms of control power-damping combinations -
were defined for both the longitudinal and lateral degrees—of-freedom. The handling
qualities evaluation of the above test conditions was arranged in a random manner to
minimize the influence of bias in pilot ratings between consecutive test points.

The hover-vertical flight simulator task was identical to the mission profile
defined in Table IV (Section I1.9). The landing transition task involved a constant
altitude transition from a level flight speed of 150 knots to a stabilized hover condi-
tion.

The piloting task was conducted under simulated IFR conditions with all visual
cues derived from cockpit instrumentation; i.e., no presentation of an out-of-the-
window visual field.

3. DISCUSSION OF STUDY RESULTS

The X-22A lateral 3.5 and 6.5 pilot ratings for hover flight correspond quite
well with Salmirs and Tapscott's minimum acceptable IFR and VFR boundaries as
shown in Figures 25 and 26.

The X-22A longitudinal 3.5 pilot rating contour bounds an area of higher con-
trol power (AM. £ 1.6) and higher damping (AMq & -1.0) than the equivalent curves
determined by Salmirs, Tapscott, and Faye - Figure 25, The primary reasons for
the increased X-22A requirements are:

(1) Pitch trim control power requirements increase to 0.4/0.6 rad/sec? as
velogity increases to 25 knots as opposed o the relative minor trim
changes experienced in the referenced studies.

(2) X-22A static stability becomes destabilizing with increasing translation
velocity (M4 = 0.8 rad/sec2/rad at 25 knots).

(3) The high level of speed stability (M,, £ 0.0258 1/sec ft) results in increased
control power and damping required to provide satisfactory handling
qualities.

(4) The X-22A longitudinal and lateral feel force gradients ( >1.0 1b/in.) have
been adjudged by project pilots to be considerably higher than optimum for
hover and low speed flight., This condition has some degrading influence
on pilot ratings (approximately 0.5 units on the Cooper Scale).

(5) Thrust response to throttle control (represented by a 0.65 sec and time
lag in the simulation) is somewhat marginal. A time lag of this magnitude
has been found to degrade pilot rating of height control by 1.0 to 1.5 on the
Cooper Scale with a lesser influence on attitude control.

(6) The low level of vertical damping (Zw = 0.21 1/sec) also has some adverse
effect on attitude control.
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It should be noted that the differences in the maneuver tasks between this and
the referenced programs also contribute to the variations in pilot ratings.

The shapes of the pilot rating boundaries for landing transitions (Figure 27) are
quite similar to those for hover mode flight with some upward shift in damping levela

(AMq £ 0.5 and ALy, £ 0.6).

The primary reasons for the increased damping requirements are felt to be the
congiderable variations in longitudinal static stability and control trim as influenced
by My (Figure 28) and My (Figure 29).

Figure 30 shows the comparison between piiot workloads, PWL, and pilot
ratings, PR, for the hover mode of flight. In both the pitch and roll axes a good
correlation exists between PWL contours and PR boundaries, especially in the areas
of the optimum control power-damping combinations. In both axes, the PWL
difference between the 3.5 and 6.5 PR boundaries is on the order of 10%. This also
holds true for transition flight.

Between hover and transition flight, the PR to PWL correspondence shifts in
the direction of increased workload by approximately 15% in pitch and 10% in roll.

Similar shifts between mission segments are apparent in the cross plot
(Figure 31) of PR's and PWL's recorded during the study of pilot control during
established flight control systems failures - Section I1.9 of this report.(12)

The above shifts in PR/PWL correspondence are accountable to the subjective
factors implicit in the technique of pilot opinion ratings and in the state-of-the-art
measurement of pilot workloads.

Workload measurement - especially where the primary task is one of con-
tinuous tracking - is exposed to subjective influences inherent in the pilot decision
relative to the division of his time between performance of the primary task and
operation of the measurement unit.

(12)1he scatter in workloads recorded at individual test points varied between 4%
and +8% of maximum tolerable pilot loading.
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APPENDIX II
HYBRID SIMULATION OF THE X-22A

A six-degree-of-freedom (6 DOF), fixed base, hybrid simulation of the X-22A
was developed by Bell Aerosystems Company under the Tri-Service V/STOL pro-
gram.,

This simulator has been used as a design tool in the evaluation of X-22A
stability and control characteristics (handling qualities), feel/trim and flight control
system design requirements, and control techniques throughout the V/STOL regime.

The simulation consists of four major operating components:

{1) Two PACE 231-R analog computers
(2) IBM Model 7090 digital computer
(3) Conversion system linking the analog and digital computers

(4) X-22A simulator cockpit

Program computation is divided between the analog and digital computers as
shown in Figure 32. The mathematical model of the vehicle consisting of the aero-
thrust parameters, flight control and propulsion systems representations, vehicle
equations of motion, and various auxiliary equations is given in Section II.5 of this
report.

The ADDA conversion system provides the interface between the analog and
digital domains through 13 bit (plus sign) data conversion and logic level (sense line)
transmission in both directions, The X-22A simulation utilized 15 channels of ADC
and 20 channels of DAC. This system also provides the timing pulses required for
real time operation of the digital computer.

The simulator cockpit (shown in Figure 20 - Section I1.9) is configured in a
manner similar to the actual X-22A aircraft. The simulator includes a main instru-
ment panel, left and right side control consoles, and engine and flight controls.

The main instrument panel contains all of the active flight and power displays.
These displays consist of two dual trace 5 inch oscilloscopes, eleven center pivot dial
indicatora, two edge reading meters, and a clock. The oscilloscopes - mounted on the
pilot's visual center line - are programmed to represent various configurationa of
attitude and horizontal sifuation indicators.

The flight parameters displayed on the center pivot dial indicators and edge
meters are listed in the following table along with their respective scale ranges.
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10.
11.
12,
13.

Flight Parameter

Barometric Altitude
Radar Altitude
Vertical Speed
Normal Acceleration
Airspeed

Low Range Airspeed
Flight Path Angle
Duct Angle

Angle of Attack
Percent Thrust
Propeller rpm

Rate of Turn
Workload Task

Range

0 to 30,000 feet

0 to 500 feet
+4000 feet/minute
~3to+6g's

10 to 350 knots
-40 to 160 knots
~20 to +40 degrees
0 to 100 degrees
-20 to +40 degrees
0 to 160%

0 to 3000 rpm

Full left or right
+ Error, Null, - Error

The side consoles contain the engine throttles {4), master rpm control, indica-
tor lights and control mode selector switches.

A collective pitch control stick is located to the left side of the pilot's seat in
the conventional helicopter manner.

The simulator is equipped with a conventional control stick and rudder pedals
which are operated by means of an electrohydraulic feel/trim system. The feel/trim
system is similar in configuration to the X-22A flight hardware. The programming
of force gradients and trim rates on the basis of equivalent velocity (pitch and roll)
and duct angle (yaw) is accomplished in an electronics rack adjacent to the cockpit.
This rack also contains controls to make gross gain changes to the stick and pedal

feel forces, trim rates and breakout forces.
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APPENDIX I

DIGITAL PROGRAM FOR THE ANALYSIS OF
MISSION SUCCESS PROBABILITY

1. INTRODUCTION

The purpose of the appendix is to provide a general description of the AMSP
digital program capabilities and flexibilities as well as a detailed description of
program operations and input/output data.

In programming the analysis of mission success probability on Bell Aero-
systemsa IBM 7090 computer, primary considerations were given to the following
requirements:

(1)

(2

(3)

Input Flexibilities - The program shall be structured such that all data
defining flight control systems configurations, component failure rates,
and pilot workloads are inputs to the program rather than being
implicitly tied to the program structure. The input format must be
defined in a manner such that engineering personnel can with a minimum
of instruction prepare their own input sheets; i.e., program input written
in FORTRAN IV or equivalent symbolic language. Modification of input
must be accomplished with a minimum of effort; i.e., ability to change
individual cards in the input deck is required.

Output Requirements - Program output shall be oriented to provide that
systems failure mode data which is essential to effective evaluation of
mission success capability and to the determination of those failure modes
which have the major influence on probability of mission failure. In order
to best accomplish the above objectives, the program must be provided
with the capability to rank the failure mode combinations in descending
order of probability. The causes of migssion failure must be identified for
each FMC as to lack of control continuity or excessive pilot work load.

Efficient Processing of Data - Failure mode combinations shall be ranked
in descending order of probability to provide a logical basis for limiting
the extent of control continuity and workload testing to those FMC's with
a "significant” probability of occurrence; i.e., input a cutoff criterion to
exclude from further analysis all those FMC's with a probability less than
a selected value.
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This approach also facilitates the second form of constraint, which involves
the establishment of a cumulative triviality criteria whereby all those
FMC's with a total probability less than a selected value are discarded.(3

These features result in a significant saving in processing time and cost
as opposed to analyzing all possible FMC's, and at no sacrifice in the
quantity of "significant" output data.

It may at times be desirable to study the table of ranked FMC's before
proceeding with the control continuity and workload testing. So that
unnecessary computation may be avoided, the program should be defined
as a two stage process. Part I of the program shall include all initial
reliability computations, the ranking of FMC's in descending order of
probability and outputting of prescribed data. Part II shall constitute the

- control continnity and workload testing of the table of ranked FMC's plus
the processging and printing out of prescribed data. The program user
shall have the option of executing Part I only or both Parts I and II.

(4) Adequate Processing Capabilities - Provide a program with a capability
and flexibilities sufficient to meet the needs not only of the present PCI
application to the X-22A, but also those of future program users.

The maximum numbers of key parameters which the program is presently
able to process are shown in the following table. The program, as written
for an IBM 7090 computer with a 32 K memory, could readily be expanded
to process the numbers of parameters indicated in the second column of
the following table.

Present Program Expanded Program
Component Failure Modes/ 40  per mission segment 50
Rates
Mission Segments 5 10
Failure Mode Combinations 800 total per mission 2000
Maximum Number of Failure 4 4

Modes per FMC

(13)111 the case of the X-22A application, all individual FMC's with a probability

less than 2 x 106 were eliminated and the cumulative triviality criteria was

set at 0.08%. These conditions resulted in between 200 and 300 FMC's (account-
ing for 99.92% of the total probabilities) being included in the analysis. If all
possible combinations had been processed they would have totalled &6 x 1014
with storage requirements exceeding the combined capacity of all the digital
computers ever built.
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Present Program Expanded Program

Pilot Workload Increments 40 per mission segment 50
(with failure mode ident.)

Control Continuity Groups 50 total per mission 200
Work Load Dummy Arrays 50  total per mission 200
Work Load Interference 50  total per mission 50
Groups

Catastrophic Single Failure 40 per mission segment 50
Modes/Rates

2. GENERAL DESCRIPTION OF PROGRAM OPERATIONS

Figure 33 illustrates the data flow through the various steps of the AMSP
digital program.

Step 1 Program input includes:
Duration of mission segments

Criteria for limiting the extent of the table of ranked FMC's.

Component failure modes and respective failure rates for each
mission segment,

-

Basic pilot workloads for each mission segment

Pilot workload increments

14)

Pilot workload dummy arrays(

Pilot workload interference groups{15)

Control continuity failure groups(lﬁ)

I A R A

Catastrophic single failure modes and their respective fallure rates.

NOTE: Only items 1 through 3 need be input for execution of Part I of the Program.

(14)Illuatrated by the failure effect relationships within the primary feel/trim system
(0800) as shown at the upper left of Figure 21,

(ls)lllustrated by the failure effect relationships between 0800 and 0900 (bottom of

Figure 21) to generate a 2400 workload increment.

(ls)lllustrated by Figure 22,
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Step 2

The reliabilities and probabilities of failure are computed for each failure
mode in each mission segment. The table of failure mode combinations
ranked in descending order of probability is computed to the extent per-
mitted by the triviality eriteria.

The completion of Step 2 concludes Part I of the program.

Step 3

Step 4

Step 5

Step 6

Step 7

Step 8

Step 9

Step 10

Step 11

Step 12

Step 13

The particular failure mode combination being analyzed is tested to
determine the lowest numbered mission segment in which a failure(s) is
present. The inclusion of this step eliminates the unnecessary looping
over of those mission segments prior to the occurrence of the first
failure.

The failure mode combination is tested to determine the presence or
absence of a control continuity failure condition.

If a control continuity failure condition exists, it is flagged as such for
future use in output processing.

The total pilot workload is computed for the FMC and mission segment
being analyzed. The total workload is the sum of the basic workload and
the additional increments resulting from individual failures and inter-
ference effects between certain concurrent failures.

The total workload is tested to determine if a condition of excessive
workload exists, Y WL > 1.00.

If the total workload exceeds unity, the FMC is flagged as a workload
catastrophic failure.

If the FMC has not been flagged as a control continuity or workload failure,
flagged as a noncatastrophic, successful condition.

Test the mission segment being analyzed against the final mission segment.
If the present mission segment is less than final mission segment, loop
over to the next mission segment. If mission segment is equal to final
misgion segment, proceed to Step 11.

Test the rank order number of the FMC being analyzed against the total
number of FMC's. If the present FMC identification is less than that of
the final FMC, loop over to the analysis of the next lower ordered
(probability) FMC in the ranked table. If FMC identification is equal

to final FMC proceed to Step 12.

Process the successful {noncatastrophic) and unsuccessful (catastrophic)
failure mode analysis results and arrange according to output format.

Output the tables of successful and unsuccessful FMC's in ranked order
along with a summary of total mission success and failure probabilities.

116



3. DETAILED DESCRIPTION OF PROGRAM (Bell No. 3246)
a. Input Format

The entries on the IBM 7080 FORTRAN program forms which illustrate the
program input format, are defined in the following discussion. The input format is
shown on pages 120 to124 .

Program No. 3246 consists of two parts:

{1) Part 1 ranks failure mode combinations in descending order of
probability of occurrence.

(2) Part 2 analyzes the ranked failure mode combinations generated in

Part 1.

The data described in 1, 2, and 3 is required by Part 1. The rest of the
data is required by Part 2,
(1) KP = 01, execute intermediate print-out
KP = 02, omit intermediate print-out

KDE = 01, execute Part 1 of Program No. 3246
KDE = 02, execute Parts 1 and 2 of Program No. 3246

(2) NS = number of sections in the configuration
NMS = number of mission segments

Q1 = limit imposed on individual intersections. I an intersection is
less than Q1, it is considered a trivial intersection and it is
omitted from the truth table.

@2 = limit imposed on the summation of the current nontrivial inter-
sections.
(3) TH(J) = number of hours in the mission segment J
TM(J) = number of minutes in the mission segment J
TS {J) = number of seconds in the mission segment J
IDS(I, J) = section identification number of section I during mission
segment J

FR (1, J) = failure rate (per hour) associated with section I during
mission segment J

for 1S 1 <NSand1lS J £ NMS
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(49 BPWL(J) = basic pilot workload associated with mission segment J
1< J £ NMS

(5) NPWL = number of rows in the pilot workload array

IPWL(I) = section identification number of row I of the pilot workload
array

1€ 1 £ NPWL

PWL(I, J) = pilot workload associated with the section which appears
in row I and mission segment J

1S J S NMS
(6) NDMY = number of rows in the dummy array
IDMY(I) = gection identification number of row I of the dummy
gection array
IDMY1(I) = gection identification number of section 1 associated
with IDMY(I) of the dummy section array
IDMY2(I) = gection identification number of section 2 associated

with IDMY(I) of the dummy section array
12 [ £ NDMY

() NXG2 = number of groups of 2 elements which provide an
extra pilot workload
IXG21(D) = identification number of element 1 of group I of 2
elements which provide an extra pilot workload
IXG22(D = identification number of element 2 of group I of 2
elements which provide an extra pilot workload
IXPWL{I) = identification number of the section in the pilot
workload array which provides the extra pilot workload
for the group IXG21(I) and IXG22(I)
1 £ ] S NXG2
(8) NG2 = number of 2-element groups which cause control
continuity failure
1G21{]) = identification number of element 1 of group I of the
2-element groups which cause control continuity
failure
1G22(D) = identification number of element 2 of group 1 of the
2-element groups which cause control continuity
failure
1 <1I<NG2
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(9) NAFM = number of rows per mission segment in the
catastrophic single failure mode array

IAFM(I, J) = section identification number of section I during
mission segment J

ALAMDA(I,J) = catastrophic single failure rate associated with
section 1 during mission segment J

1< 1< NAFM,1%£J £ NMS

(10) The following data NEVER have a decimal point:

KP, KDE, NS, NMS, IDS(I, J), NPWL, [PWL(I), NDMY, IDMY(D),
IDMYL(]), IDMY2(]), NXG2, IXG2L(T), IXG22(T), IXPWL(T), NG2,
1G21(1), IG22(T), NAFM, IAFM(, J).

(11) The following data ALWAYS have a decimal point:

(They are right adjusted in the field if the E notation is used,
otherwise they are left adjusted.) Q1, Q2, TH(J), TM(J), TS(J),
FR(I, J), BPWL(J), PWL(I, J), ALAMDA(L, J).

b. Program Operations

This section describes in detail the computer routine ~ defining the step
by step execution of program operations.

(1) For every section i of the system during mission segment j, calculate
Pi,j and q; J

P, j = prob (section i is a success during mission segment j)

q j = prob (section i is a failure during mission segment j)

Define P, i and q, i as follows:

_ =(A Ot
pj=e LI
= .0 -
4710 TPy
where

A i3 = given failure rate of section i during mission segment j

tj = given duration of mission segment j

l1=is NS

1S j £ NMS
NS = number of sections in the system
NMS = number of mission segments in the mission
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(2) Arrange the q, i in rank order

(3) Test every q j for triviality

fa
@1 is a given constant

< @1, then qi j is trivial

(4) Delete the trivial q, . from the list

1)

(5) Let q = nontrivial q; 3

P =Py i associated with qk

IDSk = gection identification number associated with Gy

IDMk

It

mission segment identification number assoclated with
q
k

The table of qy, pk, IDSy, and IDMk shall be referred to as the
initial probability table.

The range of k is, 1 £ k £ NQ where NQ £ (NS) (NMS)

9, = maximum probability of failure

qN Q = minimum nontrivial probability of failure

(6) Calculate Po using the initial probability table

Po = prob (0 failures occur during the mission)
N

Po=ﬁ pk

k=1
(7) Calculate all possible nontrivial P1 using the initial probability table
Pl = prob (1 section fails during the mission)
qk N
= —— P

P1
Py 4L )

k

It is assumed that any section which fails during mission segment i
remains in the failure state for the rest of the mission. Therefore,

=1.0 when 1, IDS_=1IDS
Py S ~ 1DS
2, IDM.kS IDMj
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(8)

(9)

(10)

(11)

If P1k< Q1, then Plk {s trivial

Let NQ1 = number of nontrivial P1

Arrange the nontrivial P1 in rank order (refer to page C-31 for detail
of ranking procedure).

Calculate SUM

SUM = Po + k%(-—l Pl ,NK £ NQ1

k'
Subject to the constraint SUM £ Q2, where Q2 s a given constant

Refer to the list of P1) for 1 £ k £ NK as the current ranked table.

The Pl which cause SUM t6 exceed Q2 are deleted from the ranked
table.

Refer to the probability combinations in the current ranked table

as PCy.

Calculate all possible nontrivial P2 uaing the initial probability table.
P2 = prob (2 sections fail during the mission)

q NQ

2 m 1 m £2

Py Pm n=1

P2 =

We assume that any section which fails during mission segment 1
remains in the faillure state for the rest of the mission. Therefore,

P, = 1.0 when
either IDS =1IDS and IDM_ < IDM
m n m n

or IDSL = IDSn and IDM 1_ < IDMn

Therefore, IDS g # IDS
m
If P2 { <Q1, then P2£ is trivial
Let NQ2 = number of nontrivial P2
If NQ2 = 0, steps 12-22 are not executed
Proceed to step 23
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(12)

(13)

(14)

(15)

Append the list of P2 ¢/ probabilities where
1% £s NQ2 to the current table

Arrange the currenttable in rank order.

Calculate SUM

NK
SUM =Po+ 2, PC,, NK £ old NK + NQ2
k=1

subject to the constraint SUM £ Q2, where Q2 is a given constant.

The PCy which causes SUM to exceed Q2 are deleted from the
ranked table.

At this point the possible probability combinations, PCy, are of
types P1 and P2.

Calculate all possible nontrivial P3 using the initial probability table.
P3 = prob (3 sections fail during the mission)

q NQ m#Z
P3 =_£q’_’fl. ] ngl
PpPrPy i=1 n#m

It is assumed that any section which fails during mission segment i
remains in the failure state for the rest of the mission. Therefore,

P, = 1.0 when
either IDS =1IDS. and IDM < IDM
n i n i
or IDS =1IDS, andIDM < IDM
m i m i
or IDS¢ = IDS1 and IDM)Q < IDM.1

Therefore, IDS ya # IDS
m
IDS g # msn
IDSm # IDSn

<
If p31 Q1, then P3£ is trivial

Let NQ3 = number of nontrivial P3
If NQ3 = 0, steps 16-22 are not executed.
Proceed to step 23
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(16)

(17)

(18)

(19)

Append the list of P3 E prohabilities, where
1S § £ NQ3, to the current table,

Arrange the current table in rank order.

Calculate SUM

NK
SUM =Po+ PC , NK £ old NK + NQ3
k=1
subject to the constraint SUM £ Q2, where Q2 is a given constant.

The PCk which cause SUM to exceed Q2 are deleted from the ranked
table.

At this point the possible probability combinations, PCy, are of types
P1, P2, P3
Calculate all possible nontrivial P4 using the initial probability table.

P4 = prob (4 sections fail during the mission)

19,994 N mf{ né 1
o - PpPLPP 121 Bomdm o ifm o idn

We assume that any section which fails during mission segment i
remains in the failure state for the rest of the miasion. Therefore,

pj = 1.0 when
either IDSi = IDSj and IDM1 < lil)Mj
DS =IDS, and IDM < IDM,
n j n )]
DS =IDS, and IDM < IDM
m J m }

= <
IDS/Q IDSj and IDM/E lZDlVIj

Therefore, IDS g # IDSm, IDSX # IDSn, IDSX # IDSi,
ID!Sm # IDSn, ]])Sm # IDSi, IDSn # IDSi

I P4 < Q1, then P4 is trivial

Let NQ4 = number of nontrivial P4
If NQ4 = 0, steps 20-22 are not executed. Proceed to step 23
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{20)

(21)

(22)

(23)

(24)

(25)

(26)

Append the list of P4 probabilities, where 1 £ ﬂ < NQ4, to the current
table.

Arrange the current table in rank order.

Calculate SUM
NK

SUM = Po+ 3. PC,, NK < old NK + NQ4
k=1

subject to the constraint SUM £ Q2, where Q2 is a given constant.

The PCk which cause SUM to exceed Q2 are deleted from the ranked
table.

At this point the possible probability combinations, PCy, are of types
P1, P2, P3, P4, and the final ranked table of FMC's has been
established.

Determine the element in the pilot workload array which is associated
with every dummy variable.

If there are no dummy variables associated with the system being
studied, then step 23 is not executed.

Determine the element in the pilot workload array which is associated
with every group of 2 elements which give an extra pilot workload
when both elements fail during a mission.

If there are no groups of 2 elements which give an extra pilot
workload, then step 24 is not executed.

Prepare a list of groups of 2 elements which cause continuity failure.

If there are no groups of 2 elements which cause continuity failure in
the system being studied, then step 25 is not executed.

For every section i of the system which is considered a catastrophic
single failure mode during mission segment j, calculate p;‘j and q"‘i i

¥

p;‘j = prob (section i is a success during mission segment j)

q’ikj = prob (section i is a failure during mission segment j)

Define p’i"j and q;‘j as follows:

(N ) (L,
p,ikae()\ 1'1)(1)
* =1.0 - p*
qi,i ' ®1,1
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Where

)\*i,, = given failure rate of section i during mission segment j
tj = given duration of mission segment j

1€ i £ NAFM

1< j £NMS

NAFM = number of catastrophic single failure modes

NMS = number of mission segments

(2T) Calculate RF, the reliability factor for the system

NMS  NAFM
RF= Il ( o p*, )
j=1 i=1 J

(28) Arrange the q’i"j in rank order.
If NAFM = 0, steps 26-28 are not executed and RF = 1.0
Analyze each entry of the final ranked table to determine whether the
probability combination would result in a successful or a catastrophic mission.

There are two conditions which result in a catastrophe. They are:

(1) Control continuity failure

(2) Excessive pilot workload

(29) Determine whether entry k of the final ranked table would result in a
control continuity failure.

Procedure -

NG2 = number of groups of 2 elements which cause control
continuity failure. Each group is unique

(IGZI),1 = identification number of element 1 of a group of 2 elements

which cause control continuity failure

(IG‘r22)i = jdentification number of element 2 of a group of 2 elements
which cause control continuity failure

1< i £ NG2

NG2, the array IG21 and the array IG22 are input to the program.

Let NEL = number of elements in entry k
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(30

(31)

(32)

If NEL = 1, entry k cannot result in a control continuity failure
and the rest of the section is not executed

If NEL > 1, proceed with the rest of the testing

Compare entry k with every combination IG?..li and 1G22; for
1€ i< NG2

If entry k includes any group of 2 elements 1G21; and IG22;, then entry
k will cause a control continuity failure,

If entry k is a continuity failure, record this fact.

If entry k causes a control continuity failure, enter the data associated
with entry k in the control continuity failure table.

Determine the total pilot workload for each mission segment j for entry
k of the final ranked table.

Total pilot workload = A + B+ C + D for mission segment j

Where,

A = basic pilot workload for mission segment j

B = pilot workload required to compensate for the failure of the
sections involved in the probability combination associated with
entry k

C = pilot workload created by the dummy variables associated with
entry k

D = extra pilot workload created by the failure of certain combinations
of sections which may appear in entry k

Determine whether entry k of the final ranked table causes a pilot
workload failure.

Let TPWLJ- = fotal pilot workload for entry k

If any TPWL, S 0.995, then entry k of the final ranked table causes a
pilot worklozgd failure.

If entry k causes a pilot workload failure, enter the data associated with
entry k in the pilot workload failure table and proceed to analyze the
next entry in the final ranked table.

If entry k results in a successful mission, then enter the data
associated with entry k in the noncatastrophic outcomes table and
proceed to analyze the next entry in the final ranked table.
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(33) After the entire final ranked table has been analyzed, output
1, Table of noncatastrophic cutcomes
2. Table of pilot workload failures

3. Table of control continuity failures

(34) Summarize the results of the analysis of the final ranked table.
1. Calculate the total probability of success

2. Calculate the probability of failure due to control continuity
failure

3. Calculate the probability of failure due to excessive pilot
workload

4. Calculate the total probability of failure
5. Calculate the probability of successful mission accomplishment
Probability of total success Reliability of

Successful Mission= robabilit X | Catastrophic Single
Accomplishment P y Failure Modes

Procedure for the Arrangement of P's in Rank Order -~
Applies to Steps 8, 13, 17, and 21

The arrangement of an array of qj in rank order when every q; has an
associated YL Y240+ v o v v o YRijs »oveveeens Ynj (n £ 4 in the present program).

let1 £ k £ NQ

1. N2=NQ -1 NQ = number of nontrivial P's in the current table

2, SetI=0
3, I=1+1
4

D=1 ID = numberical ident. of BIGQ, where
BIGQ = Q(I) BIGQ = currently largest identified P in the
N1=I+1 partially ranked table

5. J=N1-1
6. J=J+1
7. Test [BIGQ - Q(J)]

If BIGQ - Q(J) < 0,goto8
If BIGQ - QJ) 2 0,g0t0 9

8. ID=J
BIGQ = Q(J)
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9, Testd = NQ

If J#NQ, gotoé
I J =NQ, go to 10

10, TestID=1

If ID # I, go to 11
If ID = I, go to 12

11, Interchange
Q() and QD)
y,(D and y, (ID)

% (D and , (ID)

yn(l) and yn(ID)

12, TestI=N2

IfI#N2, goto3
If I = N2, we have arranged the array of q, in rank order

4, PROGRAM PRINT OUT

Tables X and XJ illustrate the print format for the data input to the No. 3246
program. It is desirable to include this data in the program print out to provide a
check against possible input errors.

The top two lines of Table X contain general information describing the
particular computer run.

The main body of Table X consists of a listing of the sections entered into the
program (individual potentially catastrophic failure modes) and their respective
failure rates (per hour) for the specified mission segment. The failure mode
reliabilities (P) and probabilities of failure (Q) computed in the program on the basis
of the mission segment duration are also listed.

Similar listings are printed for each mission segment.

The print format for catastrophic single failure modes, failure rates,
reliabilities and probabilities of failure is similar to Table X.
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Table XI indicates failed element workload increments per mission segment.
The basic (no failure) workloads for each mission segment are listed across the

bottom of the table.

Other input data such as pilot workload dummy arrays, workload interference
combinations, and control continuity failure groups are also printed out.

Tables XII through XV illustrate the print format for the No. 3246 program
output.

Table XII shows the nontrivial failure mode combinations arranged in descend-
ing order of probability. IDS's identify the individual failure modes and IDM's identify
the mission segment in which the related failure is first present. PC {s the prob-
ability of occurrence of the specified failure mode combination. Ailthough this
example shows only the 38 largest failure mode combinations in terms of probability
of occurrence, the table includes all those FMC's determined by the program to be
nontrivial.

Table XHI lists those failure mode combinations ~ in descending order of prob-
ability - which do not result in loss of the vehicle due either to lack of control con-.
tinuity or excessive pilot workload. Columns 2 through 5 identify the individual
failure modes, and their respective mission segments of occurrence. Column 6
ligts the probabilities of occurrence of the failure mode combinations. The last five
columne list the total pilot workloads in each mission segment.( )

Table XIV lists those failure mode combinations resulting in catastrophic out-
comes as a consequence of excessive pilot workload. This table i8 identical in
format to Table XIII.

The failure mode combinations resulting in catastrophic outcomes as a con-
sequence of loss of control continuity are listed in a format similar to Tables XIII
and XTIV with one change. A column has been added for the identification of the
miasion segment in which the control continuity failure occurs.

Table XV summarizes the results of the analysis of mission success probability.
The summations of the successful (noncatastrophic) probabilities, failure (catastrophic)
probabilities, and trivial probabilities are given. The probability of successful mis-
sion accomplishment - defined as the product of the total succeas probability and the
reliability of the catastrophic single failure modes - is listed as the final entry in the
program output.

i
amn The pilot workloads for the noncatastrophic outcomes have been included in the

print format as providing potentially valuable supporting information in the
evaluation of pilot-controller systems performance.
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_ APPENDIX IV
PILOT WORK LOAD MEASUREMENT TECHNIQUES

GENERAL

Work load may be defined as that portion of a subject's normal working capacity
required in the performance of an assigned task, The measurement of pilot work
loads under normal vehicle operating conditions as well as under emergency (systems
failure) conditions constitutes an essential element in the PCI technique. The most
generally accepted approach to the measurement of work loads involves an auxiliary
task to be performed concurrently with the primary task under evaluation. The effort
devoted to this auxiliary task then is a measure of the subject's work capacity in
excess of that required by the primary task.

Requirements for an auxiliary work load measurement task are as follows:

{a) I should be self-pacing; i.e., it should be able to absorb as much (or as
little) of the pilot's effort as he is able to devote to it.

(b) It should have a minimal disruptive influence on the performance of the
primary task,

{c) It should be basically simple in nature, and should require very little
learning.

(d) Assuming the simulation to be a part task analysis, consideration should
be given to structuring of the auxiliary work lead task to simulate the
nature of actual flight secondary tasks.

{e) It should permif convenient and accurate measurement of the amount of
pilot effort devoted to it.

The auxiliary work load task developed for the X-22A simulation studies re -
quired the pilot to set to zero a two-state (positive or negative) discrete value sig-
nal. A block diagram of this auxiliary task measurement unit is shown in Figure 19
and the simulator mechanization is shown in Figure 34. The error between the dis -
crete command signal and the pilot response was displayed on a four -inch vertical
meter installed directly to the right of the main instrument panel as shown in Fig-
ure 20, This display was located as close as practical to the primary flight instru-
ments in order to minimize the shift in the pilot's normal scan pattern and hence
exercise a minimum disruptive influence on primary task performance.

As both of the X -22A pilots hands are continually occupied in the primary
flight control task throughout vertical flight and transition{18), a means of response
to the auxiliary work load task had to be defined which would not conflict with the
above commitment. A three-position rocker switch, mounted in the front of the
control stick grip, was evaluated and found adequate for this function.

{18)Right hand on attitude control stick; left hand on throttles.
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Operation of the auxiliary work load unit is as follows:

(1) A randomly selected plus or minus error is displayed on the meter.

(2) Upon recognition of the error state, the pilot depresses the rocker switch
on the corresponding side (top or bottom). This instantaneously drives the
error to zero (center of the meter) where it is held until the switch is
released.

{3) Immediately upon switch release, a new random error is displayed which
is held until the pilot again operates the response switch.

(4) Should the pilot actuate the switch in the wrong direction, he is immedi-
ately made aware of the situation as the amplitude of the error is doubled.

The unit as defined will cycle as rapidly as commanded by the pilot.

The pilot's performance is automatically recorded continuously throughout
each run by the monitoring of four parameters. The outputs of comparators M4J
and M4K (Figure 34) indicate each pilot response (switch operation) and each correct
pilot response, respectively.

For each pilot response, the timed pulse generated on the arm of comparator
M4J is integrated through amplifier 40. The output of amplifier 40 indicates the total
number of pulses, For convenience in data reduction, the output of amplifier 40 is
divided by time to generate pulse rate per minute on the output of amplifier 41 which
is then recorded. The circuitry including comparator M4K and amplifiers 45 and 44
is setup to process the number of correct pilot response pulses in a similar manner.

The reference base for work load scoring is determined for each pilot at the
beginning of each run periocd by having the subject operate the measurement unit as
rapidly as possible for a one to two-minute period in the absence of the primary task
(no load condition). After a fair amount of practice, the reference hase stabilized
between 80 to 90 pulses per minute for each pilot, The measured work load for a given
simulated flight is determined by dividing the run response (pulse) rate per minute by
the base reference (no load) response rate, and subtracting the dividend from one;
i.e.,

_ Pulses per minute for simulated flight

M Work Load =
easure work Loa 1 Pulses per minute base reference

In scaning the work loads, the incorrect responses were taken into account
by introducing into the numerator of the above equation the average of the total
pulse rate and the correct pulse rate.

If the pulse rate varies significantly during a run, that condition should be
rerun, and the integrators should be allowed to operate only during that portion the
simulated flight where the output of comparator M4J has indicated the pulse rate to
be lowest (highest work load). This technique will result in the recording of the
peak work load with minimum bias,

142



AFFDL-TR -65 -200

The auxiliary task described above was the second scheme which was evaluated
for use with the X ~22A simulation program. The first scheme, which is briefly
described below, did not satisfy the requirements for an acceptable work load

measurement unit,
The first work load measurement scheme called upon the pilot to:

(1) Monitor the difference between a randomly changing function and the pilot
response function displayed on the four-inch vertical meter mounted on the-

instrument panel.

(2) As the primary task permitted, the pilot attempted to keep the excursions of
the random function nulled out through bi-directional operation of the stick
grip rocker switch mechanized to provide a hi-gain rate response signal.

(3) Work load measure was based on'the ratio of the integrated error signal
to the integrated value of the random tracking function.

After a period of evaluation, it became apparent that this task as basically de -
fined did not satisfy the requirements for an acceptable work load measurement unit.

One deficiency in the operation of this unit was that the loading imposed on the pilot
by the random function was not constant, but was time varient over a considerable
range. This resulted in some degree of interference with the primary flight task.
Also, for the short duration of the simulation runs (90 to 180 seconds), it was not
possible to adequately calibrate the unit as a result of time varient shifts in the base

reference.
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