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'FOREWORD

This document constitutes the final report of the Current Technology ACT Control
System Definition and the Advanced Technology ACT Control System Definition Tasks of
the Integrated Application of Active Controls (IAAC) Technology to an Advanced Subsonic
Transport Project. The report covers work performed from July 1978 through October
1980 under Contracts NAS1-14742 and NAS1-15325.

Volume I contains the principal results of the study, and supplementary technical data are

contained in Volume II.

The NASA Technical Monitors for these contract tasks were R. V. Hood and D. B.
Middleton of the Energy Efficient Transport Project Office at Langley Research Center.

The work was accomplished within the Preliminary Design and the Engineering Technology
Departments of the Vice President-Engineering organization of the Boeing Commercial

Airplane Company. Key contractor personnel who contributed were:

G. W. Hanks Program Manager

H. A. Shomber IAAC Project Manager

H. A. Dethman Design Integration

L. B. Gratzer Technology Integration

A. Maeshiro Task Manager (Current Technology ACT
_ Control System Definition)

D. Gangsaas Task Manager (Advanced Technology

ACT Control System Definition)

J. D. Blight Flight Controls Technology

S. M. Buchan Flight Controls Technology

C. B. Crumb Flight Control Design

R. J. Dorwart Product Assurance

C. C. Flora Flight Controls Technology

U. Ly Flight Controls Technology

K. A. B. Macdonald Product Assurance

D. C. Norman Flight Controls Technology



E. T. Reiquam
J. Shen

R. D. Smith
T. D. Verrill

T. B. Cunningham
J. C. Larson
E. R. Rang

R. K. Mason
O. A. Walkes

Systems Technology

Flight Controls Technology
Flight Control Design
Flight Control Design

Honeywell Systems and Research Center
Honeywell Avionics Division

Honeywell Systems and Research Center

Hydraulic Research Textron

Hydraulic Research Textron

During this study, principal measurements and calculations were made in U.S. customary

units and were converted to Standard International units for this document.

Use of trade names or names of manufacturers in this report does not constitute an

official endorsement of such products or manufacturers, either expressed or implied, by

the National Aeronautics and Space Administration.
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1.0 SUMMARY

This report documents both the Current and Advanced Active Controls Technology (ACT)
System Definition Tasks of the Integrated Application of Active Controls (IAAC)

Technology to an Advanced Subsonic Transport Project.

The first part of the report discusses development of an ACT system architecture, based
on current technology system elements, that best meets the reliability and availability
requirements. The balance of the report discusses use of optimal control theory for
analysis and synthesis of the ACT multivariable control laws and the implementation of
the same ACT functions as the current technology work with advanced system

components.
The objectives of the Current Technology ACT System design were to:

® Define a highly reliable, low technical risk ACT control system for the IAAC

airplane configurations using current technology

® Support assessment of the benefit associated with the ACT airplane by evaluating

reliability, cost, and weight of the current technology system
® Identify technical risk areas and recommend system development and testing

The system architecture work addressed implementation of all potentially beneficial ACT
functions, not just those employed on a particular airplane configuration. The approach of
the current technology work was to define and evaluate two extreme system architecture
forms, then define a "Selected System" that used the best features of extreme forms. The
principal differences among these systems are the number and organization of the digital
computers. The Selected System employs three redundant computers to implement all of
the ACT functions, four redundant smaller computers to implement the crucial pitch-
augmented stability function, and a separate maintenance and display computer. The
reliability objective of probability of crucial function failure of less than | x 10—9 per
flight of 1 hr can be met with current technology system components, if the software is
assumed fault free and coverage approaching 1.0 can be provided. There is no generally

accepted method to prove the software to be error free. However, a disciplined approach



beginning with functional analysis and proceeding through requirements, design, coding,
verification, validation, exhaustive testing, configuration control, and documentation has
been shown, on space and aircraft programs, to be both essential and effective in

producing highly reliable real-time control software.

The objectives of the Advanced Technology ACT System design were to:

Y Synthesize the multivariable ACT control laws directly, using time-domain optimal

control theory

) Evaluate the effects of actuation system nonlinearities on gust-load alleviation and

flutter-mode control

® Determine an ACT control system architecture based on advanced technology (circa
1990)

The optimal control theory approach to ACT control law synthesis yielded comparable
control law performance much more systematically and directly than the classical
s-domain approach. The ACT control law performance, although somewhat degraded by
the inclusion of representative nonlinearities, remained quite effective. Certain high-
frequency gust-load alleviation functions may require increased surface rate capability.
Finally, the use of advanced computers with bus architecture (both potentially available

circa 1990) has the promise of significant savings in airplane weight and first cost.




@

2.0 INTRODUCTION

The Integrated Application of Active Controls (IAAC) Technology to an Advanced
Subsonic Transport Project has three major objectives. The first objective is the credible

assessment of the benefit to a commercial jet transport airplane of the full application of
active controls designed into the airplane from the beginning of the airplane program.
The second objective is identification of the risks associated with the use of Active
Controls Technology (ACT). The third objective is reduction of these risks to a level
commensurate with commercial practice, through test and evaluation, to the degree

possible within funding limitations.

This project, a part of the NASA-Boeing Energy Efficient Transport (EET) Program, has
been organized into three major elements as shown at the top of Figure 1. The first major
element, as shown in the figure, includes establishment of the design criteria appropriate
for an ACT airplane, design of an ACT airplane configuration to meet the selected
criteria, design of an ACT control system based upon current technology, and selection
and evaluation of a Final ACT Configuration. In parallel with these tasks, the Advanced
Technology ACT Control System element included exploration of more direct control law
synthesis methods and alternative means of implementing the ACT functions using
advanced technology, as shown in Figure 2. The final major element of the IAAC Project
will address the reduction of risk associated with implementation of ACT on a commercial
transport through test and evaluation activities. Figure 3 shows this final element. A

more detailed discussion of the IAAC Project Plan is contained in Reference 1.

This report covers those parts of the IAAC Project shown shaded in Figures 1 and 2. The
Current Technology Task is discussed in Sections 4.0 through 9.0. The Advanced
Technology Task is discussed in Sections 10.0 through 14.0.

Results of the Configuration/ACT System Design and Evaluation Tasks to date have shown
that when ACT is integrated early into the design of a transport aircraft, significant fuel
savings can be realized. It was pre;/i'ously reported (ref 2) under this project that 6% to
6.5% block fuel savings could be obtained with ACT at the design range of about 3700 km
(2000 nmi) compared to the performance of a Conventional Baseline Airplane (ref 3) with
the same wing planform (aspect ratio 8.7). When this wing was retailored (to aspect ratio

12.0 with unchanged area), the fuel savings increased to about 10%, accompanied by
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increased estimated manufacturing costs (ref 4). These benefits are all based on current
technology ACT system implementation such as that discussed in Sections 4.0 through 9.0

of this document.

@
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The Current Technology ACT System Definition work proceeded under the important
constraint of using only currently available control system technology. There was to be
no dependence upon technological features that have not been demonstrated as feasible.
The approach to the current technology system definition has been to perform a
preliminary design of an ACT system that can provide all of the considered functions with
appropriate reliability. The configuration definition started with two extreme
architectural forms chosen to represent the apparent limits of system organization—first,
with the functions integrated into one set of computers and, second, with the functions
segregated into separate computer sets. This was followed with comparative evaluation
of those two systems and the use of that comparison to derive the basic form of the

Selected System. This third system was then evaluated in the same fashion as the other
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two systems. In parallel, the feasibility of certain key assumptions was checked in
computer laboratory work, simulating the digital control computers in single-channel and

redundant hookups.

The advanced technology work reported in this document focused on two areas: the use of
modern optimal control law synthesis techniques and an alternative implementation of the
same ACT functions treated in the Current Technology ACT System Definition Task. The
results of the optimal synthesis work are compared with that of the classical s-domain
work done in support of the Configuration/ACT System Design and Evaluation element.
The alternative ACT function implementation identified three approaches using varying
degrees of technical readiness; these approaches are characterized as having low,
medium, and high technical risk associated with a circa 1990 implementation. A
derivative of the medium-risk system was selected for further evaluation and cost-of-

ownership analysis.



This document is the complete report on IAAC control systems. Volume I covers the
. current and advanced technology system work accomplished to date. Volume Il contains

appendices to the material of Volume 1.



3.0 SYMBOLS AND ABBREVIATIONS

This section contains five subsections: General Abbreviations, Subscripts, Superscripts,
Operators, and Symbols. Each subsection is arranged in alphabetical order. For ease of
reference, Subsection 3.2 is further divided into two parts—velocity and Mach number

subscripts (3.2.1) and general subscripts (3.2.2).

3.1 GENERAL ABBREVIATIONS

ac alternating current

app appendix

ai’bi’ control law transfer function parameters
Ci’di’ control law transfer function parameters
P; control law transfer function parameters
A ampere; piston area; system state matrix
AAL angle-of-attack limiter

AB address bus

ACES airline cost-estimating system (program)
ACT Active Controls Technology

A/D analog to digital

AEC Atomic Energy Commission

AFCS automatic flight control system

Ah ampere-hour

AIL aileron

ALU arithmetic logic unit

AP autopilot

APB auxiliary power breaker

APD avalanche photodiodes

APFDC autopilot flight director computer



APU auxiliary power unit

AR analog reversion

ARCS Airborne Advanced Reconfigurable Computer System

ARINC Aeronautical Radio Incorporated

ASYM asymmetry detection electronics

ATDP air-turbine-driven pump

ATE automatic test equipment

Aa airplane state matrix

AU actuator state matrix

AW wind state matrix

AO steady aerodynamic stiffness matrix

RO steady aerodynz;mic stiffness matrix associated with control
surface deflection

AI’AZ unsteady aerodynamic stiffness matrix

17\1,-,&2 unsteady aerod)_/namic stiffness matrix associated with control
surface deflection

bps bits per second

brkr breaker

bi unsteady aerodynamic lag coefficients

B control input distribution matrix

B’ transformed control distribution matrix

BIT built-in test

BTB bus tie breaker

BPCU bus power control unit

Ba airplane control distribution matrix

Bi bending moment at the ith station

Bu actuator input distribution matrix

10



B wind input distribution matrix

w
Bl input to system matrix for full-state feedback system
B2 command to input matrix for full-state feedback system
c characteristic chord length

cg center of gravity

cm centimeter

c mean aerodynamic chord

< Kussner scaling coefficients

C Celsius; state to output distribution matrix

C’ transformed state to output distribution matrix

CARE computer-aided reliability estimates

CARSRA computer-aided redundant system reliability analysis
CAS control augmentation system

CB circuit breaker

CCDL cross-channel data link

CCDT cross-channel data transfer

CDC Control Data Corporation

CLB climb

CLP control law processor

CMOS/SOS complementary metal-oxide semiconductor/silicone on sapphire
CONT continuous

CPU central processing unit

CQ servovalve spool gain

CRT cathode-ray tube

CRZ cruise

CSEU control system electronic unit

11



CSuU computer service unit

Cv control valve

CWS control wheel steering

CY calendar year

Ca airplane output distribution matrix

Cd plant process noise covariance matrix

(-Id fictitious input noise covariance matrix

Cp state to performance output distribution matrix

Cu actuator output distribution matrix

Cv measurement noise covariance matrix

Cw state to wind output distribution matrix

Co quasi-steady aerodynamic stiffness matrix

EO quasi-steady aerodynamic stiffness matrix associated with
control surface deflection

C1 quasi-steady aerodynamic damping matrix

El quasi-steady ae}‘odynamic damping matrix associated with control
surface deflection

e controllability matrix

d plant disturbance vector; control law transfer function

. denominator

d fictitious input noise

dB decibel

dc direct current

deg degree

di Kussner lag coefficients

D control to output distribution matrix; drag

D/A digital to analoé

DADC digital air data computer

12



DAST
DC
DITS
DMA
DN

DRO

EASY
EDP
EET
EHV
ELEV
EM
EMA
EMI
EMP
E(p)

EPC

fig.

ft

drone for aerodynamic and structural testing
don't care

digital information transfer system

direct memory access

down

design requirements and objectives

unsteady aerodynamic matrices to model lift growth effects
associated with rigid and elastic modes

unsteady aerodynamic matrices to model lift growth effects
associated with control surfaces

direct transmission matrix from wind to output

base for Napierian logarithms; system state estimate error

process noise distribution matrix; exponent; wind to output
distribution matrix

environmental control analysis system
engine-driven pump

Energy Efficient Transport (Program)
electrohydraulic valve

elevator

electric motor

electromechanical actuator
electromagnetic interference
electric-motor-driven pump; electromagnetic pulse
fit error function

external power contactor

longitudinal correlation function
figure

feet

13



FAA
FAR
FBW
FCC
FD

FH

FMC

FMEA
FO

FTAP
FTMP

FTREE

g-dump

gal

gen

GCB
GCU
GG
GLA
GMPS
GPIB

GPM

Fahrenheit; FMC; force; measurement noise distribution matrix
Federal Aviation Administration
Federal Aviation Regulations

fly by wire |

flight control computer

failure detection

flight hour

flutter-mode control

failure mode and effect analysis
fiber optic

fault tree analysis program
fault-tolerant multiple processor
fault tree computer program

acceleration due to gravity; structural damping coefficient for
neutral stability; transverse correlation function

normal acceleration autopilot disconnect
unsteady aerodynamic lag coefficients
gallon

generator

feed forward gain; feedback gain matrix
generator circuit breaker

generator control unit

device type identifier

gust-load alleviation

general-purpose multiplex system
general-purpose interface bus

gallons per minute

14




GPS

G(s)

hr

HDC
HDP
HMOS
HPU

in

1ps

IAAC

IAP
IAS
IB

IC
IDG
IEEE
ILD
ILS
INBD
INOP
INS

1/0

global positioning system
transfer function

constants associated with representation of unsteady
aerodynamic forces

hour

feedback gain; Hamiltonian

device type identifier

device type identifier

high-performance metal-oxide semiconductor
hydraulic power unit

hertz

inch

inches per second

identity matrix; input

Integrated Application of Active Controls Technology to an
Advanced Subsonic Transport Project

integrated actuator package
indicated airspeed

input bus

integrated circuit
integrated drive generator
Institute of Electrical and Electronics Engineers
injection laser diodes
instrument landing system
inboard

inoperable

inertial navigation system

input/output

15



10C input/output controller

IRS inertial reference system

ISO International Standards Organization

IZL integrated injection logic

IA’IB’IC input current

J cost function

JPL Jet Propulsion Laboratory

kg kilogram

km kilometer

kn knot

kPa kilopascal

kVA kilovoltampere

kW kilowatt

ki gain at the ith control input

K counter value; gain; gain matrix; state estimate error
covariance matrix; thousand

KA amplifier gain; angle-of-attack gain

KAM model amplifier gain

KC servovalve monitor gain

KD demodulator gain

KE elevator gain

KF flutter-mode control gain

KFB feedback transducer gain

KG gust-load alleviation gain

KL feedback gain; lever ratio

KM maneuver gain

KMA maneuver-load control aileron gain

16



KME
K ops
KQ
KSv
KSVM
KTD
KU

SS

Ky/30)

Ky/30)

ib
Ibf
Ib/in

lb/in2

LAS
LAT
LE
LED
LIA
LIF
LOAI
LOAO

LOF

maneuver-load control elevator gain

thousand operations per second

pitch-rate gain

servovalve gain

model servovalve gain

transducer gain

speed gain

filter gain

steady-state solution to matrix Riccati equation
modified Bessel functions of the second kind of order 1/3
modified Bessel functions of the second kind of order 2/3
pitch angle scaling constant

pound

pound-force

pounds per inch

pounds per square inch

dynamic load vector; length; lift; transverse turbulence
scale length

lateral/directional-augmented stability
lateral

leading edge; left elevator
light-emitting diode

left inboard aileron

left inboard flaperon

left outboard aileron, inboard

left outboard aileron, outboard

left outboard flaperon

17



| LR
LRU
LSI
LSIC

LVDT

V,W

b ©» - -

mA

max

min

MARG

MCU

MCV

MEL

MG

MHD

MLC

MMU

lower rudder

line replaceable unit

large-scale integration

large-scale integrated circuit

linear variable differential transformer

three-component vector of L consisting of shear, bending moment,
and torsion of the ith station

longitudinal turbulence scale length
transverse turbulence scale lengths

liter

Laplace transform

meter

milliampere

maximum

minute

millimeter

millisecond

microsecond

feedforward gain matrix; Mach; mega; motor
marginal, one failure away from function loss
modular control unit (ARINC dimension specification)
main control valve

minimum equipment list

main gear

magnetohydrodynamic

maneuver-load control

memory management unit

18




MOS
M/R
MTBF
MUX
MVL

NAV
NDP
NG
NMR

No.

ops

oz

metal-oxide semiconductor

maximum range to its resolution

mean time between failures

multiplexer

midvalue logic

megawatt

maximum zero fuel weight plus fuel (including full reserve tanks)
dimensional variation of pitching moment with pitching rate
dimensional variation of pitching moment with speed
dimensional variation of pitching moment with angle of attack
dimensional variation of pitching moment with angle-of-attack rate
dimensional variation of pitching moment with elevator angle
nautical mile

nanosecond

Markov transition rate, stage n between states m and p
control law transfer function numerators

vertical acceleration

dummy vector; newton; ultimate normal load factor
navigation (mode)

numerical data processor -

nose gear

nuclear magnetic resonance

number .

speed of the No. 1 rotor

operations per second

ounce

body axis coordinates
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o inertial axis coordinates

O output

OAI outboard aileron (inboard section)
OB output bus

OEM original equipment manufacture
OMP output monitor processor

OuUTBD outboard

¢ observability matrix

p,’p\ Lagrange's multiplier

psi pounds per square inch

pwr power |

P inertial-to-body transformation matrix; probability; pump
Pa pascal

PAS pitch-augmented stability

PBW power by wire

PCU power control unit

PCM power conditioning module

PF pump and filter

PIN p-layer intrinsic n-layer

PLIM nonlinear actuator position limit
PM permanent magnet

PROM programmable read-only memory
P/S parallel/serial

PSD power spectral density

PR pressure, return

PS pressure, supply

Pl hydraulic supply pressure, hydraulic system 1
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P, hydraulic supply pressure, hydraulic system 2

q dynamic pressure; perturbation value of pitch rate; rigid
and flexible modal coordinates

51 rigid and flexible mode rates

q rigid and flexible mode accelerations

ﬁi unsteady aerodynamic states associated with q
Q pitch rate

QA device type identifier

QSAE quasi-static aeroelastic

QQ,Q, cost weighting matrices for performance variables
r yaw rate

rad radian

ref reference

rms root mean square

r ith gust input reference coordinate vector

R cost weighting matrix for control inputs; receiver
RADC Rome Air Development Center

RAM random-access memory

RAT ram air turbine

RE right elevator

RIA right outboard aileron

RIF right inboard flaperon

RLIM nonlinear rate limit

ROAD right outboard aileron, outboard

ROAI right outboard aileron, inboard

ROF right outboard flaperon

ROI return on investment
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ROM read-only memory

RPS rotor position sensor

RT remote terminal

RTS real-time counter

Ri unsteady aerodynamic force matrix associated with wind
disturbance

Rij cross-correlation function between gust states i and j

ﬁij Laplace transform of Rij

Rx’Ry’Rz rotations about x, y, z axes

RO steady aerodynamic force matrix associated with wind disturbance

Rl hydraulic return pressure, system 1

RZ hydraulic return pressure, system 2

R(7) cross-correlation matrix with time lag

S Laplace variable; second (same as sec)

sec second (same as s)

subsec subsection

S Kalman filter gain matrix; standby

SAS stability augmentation system

S/C short circuit

SDEU servodrive electronics unit

S/H sample and hold

SIFT software-implemented fault tolerance

SKC Singer-Kearfott Corporation

S/P serial/parallel

SRI Stanford Research Institute

SS signal selection

SSFD signal selection and failure detection
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SVDED dead band

SYNC synchronization

S.l shear force at the ith station

1 time limit; time setting; time variable

t £ final time

t ith column of the transformation matrix T

to initial time

T cycle time; sampling period; similarity transformation matrix;

threshold; transistor

D Teledyne

TE trailing edge

T/O takeoff

T-R transformer-rectifier

TRU transformer-rectifier unit

TTL transistor-transistor logic

TX/RCV transmitter-receiver

‘['i torsion at the ith station

Tu control effectiveness scaling matrix

Tx’Ty’Tz translations along x, y, z directions

u incremental value of forward-speed component; control input
vector

U*,l,J\* optimal control solutions

u. control input command

ug longitudinal turbulence (output of Dryden model)

Uy white noise process for longitudinal turbulence (input to
Dryden model)

UART universal asynchronous receiver/transmitter

UPI device type identifier
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UR
USART
UTIL-1,-2
U,V,W

\'%

V.
1

V..
1)

Viili

VA
V ac

VC

V dc
VFB
VHSIC
VLSI
VLSIC
V/N
VOR
VPB
VPC
\7A%
VWRS

VYRO

vbias

upper rudder

universal synchronous/asynchronous receiver/transmitter
utility bus

positive integer

measurement noise vector

ith system eigenvector

cross-variance between the ith and jth output variables
variance of jth output response to ith control input

steady-state airspeed; true airspeed; variable displacement;
velocity; volt

volt-ampere
volt alternating current

actuator position command voltage; voltage, common; volts,
command

volt direct current

volts, feedback

very-high-speed integrated circuits
very-large-scale integrated
very-large-scale integrated circuit
volts per Newton
very-high-frequency omnidirectional radio range
volts, pitch, channel B

volts, pitch, channel C

verification and validation
vibrating wire rate sensor
pitch-rate sensor (trade name)

bias voltage of channel A
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biasB
biasC
VaVpVe
W, Wg

wps

XAH
XBIAS

XDED

bias voltage of channel B

bias voltage of channel C
voltage of channels A, B, C
forward velocity

wind input vector

words per second

white noise wind input
transverse turbulence (output of Dryden model)
unsteady gust states
vertical-speed component; watt
wing-load alleviation

white noise process for transverse turbulence (input to Dryden
model)

system state estimate vector; system state vector
estimated state vector

airplane state vector

initial state vector

actuator state vector

wind state vector

state vector, body-fixed axis coordinates

state vector, moving-inertial axis coordinates
index

actuator displacement

null bias

feedback dead band

dimensional variation of X force with pitch rate

dimensional variation of X force with speed
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<>

=<

intermediate state variable for transverse turbulence in Dryden

model

dimensional variation of X force with angle of attack
dimensional variation of X force with elevator angle
state vector for standard controllable form

state covariance matrix

covariance matrix for x(t)

initial state covariance matrix

output; output positions; output vector

output rates

output accelerations

estimated sensor output vector

component of y

output covariance matrix

covariance matrix for y(t)

system modal vector

vertical velocity

unsteady aerodynamic states associated with z

Z transform variable; modal response covariance matrix
vertical acceleration at body station 922.7 (cg)
dimensional variation of Z force with pitch rate
dimensional variation of Z force with speed

dimensional variation of Z force with angle of attack

dimensional variation of Z force with angle-of-attack rate

dimensional variation of Z force with elevator angle
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3.2.1

MO

3.2.2

cg
com

COL

max

MU

OAI

OAO

3.2 SUBSCRIPTS

Subscripts Related to Velocity V or Mach Number M

gust penetration
dive
equivalent airspeed

maximum operating

General Subscripts

airplane model

aileron; amplifier

command inputs

(at) center of gravity

command

control column

demodulator

elevator

final time

feedback

gust model state

initial time

implicit or explicit model
maximum of

minimum unstick speed condition
white noise

outboard aileron (inboard section)

outboard aileron (outboard section)
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ss
SCS
SM
SV
SW

UcCs
UM

uw

Det(-)
E(-)
exp(-)
Im(-)
Re(-)

sgn(-)

reduced-order model
steady-state value of

steady aero control surfaces
steady aero model

servovalve

steady aero wind gusts
control actuator mode!
unsteady aero control surfaces
unsteady aero model

unsteady aero wind gusts

gust model

3.3 SUPERSCRIPTS

transpose of

inverse of

auxiliary variable; Kalman filter estimated quantity
auxiliary variable

auxiliary variable

3.4 OPERATORS

determinant of
expected value of
exponential function
imaginary part of
real part of

signum or sign function
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8(-) impulse function

derivative with respect to time or rate of change (superscript)

. acceleration or second derivative with respect to time
(superscript)
3.5 SYMBOLS
0 zero matrix
63 centerline
o angle of attack; prescribed degree of stability
Oy difference between airplane angle of attack with respect to the

air and ideal model angle of attack

B sideslip angle
r disturbance distribution matrix, gamma function
T, I;l gust distribution matrix
6 control surface command; control surface vector
5 steady aerodynamic states associated with 6
BA commanded aileron angle
GA outboard aileron command
b ‘ column angle; control column deflection
ac. ith control surface command
i
8 commanded elevator angle
SE' intermediate state variable elevator actuator
SE elevator deﬂeétion command
5, ‘ ith control surface position
51 ‘ith control surface rate
51 ith control surface acceleration
Skl Kronecker delta
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AP

change in quantity

difference in pressure

state estimate error vector

damping ratio

fraction of semispan (2 y/b)

incremental pitch angle; input matrix in modal coordinates
(discrete time); pitch attitude; pitch-rate sensor output;
surface angular position

phase at the ith control input

unsteady aerodynamic states associated with ]
failure rate

ith system eigenvalue

diagonal or block_diagonal state matrix

micro

spatial separation vector

flexible mode displacements

mean rms turbulence intensity

discrete gust intensity

real part of the complex eigenvalue A i
longitudinal rms gust intensity

transverse rms gust intensity

time lag; time constant

time constant of filter

roll attitude

mode shape matrix at ith station; output mode shape matrix;
state transmission matrix in modal coordinate (discrete time)

load distribution matrix
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frequency, radians

imaginary part of the complex eigenvalue 7\i
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4.0 CURRENT TECHNOLOGY ACT SYSTEM DEFINITION: TASK OVERVIEW

Section 2.0 described the relationship of the Current Technology Active Controls
Technology (ACT) System Definition to the Integrated Application of Active Controls
(IAAC) Technology to an Advanced Subsonic Transport Project as a whole. This section
provides a brief overview of the current technology control system work, showing its
foundation, organization, approach, and progress. Sections 5.0 through 9.0 cover that
same work in greater detail. Section 5.0 states the rules under which the study was
performed. Section 6.0 describes the Integrated and Segregated Systems and their
evaluation leading to the Selected System. The Selected System is defined in more detail

in Sections 7.0 and 8.0, and its evaluation is reported in Section 9.0.
4.1 OBJECTIVES

The objectives of the Current Technology ACT System Definition are as follows:

) Define a highly reliable and low technical risk ACT control system for the ACT

airplane configuration using current technology

) Support the assessment of the benefit associated with the ACT airplane by

evaluating reliability, cost, and weight of the current technology system
° Identify technical risk areas and recommend hardware development and testing

The ACT functions are designed to be transparent to the flight crew except for mode
control in the presence of ACT system faults. Certain functions are critical and some
may be crucial, as those terms are defined in Subsection #.3. These safety factors and the

consequent dispatch implications make reliability a key requirement of this equipment.

The system design was aimed at incorporating all active control functions that could
contribute significantly to fuel savings in a transport airplane design. Concurrent with
this "worst case" system evolution, specific current technology systems were defined to
support the Initial ACT Configuration (ref 2) and the Wing Planform Study Configuration
(ref 4).
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4.2 GUIDELINES

The following guidelines were established early in the current technology system work:

Assume a set of ACT functions and control surfaces

Provide maximum function survivability

Isolate hardware and software by criticalities, where feasible
Test all dispatch-critical ACT functions prior to takeoff
Provide in-flight operation similar to conventional airplanes

Use on-condition maintenance

In identifying ACT functions for this project, all active control functions that would add
to airplane efficiency were considered. Thus the control system definition work identified
a broad list of functions, including some that could require new control surfaces. These

assumed functions are listed in Subsection &.3.

Reliability is the key feature. The ACT functions are of varying criticality; isolation of
any function requiring very high reliability is very desirable. All functions must be tested
at preflight. The problem is to keep the incidence of delays and cancellations below an ‘
acceptable maximum level while meeting the reliability standards corresponding to the

criticality of the functions.

Because active controls are transparent to the crew, normal in-flight operation will
involve no special attention to the active controls, thus permitting pilots to fly the

airplane in the customary manner.

The policy of on-condition maintenance (that which arises from "flight squawk" or other
fault report, as opposed to scheduled maintenance) is essential to minimize the ongoing

maintenance cost.

An important corollary to these guidelines is illustrated in Figure 1, which shows the
time-phased relationship of the tasks of the Configuration/ACT System Design and
Evaluation element of the IAAC Project. In normal control system design, airplane

performance characteristics are the basis for determining the control system require-
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ments. As Figure 1 shows, in the IAAC Project the current technology control system
work began before there was an ACT airplane configuration and therefore had to proceed
substantially independent of the airplane design work. For that reason, the control system
work has not been tied to any specific airplane configuration; rather, it is aimed at
providing all the active control function capability that might reasonably be required by a

most-demanding ACT airplane design, which is one that can use all of the ACT functions
assumed.

4.3 ACTIVE CONTROL FUNCTIONS

The active control system will use all of the Baseline Airplane primary control surfaces,
as shown in Figure 4. In some instances, changes will be made to adapt them to active
control use while retaining their function in primary control. An example is the split
outboard ailerons, in which the Baseline Airplane outboard ailerons each become two
panels, with the smaller inboard panel serving the high-frequency active control function
of flutter-mode control (FMC), in addition to normal lateral control and wing-load
alleviation (WLA).

Single-surface, dual-

hinged elevator (PAS,
MLC, AAL)

Split outboard
ailerons (same
total area as
Baseline)

stabilizer
(PAS)

Dual rudder
(LAS)

Flaperons {(WLA)

Outboard aileron
outer segment

i (WLA and existing
[S:E::er lateral control
(AAL) at low speed)

Outboard aileron
inner segment
(WLA, FMC, and
lateral control at
low speed)

Figure 4. Assumed Active Control Surfaces
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Flaperons also are shown as a feature of the active control system. They were assumed
necessary for the ACT control system task, whether or not they will ultimately be

required.

The active control functions are assumed to be required in the current technology ACT

system to meet the specification cited in Subsection &.2.

The two categories of function criticality represented in Table 1 are defined as follows: a
crucial function is one whose complete loss results in an immediate unconditional flight
safety hazard. A critical function is one whose complete loss results in a potential safety
hazard that can be averted through appropriate pilot action. Using these definitions,
reliability requirements for each of the ACT functions have been set based on statistical

data on airplane system failures and the FAA Advisory Circular (ref 5).

Table 1. Assumed ACT Function Criticality and Reliability

Requirements
Reliability
o requirement,
Criticality probabitity of
failure per 1-hr
flight
Pitch-augmented stability, . 9
short-period (PASSHORT) Crucial 10
Pitch-augmented stability, speed .. 5
Critical 10°
(PASspEED)
Angle-of-attack limiter per 5
(AAL) Critical 10
Lateral/directional-augmented . 5
stability (LAS) Critical 10
Gust-load alleviation (GLA) Critical 10'5
Maneuver-load control (MLC) Critical 10'5
Flutter-mode control (FMC) Critical 10'5
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The allowable failure rate of a crucial function makes its reliability essentially equivalent
to that of primary flight controls in present-day aircraft. The critical function
probability of failure of 10_5 per l-hr flight has been fixed by consideration of
dispatchability and in-flight operability requirements.

4.4 ORGANIZATION OF WORK

Work on the ACT control system has included a number of tasks; Figure 5 shows them as
they relate to one another. The central horizontal row of boxes may be thought of as the
mainstream effort, with the smaller boxes above and below representing supporting
operations. The arrows are only partly indicative of the interrelationships; in particular,
the evaluation work and the boxes representing the supporting tasks apply to all three of

the system studies and not just to the Selected System.

The choice of two extremes of control system form (fig. 6) is based upon the recognition
that this would identify the limits of most of the major variables that must be considered
in forming the system concept. The Integrated System depends upon a single set of
control computers to perform all active control functions. Digital flight control
computers that have speed and capacity adequate for this central computer task are in

production now.

The Segregated System depends upon multiple individual sets of control computers, one
set for each active control function. This results in more computers, although they can be

lower performance machines using microprocessors.

The third system is the Selected System, a merger of features of the Integrated and
Segregated Systems. It represents the best compromise of advantages and disadvantages
of the first two systems studied.

-

k.5 STATUS AND PLAN
The system work accomplished to date shows that it is feasible to implement these ACT

functions using current technology system components and meet the reliability require-

ments. Considerable development and test work must be completed before the perceived
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SPECIAL STUDIES

FLAPERON [PITCH
ACTUATION |FLY BY WIRE

RULES SYSTEM
Objectives
ACT functions ISntegrated EVAL.UA.‘T|ON
Reliability Selected
required System Cost of .
Segregated ownership
Safety S
ystem
required
OPERATION COMPONENTS
Dispatch and in-flight Computers
operability Software
Controls and displays Actuators
Test and maintenance Sensors
Figure 5. Current Technology System Task Overview
Integrated
“Sensors _; : Actuators
Computers > Select best
> architecture

Segregated
Computers

.
Sensors @ Actuators

Figure 6. Approach
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risks of such systems are reduced to a level commensurate with current commercial
practice. The major unresolved issue with respect to digital implementation of these
critical systems is software verification and validation. There is no generally accepted
method to prove the software to be error free. However, a disciplined approach beginning
with functional analysis and proceeding through requirements, design, coding, verification,
validation, exhaustive testing, configuration control, and documentation has been shown

to be both essential and effective in producing high-reliability real-time control software.

During the course of this project, a number of risk areas have been identified that require
specific development and test for resolution. The final element of the IAAC Project

(previously shown in fig. 3) will address this work.

It is expected that piloted simulations of the ACT airplane will be required to ensure that
these systems are appropriate for a commercial transport and exhibit acceptable

characteristics in the presence of failures.

Technical risk concerns may well surface in many different areas of an ACT system, and
some of these concerns may not be resolved without flight test. Boeing intends to
proceed toward that goal with the developmental activities identified for this project

element to the maximum extent permitted by available resources.
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5.0 ASSUMPTIONS AND DESIGN GROUND RULES

This section presents the ground rules imposed on the system design task and the
assumptions made for the Active Controls Technology (ACT) airplane performance
capability. The first ground rule of this task was to design the ACT system using only
currently available hardware technology. Other ground rules were derived from

Appendix A of Reference 2.

In addition to the ground rules, this section presents the various assumptions made for the
characteristics of the ACT airplane. Knowledge of the detailed airplane characteristics is
a prerequisite of normal flight control system design. However, because this system
design proceeded in parallel with the airplane configuration design, it was necessary to
estimate many airplane characteristics to support the system design. This was done early
in the project history by a group of experienced engineers representing the several
technical disciplines involved. Their collective engineering judgment of the effect of
losing ACT functions, individually and in combinations, became the basis for the
configuration-dependent portions of this section.

5.1 ASSUMED ACT FUNCTIONS

This subsection describes the active flight control functions assumed to be implemented in
the ACT control system. These functions rather naturally group themselves into airplane
mode control and structural mode control. Airplane mode control tends to be low
frequency and involves traditional stability augmentation functions. Structural mode
control may include both low-frequency functions (maneuver-load alleviation) and higher
frequency functions (flutter-mode control and gust-load alleviation). Functions included
to protect the airplane from entering stall condition are considered a part of ACT,

although they do not operate in a continuous closed-loop mode.

The functions selected for the system design are described in Subsections 5.1.1 and 5.1.2.

Subsection 5.1.3 presents the system organization.
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5.1.1 STABILITY AUGMENTATION

Inclusion of augmented stability functions allows relaxation of the inherent airplane
stability, which results in reduced empennage surface areas with attendant benefits in

performance. The following such functions are incorporated:

o Pitch-Augmented Stability (PAS)—For the design study, it is assumed that the

horizontal stabilizer surface area is reduced substantially below Baseline size, and
center-of-gravity range is chosen such that the unaugmented airplane would exhibit
negative stability characteristics throughout the flight envelope. A PAS function is
therefore required to augment airplane longitudinal stability to provide the desired
safety and handling quality. PAS includes both short-period and speed stability

modes defined in Subsection 6.1.

o Lateral/Directional-Augmented Stability (LAS)—The Baseline Airplane lateral/direc-

tional characteristics are such that a yaw damper is required for good handling
quality. It is assumed that there will be little or no reduction in the ACT airplane
vertical fin size because the size is determined by the low-speed asymmetric power

control requirement. Consequently, the handling quality improvement required

above the unaugmented airplane characteristics will be similar to that required for
the Baseline Airplane. The LAS function required for the ACT airplane will include

the yaw damper and turn coordination functions.

) Angle-of-Attack Limiter—The ACT airplane is assumed to have "locked in" stall

characteristics at high post-stall angle of attack because of the reduced T-tail
horizontal control surface area, a factor not characteristic of the Baseline Airplane.

The AAL function consists of two subfunctions:

° Stick Shaker—~The stick shaker warns the pilots by shaking the column and

providing audio warning when the airplane approaches a stall.

° Stick Pusher—The stick pusher prevents the ACT airplane from entering a deep
stall condition by sensing angle of attack and adding an airplane nose-down

force on the control column.

42



5.1.2 STRUCTURAL LOAD CONTROL

Control of structural loads in the ACT airplane is limited to the wing loads. There is no

plan to incorporate systems to control fuselage or empennage structural loads.

° Wing-Load Alleviation (WLA)-The WLA functions have the objective of redistrib-

uting and/or reducing loads by suitable deflection of control surfaces. The resultant
benefit is wing weight reduction through reduced structural design loads. WLA

consists of two submodes:

° Maneuver-Load Control (MLC)—load redistribution in response to maneuvering

flight and flight through atmospheric turbulence, principally in the low-

frequency spectrum

° Gust-Load Alleviation (GLA)—alleviation of loads generated by flight through

atmospheric turbulence, principally in the high-frequenty spectrum

° Flutter-Mode Control (FMC)—FMC suppresses wing flutter from dive speed VD/MD
to 1.2VD/MD by commanding appropriate control surface motions. The ACT
airplane will be flutter free to VD/MD without FMC. The FMC system increases

modal damping at the flutter frequency and actively suppresses the flutter mode.
5.1.3 ACT SYSTEM ORGANIZATION
A block diagram of the system incorporating the preceding ACT functions is shown in
Figure 7. The control laws upon which it is based were developed as part of the airplane
design using traditional design technique.
5.2 GENERAL DESIGN GROUND RULES

5.2.1 DEFINITIONS

This subsection defines those terms concerned with criticality of function and system

failures.
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5.2.1.1 Flight Criticality

The following terms define flight criticality.

Flight Crucial—that function whose complete loss inevitably results in loss of the

aircraft. The consequence of complete function loss cannot be averted by procedure

change or flight envelope restriction.

Flight Critical-that function whose complete loss in a specific portion of flight

could result in loss of aircraft, but such loss could be averted by proper flight crew

action.

Nonflight Critical—that function whose complete loss has no impact on flight safety,

but the function is considered necessary for some other requirement such as

passenger comfort in rough air.

Dispatch Critical-that function without which an airplane cannot legally be

dispatched on a revenue flight.

Workload Relief—that function that impacts neither flight dispatch status nor flight

plan but that has convenience value to flight crews. Loss of function may affect

precision or economy of flight but has no significant effect on safety.

5.2.1.2 Failure Survivability

This subsection defines the terms concerned with system failures.

Fail-Operational/Fail-Operational—A fail-operational/fail-operational configuration

is designed to withstand at least two independent failures and continue to function

at the specified level of performance.

Fail-Operational-A fail-operational configuration is designed to withstand any

single failure and continue to function at the specified level of performance.
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® Fail-Safe—A fail-safe configuration is designed such that any failure, or any
combination of failures not shown to be extremely improbable, will not cause
transients that exceed airplane structural limits or conditions from which a pilot
with average skill cannot safely recover. Control surfaces will maintain a safe

position after failure. The affected function(s) may no longer be available.
5.2.1.3 Reliability Requirement

The criticality defined in Subsection 5.2.1.1 must be interpreted in terms of reliability
figures prior to the system design. The reliability requirement of a crucial function is

explained in Federal Aviation Regulation (FAR) 25, paragraph 25, 1309(b), as follows:

The airplane system and associated components, considered separately and in
relation to other systems, must be designed so that the occurrence of any
failure condition which would prevent the continued safe flight and landing of

the airplane is "extremely improbable.”

Figure 8, from the FAA Advisory Circular (ref 5), indicates that "extremely improbable"
should be interpreted as less than 1 x 10‘9 probability of failure per 1-hr flight.

Defining the reliability requirement of critical ACT functions is more difficult. A
detailed criticality analysis 1s needed for the complete flight envelope under various
conditions to determine that reliability requirement. For this study, the reliability
requirement of each ACT function was determined by engineering judgment considering
the functional criticality and the data in Figure 8. In general, the failure consequence of
a critical ACT function can be defined in the range between "concern" and "emergency
procedures" in Figure 8. In some specific portion of the flight envelope, the function may
be in the "catastrophic total loss" category (e.g., FMC for airspeed above VD). For this

study, the reliability requirement of a critical function is defined as follows:

° General reliability requirement for critical ACT functions: failure probability
= 1 x 10~ per L-hr flight
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Figure 8. Relationship Between the Consequence of Failure and the Probability

of Occurrence

° Reliability requirement for critical ACT functions at specific crucial conditions:

(probability of function loss) x (probability of encountering specific condition)

=1 x 107 per I-hr flight
5.2.2 GROUND RULES FOR SYSTEM DESIGN

The following items are ground rules for system design.

) The system shall be designed to reconfigure automatically in case of component

failures to retain ACT functions as long as possible.
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In general, a minimum of two channels is required for operation of the ACT
functions; i.e., the cross-channel comparison technique is used to detect failures.

Single-channel operation may be permitted only under the following conditions:

° Adequate self-monitor can be provided in the system.

° In case of self-monitor failure, the pilot is able to detect system failure by

other cues such as airplane response time, damping, etc.

° Without degrading system performance, authority and rate limits can be
applied to the actuators to prevent airplane structural damage in case of

hardover or oscillatory failures.

As an objective, the ACT functions shall be isolated in hardware and software in
accordance with their criticalities to prevent failure propagation and to avoid

extensive requalification test of functions other than those repaired.

Redundant hardware and software elements in the system (serving the same ACT

functions) shall be interchangeable.

As an objective, fly-by-wire techniques shall be used wherever benefits may be

realized by the integration of primary flight control and the ACT control system.

It shall be an objective to integrate the ACT system with other dispatch-required
flight control systems wherever benefits may be realized in terms of weight,

reliability, and cost.

The system shall be designed for the most demanding ACT airplane configuration
anticipated from the system design point of view. Data from appendix A of the
Initial ACT Configuration (ref 2) and Wing Planform Study (ref #) shall be used for

the system design where appropriate.
If all ac power is lost, sufficient storage battery capacity shall be provided for

30 min of crucial function operation, and the computers shall operate properly

without their cooling system for that time.

48




5.2.3 GROUND RULES FOR OPERATION
This subsection lists ground rules for operation of the ACT airplane.

) In-flight operation of the ACT airplane shall be similar to that of a conventional jet
transport airplane; i.e., the ACT systems are transparent to flight crews except for

flight mode control following function loss.

L In case of system failures in flight, the failure status and operational status in
accordance with minimum equipment list (MEL) restrictions shall be displayed to the
flight crew. To assist the pilot in making his decision in response to failure,

advisory information shall be displayed in an appropriate manner.

o Degradation of system functions that requires immediate crew response shall result

in a warning display and aural signal from the baseline aircraft warning system.

] All dispatch-critical ACT functions shall be tested prior to every dispatch. The
preflight test shall detect and identify failures to the line replaceable unit (LRU).
Time required to complete the preflight test shall be minimized. As an objective,

the time for preflight test shall be less than 2 min.

® All fault data detected during flight and preflight test shall be stored in nonvolatile

memory and be available to support maintenance.

® The results of the preflight test shall be displayed in a manner that shows the failure
and operational status of the ACT system in accordance with MEL restrictions to

assist the pilot in making his decision regarding dispatch.

e The ACT system shall be maintained in accordance with the "on condition" concept.
Maintenance shall be performed on only those failures identified by preflight test or

ﬂigh; squawk (log book).

[ Through-flight maintenance shall be restricted to only those items reported failed
and required for dispatch. As an objective, through-flight maintenance shall be
completed within a 20-min period. Any other maintenance may be deferred to an

overnight stop.
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5.3 OPERATIONAL CONSIDERATIONS

A primary design goal of the ACT control system is to configure a system that can be
operated safely and economically in flight and on the ground in the commercial transport
environment. This subsection describes design considerations related to safety and
operability. Subsection 5.3.1 deals with safety, where system criticality and reliability
requirements become very important. Subsection 5.3.2 describes ACT airplane
operability, which includes dispatch and flight restrictions when ACT functions become

inoperative.

5.3.1 SAFETY AND ASSUMED FUNCTIONAL CRITICALITY

The safety of the ACT airplane is greatly influenced by the characteristics of the basic
airplane with the ACT functions inoperative. Knowledge of structural margins and
stability and control characteristics with the ACT functions inoperative is essential to the
ACT system design. Because the system design in the IAAC Project proceeded in parallel
with the basic airplane design, airplane characteristics were estimated as noted in
Section 5.0 using collective engineering judgment. Based on these estimated character-
istics, the functional criticality and reliability requirements were defined and are

described in the following subsections.

The ACT airplane is assumed to have an aft center of gravity (cg) and a small horizontal
tail to improve lift-to-drag ratio and to reduce weight. The static and dynamic
longitudinal instability attributed to the aft cg and the small tail necessitate a PAS
function to provide acceptable handling qualities. The criticality of PAS is dependent
upon how far the cg is moved aft and how much the tail size is reduced. For this study,
the airplane is assumed to be configured so that the short-period-mode PAS is crucial;
i.e., the airplane will be lost if the short-period PAS fails completely. Sbeed control PAS
is critical; i.e., loss of the speed PAS may result in some safety hazard, but it can be

averted by proper pilot action or flight envelope change.

In addition to the pitch axis instability, the ACT airplane is assumed to have "locked-in
deep stall" that is attributed to the reduced horizontal tail. The AAL function is provided
to prevent the airplane from getting into a locked-in stall condition. Once the airplane is

in a locked-in stall, the pilot would be unable to recover from that condition; i.e., the
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AAL becomes a crucial function in locked-in condition. . However, because the
simultaneous occurrence of complete AAL loss and excessive angle of attack because of
either a pilot's inadvertent maneuver or atmospheric turbulence is extremely improbable,
the AAL function is designated as critical. Inadvertent activation of the AAL system
could result in a disastrous condition; therefore, AAL series devices (subsec 6.1) that

prevent uncalled-for operation are designated as crucial.

Lateral control of the ACT airplane is assumed to be similar to conventional airplanes.
Thus, the LAS function of the ACT airplane is similar to the conventional yaw damper in
criticality. Complete loss of the LAS in critical flight condition could result in loss of the
aircraft, but such loss can be averted by proper crew action to restrict the airplane flight

envelope. Therefore, LAS is designated as critical.

The WLA function will redistribute and/or reduce the wing loads caused by pilot maneuver
or atmospheric disturbance. Presence of the WLA function makes it possible to reduce
wing-box structural material. However, the primary structure of the ACT airplane is
designed to have sufficient ultimate strength to sustain the design limit load even when
the WLA function becomes inoperative. This will allow continuation of the normal flight
schedule after complete WLA loss in the air. The airplane, however, cannot be dispatched

if the WLA is inoperative. WLA is defined as a critical function.

The basic ACT airplane is designed with sufficient flutter margin for safe flight to
VD/MD without FMC. FMC will keep the airplane flutter free from VD/MD to l.ZVD/MD.
Thus, FMC is a crucial function for airspeed above VD/MD. However, simultaneous
occurrence of complete FMC loss and airspeed in excess of VD/MD is extremely

improbable. Therefore, FMC is defined as a critical function.
5.3.2 AIRPLANE OPERABILITY WITH ACT FUNCTION LOSS

Failures of the ACT system may delay or cancel airplane dispatch or restrict flight or
necessitate diversion to another airport depending upon the nature of the system failure. ‘
The effect of ACT system failures on airplane operability is one of the important
economic factors to be considered in the system design. As part of the system design, the

effect of system failure on airplane operation was analyzed.
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The assumed airplane performance capability when a single ACT function is completely

inoperative is described as follows:

[ Short-Period PAS Loss—The airplane will be lost if short-period PAS is lost in the

air. If the function is lost on the ground, the airplane cannot be dispatched until the

system is repaired.

® Speed PAS Loss—The airplane must be operated within a restricted flight envelope

when speed PAS is lost in the air. If the function is inoperative on the ground, the

airplane can be dispatched with flight restriction.

® LAS Loss—The airplane must be operated within a restricted flight envelope when
LAS is lost in the air. If the function is totally inoperative on’the ground, the

airplane cannot be dispatched because LAS is required for limiting structural loads.

°® AAL Loss—The airplane can continue normal flight schedule after AAL is lost in the
air; such loss does not degrade airplane handling qualities. However, the pilot will
be informed of system status and will continue the flight with special caution. If

AAL is inoperative on the ground, the airplane cannot be dispatched because of loss

of safety margin.

o WLA Loss—The airplane can continue normal flight schedule after WLA is lost in the
air because the airplane structure ultimate strength exceeds the design limit load.
If WLA is inoperative on the ground, the airplane cannot be dispatched because the

airplane structural strength is less than the design ultimate load.

o FMC Loss—Airplane speed must be reduced upon loss of FMC to provide an adequate
speed margin for upset. If the function is inoperative on the ground, the airplane
can be dispatched with flight restriction.

The ACT airplane must meet dispatch requirements as follows:

® Airplane schedule reliability must be at least 98.7%. Not more than 5% of the
unreliability shall be attributable to ACT system failure.
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) The airplane shall be dispatchable with any one ACT system component failed.
Subsection 8.4.1 contains a detailed development of the airplane operability based upon

the preceding consequences of ACT function loss; it includes multiple-function loss

effects and effects of some partial-function losses that reduce operability.
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6.0 COMPARISON OF SYSTEM DESIGN CONCEPTS

In preparation for selecting an Active Controls Technology (ACT) system design concept,
two system architectures were studied using the ground rules and assumptions described in
Section 5.0. The first step of the study was to design an Integrated System, where all
ACT functions are processed in the same computer set. This system was designed using
currently available flight control computer hardware with minimum modification of the
basic mechanical primary control system. The second step was to design a Segregated
System, where each ACT function is processed in a separate dedicated computer set. The
Segregated System computers were designed using currently available large-scale
integrated (LSI) circuit components. In addition to computer design, an effort was made
to improve the actuation system. The third step of the study was to define the Selected
System design concept by combining good features of the Integrated and Segregated
Systems and the results of the actuation system design work. Finally, a brief study was
conducted to investigate the benefit of pure fly-by-wire (FBW) pitch axis control, because
airplane safety had already been made dependent upon the short-period pitch
augmentation, an FBW control function.

All the systems studied sense airplane motion and deflect appropriate control surfaces to
perform the ACT functions. In airplane design, selection of sensor signals and control
surfaces is an important task, requiring many iterative cycles between the airplane design
and system design. In the IAAC Project, the sensor signals and the control surfaces
needed to perform each ACT function were defined in another task, Configuration/ACT
System Design and Evaluation. The sensor signals, control surfaces, and system
organization selected in that task are shown in Figure 7. Major tasks of the Current
Technology ACT System Definition include definition of system configuration, selection
of sensor hardware, definition of computers, and definition of actuation systems to
implement the ACT functions and meet the requirements of system safety and economical

operation.

Subsection 6.1 describes the Integrated System, and Subsection 6.2 describes the
Segregated System. Subsection 6.3 compares these two contrasting concepts and
describes the Selected System design concept. Subsection 6.4 briefly describes the
Selected System. Finally, Subsection 6.5 describes the pitch axis FBW system and

compares this system with a conventional cable system.
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6.1 INTEGRATED SYSTEM

The Integrated System employs a single computer set to process the five ACT functions:
pitch-augmented stability (PAS), angle-of-attack limiter (AAL), lateral/directional-
augmented stability (LAS), wing-load alleviation (WLA), and flutter-mode control (FMC).
PAS consists of short-period and speed (phugoid) mode control. It was assumed that the
short-period PAS is a crucial function (i.e., loss of the function results in loss of the
airplane) and that the speed PAS is critical (i.e., loss of the function may result in a flight
safety hazard, but it can be avoided by appropriate flight crew actions). The crucial
9 ber I-hr flight. A

reliability analysis was conducted on the short-period PAS to select appropriate

function must meet the failure rate requirement of less than 1 x 10~

redundancy for each element to meet the reliability requirement. The results indicated
that the short-period PAS requires four channels to meet the specific reliability

requirement; this established the requirement of four central computers.

Figure 9 is a block diagram of the Integrated System. Figure 10 shows the location of

system sensors.

The system shares the triple digital air data computer (DADC) and the triple inertial
reference system (IRS) with the autopilot and display functions. These two sensors
provide multiple signals for the ACT functions via Aeronautical Radio Incorporated
(ARINC) 429 digital communication links. A dedicated pitch-rate sensor, used in
conjunction with the triple IRS, serves to implement the quadruply redundant short-period
PAS function. The remaining dedicated sensors; i.e., accelerometers at several wing
locations, provide triply redundant analog signals for WLA and FMC functions. The
sensors are coupled to their assigned digital computers, where data are then transmitted
to other computers over cross-channel communication links to satisfy the redundancy
requirement. These links are dedicated one-way, high-speed data buses. It should be
noted that all four computers receive all sensor signals via the cross-channel
communication link even though one of the computers is not directly connected to a
sensor. Triply redundant critical sensors are connected to the four computers in a manner

that minimizes the probability of multiple-function loss with two computer failures.

Each computer consolidates all input signals (analog, digital, and discrete) in a signal

selection and failure detection (SSFD) process. The signal selection process uses midvalue
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selection for three sensor signals and average value selection for two sensor signals. A

four-sensor set is treated as three with one operating standby. The failure monitor is a

dynamic and static comparison of inputs and selected signal to single out any value that is

inordinately different from the selected value. Because the Integrated System computers

process many ACT functions that require different redundancy levels depending upon

function criticality and failure conditions, the SSFD process is varied as necessary to

handle the different types of sensor signals.

The Integrated System computers are frame synchronized such that each executes the

same function essentially at the same time.

Using the SSFD process and frame
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synchronization, the quadruple computers transmit nearly identical command signals to
the ACT actuators, reducing force fighting in the actuation system and simplifying the

failure detection algorithm for passive failures.

The architecture of the Integrated System computer retains many of the Airborne
Advanced Reconfigurable Computer System (ARCS) (ref 6) features, such as the bus-
oriented structure, autonomous input/output operation, and microprogrammed control
processing. The basic change from the ARCS to the integrated computer is in partitioning
crucial and critical functions. This change is essential because of the extremely high
reliability required of the crucial function. Comprehensive self-testing capability is
provided to meet flight safety requirements and support maintenance. Self-test features
include monitoring of internal power supplies, machine timing, processor capability,
memory operation, and input/output operation. Specific tests include program memory
sum checks, parity checks, arithmetic overflow detection, and wraparound testing of

analog and discrete input/output.
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The redundant command signals generated in the quadruple computers are sent to the
various control surfaces through the ACT actuation systems. The signals are consolidated
at the actuators to perform mechanical voting. Three actuator configurations are used in
the Integrated System design: ACT secondary actuator configuration, ACT dedicated
force-displacement summed actuator configuration, and stick pusher actuator

configuration.

ACT Secondary Actuator Configuration—A side-by-side force-summed secondary actuator
concept (fig. 11) was chosen for the elevator, rudder, and outboard aileron (outer section)
actuation systems. The output of the secondary actuator is series summed with the pilot's
mechanical control signal to form a command input to the power control unit (PCU). The
PAS and maneuver-load control (MLC) functions use the ACT secondary elevator actuator
to control the elevator. The command signals of these two functions are summed in each
of the quadruple computers before sending the signal to the actuator. Three actuators
provide sufficient reliability to meet the requirements of crucial functions when
comparison of valve spool position to that predicted by a mathematical model in the
computer is used to augment cross-channel comparison for failure detection. Similarly,
two actuators are sufficient for critical functions. Each actuator has a conventional two-
stage, low-pressure-gain electrohydraulic servovalve operating a single ram. Valve spool
and ram position are fed back to each ACT computer for servo-loop control and failure
detection. The mathematical actuator model in each computer receives the summed ram
position feedback and combines this with the command signal to compute servovalve

position.

ACT Dedicated Force-Displacement Summed Actuator Configuration—The force-displace-
ment summed actuator configuration (fig. 12) was chosen as the PCU for the dedicated
ACT control surfaces, which include inboard and outboard flaperons and the inner section
of the outboard aileron. The force-displacement summed actuator was designed to remain
fully operational with decreased dynamic performance after one electric and one
hydraulic failure. The actuator configuration 1s an FBW implementation in that electric
signals from the computers directly command the control surface. The command signals
from the computers are magnetically flux summed in the four first-stage electrohydraulic
servovalves, two per hydraulic system. Each group of two first-stage valve outputs is

mechanically position summed by a linkage.
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The second-stage valve spool is controlled by force summing the resultant mechanical
output of each first-stage linkage. The second-stage valve-to-main-output ram power

application is the same as in conventional dual-tandem actuation.
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Stick Pusher Actuator Configuration—The stick pusher (fig. 13) uses three sensors, four
computers, a dual-tandem floating actuator, and two pneumatic power sources. The
actuator exerts the same force when pressurized by either one or both sides. The
installation linkage is such that the force exerted on the control column continuously
decreases as it travels forward; 356N (80 1bf) exerted at the full aft position reduces to
178N (40 1bf) at the full forward position. Each dual-pneumatic power source consists of a
nitrogen bottle at 13 788 kPa (2000 lbf/inz) and a regulator that reduces the pressure to
3447 kPa (500 lbf/inz) required for actuation. Two series solenoids, each signaled by an

ACT computer, must be opened before either actuator is operated.
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6.2 SEGREGATED SYSTEM

The Segregated System design concept employs a separate dedicated computer set to
implement each ACT function. For the Segregated System to be cost effective, a simple,
inexpensive, and reliable computer is needed. An attempt was made to use LSI technology
extensively to achieve this goal. The majority of the sensors and all the actuators defined
for the Integrated System will remain unchanged for the Segregated System. Figure 14 is
a block diagram of the Segregated System. Nineteen computers are used to compute
control laws, provide system testing, and monitor for failures of the ACT functions. Two
ACT Management Computers are added to process crew communication logic and to store
data on detected faults.

The crucial short-period PAS 1s mechanized in dedicated quadruple computers to meet the
fail-operational/fail-operational requirement. Four dedicated ACT pitch-rate sensors are
provided to serve the crucial short-period control law. The dedicated pitch-rate sensors
and-dedicated short-period PAS computer essentially separate the crucial function from
the remaining ACT functions. This separation is desirable considering maintenance,
testing of the crucial function, and protection from potential propagation of noncrucial

function failures to the crucial short-period functions.

The remaining sensors shown in Figure 14 are identical to those of the Integrated System.
The interface between these sensors and the Segregated System computers 1s different
from that of the Integrated System. The triple IRS and DADC sensors are shared by many
ACT functions, as in the case of the Integrated System. Their signals are sent to each
segregated computer set via ARINC 429 digital communication links. The triple digital
signals from the DADC and IRS are dedicated to their respective digital computers in
each set, where data are transmitted to other channels via cross-channel communication
links. Each analog sensor is cross strapped to computers; i.e., each analog sensor is
directly connected to all of the redundant computers. The input signals (digital, analog,
and discrete) are processed by the signal selection algorithm to create a signal for
computing control laws and processing other functions. The algorithms are similar to
those of the Integrated System. Primary failure detection in the Segregated System is
provided by cross-channel comparison. Cross-channel monitors are provided for sensor
input, digital computer output, and actuator position, as in the case of the Integrated

System.
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To keep the Segregated System computers as simple as possible, monitoring is largely
done in software and additional hardware for inline monitoring is kept to a minimum. The
computers of the crucial short-period PAS system run asynchronously. Because the
computers are not synchronized, each samples the input data and computes the control
laws at its own time. Thus, outputs of the redundant computers may differ due to time
skew between them. Feasibility of this asynchronous ACT computer operation was
studied by simulating the Segregated System in the laboratory. Test results indicate no
appreciable difference between the.outputs of the synchronous and asynchronous systems.
It should be noted that the ACT functions described in Subsection 5.1 do not have any

integrating functions, a key factor in successful asynchronous operation.
The FMC computer requires the highest sampling rate to process the high-frequency

filters with acceptable tolerance in phase and gain margin. The WLA computer has the

most computation to perform because the function has the largest number of sensors and
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control surfaces among the ACT functions. The short-period PAS is a crucial function and
requires the highest reliability among the ACT functions. A study was conducted to
define a microcomputer with speed, word size, and memory suitable for implementing the
ACT functions. Some of the functions could be mechanized using an 8-bit microprocessor.
However, to standardize the hardware and thus reduce the overall cost, a 16-bit single-
chip microprocessor was selected as the Segregated System computer. Table 2 shows the
requirements of each ACT function computer. The segregated computer has the following
self-tests:

) Power monitor
[ ) Parity check
) Sum check

Table 2. Segregated System Computer Requirements

i Minimum
Memory requirements Sampling oy
Function
Real time Test and mainte- :::e' performance
nance, words ROM required, K ops
PAS 3100 words ROM
SHORT | 128 words RAM 5700 10 75
2950 words ROM
PAS
SPEED | 128 words RAM 5350 10 60
3750 words ROM
LAS 128 words RAM 5400 10 5
3750 words ROM
FmC 128 words RAM 5350 5 125
3170 words ROM
AAL 1
64 words RAM 5350 0 55
4750 words ROM 10 GLA
WLA §12 words RAM 5500 20 MLC 120
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6.3 COMPARISON OF INTEGRATED AND SEGREGATED SYSTEMS

The Integrated and Segregated Systems described in the previous subsections are
compared to identify advantages and disadvantages of the two contrasting design
concepts. From the results of the comparison, the Selected System design concept was
defined.

The following subsections describe the comparison results.

6.3.1 PERFORMANCE

Laboratory tests were conducted to evaluate the performance of the Integrated and
Segregated Systems. These two schemes were simulated in the laboratory using quadruple
General Electric MCP-701A flight control computers. Airplane and actuation systems
were simulated using a Boeing-owned ECLIPSE digital computer and an analog computer.
The tests included cross-channel communication, synchronization, and SSFD of the
quadruple Integrated System. These functions were tested open loop and closed loop with
the airplane and actuator simulator and showed satisfactory results. A study was

conducted in the kaboratory to verify that the integrated computer can process all ACT

functions without degrading the response. The integrated computers serve all ACT

functions at their specified sampling rates with margins.

Asynchronous operation of PAS and FMC was studied using the MCP-701A to simulate the
segregated computers. Special attention was paid to computer drift during l-hr flights.
There was no appreciable difference between the synchronized and asynchronized
computer outputs after computing the PAS and FMC control laws for 1 hr. If the control
laws had an integration algorithm, the asynchronous system might drift and need some
equalization between the channels. The survey of available microprocessors concluded

that current models are acceptable for segregated ACT application.
6.3.2 WEIGHT ANALYSIS

Because 19 computers are used to implement the segregated ACT functions, the weight of
the Segregated System increased considerably as shown in Table 3. Four dedicated pitch-
rate sensors were used in the Segregated System, but their weight is insignificant

compared with that of the computers.
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Table 3. Comparison of Integrated and Segregated Systems

System

Item

Integrated
System

Segregated
System

Computer weight

4 control computers
at 11.3 kg (25 Ib)
each

Total: 45.4 kg (1001b)

19 control computers at 6 kg
(13.25 Ib) each

2 management computers at
2.7 kg (6.0 1b) each
Total: 119.6 kg (263.8 1b)

Memory requirement

32K ROM
2K RAM
{128-word 8-bit non-
volatile memory for
maintenance information)

16K ROM and 64- to 512-word
RAM for control computers plus
32K ROM and 1K RAM and 128-
word 8-bit nonvolatile for
management computer

Computer reliability

(assumed) 6800-hr MTBF 6800-hr MTBF
Prob_ability .Of 2.5 x 10‘3 per 3.3x 10'3 per
restricted flight 1-hr flight 1-hr flight
Probability of 7.1 x 104 per ) 2.6 x 1074 per
flight diversion 1-hr flight 1-hr flight
Probability of 38x 1074 15x1074

dispatch delay

per dispatch

per dispatch

Incremental cost

per airplane $274 000 $390 000
(to airline)
Expected return 26.1% 22.8%

on investment

restrictions.

6.3.3 RELIABILITY ANALYSIS

6.3.3.1 Flight Restriction and Diversion
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Subsection 8.k.1 describes the functional failure conditions that lead to various flight
Because there are so many elements in the Segregated System, it is
extremely difficult to assess the probability of occurrence of a flight restriction.
computer-aided redundant system reliability analysis (CARSRA) program developed during
a previous NASA-Boeing program (vol. II, app B, subsec B.1.0, and ref 6) could not deal




with the complex problems of predicting flight restriction of the ACT airplane. Instead, a
computer program for fault-tree analysis developed at Boeing was used for the reliability

analysis of the ACT system. Subsection 9.2 presents the results of the reliability analysis

in more detail.

Table 3 shows the results of predicting flight restrictions and diversions for the Integrated

and Segregated Systems, assuming the same computer reliability for both.

Flight restrictions are caused by loss or near loss of individual ACT functions (see
subsec 8.4.1). The Segregated System, having six sets of computers, has a higher
probability that a single set will become inoperable and hence a higher probability of

flight restriction.

Diversions are caused only by the Essential PAS being one component failure away from
function loss; or by speed PAS, LAS, and WLA functions all lost; or that same group being
one component failure away from all lost (see subsec 8.4.1). Because integrated ACT
functions share one set of computers, multiple computer failures must cause multiple

function loss. This explains the higher probability of diversion for the Integrated System.
6.3.3.2 Dispatch Delay and Cancellation

The method used to predict dispatch delay and cancellation probability is to examine
dispatch experience of airplanes with components similar to those of the ACT system. If
the ACT system uses off-the-shelf components, experience delay rates are used. Where
new hardware, such as the Segregated System microprocessor, is incorporated, experience

data are modified to account for expected reduction in failure rate.

Table 3 shows the prediction of dispatch delays and cancellations caused by component
failures in the Integrated and Segregated Systems. The Integrated System has higher

dispatch delay and cancellation rates than the Segregated System.

Another requirement is that the ACT airplane must be dispatchable with any one
component failed. This requirement is not presently met by either the Integrated or the
Segregated System. When the system has failures in the crucial function, the airplane

cannot be dispatched unless the remaining system meets the failure probability
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requirement of less than 10'9 per l-hr flight. When the Integrated System loses one of
the quadruple computers, or the Segregated System loses one of the quadruple short-
period PAS computers, the remaining system fails to meet the 10'9 probability of failure
per l-hr flight requirement. The Integrated System requires quintuple redundancy to
meet the dispatch requirement with one system element failure. The quintuply redundant
ACT system was considered impractical because of its design complexity. For the
Segregated System, the problem can be solved if the short-period PAS function is
duplicated in the speed PAS computers. This approach mixes two different levels of

criticality in defining the dispatch requirement.

Another proposed solution is to allow single-channel operation of the crucial short-period
PAS function. To do this, the system must meet the requirements of Subsection 5.2.2.

Short-period PAS cannot meet those requirements.
6.3.3.3 Individual Functional Reliability

The ACT system must meet the individual functional reliability requirements defined in
Subsection 5.1. Subsection 9.2 contains the results of reliability analysis of individual
ACT functions. All functions meet the requirements except WLA, where the requirement

is1x 107 probability of failure per 1-hr flight and the prediction is 1.2 x 10_5.

6.3.4 COST OF OWNERSHIP

The Boeing-developed airline cost-estimating system (ACES) computer program was used
to assess cost-of-ownership diftferences between the Integrated and Segregated Systems
when they are installed on the Initial ACT Auirplane (ref 6). The program calculates the
return on investment to the airline considering the system purchase cost, maintenance
cost, spares inventory cost, fuel burn per hour, weight, drag, etc. Table 3 compares the
return on investment and incremental cost per aircraft as calculated using the ACES
program. The Integrated System shows lower ownership cost. Subsection 9.3 presents a

more detailed analysis of the cost of ownership.
6.3.5 CONCLUSIONS

The Segregated System employs separate microcomputers for processing each ACT

function in the belief that the separate computers would reduce the probability of
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simultaneous function loss caused by computer failure. The comparison study indicated
that the benefit in reduction of simultaneous function loss was small compared with the
increase of purchase cost and maintenance cost, resulting in a lower return on investment

for the Segregated System, as shown in Table 3.

It is concluded that the Integrated System concept is the better concept for the ACT
control system design. There are, however, reservations concerning the Integrated
System approach (some are common to both systems); these concerns are discussed in the

following paragraphs.

Software Design—~Computer channels that perform identical ACT functions employ
identical hardware and software to allow interchangeability. Thus, it is essential to have
error-free software especially in the crucial short-period PAS function. The approach
adopted in this task to develop error-free crucial software is to use conventional
techniques; i.e., simplify the function, adopt appropriate software design techniques such
as top-down structured programming, conduct rigorous testing including laboratory and
flight test, and conduct rigorous software error analysis. To conduct rigorous analysis and
thorough testing, it is very desirable to isolate the crucial hardware and software. This
approach is less appropriate for the Integrated System, in which both crucial and critical

software are executed in one set of computers. -

Failure Propagation—Any system that includes flight-crucial functions should be designed
to prevent noncrucial function failure propagating to crucial functions. This criterion is
not met by the Integrated System, which mechanizes both critical and crucial functions in
one set of hardware with some common software. The probability of failure propagation
Is reduced by the separation of crucial computing from critical computing in the

Segregated System.

Requalification Test—Extensive and rigorous testing is required after any repair or
modification whenever crucial functions may be affected. This means any repair or
modification of the Integrated System computer hardware or software would result in a
long test time because a crucial function may be affected. This supports using separate

hardware and software to implement crucial functions.
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6.4 SELECTED SYSTEM

The Selected System configuration is shown schematically in Figure 15. It combines
features of the Integrated System with the advantages of separating the crucial function

from critical functions. The system uses a triple set of ACT Primary Computers, similar
to the Integrated System computers, to implement all ACT functions under normal
conditions. An additional quadruple set of Essential PAS Computers commands and
monitors the crucial elevator servos and provides backup calculation of the crucial short-
period PAS control law. These are microprocessor-based computers similar to those used
in the Segregated System. An additional computer, the ACT Maintenance and Display

Computer, provides management and communication functions.
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The sensor set for the Selected System is the same as that for the Integrated System, with
the addition of four dedicated pitch-rate sensors. The Selected System uses new
actuators for the flaperon and AAL. Actuators for other surfaces are the same as in
previous systems. A detailed description of the Selected System is contained in

Section 8.0.

The Selected System was analyzed and compared to the Integrated and Segregated
Systems. The results are shown in Table 4. The Selected System yields slightly lower
return on investment than the Integrated System due primarily to higher initial cost, but
the Selected System overcomes some of the objections to the Integrated System by

separating crucial hardware and software from critical.

The Selected System still does not meet the requirement of dispatchability with any one
ACT system component failed. After failure of either an Essential PAS Computer or an
elevator secondary actuator, the short-period PAS loss probability rises above 1 x 10'9 per
1-hr flight.

6.5 PITCH AXIS FLY BY WIRE

A brief study was conducted to assess the benefit of replacing the pitch axis primary
cable control system with an FBW system. Because pitch axis stabilization by the short-
period PAS function is crucial, the airplane cannot be flown with the mechanical pitch
axis control system alone. This makes airplane safety dependent upon an electric control
system and suggests the change to a full FBW pitch axis to obtain the benefits of weight
and cost reduction due to eliminating the mechanical pitch system. Figure 16 shows a
block diagram of the FBW system defined in the study. Volume II, Appendix C, describes

a pitch FBW servoactuator and its redundancy concept.

The primary cable system is replaced by quadruple electric paths. Pilot inputs are
converted into quadruple electric signals and routed to the Essential PAS Computers.
These signals are processed to generate a pilot elevator command that is summed with the
ACT signals: Full PAS (normal condition) or Essential PAS (Full PAS failure), and MLC
elevator command. Quadruple redundancy provides sufficient reliability; no backup

system for the FBW by either direct electric link or mechanical link is included because

74




JUalUlsSaAUl uo

%9've %8'¢C %L GC uinas paydadxy
(auijte o1)

auejdite iad

00l L62% 000 06€$ 000 v22% 1500 JuawaIdu|
Aejap yoredsip

Yop xZ'l yoledsip tad 0oL X 9L ydiedsip Jad p-0L X8€ 40 Alljiqeqoud

Wbl Ay-) 43d 0L X 0y

b1y 1y-L sod 0L X 92

1yBi$ 4y-| Jad p-OL X LL

uoisiantp 3yB113
30 A3j1qeqoid

1ybt}y 4y-1 sad g0l XLt

b1y 14| Jed o 0L X €°€

Wby 4y Jad o 0L X G2

b1y paionisas
jo Alljiqeqo.d

(pawnsse)
131ndwo) Sy |B1UASST 404 481 Y-00ZL Aujigertas
13indwo) Alewild 1DV 403 481N 14-0089 481 W 14-0089 491N 14-0089 191ndwo)

3|l1e|0AUOU UG-8 ‘PIOM-GZ L PUE WYY ML PUB WOY MZE

J93ndwod juswabeuew
10} 9]13B|QAUOU 1§G-§ PIOM
-8l Pue WVY 1L pue NOY X2

(uoneunojul adueUAUIEW
Joy Aowaw 3|1ejoa
-Uou 11g-g piom-gZ1)

walsAg payoajag

waisAg paiebaibag

walsAg pazesbaluy

1alndwo) Svd [B11uass3 4ad VY PIOM-GGZ PUe INOY MLL] snid s181ndwod [ouod 10} VY WVH DIZ uawalnbaa
Jandwo) Asewlld 10V 4ad WWH T Pue NOY MvZ piOM-ZLSG 01 -9 Pue WOH M9l WOH e Arowapy
(qi bEL) 6% 09 :je10])
(q919) 6% £'Z 12 Jaandwo) .
>m_Qm_D pue asueualuieiy 1OV | An__ NMONV mv. 9'6LL :1eol AD_ OQ: mv_ 'GP |0l
EON& AQ_ MN.M—V EDNO An__ o.mv mv_ N.N Hm

By g 18 s1a1ndWoY Sy [B1UassT ¢ s103ndwod Juswabeuew g yoes
yoea (qj 62) yoea (q) gz'glL) 63 9 ie (Qigz) gL e y6ram
6% g1 18 sieindwon) Atewidd 19V € $491ndwod |0n U0 G| s131ndwos jonuod 191ndwo)
way)

walsAg

SWalsAS paraalas pue ‘parebasbas ‘pareibaiuy Jo uosredwo) p ajqel

75



Dedicated pitch-
rate sensors

(Typical four)
——— —\

|

11

1 i
. |1 '

I
11 H Feel
| | | | spring
' ' | l y /2
'V Elevator (Typical four) LVDT
/_‘T command (typical four)
(AAL Essential PAS

Autopilot command,
pilot, and auto trim
signals

LVDT (typical four)

T

ACT command) 111 Computers
Primary 11
Computers |
] |
I ITrim I l
signal | |
Inlppdetptuptill BN bbbt
11 11
| : | M
e e e — | e
———— e e —— — | e — e — — —
pulyak S Yot 1l===== 7,/
/
\ |
\\\ Yo %, /)
Stabilizer
trim
system

Figure 16. Pitch Axis Fly-by-Wire System

loss of the FBW loses the crucial short-period function that by itself would result in loss
of the airplane. The FBW and the crucial short-period PAS share the computers and the
actuation system. The conventional artificial feel computer that provides a fixed-stick

force per g is replaced by a simple spring. By an appropriate gain schedule in the
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computers, the spring system provides a fixed displacement per g. The stick pusher of the
Selected System is replaced by a pitch system signal that commands nose-down elevator
directly without moving the control column. The autopilot will be a series system as

shown in Figure 16.

Table 5 shows the decidedly favorable changes in Selected System cost and weight
parameters resulting from substitution of pitch axis FBW for the conventional mechanical
system. The lateral and directional control systems also have very complex mechanical
assemblies and should be redesigned in FBW form to obtain maximum benefit from the

concept.

Table 5. Changes Due to Pitch Axis

Fly by Wire
Purchase cost -$90 100
. -157 kg
System weight (-345 1b)
Fuel burn per flight hour (12§ TS)
Incremental return on
investment +3.0%
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7.0 SELECTED SYSTEM GENERAL DESCRIPTION

This section describes the Active Controls Technology (ACT) system concept resulting

from the Current Technology ACT System Design Task. The concept, introduced in
Subsection 6.4, was selected by conducting trade studies of system configurations,
computer architecture, and actuation systems.

Subsection 7.1 is a concise description of the overall ACT system. Subsection 7.2 is an
overview of the flight control system of the ACT airplane and includes general
descriptions of the primary flight control system, secondary flight control system, and
automatic flight control system. Subsection 7.3 describes the general configuration and
functional configuration of the Selected System. Finally, operation of the Selected

System is presented in Subsection 7.4.
7.1 SELECTED SYSTEM CONCEPT

The Selected System normally implements all ACT control laws in a single triplex set of
computers and provides a separate quadruplex set of computers for backup crucial
function implementation. The ACT Primary Computers compute all control laws and
drive all ACT servos except the elevator servos. The Essential Pitch-Augmented Stability
(PAS) Computers compute a simple fixed-gain short-period PAS control law and drive the
elevator servos. A single ACT Maintenance and Display Computer performs general

system management, communication, and data storage functions.

The sensor configuration is the same as in the Integrated System except for the addition
of four dedicated pitch-rate sensors as in the Segregated System. A new actuator concept
has been adopted for the flaperons, with electrica]ly commanded power control units
(PCU) force summed by the flaperon torque box structure. The angle-of-attack limiter
(AAL) actuators have been modified to operate from low-pressure engine bleed air rather
than the high-pressure nitrogen system used in previous configurations. Figure 17

illustrates the Selected System configuration.

79



ACT secondary
Sensors Computers actuators Primary Pilot Autopilot

A N P A . actuators lnjuts m;;uts ‘
Displays, ] _-_____-@- ----.w
]

controls .=

> ACT ' § | Outboard
DADC mp| Maintenance - _: - _: P aileron,
and Display ] -t mm enos oo = P - H outer segment
!
[}

Computer

IRS @-.:---.‘ } Stabilizer
" Dedicated " - g J nm
r ACT display b omed)
N b | :

- - - - ' ‘ » Elevator

M -L - -J
- J p
ACT ]
FMC 1 Primary pip{ --------@-J
and GLA Computers AAL U Rudder
p. '
accelten :> actuators »@-- .‘
ometers
P - s e -!—. l } Control
Cross-channel column
communication
Column | . 1 1 I . — A . v
force g Essential ACT 3 [> J
i PAS primary [> = D ] D D
y actuators
Computers ' v}
Essential . v 4 M
To dedicated ACT control surfaces
pitch rate { Cross-channel

communication (> Inboard flaperons

(Z=> Outboard flaperons
l> Outboard aiterons, inner segment
E__:] Active control system equipment

Figure 17. Selected System Configuration

7.1.1 SELECTED SYSTEM COMPUTERS

The ACT Primary Computers calculate control laws for Full PAS, AAL,
lateral/directional-augmented stability (LAS), wing-load alleviation (WLA), and flutter-
mode control (FMC) functions. Full PAS includes short-period PAS and speed PAS to give
the airplane good longitudinal handling qualities. The ACT Primary Computers receive air
data and inertial reference signals from the airplane triplex digital air data computers
(DADC) and inertial reference systems (IRS) over Aeronautical Radio Incorporated
(ARINC) 429 digital buses. Dedicated ACT sensors provide wing accelerations for FMC
and gust-load alleviation (GLA) functions and column force for maneuver-load control

(MLC). Other sensors include flap and slat position and servo position feedback. Dynamic
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pressure and center-of-gravity acceleration are taken directly from sensors in the DADC
and IRS and transmitted over analog lines, bypassing the computing portions of those two

sensor systems.

Each ACT Primary Computer is directly connected to only one sensor in each triplex set.
Incoming sensor data are transmitted cross channel by an autonomous input/output (I/O)
controller so all these computers see data from all sensors. The central processing unit
(CPU) is not required in this cross-channel transmission; if a CPU fails, the other two

computers still receive full sets of sensor data.

Sensor signals are monitored for failures and processed to select a single value for each
signal that is used in control law calculations. Computer outputs are monitored and all

but elevator signals are sent to servoelectronics to drive ACT servos. The ACT Primary
Computers monitor servo operation (except elevators) and shut down a servo if the servo
or the computer driving it fails. Failure detection is primarily accomplished through
cross-channel comparison augmented by inline monitoring. Because inline monitoring is
not considered 100% accurate, single-channel operation is permitted only for the LAS

function, which meets special safety requirements stated in Subsection 5.2.2.

The Essential PAS Computers drive the elevator servos and calculate a simple fixed-gain
short-period PAS control law capable of providing minimum acceptable longitudinal
handling qualities. The Essential PAS Computers receive elevator commands from the
ACT Primary Computers over ARINC 429 buses. Each of the three Essential PAS
Computers receives data directly from an ACT Primary Computer, but after cross-
channel communication all four Essential PAS Computers have data from all three ACT
Primary Computers. CPU action is required for this transfer. In addition, each Essential
PAS Computer receives signals from the four dedicated pitch-rate sensors. Each s