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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 Re_search 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
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E. T. Reiquam ' Systems Technology

J. Shen Flight Controls Technology

R. D. Smith Flight Control Design

T. D. Verrill Flight Control Design

T. B. Cunningham Honeywell Systems and Research Center
J. C. Larson Honeywell Avionics Division

E. R. Rang _ Honeywell Systems and Research Center
R. K. Mason Hydraulic Research Textron

O. A. Walkes 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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line replaceable unit

large-scaie 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
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V,W

B e -

mA
max

min

ms

us

MARG
MCU
MCV
MEL
MG
MHD
MLC
MMU
MOS
M/R
MTBF
MUX
MVL
MW

MZFW+F

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

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)

xliv




NAV
NDP
NG
NMR

No.

ops

0oz

OAl
OB
OEM
OMP

OUTBD

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
contro!l 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

inertial axis coordinates

output

outboard aileron (inboard section)
output bus

original equipment manufacture
output monitor processor

outboard

xlv



A
1412
psi

pwr

Pa
PAS
PBW
PCU
PCM
PF
PIN
PLIM
PM
PROM
P/S
PSD

08 Qe

ol

observability matrix

Lagrangé's multiplier

pounds per square inch

power

inertial-to-body transformation matrix; probability; pump
pascal |
pitch-augmented stability

power by wire

power control unit

power conditioning module

pump and filter

p-layer intrinsic n-layer

nonlinear actuator position limit

permanent magnet

programmable read-only memory
parallel/serial

power spectral density

pressure, return

pressure, supply

hydraulic supply pressure, hydraulic system |
hydraulic supply pressure, hydraulic system 2

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

rigid and flexible mode rates
rigid and flexible mode accelerations
unsteady aerodynamic states associated with g

pitch rate
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QA device type identifier

QSAE quasi-static aeroelastic

Q,QI,Q2 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

ROl return on investment

ROM read-only memory

RPS rotor position sensor

RT remote terminal

RTS real-time counter

R. unsteady aerodynamic force matrix associated with wind

! disturbance
Rij cross-correlation function between gust states i and j

xlvii



Laplace transform of Rij

Rx’Ry’Rz rotations about x, y, z axes
RO steady aerodynamic force matrix associated with wind disturbance
R | hydraulic return pressure, system 1
R2 hydraulic return pressure, system 2
R cross-correlatién 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
SVDED dead band
SYNC synchronization
Si shear force at the ith station
t time limit; time setting; time variable
te final time
t. ith column of the transformation matrix T
t initial time
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D
TE
T/O
T-R
TRU
TTL

TX/RCV

UART
UPI

UR
USART
UTIL-1,-2
u,v,w

v

V.
1

V..
1)

cycle time; sampling period; similarity transformation matrix;
threshold; transistor -

Teledyne

trailing edge

takeoff

transformer-rectifier

transformer-rectifier unit |
transistor-transistor logic

transmitter-receiver

torsion at the ith station

control effectiveness scaling matrix

translations along x, y, z directions

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

optimal control solutions
Ty
control input command

longitudinal turbulence (output of Dryden model)

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

universal asynchronous receiver/transmitter

device type identifier

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

xlix
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VA
V ac

vC

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

VYRO

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, ché.nnel C
verification and validation
vibrating wire rate sensor
pitch-rate sensor (trade name)

bias voltage of channel A

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)




= €l

WLA

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

v actuator state vector

wind state vector

state vector, body-fixed axis coordinates

state vector, moving-inertial axis coordinates
index

actuator displacement

ﬁull bias

feedback dead band

dimensional variation of X force with pitch rate
dimensional variation of X force with speed

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

li



y output rates

y output accelerations

9 estimated sensor output vector

Y component of y

Y output covariance matrix

Y covariance matrix for y(t)

z system modal vector

z vertical velocity

z; unsteady aerodynamic states associated with 2z

Z Z transform variable; modal response covariance matrix
“cg vertical acceleration at body station 922.7 (cg)

Zq dimensional variation of Z force with pitch rate

Zu dimensional variation of Z force with speed

Z, dimensional variation of Z force with angle of attack
Z; dimensional variation of Z force with angle-of-attack rate
ZSE dim.ensional variation of Z force with elevator angle

SUBSCRIPTS

Subscripts Related to Velocity V or Mach Number M

gust penetration
D dive
e equivalent airspeed

MO maximum operating

1ii




General Subscripts

cg
com

COL

maX

MU

OAI

OAO

SS
SCS
SM
SV

SW

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)
reduced-order model
steady-state value of

steady aero control surfaces
steady aero model

servovalve

steady aero wind gusts

control actuator model

liii



ucs
UM

uw

Det(-)
E(-)
exp(-)
Im(-)
Re(-)
sgn(-)
8(-)

unsteady aero control surfaces
unsteady aero model
unsteady aero wind gusts

gust model

SUPERSCRIPTS

transpose of

inverse of

auxiliary variable; Kalman filter estimated quantity
auxiliary variable

auxiliary variable
OPERATORS

determinant of

expected value of

exponential function

imaginary part of

real part of

signum or sign function

impulse function

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

SYMBOLS

zero matrix

centerline

liv




o angle of attack; prescribed degree of stability

%y difference between airplane angle of attack with respect to the
air and ideal model angle of attack

sideslip angle

r disturbance distribution matrix, gamma function
I, I"a gust distribution matrix
) ' control surface command; control surface vector
5 steady aerodynamic states associated with &
op commanded aileron angle
5A ~ outboard aileron command
5C - column angle; control column deflection
SC_ ith control surface command
i
6E commanded elevator angle
SE' intermediate state variable elevator actuator -
5EC elevator deflection command
6; ith control surface position
51 ith control surface rate
.8.1 ith control surface acceleration
611 Kronecker delta
A change in quantity
AP difference in pressure
€ state estimate error vector
§ damping ratio
n fraction of semispan (2 y/b)
6 incremental pitch angle; input matrix in modal coordinates

(discrete time); pitch attitude; pitch-rate sensor output;
surface angular position

Q. phase at the ith control input

lv



@

unsteady aerodynamic states associated with 6
failure rate

ith system eigenvalue

diagonal or block diagonal state matrix
micro

spatial separation vector

flexible mode diéplacements

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
frequency, radians

imaginary part of the complex eigenvalue 7\i

Ivi
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APPENDIX A: CRUCIAL FUNCTION CONFIGURATION FOR RELIABILITY

To meet the reliability requirements of the Essential Pitch-Augmented Stability (PAS)
function in the Integrated System, it was necessary to select a level of redundancy, a

configuration, and the components for this function. The reliability requirements for the
other Active Controls Technology (ACT) functions, which are less severe, would also be

met by this configuration.
RELIABILITY PREDICTION FOR THE ALTERNATIVE CONFIGURATIONS

The reliability prediction for the three initially selected system éonfigura_tions was made
with the computer-aided redundant system reliability analysis (CARSRA) computer

program (see app B, subsec B.1.0), and software reliability and coverage were neglected.

The component failure rates used in this set of predictions were the preliminary estimates
of the values to be expected; no allowances were made for airplane interconnect wiring or
connector unreliability. The failure rates so obtained are not compatible with later
calculations but are entirely adequate to show the relative merits of the several versions.
Table A-1 shows the calculated failure rates for three configurations and five cases

evaluated. The configurations and cases in Table A-1 are defined as follows:

Configuration 1 Quadruple redundancy; hardwired cross strapping of sensor outputs;
only Q sensors (short-period PAS); no computer intercommu-
nication; sensor voting within each computer

Configuration 2 Same as configuration 1, except that hardwired cross strapping is

replaced with computer cross-channel communication

Configuration 3 Same as configuration 2, except that electronic voting (A = 71.4 x
-6
10

actuators

per flight hour failure rate) is inserted between computers and



Table A-1. Quadruple-Channel System Configuration Comparison

A=167

Case Description of case Configuration 1 Configuration 2 Configuration 3
Sensor Computer Actuator Sensor Computer Actuator Sensor Computer Actuator
al . Q ~ - a }(\?
Q - Q - a Vv
v v 7
a /1 ([ a a v
Q Q Q v
|~ | -~
4 RS Q sensors, A = 263
4 computers, A = 250 )
A 4 mechanical, actuators 187x 10710 592 x 10710 5.47 x 1010
A (includes hydraulics) = 56.6
Like A, except 3 mechanical .
B actuators and a mathematical 1.48 x 10-10 553 x 10-10 542 x 10-—10
model, A =0
Like B, except 3 IRS- -10
. 351x10 _
c based Q sensors, 952 x 1011 selected 34x 10710
A =263,and 1 VYRO . .
Q sensor, A = 73 configuration
Like C, except all Q -11 13x 10-11 7.12x 10711
D from VYRO sensors 7.56x10 8.13x1 ex
Like D, except a ~
E different computer, 249x 10”1 275x 10711 24x 1071

Notes: 1. Figures indicate short-period PAS reliability as probability of failure per 1-hr flight
given that software reliability and coverage are neglected.

2. Failure rates (A) of components per 105hr.

3. Table shows probability of function loss during a 1 hr flight

assuming fault-free software and coverage = 1.0.




Case A Four Q sensors based on inertial reference system (IRS); computers

with failure rates, A = 250 x 10'6 each per flight hour

Four mechanical secondary actuators (failure rate, X = 31.6 x 1076

each per flight hour)

' Three hydraulic systems (failure rate, A = 25 x 10 each per flight

hour)

Case B Same as case A, except three mechanical secondary actuators plus

one mathematical model

Case C Same as case B, except three IRS-based Q sensors and one

dedicated Q sensor
Case D Same as case C, except all dedicated Q sensors

Case E Same as case D, but using a more reliéble computer - (failure
rate, A = 167 x 1076 per flight hour)

As shown in Table A-1 (under stated analysis assumptions), all three configurations meet
the reliability requirements. Conﬁgu'ration 2, case C in Table A-l, was selected for the
Integrated System after considering system implementation complexity and reliability.

A similar study was conducted to investigate the feasibility of triply redundant channels.
The results are shown in Table A-2. No version of the triply redundant PAS meets the

requirements.

Table A-1 shows that when sensors and computers have high reliability, cross strapping
between the sensors and computers has little effect. The same is observed for a system
with a voter between the computers and the actuators. It is not expected that any
foreseeable improvement in component reliability will permit the triply redundant crucial

PAS system to meet the requirements.



v

Table A-2. Three-Channel Configuration Comparison

Requirements:

3 actuators + 1 mathematical model

2 actuators + 1 mathematical mode!

Case A: Case B: Case C: Case D:
At least 2 3 IRS Q sensors 3 dedicated Q sensors | 3 |RS Q sensors 3 VYRO sensors
At least 2 - 3 computers 3 computers 3 computers 3 computers
At least 2 3 hardware actuators 3 hardware actuators 2 hardware actuators | 2 hardware actuators
1 mathematical model | 1 mathematical model | 1 mathematical model | 1 mathematical model
Sensor Computer  Secondary
actuator
4
) 3.95x 10”7 1.88 x 1077 3.98x 1077 1.91x 107
|
¢ Mech
ech-
/ \ anical
voter
Configuration §
Sensor Computer  Secondary
actuator
7.89x 10”7 1.99 x 1077 8.34 x 10”7 2.44 x 10”7
et
Mech-
anical
el voter
Configuration 6
Note:  Figures indicate probability of function loss during a 1-hr flight neglecting software

reliability and coverage.
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APPENDIX B: RELIABILITY MODELING METHODS
B.1.0 CARSRA PROGRAM

Reliabilities of the alternative Essential Pitch-Augmented Stability (PAS) configurations
were determined with the aid of the computer-aided redundant system reliability analysis
(CARSRA) computer program, which was developed during the NASA-Boeing Airborne
Advanced Reconfigurable Com’phter System (ARCS) Program (ref B-1).

The CARSRA computer program was designed for and is particularly suited to systems
with redundant stages, which it defines as "sets of identical redundant modules." -
CARSRA can accommodate complicated systems because it splits them into stages and
uses stage Markov diagrams, instead of the Markov diagram of the entire system, to
develop the logic. Because all components in a stage are identical by definition, there.is
' no need to distinguish which module fails first, which second, and so forth. For systems
with a set of redundant modules performing the same function but having different failure
rates, the program adaptability is limited. The program also makes some approximations;
e.g., it truncates calculations of dependency-stage failures at two module failures
(extendable to three in the high-accuracy mode). This may not always provide enough

accuracy.

An example of a CARSRA reliability calculation is the Active Controls Technology (ACT)
function shown as a block diagram in Figure B-1. This is a redundant system with three
velocity inputs from the digital air data computer (DADC), three control column force
sensor inputs, three pitch-rate inputs from the inertial reference system (IRS), and one
pitch-rate input from a dedicated pitch-rate sensor. There are three mechanical
actuators and a mathematical model of an actuator simulated in each computer. At least
two of each kind of component must be functional or the system is considered to have
failed. All sensors and actuators are connected to and dependent upon the four
computers. This dependency means that the loss of one computer results in loss of the
sensors and actuator in that channel. Each actuator is also dependent upon its hydraulic
power source, but in this problem a single failure rate was used for each actuator and its
hydraulic system. If realistically different failure rates for the three hydraulic systems
had been assumed, CARSRA could not have handled this prediction.



Q sensor IRS Em——
VvV DADC f—» = Computer A | —e———ip| Actuator A
8¢ I——N Y
Q sensor IRS EEmm——
- N
V DADC et -~ Computer B - Actuator B Pr————— )
-
¢ - j\ .
Mechanical
voter
Q sensor IRS —e

Cross-channel | communication

Computer C ’ Actuator C
Q sensor dedicated p——"— {- T
V DADC > Computer D | xitdhjrpatiml |
Be N L J

*Mathematical model is implemented in four computers.

Figure B-1. Block Diagram for an ACT Function

The mathematical model of Figure B-1 is not actual hardware, but a computed simulation
assumed to be perfectly reliable. For this prediction, the mechanical voter is also

assumed to be perfectly reliable.

Figure B-2 numbers the components according to stage and channel. For example, the
third-channe! velocity sensor is number 223 (stage 22, channel 3). A dependency matrix

composed of these numbers, as shown in Figure B-2, is entered into the computer.

Each computer, velocity sensor, or column force sensor set is identified as a stage. In the
CARSRA model, however, a stage must consist of identical redundant components, so the
Q sensors (one of which is different) cannot be considered to be one stage. CARSRA
permits listing each Q sensor as a stage and declaring in another matrix which of these

stages may be permitted to fail without system loss. In this instance, all combinations of

B-2




Q sensors taken two or fewer at a time (11 combinations) must be listed. The
mathematical model and the real actuators also have different failure rates, but because
the mathematical model was considered perfectly reliable, the requirement for at least
two working components in the stage may be restated as "at least one working real
actuator." Had it been necessary to apply the technique used on the Q sensors, this
problem would have been beyond the capability of CARSRA.

The heart of the CARSRA process is the ability to use several simple stage Markov
models instead of one system Markov model. In Figure B-3, the circled numbers represent
states. The numbers at the bottom of each diagram indicate system failure state and
hidden failure state. The transition rates, n}‘mp’ represent the transition (failure) rate
between the state m and p for stage n. Table B-1 lists the values for these transitions.

These values are the main data entries to CARSRA.

*AL-2 *AL-2 - *AL-2
f A I} )
Stage 21 Stage 22 Stage 23
s Actuator r Mathemam:a_1 Velocity ‘ 5.
tage 1 . |
and hydraulics model 2 sensor sensor
2 AL - _T— - 7'y 7'
Computer I
*AL-2 l
Q Q
Dependency matrix —®  censor IRS sensor,
11 211 221 231 241 Stage 24 dsedlcat;;i
12 212 222 232 251 *AL:2 ¢ 5 tage
13 213 261 71  sensor IRS
14 223 233 271 Stage 25
*AL-2: At least two needed for operatio L @
: eas peration - - sensor IRS
Stage 26

Figure B-2. Dependency Diagram and Matrix for Function in Figure B-1



Stage 1 Stage 21

computers actuators
(including
hydraulics)

Stage 22 Stage 23 Stages 24, 25, and 26
V sensor ‘Sc sensor IRS Q sensors

23M2 2472

Stage 27

24M3

Dedicated Q sensor

27M2 27M3
Figure B-3. Stage Markov Models
Table B-1. State Transition Rates
Failure rate A A A A A
Stage per 106 hr 12 23 34 ofi ;; 13

1 Computers 1580.6 602.0 452.0 301.0 0
21 Actuator and hydraulics 38.6 201.6 134.4 67.2 0
22 V sensors 85.0 250.0 170.0 - 0
23 8c sensors 13.6 41.0 7.2 - 0
24,25,26 IRS Q sensors 418.0 4180 | - - 0
27 Dedicated Q sensors 9.86 9.86 - B 0
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B.2.0 FTREE PROGRAM

B.2.] REQUIREMENT FOR AN IMPROVED SOLUTION

The ACT systems are composed of so many parts with multiple interconnections and
multiple-occurring events that manual calculation of system reliabilities is not practical.
Early studies in Active Controls Technology (ref B-2) were accomplished with CARSRA.
The limited capacity of CARSRA required a change to another program, FTREE (fault
tree), developed at The Boeing Company. The advantages of this program will be

apparent in the following example of its use. .
B.2.2 FTREE REQUIREMENTS AND METHODS

Inputs to FTREE are derived from a reliability fault tree model for the system under
consideration. The tree is built from standard logic symbols and the shorthand symbols
shown and defined in Figure B-4. Fault trees for all ACT functions are drawn in the
standard format (see fig. B-5). The input events are numbered in a consecutive series,
each event having the same number wherever it appears. There may be no more than
1000 input events. Starting with a number greater than the last input event, the logic
gates are then numbered in a consecutive series with the requirement that no gate may
feed into a lower numbered gate. A logic gate may be multiple occurring if no other
multiple-occurring event or logic gate is an input to it. Should such a combination occur,
it is possible to assign a different number to the higher gate wherever it occurs. The
maximum number of gates and input events combined may not exceed 2000. Normally,
the number of multiple-occurring events is limited to 70. That number can be increased,
but numbers above about 50 become expensive to run. The highest sequentially numbered
logic gate, referred to as the top gate in any function, represents failure of that function.
The computer program calculates the probability of failure for the output of each gate,
including the top gate, which represents failure of the func¢tion.

A system fault tree can be composed of all the individual ACT function fault trees if the
gates are numbered in one continuous sequence. This offers several advantages; e.g.,
evaluation of the probabilities of combinations of functions. Figure B-5 illustrates, in a
condensed form, such a combination. The lowest gates are all the top gates of single ACT

functions and actually represent an entire fault tree of that function with all its input

. B-5



Gate name Code Symbol
AND A @

P(l) =P1+P2*.... PN

OR 0 ﬁ

Pl) =1~ (1-P1)(1-P2) ... (1-PN)

CONDITIONAL-SEQUENTIAL-AND
c ©
P(1}=P1«P2,... PN
N1

where N = number of input events

STANDBY s Q)

P(1) = P1*P4+(P1*P2+P1*P3*+P2*P5+
P3*P5)/2.0

Mof N M

P(1) is caiculated by a summing of the
minterm probabilities

EXCLUSIVE OR O
DESCRIPTION

P(1) = P1+P2*P1

INVERT v

P(I) = 1-P1 )
INPUT | O
P(1) ="P1

Remarks

All of two or more failures must occur to fail next higher event.

Any one or more of a number of failure events will cause next
event to fail.

All of two or more failure events must occur in a specific
sequence to fail next event,

To fail next event, five failure events must be considered as
follows:

1. Active component fails during 6peration

2 Passive component fails during standby

3. Passive component fails during operation

4.  Switching device fails to switch

5. Switching device inadvertently switches

(A zero probability- of failure may be assigned to any of these
input event probabilities. The logic statement in the data file
must list the input events in the precise order stated here.)
Failure of any “m"” or ﬁore of ’n’ input failure events will fail

the next event; e.g., m=2, n=3; thus, any two of the three inputs.
“n" may not exceed 20.

In FTREE this condition is best modeled by using an “OR,"”
an “AND,” and an INVERT gate.

The next event probability is one minus the failure event
probability.

The failure probability fed into the model in the form of a
failure rate and time or directly as a probability.

Figure B4. Fault Tree Logic Symbols
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Diversion

-

Essential PAS one
failure away

[ 1

Full PAS WLA one
inoperative failure away

Top gate of Essential
PAS one failure from

inoperative
Top gate of Full| Top gats of WLA
Fall PAS one PAS inoperative one failure from
u on : . N
failure away LAS incperative | |WLA moperatl inoperative
d d d LAS inoperative
Top gate of Full Top gate of LAS Top gate of WLA
PAS one failure inoperative inoperative
from inoperative
Top gate of
LAS inoperative
i 1
Full PAS LAS one . R
inoperative failure away WLA inoperative

N, O

Top gate of Full  Top gate of LAS Top gate of
PAS inoperative  one failure from WLA inoperative
inoperative

Figure B-5. Fault Tree for the Probability of Diversion Upon One Failure
Away From Function Loss

events. In this way, the computer model can take account of multiple-occurring events

throughout the tree.

Excerpts from a typical input file for the FTREE program, including all ACT functions,

are shown in Figure B-6.
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REVACT DATA ALL FUNCTIONS 8 20 B0O-=—— Name and date of file
12 Option 1, failure combinations taken two at a time
10 119 200 386 1.,0-46 200 =10 through 119 are input events, 200 through 386 are logic gates

0 ‘\ All failure rates times 10°6 per hr
1. O\Specified multiple-occurring events; none
Time (flight duration)

160 21
11 21 Actuators, aileron, outboard inner segment; failure rate
1§ S 1 2 x 10°8/hr: exposure = 1 hr {two left and two right)
1 21
14 35.9 1'
15 35.9 1 Actuators, aileron, outboard outer segment; failure rate
1l 35.9 1 35.9 x 10-6/hr; exposure = 1 hr (two left and two right)
17 35.9 1
18 29.6 1)
19 29.6 1 Actuators, flaperon, inboard; failure rate 29.6 x 10-6/hr;
20 29.6 1 exposure = 1 hr (two left and two right)
21 29.86 1§
22 29.6 1Y
23 29.46 1 Actuators, flaperon, outboard; failure rate 29.6 x 10-6/hr;
24 29.46 1 exposure = 1 hr (two left and two right)
25 29.6 1))
26 38.6 1 .
27 38,6 1 Actuators, elevator, secondary; failure rate
28 38,6 1 3§.6 x 10-6/hr; exposure =1 hr
29 7.4 1 Actuators, rudder, secondary; failure rate 37.4 x 10-6/hr;
30 37.4 1 exposure = 1 hr
31 50 1 Actuators, sti fa 6 /- =
s, stick pusher; failure rate §0.0 x 10-9/hr; exposure = 1 hr
12 50 1 :
f Q.
116 11 1
117 13.6 1 Last i nt
118 12.6 1 ast input eve .s
119 13.6 1 /—Furst gates _
200 0 49 32 77 80 83) Three DADC velocity functions made up of primary computer input set OR
201 0 50 353 78 81 84} primary computer common parts OR sensor dynamic pressure OR DADC
202 0 31 5S4 79 82 BIS | computer parts
203 2 200 201 202 —=— Velocitv from three DADC~at least two must fail for signal to be lost
gO4 (0] :9 22 86 8"5\’ ‘25 28| Pitch angles computer input set OR computer common parts OR |IRS pitch
N0 S0 93 87 ° rate analog OR IRS yaw rate OR IRS remaining parts (computer)iOR {RS
common parts ‘
DO~ - »
384 A 3B1 B2 383 Elevator actuation; three secondary actuation top gate “AND‘ed" together
385 0 375 380 384 Essential PAS; Q sensors, computers, and elevator actuation “OR‘ed” together
386 0 235 285 .323 Top gate, Full PAS OR LAS OR FMC failed
EQF
Ex

Figure B-6. Typical Fault Tree Input File
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Figure B-7 shows how the computer prints out successive approximations to the top gate
reliability and prompts the user about options when the operation is accomplished in the
interactive mode on a terminal. In the illustrated instance, because the problem was
familiar, the operator elected to bypass option 1, which provides an inexpensive
troubleshoot of the entry file, and went directly to option 3. This option, in addition to
giving failure rates at all logic gates, causes the computer to print out sensitivities of the
top gate to all multiple-occurring events. The computer calculates the failure probability
of the top gate (the last gate in fig. B-6) truncated at combinations of failed components
taken up to two at a time, as previously selected in line 2 of the control block, Figure B-6.
It then informs the operator that the solution is still converging on the true answer, asks
if combinations up to three at a time should be tried, and displays a number of computer
service units (CSU) accumulated in the session. CSUs are a measure of the cost of
running the program and enable the user to estimate the cost of running additional failure
combinations. In this instance, another combination was authorized, but an opportunity to
assess four combinations was turned down. The total output was then printed out at a

remote terminal.

Figure B-8 shows excerpts from the remote terminal printout of the FTREE results,
annotated to show the identity of the logic gates and input events. Each output event
represents a logic gate in the combined fault tree of all ACT functions. The top gate, an
OR gate, selects Full PAS, lateral/directional-augmented stability (LAS), and flutter-
mode control (FMC) and combines them to show the probability that any one or more of
the functions will become inoperable in a 1-hr flight. This represents the probability of

having to institute a flight restriction while in flight.

A notable advantage of FTREE is that, in one computer run, not only the top gate
reliability but many other reliabilities are displayed. For example, opposite gate 235 is
the probability that Full PAS will fail. Within Full PAS, gate 203 is the probability that
the airspeed output signals from three DADCs will be reduced to fewer than two signals.
Gate 208 gives the probability that both the DADCs and their backup function (pitch angle
from the IRS) will be reduced below the minimum two outputs. Gate 226 gives the
probability that the Full PAS function will fail for loss of some sensor input. It is

apparent that such information can be useful in design optimization.
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C»FTREE

FTREE(FAULT TREE) FROGRAM
VERSION A.1

ENTER INFPUT FILENAME AND FILETYFE.
>REVACT DATA
EXECUTION BREGINS .+

IF YOU WANT TO CHANGE THE OFTION ENTER OFTION NUMBER(1,2 OR 3)
(IF YOU WANT TO KEEF OPTION SFECIFIED IN THE INPUT FILE: HIT CR)

>3 :

"FAILURE UNRELIABILITY RELIABLITY GATE csu
1 1.094D-07 0.9999998905774120 386 - . 87
2 5.9720-07 0.9999924028494359 386 494

THE DIFFERENCE BETWEEN 2 FAILURES AND 1 FAILURES IS GREATER THAN 1.D-13
DO YOU WANT TO RUN' ANOTHER FAILURE COMEBINATION?

>YES
3 5.978D-07 0.9999994022342390 384 7650

THE DIFFERENCE BETWEEN 3 FAILURES AND' 2 FAILURES IS GREATER THAN 1.D-13

DO YOU WANT TO RUN ANOTHER FAILURE COMBINATION?

>NO
DO YOU WANT THE ANALYSIS OQUTPUT TO 3
1. THE TERMINAL - TYPE ‘PRINT’
2. A FILE - TYPE 'FILE’
3. BOTH ~ TYPE ‘BOTH-
>2
FLEASE ENTER FILENAME FILETYPE FOR YOUR OUTPUT FILE. .
>DOD DATA

DO YOU WANT TO MARE ANOTHER RUN?T
(‘YES’ OR “NO’)

»NO
R$

C»SPOOL FRINTER TO RIO DIST REMOTE Q@ 3 CONT

Figure B-7. Interactive Terminal Printout
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REVACT DATA ALL FUNCTIONS 8 2¢ 88

OPTION 34 SUMMARY UF THE SYSTEM PROBABILITIES.

FLIGHT

INPUT
CVENT

QUTPUT
TVENT

266
an?
203
203
2112
211
212
213
214
215
2la
217
2149
213
223
221
222
223
2y
225
224
221
224
)23
FRT
231
232
233
238
235
23%
237
234
2335

VERSICN NC.

HOURS (FH)3

le7360~-04
1.7360=04
le730l=04

Je 0382 =23
2¢82TU="4

let

1= 1.0000«00

UNRELIABILITY

UNRELIABILITY

20 827024

2,82102-04

2 338D=77
2e¢5745~-08
le 43%0=04
164330=04
le 8035-74
60214304
leOn2u=~04
1« C20-02
1eC62U~04
Yo 3340=0n
leSn40-04
1e9554845=y4
le20545=-04
Te243_=2R
1, 036.=y4
le €365 =04
leC3n0 =24
362157 =28
DeHT20=38
Te L2l =2y
13020 =30
leJ32i=30
le 232.=54
Re J210=0C%
e (62-24
14 3560=4
1e35h60=3%
Te4%46L=0h
1.727.=317
leSubs=04%
1e5541=-04
leSs4l=34

Ts2430-.8

RELIABILITY

RTLIABILITY
0. 9998264150677376
549998264150677376
0.,9998264150677376

2499999930961535+7
0.9997172599737033

2.99971725997871353
0.99971725959747033

L +99%99976021365143
U.9999933742626313
0,99345€2703599841
T L99985€7° 733599861
C.99785€07035893n1
Ue99599999378938136
0.9993937856412245
S0 99989378956412345
T+ 9938937T456412355
Ue 9939995601972 70
0,9928440120740037
99998445125 T143R4>
{299384461203742833
74994999 9275713649 8
CoI9989¢c40H53A36%0
Us 9938 E4DDIN6S3%T,
L 99YN9€43536€384 45
e Bu2NYg T8 6T21D
1993999474 2TFISTT
Sev9IuYSH2972435512
0eG89061n0nsRTIRIN
De 99926€308870834+
e IYSREEATABTIBIEG
Ce Y9 3YISI4KTHRELGO2
TLe%92791421755637 3

e 9593644091533 742 .
0.9995644091933732 |

0.9999999250603042
L 9y93934272932571
3.9994446120 7408 3>
0.999844612074083°
+9998446120740839
5.959996927571366 3

GATE

CTYPE

GATE
TYPE

C
c

L S o SRR = I N )

MM AAMAAARNMOA AT BDBATTAAARAGAARNIASANDOO N

HOURLY RATE FH
GATE INPUT ‘
49 52 7171 80
83 Airspeed
56 S3 78 131 [ fromDADC
Rre
51 %4 79 82
®S
2¢0 201 292 .
49 52 8€ 89
$% ¢<8
‘;2 23 €1 99 ] Pitch angle
51 s4 ep sy | omIRS
97 1¢0 .
204 205 20¢
203 207 —=-——— Both above sensors
49 S2 gpEg 98
sp <3 87 39 p Pitch angular rate
51 5S4 @88 100 § fromIRS
209 210 211
49 S2 101
50 53 112
51 54 193 Column force
213 214 215
49 S2 17 B0
5¢ 3 78 °1 1 Dynamic pressure, q,
51 54 1S 82 ] from DADC
217 218 219
43 %2 114
?2 Ei i- :: Flap position
3 <
221 222 223) (backupforal
220 224 q with backup
208 212 216 225—=— Al sensors
43 49 52
:; :g :i Computation
227 228 228
26 3% 39 97
=
g; g-‘,’ :g gg Elevator actuators
231 232 233
726 217 234 -=— Full PAS, top gate
49 %2 11 &
50 S3 78 2
51 54 1S A2
236 237 238

Figure B-8. Fault Tree Computer Printout
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240 1.C360 <04 C.999189¢€3035306388% € 49 S2 114

24l leLS0L =04 3.9992964053653446 C 950 &3 11¢

242 laf 3604 L 99985€4753663884 51 %4 116

243 342190="50 1eY93995u576367212 2 240 241 242

244 2.5125-0U8 0+59999997427TR9577 24 239 243

245 1e €622 =04 0.99929375856412359 € 49 52 11

2454 140620="0 T 29994937856412355 C 50 S3 102

247 leGo2D=34 L e947I8937856412355 C 51 54 193

243 3e3x43-08 (+9999993001579705 2 245 246 247

245 3s194)=04 0.9996R5597434444Y 49 &2 8¢ 19§
g2 §5 938

259 3.144D=C4 1 +9996859994344445 € 56 53 87 130
93 96 99

251 1, 1445 =04 0.9996455594344443 ¢ 51 S4 88 S1
34 97 1C0

252 2¢969) =07 Le9¥999937035192401 2 249 250 251

293 1. C36U=%4% "L 96949 €4253663846 49 52 114

25% 1e036D=24 [ +99989€4953663%46 0 50 53 118

255 le G360 =04 U.9Y9989€4N53663046 51 5S4 116

256 3e2190~0H 0.999995967T8267212 2 253 254 25%

257 2e1112=77 2.9994999634939T7135  ( 244 248 252 256

253 13520=34 2+9998668083708383 C 43 49 <2

259 1¢ 2320 =04 0.599866408870834%9 ¢ 44 S50 53

260 1e3320=C4 0+9998668J3870838% ( 45 S1 €&

261 S5 3210a78 2499999994573516°2 2 298 259 2¢0

262 2.0240-04 0.9997976204816349 C 29 43 46 A9
52 &9

263 2,0240-04 3.9997976204816349 30 44 47 50
53 SAK

264 440963 ~08 £+5999993530425666 A& 262 263

265 3.6130=-07 0.99999963823R43308 C 257 2€1 264

266 1e4390=04 Ve 3599R5€07035°98A1 C 49 52 @€ 58

267 14 4390 =34 2e99935£77035898A1 € - S50 £3 87 s¢

268 14390 =049 0.99985677035898b1 € 51 S4 88 1980

269 6¢2140=08 0.9999993378588136 2 266 267 268

270 le Bl6U =04 005998184164383776 ¢ 49 S2 14 8D

2n 1.8160=04 e 99981R4164RR3776 C s¢ 53 75 81

272 le 8160=04 2 e993481R4164883776 € 51 54 76 &2

273 Je89Y10-08 0.9999993010943003 & 270 271 2172

274 165540 =04 09998446120 740839 49 S2 11 8¢

275 1.5540=04 3499984456120 749839 ¢ 50 53 78 81

276 1e 5540=04 Je 99984 4612C740832 C 51 54 19 @2

277 7.243D0=C8 0.9999999275713663 2 274 275 216

278 1e 0620 =04 0.99948938056331013% ¢ 49 S2 117

279 le 0620 =04 0+9998933056351013 ¢ 50 S3 118

280 le 0620 =34 C«9Y98938056391013 S1 S4 119

2481 3e 3653506 0.99939599661 707024 2z 278 279 280

282 1. 0360-54 2.99939¢4053663846 € 49 52 114

283 1¢0360=04 T .9YIR9£40%3663846 O SN 53 115

284 1o 0360 =04 0.99939€4053663R46 ¢ .51 54 116

285 3e219J=0M 049999999678067212 2 282 283 284

286 1. 8550 =47 2+9Y999351450283%4 € 269 273 277 291

2485

281 16 332D =04 0. 559866430388708383 ¢ A3 49 52

288 1e 2320=04 3499986680R8708339 ¢ 44 S0 S

2d3 13320 =24 2+999866898R728329 ¢ 45 S1 S4

230 Se 3210 =0% 04999999946 7851602 £ 287 28B 28RS

291 le 6630~C4 0+999833713827204% € 43 46 49 S2

110
292 1.51€2 =24 €.9998459G1143C0524 ¢ 44 47 S0 53
293 151514 7+,9994490114%529528 ¢ 45 48 51 S4

Figure B-8. Fault Tree Computer Printout (Continued)
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294 2.2860-28 1.9999999772224733 & 292 293
235 1¢532L =05 0+9999846773198666 C 111 224
296 24 3160-04 0.9997684040250833 C 31 291 25%
297 le510U~04 £.9998490114560524 C 43 46 49 %2
298 1.51LD-04 3.9998492114000524 C A4 47 SO0 53
299 2.250u-08 0.9995999772024733 A 297 298
300 14532D-05 0.9999846773158666 € 113 299
331 le€b3L=-34 7.999833713827204% C 45 48 51 =54
112
302 242162 =04 0s9997684040250833 ¢ 32 300 301
303 949219-08 0.9999999007853862 & 296 302 :
374 Pe5920=d7 3. 9999997413323336 € 286 290 3¢3—=—— AAL topgate
395 Lo 594D=C4 T .5998446120740859 C 49 52 1771 20
306 1.9940-04 0.99944461207403833 C S0 S3 78 91
307 14554004 0.9598446120740837 C 51 54 15 32
309 7o 2430 =0y 0.9999999275713663 2 385 306 337
319 1eC135D =ut 2.95379872725%566% C 49 52 €2 &S5
510 2,0130-04 6+9997987202595665 C S0 53 63 &€
111 2.C130=04 0.5937987202595605 C 51 54 64 €1
z12 162153=37 £.99599394TH4TSTALS 2 359 310 311
313 1o 2520=24 TeYYIN6ENINBTIB34T C 43 49 s2
314 163320=0¢ U.9533665048708345 C 44 S0 53
315 1¢3320~04 9.59786€63088708337 ¢ 45 51 54
316 5e3210=38 .99599994674516%°2 £ 313 314 315
317 1e6/00-04 0,9997330139423€20 € 10 A3 46 &S
- 52 s8
513 1a6700=4 2.99318337133433607 C 11 4& 47 52
53 59
113 2+ 168U =08 09999951 721156359 & 317 318
320 24 400D =04 0+997760024737820% ¢ 12 43 4¢ 4sS
52 57
321 1e64CL=20 ©e994351139438620 € 13 44 a7 S¢
. 53 %9
522 auCilir=a Je99gN3O459329205A & 520 321
523 202100-07 3.99793977393039922 ¢ 308 312 316 315—~— FMC top gate
322
524 Te25C =04 C.9911987272575An5 ( 43 52 €8 11
525 2.013)=14 T 999 T9RT25255956R € 50 53 765 72
526 Peils2=24 L. 9SO T9HT22255%65Y 51 sS4 72 13
=27 102152~ 1 949993734 75761 2 324 325 526
324 l.€54u-04 0.35P44612074083% C 49 52 771 20
329 leSh4U=-04 Ue9594845120740R37 ¢ 50 S3 78 A1
333 1eS540=08 C.9598444122740835 € 51 €4 15 82
131 1,248 =8 L+9Y9999332757136,3 2 328 529 330
552 1sC62. =08 £.9995937556412355 C 39 32 101
533 lo Cor2u=N4 Ue9936937356412355 € 50 53 102
234 1eCu2i=54 ©.99989378964123.5 ¢ 51 5S4 103
335 Sedadn=5h £.99999996619797:5 z 332 333 334
335 1eS5535-04 §.999R347420533921 C a3 s2 52 98
331 1.553C=06 0.9%98447420528921 © 50 €3 63 9¢
333 1eS93,-24 L e9YI8447020538921 C 51 94 <& 10§
339 1.2510-Ca 1.99399932769244%6 2 536 337 338
340 2,2292-07 0.9999997770514412 € 327 331 335 339
381 1e3320=04 Co2993665038708343 43 49 =52
342 1e232L=04 © 9998665 38870838 44 S50 53
343 1.2320-%4 149%9866R088773389 C a5 51 54
344 543210-0F 0.9999559457451602 2 341 342 343
345 2. 0460=04 0.,9997914217556303 0O 2 35 15 87
346 1e3560-C4 24 9993644091333792 C 27 36 40 <8
547 1e256D=24 ©.9958644291933792 C 28 37 A1 59

Figure B-8. Fault Tree Computer Printout (Continued)
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343 744945 =08 6,9599993250503042 2 345 346 347
349 2.ET6u=~04 0.9947324358012700 C 22 83 4g &S
52 97
350 1e9460 =04 0.999405418933483 6 C 23 44 371 S0
53 =8
551 Se2560=38 Ce9999999479371223 & 349 380
352 PeB76D~C4 7.9597352435821873¢C  C 24 43 46 49
52 S7
352 1e 546D =04 0.99950541R89334836 € 25 44 47 S0
53 58
354 S5e206)=3% £.9999993479371223 & 352 353
35S 240090 =04 0.9997991201791905 ¢ 14 43 46 a9
52 58
355 2.0)90=04 £.,9997991201791975 ¢ 15 44 471 50
53 S9
357 44 035G =08 0.9999955596473337 & 355 356
353 20739 =G4 9.9997261375375641 ¢ 16 43 46 a9
52 57 :
359 2. 0090 =04 0.9997951201731905 ¢C 17 44 41 S0
53 €9
360 S.5010-08 0.9999999449366002 A 358 359
361 2e6760=C4a Ce9997324355891877) € 18 44 47 S0
53 §7
362 1.946D =04 0.9998054189334846 C 19 45 48 531
54 58
363 Se206D=08 0.9999999479371223 & 361 362
364 2.676D=54 U+9997324358718772 ¢ 20 44 47 50
53 S7
365 le946D=C4 5.997P354189334836 C 21 A5 ag S}
54 S8
366 Se2060=08 049999999479371223 4 364 365
367 14 6700=04 12.9998339139438620 € 10 43 45 49
52 58
368 1.€700-04 0.9992330139438620 € 11 44 47 590
53 s9
369 247880 =05 3.9999999721156939 A 3567 368
370 2.4 0D =04 Le999760G2873783823 ¢ 12 43 &g as
52 57
371 Le€70J =04 0.9995330139438620 € 13 44 a1 sq
53 S9
372 4. 0270 ="8 C+99Y99959599282C556 & 370 371
373 20 3470=07 £.9999957653289723 ¢ 348 351 354 357
360 363 366 369
372
374 a,4963=07 00 9993995504411321 C 340 344 372 WLA top gate
375 4e1215-15 T 9999999999999354 1 1G4 1CS 166 147 o
376 e 3.73=15 5e9949172034444775 C 3% 39
377 He 3000~05 0.,95491 70034444775 ¢ 36 40
378 2,3000=05 049999170034444775 ¢ 31T a1
51 Be 2000 =28 214999917235444434k ( 38 42
380 242:69-12 . ¢99999999999771e41 2 376 377 318 21%
s81 20 05b3="4 T.995%7914217556354% C 26 35 35 57
342 le 2562 =04 0.9974644091933772 ¢ 27 36 40 Sa
383 1o 3560=04 Ge9998644091953792 C 28 37 a1 s§
384 3.8290-12 $e9999999999961712 A& 381 382 383 )
3185 Se S4xD =12 1,9999999939944521 ¢ 375 380 384—=— Essential PAS top gate
386 S5¢9780=77 T.997995402254239" € 235 265 323~ Fy|| PAS or LAS

or FMC

Figure B-8. Fault Tree Computer Printout (Continued)
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SENSITIVITICS O MULTIPLL OCCUKING —v:NTS TO TopP EVENT 336
ZVINT %53, UNR:LTAMILITY CeLTA PAnBaARILITY TOF PRO%k TANK
10 2e¢ . 360=%6 Ge5o0J30033033367239 5.5742=07 s3
11 °.32L=C6 T4CLS0C0NT5052360467 95,5742 =07 52
12 2+0000-06 Ce00000207€33367210 5.8740=-07 €4
135 2¢.7°00L=06 3¢C0C0N06320047961C18 5.5732=07 51
26 Jerthi0=05 0.00000601046380662 5.87130-07 3a
27 Je4600=05 0.0000000132904K218 S £45D-07 2€
28 Je2600U-09 Co033003721328040326 5. £455=07 25
35 1le4l10T-C5 C.032C0C722332222421 5.939°-07 44
34 1+41006-09 0. 00000000495104553 5.9290%=07 42
37 1+41C0L-Co TeG2035204851071392 5¢5290=27 41
33 6.890C=-05 04000000015h7793d44 5. 7912-07 19
44 6e4300L-05 C.00000002370564202 5.7410-07 12
41 6.8790=5% Ge0222723257:5a43495 5.74100=07 11
49 be 650-C0 CallCCI0145433-402 5.83549-07 21
44 44.u60C=-0D 0.00000060173733-1720 5.1799%5=07 20
45 440602-09 0,0000000173:4725559 5.8782=-07 12
460 1.785(L=-9 Lol udGouvlB31975472 5.93380=~-07 43
47 lefn2u~35 24X 0054FKT61594 5.9232=07 40
44 le/na00-05 -C.C000000006I00013RD D.5737=~07 €5
4 6ehblL =05 Ge CU ] TSTR143343Q02 5+« 136"-07 z
97 HanbIu=15 Vel Zluolyn 1432925362 5.125)=07 1
1l hbehaii=ih --00000u07554343472 S5.244":~07 3
92 2+600u=0% 0.,00000503003614000 5., €637=07 3
95 2e802002=355 GeCVi0A0 5531348+ 223 S. €467 =07 #
94 2ehT00=TY el ICRI22363194567 5.6919=07 12
27 e lfiui=ud Cell 020.53687974317 9.6097=07 7
34 144300C-C5 JeDULO0UIYTSH3I061L006 5. €327=07 36
H Le4lui=CH Gel 00T 961857898 $.881=C7 35
77 444600-09 Us.0UCUS3001384334AT5 5. 839007 23
74 4,4600-05 C.000000013R436T734 5., 8399=07 22
74 4-%63L ] TL0033022133489%7322 5, 8390=07 24
4. 1e2200 =00 20056330 %50L3144274 9, 5217=07 3R
=1 1.320.-0% LoGUUOOLUOIHS194 108 5,6213=-07 317
4 le200~0% 04000000005695124403 5,921 =07 39
4o 2¢6342-0% 0.00000001277977648 5. §50D=07 29
17 2eu S0 ~0H CatlCCOCAL2TT7334201 5.85)5=07 21
B} 2¢ 54D=CD CaCLLRL2012717961252 5.850D0=-07 21
R4 2ei34L-00 0«00030000127797706428 S« 8500«07 30
30 2e034.~05 0« 000000012773594%01 5.€6910=-07 2%
91 26:.340-05 TeuldLCLIT1277961252 5.,8500=-07 22
42 3ela?5-lH Sed2(00{21949861463 5.7790-07 1%
43 341670=02 0.00000001989885926 5., 779n-07 13
34 3:1670=09 0.00000001999R35934 5.179%=-07 1%
9% 1elKSL =28 vel(Z 0027445811596 5,2337-07 [}
96 1e145L-04 CeC3II0CTTT7445906384 5.2330-07 3
97 1e1450=-04 0. U0000007445716065 S5.2330:=07 ]
98 Je10UC=0S CsCOGDCTG1947763961 5,7830-07 17
94 3e1550-25 0eGUACBLC194T7783885 5.7830-07 16
100 - 3+1000-05 0«00000001987734372 5.7830-07 1g
101 led02u0=05 0.00000Q00233021214 S» 5490=07 46
102 1.362D0=35 3400005002892 32164 5.549D-07 4<
103 le3620=05 0«000000002890103235 54 5490=07 47
114 1.1000-05 0. 00030G30227661510 5.9550=07 49
115 1.1300-05 Ce$53502G00227672354 5.,9550=07 4%
116 1.1C30L=C5 "+00000000227652643 5.,9550=-07 S0

3 FALLURE CCMBINATIONS.
Figure B-8. Fault Tree Computer Printout (Concluded)
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Another FTREE advantage is that a minor changé in the makeup of the last gate of the

file will permit investigation of other combinations of events.

The last page of Figure B-8 shows sensitivity of the top gate to multiple-occurring events.
The number given is the change in unreliability that would occur at the top gate if the
component under consideration were made perfectly reliable. Events (components) are

ranked in decreasing order of influence.
B.2.3 MINTERM PROVISION

FTREE provides outputs of all minterms that represent failures of the function (top gate).
This information is helpful when determining what input signals are needed to provide
fault advisories to the flight crew. Unfortunately, the entire set of failure-producing
minterms are calculated and printed. For example, if loss of computer A and actuator B
could disable LAS, then all minterms that include computer A and actuator B will be

provided.

The fault tree analysis program (FTAP) is a new program initiated at Stanford University.
FTAP provides the same information in a more convenient form, which is cut sets. Cut
sets are all those combinations of components that can produce a failure probability as
great as a preset threshold. In the preceding example, the A computer failure and B
actuator failure will make up an entry if the probability of their joint occurrence is as
great as a value the operator has preset. Figure B-9 is a portion of a printout of such an
FTAP computer run. FTAP also can combine many more problems into one computer run,

thereby saving cost.

For future studies, we are coordinating with the Raytheon Corporation to incorporate the
FTREE program as the input end to the computer-aided reliability estimates (CARE III)
program. This should expand the reliability calculation capability to include latent

failures, leakage, coverage, intermittence, and recovery from transient failures.
B.2.4 PREDICTION OF SELECTED SYSTEM FLIGHT SCHEDULE RELIABILITY

Construction of the fault trees defines the logic that the FTREE program uses in
prediction. A brief examination of the fault trees will help to explain how the Selected

System flight schedule reliability predictions of Volume I, Subsection 9.2.2, were made.
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Figure B-9. Fault Tree Analysis Program and Cut Sets
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Figure B-10 is the crucial PAS fault tree.- The OR gate at the top of the tree feeds the
undesirable event "Essential PAS Inoperative." If any of the three inputs to this gate is
positive (indicating a fault), the output indicates a fauit; namely, that Essential PAS is
inoperative. The sensor fault gate is an M of N gate described in Figure B-10, meaning
that if any three of the four inputs (or all four) are positjve, the output is positive. The
FTREE program tries all the possible combinations. Each input to this gate is simply the
event that one dedicated Q sensor is inoperative. The computer fault gate is similar,
except that the four inputs to the M of N are now the outputs of OR gates. The event
that a computer is inoperable is combined with the possible event that the computer
program is faulty, because either of these could suffice to make the computer function
faulty. The actuator fault gate is similar in that the actuator is combined in an OR gafe
with the supporting hydraulic system and with the appropriate computer. The actuator
depends upon the hydraulic system for power and upon its own channel's computer to
provide it with control signals; i.e., the actuator is dependent on its own computer. Any
one of the three could, by failing, make that channel's actuation inoperative. The
Essential PAS fault tree is unique among the set in that the sensors do not show such a
dependency upon their associated computers to accept their signals; i.e., in this instance . |

only, the sensors are each cross strapped into all computers.

The Full PAS fault tree (fig. B-11) is very similar in structure. The sensors are dependent
upon the computers to accept their signals. The partitioning of computer failure rates
(vol. 1, subsec 9.2.1.1) permits including only those parts of the computer that are required
to be operable to receive the sensor inputs. Under g sensing fault, the DADC also has
been partitioned into the g parts and those common parts (power supplies, cooling,
structure) that are required to provide a q (dynamic pressure) output. A failure is not
charged for other parts. The additional function, gain scheduling, is backed up by an
alternate, flap position, so that both must have produced a fault input to the gain
scheduling fault AND gate to get a fault output. These backup functions appear in several
ACT functions and result in the backed-up function being virtually infallible. The phugoid
stabilizer sensing fault is another such backed-up function. The computers are
conspicuous by being included in every sensor and actuator branch of the tree. The
dependency of sensors and actuators for communication to the rest of the system makes
the computers and their reliability extraordinarily important. In this tree, the computers,

subfunctions of the DADC, and the IRS are all multiple-occurring events.
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The LAS and angle-of-attack limiter (AAL) (stick pusher and stick shaker) fault trees
(figs. B-12 through B-14) follow the same pattern. The stick pusher actuation is
complicated by the need to ensure against inadvertent actuation. Each actuator is
precluded from operating unless both solenoid valves open, so both valves and two power
sources are combined in an OR gate; thus failure of any one could produce actuator
failure, but both actuators would have to fail to produce AAL actuation failure.

Figure B-15 predicts the probability of inadvertent stick pusher actuation. In this case,
failure in the sensors is not passive but produces a false signal that calls for actuation
when it is not required. Failure in the actuation consists of actuation in the absence of a
computer input signal calling for actuation. The computer fault consists of the computer
producing an output, in the absence of the appropriate sensor inputs, that the program and
the rest of the computer fail to detect and deactivate. Commercial aircraft experience
provided almost no data from which to calculate rates for such failure modes, so
conservative estimates were made. This fault tree, having an entirely different set of
failure mode input events, cannot be combined with the rest of the ACT function fault

trees to find the probability of joint failures.

The wing-load alleviation (WLA) fault tree (fig. B-16) is the most complex because of the
large number of surfaces controlled, but the same principles apply. . The multiple
actuators are each dependent upon one of these hydraulic systems, which makes the

hydraulic systems multiple-occurring events. The FMC fault tree is shown in Figure B-17.

The fault trees described detail the failure modes that can lead to an ACT function
becoming inoperative. In some instances it is necessary to know the probability of
encountering the condition in which one more component failure would cause a function
failure, because this may call for flight envelope restriction. Such a probability can be
calculated with a similar fault tree that simply redefines what constitutes failure. The
adaptation of the Full PAS fault tree for one failure away (fig. B-18) is an example. The
only change necessary was to replace the gates that required two of three redundant
inputs to fail with gates that require one of three (i.e., one less than what would cause the

function to become inoperable). A one of three gate is simply an OR gate.

The probability of being required to divert during a 1-hr flight is the probability of being

one failure away from the loss of Essential PAS or one failure away from loss of all of the
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set (Full PAS and LAS and WLA). Figure B-5 shows the fault tree for this condition. Four

Any of them can produce a condition where the pilot

gates feed into the top OR gate.

should divert.

The first, being one failure away from loss of Essential PAS, is simple

We need three other inputs, each representing two functions failed and one

enough.

function one failure from becoming inoperable for the set of Full PAS and LAS and WLA.
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APPENDIX C: PITCH AXIS FLY-BY-WIRE ACTUATOR

Volume 1, Subsection 6.5, describes a pitch axis fly-by-wire (FBW) contro! actuator and

compares it with a conventional actuator system in terms of weight, cost, and reliability.

The pitch axis FBW actuator installation drawing (fig. C-1), in conjunction with Figure 16

(vol. 1), provides schematics of the elevator FBW control system.
C.1.0 DESCRIPTION OF THE SERVOACTUATOR DESIGN

The actuator is sized to provide the elevator full force and rate capability. The pitch axis
FBW servoactuator is shown in Figure C-2. The actuator is driven by a jet pipe
servovalve. A linear variable differential transformer (LVDT) is attached to the spool of
the servovalve for redundancy management. A differential pressure transducer is
installed between each servovalve and actuator to equalize the output forces of the three
servoactuators. A bypass valve is employed to control the operational mode of the
servoactuator. If a control loop failure occurs, the normally closed dual-coil solenoid
valve will allow the bypass spring to drive the bypass valve to a position that disconnects
the servoactuator from the hydraulic supply and reduces its output force to a minimum.
As long as the control loop is free of failure, the solenoid valve will position the bypass

valve to allow the servoactuator to operate normally.
C.2.0 NONLINEAR DYNAMIC SIMULATION

A nonlinear dynamic mathematical model computer program was written for the
servoactuator and its failure detection scheme to ensure that the servoactuator system

would respond as required.

A computer run was made using this mathematical model. A 50% step input command
was applied. Results of this computer run show that the servoactuator response is

overdamped and the control loop is stable.
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C.3.0 REDUNDANCY CONCEPT

C.3.1 SERVOVALVE MONITOR CONCEPT

The redundancy concept used for the pitch axis FBW servoactuator is shown schematically
in Figure C-3. This figure shows that the response of the servodriver amplifier and
servovalve is compared to the response of a model of the servodriver amplifier and
servovalve driven by an identical command signal. The LVDT is the only component in the
control loop whose performance is not monitored by this redundancy method. Hence a
center tap (self-monitoring) LVDT is used. When the difference between the displacement
of the second-stage spool and its electronic model exceeds a preset threshold level, a
failure detect signal is attained. Also, a first-order filter with a time constant 7. is
incorporated to reduce the dynamic mismatch between the electronic servovalve model

and the actual servovalve during transient conditions.

To investigate the effects of a control loop component failure, the nonlinear dynamic
mathematical model computer program discussed previously was used to conduct a failure
transient analysis. The failure analysis run was made by applying a zero command to the
servoactuator control loop and inducing a hardover servovalve failure. Results of the
computer run show that following a failure, the actuator will travel less than 10% of full
stroke before it is placed in the failed mode. Worst case static and dynamic mismatches

between the servovalve and the electronic model were used.
C.3.2 SERVOACTUATOR EQUALIZATION

One problem associated with connecting multiple actuators to a common load is getting
them to share the load equally instead of engaging in force fight due to tolerances in the
control loop. To minimize force fight, a scheme of one active and two online channels is
used as shown in Figure C-4. In this scheme, one active channel or actuator is position
responsive and establishes elevator position. The two online actuators are also position
responsive and are force output limited. This force limiting is accomplished by using
differential pressure feedback from the two online actuators.

If the elevator is subjected to oscillatory loads, it is desirable to have the two online

servoactuators share these loads with the active actuator. The online actuators are soft

C4




at low frequencies but can respond to their share of the oscillatory loads at high

frequencies.

If one of the active actuator channels fails, then one of the online actuators becomes
active by automatically turning off the AP feedback to that actuator. If the second

active actuator channel fails, then the remaining online actuator becomes active.

Various channel mismatch conditions were investigated in the pitch axis FBW system. The
types of mismatching considered were (1) servovalve null bias mismatches and (2)
servovalve pressure gain mismatching. The latter was obtained by mismatching the

amount of overlap or underlap length on each servovalve..
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Figure C-3. Failure Detection Schematic for Pitch Axis Fly by Wire
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Frequency response was investigated to determine whether mismatching could cause force
fighting between channels that might attenuate the dynamic response. The frequency
response was not significantly different under any of the conditions investigated.

Step commands for various mismatch conditions were input into the system in an attempt
to trigger nuisance failures. At no time did the detection parameters come close to the
threshold level.

C.t.0 PITCH AXIS FBW ACTUATOR INSTALLATION

The pitch axis FBW actuator installation is shown in Figure C-1. The pitch axis FBW

actuator is within its prescribed envelope.
C.5.0 RELIABILITY ANALYSIS

Analysis of the pitch axis FBW servoactuator yields an estimated mean time between
failures of 25 253 hr, as shown in Figure C-5. Table 30 of Reference C-1 lists the failure

rates used.
AP Solenoid
—p{ transducer Servovalve Actuator LVDT
15x 1076 *10x 10 AR *1.6 x 10-6 #7.0x 108 [

® Mean time between failures: 25 253 hr

*Failure rates (\) based on Table 30 of Reference C-1

Figure C-5. Pitch Axis Fly-by-Wire System Reliability Model
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APPENDIX D: FLAPERON ACTUATION SYSTEM DESIGN TRADE STUDY

The purpose of the flaperon study was to develop three viable actuation design concepts
to operate a wing trailing-edge flaperon and assess the relative merits of each concept.

These actuation concepts were studied:

) Hydromechanical actuation system
° Electromechanical actuation system
o Integrated actuator package

The only constraint imposed d\jring the study was. that the actuation systems be designed
with state-of-the-art hardware technology that has proved its maturity in commercial and
military applications. This constraint ensured that assessment of system performance
and reliability would be based on available technical data. |

The following design ground rules were assumed for all three concepts:

Y The flaperon actuation system is flight critical.
® A minimum of two systems is fequired for redundancy management.
° Failure transients shall be held to a minimum, and hardover failures are not allowed.

° Because it is not practical to provide mass balance in the flaperon structure for
surface flutter suppression, means must be provided to prevent surface flutter in the
event of total power loss to the flaperon actuation system. Flaperon surface locking
is the means provided.

® Preflight test must be performed.

D.1.0 HYDROMECHANICAL ACTUATION SYSTEM
The hydromechanical actuation system, based on performance, weight, cost, reliability,
and state of the art, was selected as the ACT system technology base flaperon actuation

system. This system is discussed in Volume I, Subsection 8.1.3.3, Flaperon Actuation
System.

D-1



D.2.0 ELECTROMECHANICAL ACTUATION SYSTEM

An industry survey was conducted to determine usage of electromechanical actuation
systems on commercial and military aircraft. The results of the survey showed that no

electromechanical actuation systems were employed on primary control surfaces. It was
found that the most advanced electromechanical actuation system is the prototype unit
built by Delco for NASA. A design constraint was imposed that only state-of-the-art
hardware be used. Hence, this constraint eliminated the electromechanical actuation

system as a viable flaperon actuation system option.
D.3.0 INTEGRATED ACTUATOR PACKAGE

The integrated actuator package (IAP) is a system that takes aircraft electric power in
lieu of hydraulic power. The IAP will apply the specified hinge moment and rate to the
surface by hydraulic power that is generated within the IAP. The package contains the
motor-pump reservoir and valving necessary to generate and control the hydraulic power,
the servoactuator, and the heat-dispensing mechanism.

D.3.1 IAP SYSTEM DESCRIPTION

Three IAP concepts were investigated during this study: (1) servopump, (2) pump-motor-
reservoir with an accumulator, and (3) pump-motor-reservoir without an accumulator.
These three concepts were examined to determine their suitability for the flaperon

requirements. This investigation is summarized in the following paragraphs.

Servopump-The Air Force has done considerable development work on servopumps. An
example is the Sperry Vickers servopump on the Air-Force-funded 680J using the F-u4
aircraft (ref D-1). This research program was concluded in 1973. Neither this program
nor any Air Force projects has resulted in a production servopump. Because one of the
ground rules for this study was state of the art, it was concluded that none of the Air

Force servopumps qualifies.




The British Aircraft Corporation commercial aircraft VC-10 does use servopumps

manufactured by Boulton-Paul. The characteristics of this servopump are as follows:

® Rate 25.2 deg/s
®  Hinge moment 468 887 N-m (91 500 in-lbf)

e Weight 37.14 kg (81.9 Ib)

- The rate was not sufficient (80 deg/s required), and Boulton-Paul was not interested in a

redesign.

Pump-Motor-Reservoir ‘With an Accumulator—The pump-motor-reservoir with an accumu-
lator adds stored energy to the system by an accumulator, allowing a possible reduction in
the size of the pump-motor. Use of an accumulator requires detailed knowledge of the
duty cycle, and this duty cycle was not available until late in the study. The objective of
this phase of the study was a trade between the IAP concept and the other concepts as
noted in Volume I, Subsection 8.1.3.3. The addition of an accumulator would not influence
the conclusion of this trade; therefore, study on this concept was terminated.

Pump-Motor-Reservoir Without an Accumulator—-The pump-motor-reservoir without an

accumulator is the concept included in this study.

The system schematic is shown in Figure D-1. The electric power is supplied to the
motor, which drives a variable-displacement pump. The flow from the pump is routed to
the servovalve through a filter. The pump outlet pressure is also routed to the bootstrap
reservoir to maintain the 690-kPa (lOO-lbf/inz) return pressure. The return flow comes
from the electrohydraulic valve through the return filter and flows through the electric
motor for cooling. From the motor the flow connects with the case drain flow and goes to
the reservoir and/or to the pump inlet. The system also contains a bypass valve around
the supply pressure f{filter and various differential pressure, pressure, and thermal
switches. The thermal switch signals the blower motor to turn on or off and informs the
aircraft computer of an overtemperature condition. The pressure switches inform the
aircraft computer of a failure. The differential pressure switch and fluid-level indicator

switch are used during routine maintenance to indicate a dirty filter and fluid level.
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D.3.2 REDUNDANCY CONCEPTS

The redundancy concept for the servoactuator in the IAP is exactly the same as the
concept for the hydromechanical actuator system. Two force-sharing actuators and two
models are used, as shown in Volume I, Figure 52.

The hydraulic power unit (HPU) is completely redundant. Each servdactuator has its own
HPU. The HPU has several monitor points for failure detection: the thermal indicator
and the pressure switch. These two signals are monitored by the computer, and if the
temperature or pressure is excessive, the IAP will be shut down. The AP across the filter

and the reservoir level are monitored and used as a ground maintenance reference.
D.3.3 DESCRIPTION OF HARDWARE

Figure D-2 shows the general arrangement of the components. The pump reservoir
package is supplied by Abex Corporation. ‘

Heat exchanger
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Figure D-2. Integrated Actuator Package Installation
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The motor is a wet design with Skydrol fluid flowing through for cooling. This is a

440-Hz, 112V, three-phase motor.

The heat exchange is a two-pass, cross-flow, oil-to-air heat exchanger. The air for the

heat exchange is provided by a blower driven by a 440-Hz, 112V, three-phase motor.

D.3.4 WEIGHT ANALYSIS

The necessary brackets and mounts and local structural enhancements will await detailed
design of the flap-flaperon and supporting structure. Most of this weight omission (i.e.,
the weight of parts required to react the actuator loads) is the same for both the IAP and
hydromechanical systems. The extra weight for this IAP (i.e., mounting brackets for the
various IAP components) would be less than 2.3 kg (5 Ib). Weights are as follows:

Servoactuator 4.34 kg (9.56 Ib)
Lock - 2.70 kg (5.95 Ib)
HPU 10.48 kg (23.10 1b)
Blower 1.31 kg (2.88 Ib)
Heat exchanger 2.27 kg (5.00 Ib)
Fluid 1.30 kg ( 2.86 Ib)
Motor 4.76 kg (10.50 Ib)
Total 27.16 kg (59.85 1b) + brackets

D.3.5 RELIABILITY ANALYSIS

The reliability block diagram for the IAP is shown in Figure D-3. The predicted mean
time between failures (MTBF) is 15 186 hr, which appears reasonable because VC-10 IAPs

have demonstrated an MTBF of over 16 000 flight hours.
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Figure D-3. Integrated Actuator Package Reliability Model (Worst Case)

D.4.0 TRADE STUDY ASSESSMENT

Following completion of the designs of the hydromechanical actuation and IAP systems, a
trade study was conducted to determine the optimum actuation system for the flaperon.

Assessment of each system was based on performance, weight, and reliability.

Because the same servoactuator was used on both systems, it can be concluded that the
performance of the two servoactuators is identical. Table D-1 shows the weight and
reliability comparison. It can be concluded from Table D-1 that the hydromechanical

system is the optimum actuation system for the flaperon.
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Table D-1. Trade Study Assessment

Hydromechanical system

|AP system

Weight

Reliability

Actuator  4.34 kg (9.56 1b)
Lock 2.70 kg (5.95 Ib)

7.04 kg (15.51 Ib)

Mean time 33 168hr
between
failures

Actuator
Lock
HPU
Motor
Blower

Heat
exchanger

Fluid

4.34 kg (9.56 Ib)
2.7G kg (5.95 Ib)
10.48 kg (23.10 Ib)
4.76 kg (10.50 Ib)
1.31 kg (2.881b)

2.27 kg (5.00 Ib)
1.30 kg (2.86 Ib)

Mean time
between
failures

27.16 kg (59.85 Ib)

15186 hr
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APPENDIX E: TECHNICAL APPROACH FOR ADVANCED TECHNOLOGY
CONTROL LAW SYNTHESIS AND ANALYSIS

This appendix describes in some detail the technical approach used for advanced
technology control law synthesis and analysis. The objective has been to develop synthesis
and analysis methods suitable for the design of gust-load alleviation (GLA), flutter-mode
control (FMC), and rigid-body stability command and augmentation control laws and to
demonstrate the potential benefits of thereby evaluating the closed-loop performance at

specific flight conditions.

The complexity of the control task and the dynamic characteristics of a typical flexible
transport airplane dictate the solution of a coupled multiloop control problem. The
classical approach of synthesizing one loop at a time is not well suited to deal efficiently
with coupled multiloop systems. Modern control theory offers the capability of
synthesizing multiloop systems directly, thus taking advantage of favorable interactions

between the control loops.

Figure E-1 indicates the design précess flow. The main elements are model generation,
linear analysis, optimal controller design, and simulation. The design is accomplished
using a set of experimental corﬁputer programs on the Control Data Corporation (CDC)
6600 system. These programs, which were developed by Boeing prior to this contract, are
particularly suited for the analysis and synthesis of multivariable controllers for Active
Controls Technology (ACT) airplanes. They are based on time-domain modern control
theory; key elements are state-space representation of dynamic systems, modal analysis,
and optimal control and observer (Kalman filter) designs. In addition, portions of the

environmental control analysis system (EASY 5) and QR programs are used (refs E-1
and E-2). ‘

E.1.0 DYNAMIC MODELS

Control law synthesis and analysis require models of the flexible airplane, the measure-
ments and loads, the actuation system, and the wind disturbances. These models are

connected to perform open-loop analysis, control law synthesis, and, when combined with
a control law, closed-loop performance evaluation.



Model Open-ioop Controller

generation analysis » design
. Linear
Final ———— Closed-loop PE—— closed-loop
design simulation analysis

Figure E-1. Program Structure

E.1.1 FLEXIBLE AIRPLANE MODELS

Two configurations were analyzed during this study. The first was based on the drone for
aerodynamic and structural testing (DAST 2) model. The second was based on the Initial
ACT model. The unsteady aerodynamic representation differed in these two analyses,
although in both cases the equations of motion for the flexible airplane were represented

in the Laplace domain.

Figure E-2 shows the two forms of the flexible airplane equations of motion that were
used. In both cases, the airplane at each flight condition is represented by a set of
constant coefficient linear second-order differential equations modified by the addition of
first-order lag terms that represent the effects of unsteady aerodynamics. Figures E-3
and E-4 are block diagram descriptions of the DAST 2 and Initial ACT Airplanes,
respectively. There are blocks representing the steady and unsteady aerodynamic forces,
the structural model, and the measurement model. These block diagrams are graphical
descriptions of how the models are assembled using the EASY 5 model generation routine.
After the input-to-output relations of each block and the block interconnections are
specified by the user, a precompiler program generates Fortran subroutines that are
combined to represent the complete model in program form. The individual blocks may
represent nonlinear relationships. These models are used to perform static trim
calculations, conduct simulations, and generate linear state models at specified operating
points. These particular formulations produce well-structured state vectors consisting of

q, rigid and elastic model coordinates; q, the corresponding rates; \T/g, unsteady aero-




dynamic states due to wind; and, in the case of the DAST 2 model, § and §, unsteady
aerodynamic states associated with q and the control surface vector, §, respectively.
With this choice of states, it is seen that the unsteady aerodynamic forces are well
defined and second and higher order derivatives of the vectors g, §, and gust velocity

vector wg do not occur as states.

DAST 2

([mass] 2 + [ damping] s + [stiffness] [q(s)]

*(pV[C1]s +pV2[C +pV221 TV, [D [q(S)]
+(9V[E1]s+pv2[c ]+pv2 21 eV [D])[S(s)]
4-(pV[R]+pV 21S+Vg [R [w (s)} ”

Initial ACT Airplane

(1591 s + 1841 s+ [Sp-])[Q(s)} + (1851 2+ 1511 s+ [5,)) {a(s)}
3 c; |
([Ro] + ,2;1:_l:d—| [Ro]) [wg(s)} ={0}

. pV
where [SO] [stiffness] + - [AO]
(Sq] = [damping] + -%V (A,]

[S5) = [mass] + £—[A,))]

- 2

S 1= V

[51] = _&2— [A1] i
[Sy] = [control surface inertia]+.§. [A,]

Ag KO are quasi-steady airforces matrices

Aq K1 ' Ag, 22 are unsteady airforces matrices
q Rigid-and flexible-body deflections
) Control surface deflections

Wy Gust velocities

Figure E-2, Equations of Motion
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Figure E-3. Model of Drone for Aerodynamic
- and Structural Testing 2 Airplane
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————— Steadv aero SCS
- control
P surfaces
Steady aero
model
Steady aero
7| wind gusts "
5 Wy l éJ ) Measurement | ¥
| § Structural model q) j model -7-)
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-
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model
Unsteady
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> control
§ surfaces

States:

q Rigid- and flexible-mode deflections
Corresponding rates

g Unsteady gust states

Figure E-4. Model of Initial ACT Airplane
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Qutput
F

Input

2
pv

+ + + +
+ ‘ + + +
3=
NU

f D3 Transfer function:
4
2 D,is
R F(s} = pV {s)
Vb3 2 s+ Vb, a
i=1 [
a4
S Dy '
. g = coordinates for elastic and rigid modes
ai = unsteady aerodynamic states, i = 1,2,3,4
Vby f = forces due to unsteady aerodynamics

® Second-order and higher order derivatives of
the vector q will not occur as states.

Figure E-5. Modeling of Unsteady Aerodynami'cs-—Drone for
Aerodynamic and Structural Testing 2

Some detailed comments are pertinent with respect to modeling unsteady aerodynamic
forces. For the DAST 2 model, the unsteady aerodynamic forces are represented by the
summation of the outputs from four first-order lags as shown in Figure E-5. This is the
result of an approximate transformation from a frequency- to time-domain representation
of these forces. The output from each integrator is a state. For each element of the
input vector, g, there are four unsteady aerodynamic states. The same holds for the
control surface vec:cor, 8, and the gust disturbance vector, Wg' Thus, in this case the
unsteady aerodynamic representation increases the dynamic order of the model

significantly.

For the Initial ACT Airplane, the approximate transformation from frequency- to time-
domain representations of the aerodynamic forces, except for gust inputs, is accomplished
with a least-square fit of a second-order polynomial in the Laplace variable s. This leaves

the steady and unsteady aerodynamic forces as functions of displacements and the
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corresponding first- and second-order time derivatives. This formulation does not
increase the dynamic order of the system. The unsteady effects associated with gust
inputs are approximated with Kussner lift growth functions. These are handled by
introducing unsteady aerodynamic states much the same way as for the DAST 2 model.
The state model of the flexible airplane takes the form

= Ax,+Bu+T,w (E-D)

X g

a
where x_, u, and w_ are the state, control surface, and gust velocity vectors, respectively. -
Figure E-6 shows with more detail the linear state models for the DAST 2 and Initial ACT
Airplanes. In the case of the DAST 2 model, the state vector was transformed from
moving-inertial to body-fixed axes. This transformation is shown in Figure E-7, and the

inertial-to-body axis transformation matrix, P, is shown in Figure E-8.

L]
= + +
X, Aaxa Bau , Paw

g
DAST 2
¢
q
Xy = _g and u= [ g ]
Wg

OreOn

9
X, = q and u =

3
o

Figure E-6, State Models—Flexible Airplane




y= CaxI + Dau + ang Output equations
Let
x| = PxB Airplane dynamics
2 =p-1 -1 -1
xg P AanB +P Bau +P Fawg
y = CyPxg +Dyu+ Ewg Output equations
where
x| = state vector moving-inertial axis coordinates
xg= state vector body-fixed axis coordinates
P = inertial-to-body axis transformation matrix
Figure E-7. Axis Transformation—Drone for
Aerodynamic and Structural
Testing 2 (Symmetric Equations
of Motion)
7] E v 0 o 0 0 0 0 o o
0 1 0 0 0 0 0 0 0 0 ,:
0 G, 1 6, 0 o 0 () 0 0 E
0 0 0 1 0 0 0 0 0 o E
0. 16, O 0 1 /6, 0 0 0 0 g
© o o o o0 1 o o o o:0
=]o e 0o o o 0o 1 Gy 0 0 é
0 0 0 0 e 0 0 1 0 0!
]
0 16, 0 ) 0 0 0 1 /Gy
¥
0 0 0 0 0 (] 0 0 0 11
....................................................... .
)
H
0 .
i
)
]
i
)
Inertial
z = vertical velocity

>'<| =Ax +B,u+ l"awg Airplane dynamics

0 = pitch angle

. is,'z'4 = unsteady aerodynamic states associated with 2

, 93, 4 = unsteady aerodynamic states associated with 0

V = true velocity

G1, Gz, G3, G 4 = constants associated with representations of unsteady aerodynamic forces

G; =Vb

I = identity matrix

Aerodynamic and Structural Testing 2

N o
-

Ly
=l

e d

Body

Figure E-8. Inertial-to-Body Axis Transformation Matrix—Drone for



E.l.2 QUASI-STATIC AEROELASTIC AIRPLANE MODELS

The quasi-static aeroelastic (QSAE) models were used for the design of the pitch-
augmented stability (PAS) system. The QSAE model for each flight condition is a state
model consisting of four first-order differential equations. The state equations are shown

in terms of the dimensional derivatives in equation (E-2).

. ) - - - - -
ru Xu Xo Xq g uT X‘SE
Z
& ZU Z& (Zq+V) 0 o rSE
V-Z, V-7, V-7, V-Z,,
= + J
M:Z MgZ M:(Z,=V) MaZs.. E
q a“u M o a‘“q 0 q E
ut vz, ot V-2 Mq * V-Z; V-Z; + M5E
6] Lo 0 1 o] Led Lo B
(E-2)
v
Z, Z,/V ug
+1V-Z; V-2;
M M, M:/V w
Le MaZy o Mg MGV g
V-Z5 \% V-2;

where the state vector, Xy in stability coordinates has elements

= incremental forward velocity (m/s)
= incremental angle of attack (rad)

incremental pitch rate (rad/s)

o N R C
1l

= incremental pitch angle (rad)

and the control input is

5E = incremental elevator deflection (rad)
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The individual dimensional derivatives in the state model are

Xu = dimensional variation of X force_with speed
Xy = dimensional variation of X force with angle of attack
Xq = dimensional variation of X force with pitch rate
g = acceleration of gravity
Zu = dimensional variation of Z force with speed
Zy = dimensional variation of Z force with angle of attack
Zs, = dimensional variation of Z force with angle-of-attack rate
. Zq = dimensional variaﬁon of Z force with pitch rate '
\ = steady-state airspeed
Mu = dimensional variation of pitching moment with speed
M, = dimensional variation of pitching moment with angle of attack
M& = dimensional variation of pitching moment with angle-of-attack rate
Mq = dimensional variation of pitching moment with pitch rate
X5E = dimensional variation of X force with elevator angle
25E = dimensional variation of Z force with elevator angle
M‘SE = dimensional variation of pitching moment with elevator angle

E.1.3 OUTPUT MODELS

The needed output models are the displacements, velocities, accelerations, and loads at

various airplane stations. The first three items are related to the modal coordinates, q,

and the mode shape matrix, & , as follows:

Positions y = dq
Velocities y = &q
Accelerations Y = &q

E-9
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The vector y is defined as

y = . (E4)

| Ym |

where m is the number of sensor locations, and Y (i-=1 to m) is a six-component

translation and rotation vector at the ith station expressed as

TXi
Tyi
yl = Tzl . ( E'S)
in
Ryi

RZi

For the DAST 2 model, the equations of motion and the mode shape matrix are in moving-
inertial coordinates. The corresponding linear state models that included the output
equations are transformed to body-fixed axes. For the Initial ACT Airplane, the equations
of motion are expressed in body-fixed axes while the mode shape matrix is referenced to
moving-inertial axes. Also, the x and z measurement axes are reversed with respect to
the standard convention (x forward and z downward). The proper measurement equations

are obtained by two coordinate transformations as shown in Figure E-9.

The loads are expressed as a function of the mode deflections, q, and load distribution

matrix,CI)L, as follows:

L=49q (E-6)
where the vector L is defined as
—L -
1
Ls
L = (E-D
o ]
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where

and

AL O~

yi S 0 0
;'i = 0 s 0
.V.i 0 O s
@, = mode shape matrix at ith station
9} = fixed inertial axis coordinates
ag= moving-body axis coordinate
—Xl 7 I_XB1
4 B
0 ]
q, = 51 ag = 51
£y g
L ] L
e ® . ¢

® x|, Xg, Z|, Zg are x and z axis rigid-body displacements in inertial and body axes, respectively

® g, 21, £, ... are pitch angle and flexible mode displacements, respectively

10 0 0 0 O]
01 0 0 0 O
00-1 0 0 O

T
00 0-1 0 O
00 0 0 1 O
0 0 0 0-1]

T, 0 0
T, T, 0
0 T, T4

T

identity matrix (size Ng2 X Ng2 where Ng2 is number of flexible modes)

zero matrix
true airspeed
pitch angle scaling constant

-1 0 0 !0]
]
0-1 0 |
]
00 Ky
I
R
- .

o < ©

Figure E-9. Axis Transformation—Initial ACT Airplane (Symmetric Equations of Motion)
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where p is the number of load stations, and L, (i = 1 to p) is a three-component vector

consisting of the bending, torsion, and shear at the ith station, expressed as
i

B
Li= T (E-8)
Si

The displacement, velocity, and acceleration measurements and loads are all expressed in

the general form of the state model output equation
y = Cxy+Dju+t ang (E-9)

~where y is a vector of measurements and loads, Xa is the state vector, u is the control

surface vector, and wg is the gust velocity vector.
E.l.4 ACTUATOR MODELS

Only linear actuator models have been considered during the control law synthesis portion
of this study. They are supplied as transfer functions that are transformed to state
models in the standard controllable form. Figure'E-IO shows that the state vector
consists of the surface position and its first and higher order derivatives. The surface
deflection and the corresponding first and second time derivatives are selected as outputs
because they are required as inputs to the flexible airplane model described in
Subsection E.2.1. The general form of the model of the complete actuation system is

X

u - Auxu + Bu“c (E-10)

(E-11)

where Xy is the state vector for all the actuators, u is the control surface vector, and Ue
is the control command vector. The nonlinear actuator mode! will be discussed in

Subsection E.6.2.
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Transfer function form

Béi(S) ag - - (?i(S)
P n n-1 - 6|(5)
H +an_1s +...+a1s+a0 - .8.'(5)

5c- = ith control surface command (scalar)
i

’Si = ith control surface position

State model formulation

® Standard controllabie form

p— — oy

0 1 0 . . . 0 0
0 0 1 0 0
g0 = ’ . ) xp (1) + N
0 0 0 . . 1 0
0 8 . . R 40
§.(t) —
. 1 0 0 0 . . o |
Sl =1 g 1 0 0 . . .| et
5,(t) K 0 1 0 0 0 o |
8;(t)
5,0
X (1) = 5.0

® m actuators are combined to one actuation system model

Xy = Auxu + Buuc

us Cuxu
where

X51 501

X $
89 )

X, = . ,and u, = .
X )
b 8m e - Cm e

Figure E-10. Actuator Dynamic Model
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E.l.5 WIND MODEL

Because of its simplicity and its ease in state model realization, the Dryden model was
selected to represent gust disturbances. Gust penetration effects were neglected for the

same reason.

Figure E-11 shows the model in transfer function form and standard

observable state model form for both the longitudinal and transverse gust velocities. The

input is white noise, and the output is correlated gust velocities that have the Dryden

power density spectrum. The general form of the gust disturbance model is

L] = - ’
Xw AyXy T Byw, (E-12)
Wy = CuXw (E-13)
where x, is the wind state vector, w_ is the white noise input scalar, and Wo is the gust
velocity vector.
® Longitudinal gust veiocity u:
-
w,(s) %y Vz 1 uls) I xath = [-'yu] x,(th+0, [\/2 Tu ] w(t)
— hd p———p € — P4
V7 trgts+ ) utt) =[1]x, 0
‘ L
. r 0l-v2
® Transverse gust velocities v, w: Xy () =[+-l"_v.'f- Xy (t) +
127y, w -
WC(S) OV W (1’3 7'3 w s+ 1) V(S), W(S) N > -
——] e L > €= VWY VWl wlt)
View 7wt 12 T c
vV, W v, W Tv, w i
v(t), w(t) =[0 1] x(t)
where y v .
7u = — ’ 7V, w =
Ly l'v, w
we = white noise of unity intensity
V = true airspeed
Lu = |ongitudinal turbulence scale length
L, w = transverse turbulence scale lengths
o, = longitudinal rms gust intensity
Oy, w= transverse rms gust intensities
S = Laplace variable

Figure E-11. Dryden Turbulence Models
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E.2.0 EIGENVALUE AND EIGENVECTOR COMPUTATION
AND BLOCK DIAGONAL TRANSFORMATION

The stability and response characteristics of a linear aeroelastic system represented by a
state model are completely described by the associated eigenvalues, eigenvectors, and the

input and output distribution matrices. Consider a state model of the general form

x = AXx+Bu+TIw (E-14)

where

X isan n x 1 state vector

u isan mx |l control vector

w is a p x | disturbance vector

A isann x nstate matrix

B is an n x m control distribution matrix

I' is an n x p disturbance distribution matrix

The eigen\)alues of the system are the n values of A= ()\l, )\2, )\n) that satisfy the

equation
det (Al- A) =0 (E-15)
where [ is an n x n identity matrix and det(A I-A) means the determinant of the argument.
The eigenvectors v, (i=1, 2, ...n) of the system are defined by the relation
Av; = Nv; i=1,2,...n ' (E-16)

If >‘i is a complex eigenvalue, then the corresponding eigenvector v is also complex.
Because the state matrix A is real, it can be shown that complex eigenvalues and
eigenvectors always occur in conjugate pairs. The complete eigensystem consists of n
eigenvalues ?\i(i = 1, 2, ... n) and the corresponding n eigenvectors vi(i = 1,2, ..n)

E-15



Consider a similarity transformation T of the form
T= [V1V2 ...Vn] (E-17)
whose columns are the eigenvectors of the matrix A. Let
n
x =Tz=2 zvy (E-18)

where z, (scalar) is a transformed coordinate of x in the direction of the eigenvector vie
The matrix T of the similarity transformation is complex and so are the matrices of the

transformed state model
2= Az+(T 'Byu+(T-IMw (E-19)
where A is a diagonal matrix whose diagonal elements are the eigenvalues
A i=1,2,...n)
i.e.,

A
A=TlaT={ "1 2, (E-20)

An alternate form of the transformed system that avoids use of complex matrices can be
obtained using a new similarity transformation matrix, T, whose columns now consist of

the following vectors
T= [tltz v ti ti"‘] e tn] (E-21)

where the elements of the vectors t; (i=1,2,..n) are all real and defined as follows.

For any real eigenvalue 7\1, the vector t, is equal to the eigenvector v., while for any

i’
complex eigenvalue )\i and its conjugate >‘i+l (= Ai), the vectors t, and t;,] are given by

= Re(v;)-&-lm(vi)
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and

tiyy = Re(v;) - Im(v;)

where Re(-) and Im(-) denote, respectively, the real and complex part of the argument.

The matrix A is transformed by this similarity transformation into a block diagonal form

A=TIAT= -1 (E-22)
‘AL n2<r<n

A, is block diagonal with 1 x | blocks for real eigenvalues and 2 x 2 blocks for complex
conjugate pairs of eigenvalues; i.e., C

-’\i = [01] 1x1 for real )\i = 0; (E-23)
and
i
A; = (E-24)
w

for the complex conjugate pairs

Ay = o tjw; and Ny =05 - jw;

The complete state model in block diagonal form is expressed in terms of the modal

coordinate, z, as

(T 1Az + (T 1B + (T Myw (E-25)

Ne
il

«
1]

(CT)z+Du+Ew (E-26)
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E.3.0 RESPONSE CALCULATION

Traditionally, the frequency-domain power-spectral-density technique has been widely
used to compute steady-state gust responses. This technique requires determination of a
complex frequency response matrix relating gust-velocity inputs to output response
variables and computation and integration of a large number of power and cross spectra.
For a flexible airplane with a large number of lightly damped modes that are subjected to
distributed random gust inputs, these calculations are costly and require careful modeling
for accuracy. Using an option in the QR program (ref E-2), this technique has been used
to compute the output power spectral density for a limited number of gust loads. The
purpose of expressing the loads as a function of frequency is to establish the required
bandwidth of gust control laws and understand the significant frequency content of the -
loads. For the majority of the response calculations, root-mean-square (rms) responses
"generate the most interest. In the present study, these responses are obtained by

computing correlation matrices for the steady-state responses due to random gust inputs.

Time history simulation of the airplane dynamic response is a nécessary part of evaluating
system performance. Time history response calculation is accomplished using a state
transition matrix approach. By incorporating the block diagonal form of the system
matrix, this technique is more efficient and accurate than existing methods for simulation
of linear systems. Load responses, control surface activities, and the time histories of
other performance variables can be calculated in response to various inputs such as pilot
commands and random and discrete wind gusts.

E.3.1 COVARIANCE ANALYSIS FOR ROOT-MEAN-SQUARE RESPONSE

A new approach is used to compute the steady-state response correlation matrices of a
dynamic system subjected to random inputs. This method avoids computational
difficulties and inaccuracies associated with lightly damped modes, approximate gust
penetration effects, and the finite frequency range for integration. The calculations are
performed using time-domain state-space representation of the airplane model. A
transformed covariance matrix is obtained by computing convolution integrals. The
values of the integrals can be evaluated in closed form for white and Dryden spectra,
among others. Gust penetration effects as the airplane traverses the field of atmospheric

turbulence are modeled by pure time delays, avoiding the use of Pade approximations.
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Atmospheric turbulence in general is represented by a set of three-dimensional random
velocity components. The gust velocities encountered at point r (measured with respect
to the aircraft frame) are given by wg (r + Vi, t), where V is the true airspeed vector. The
various gust velocity input vectors at different stations are combined to form the single

gust vector

e —

(T +VE D)
'wg(r2+Vt,t)

wg(t) _ (E-27)

+
L:vg(rm Vt,t)-

where m is the total number of points at which gust forcing functions are applied. Only
deviations from the mean wind velocity components are considered in the gust input; i.e.,
E [ wg(t)] = 0, where E[] is the expected value operator of the ensemble average. Then,
by definition, the time-lag cross-correlation functions between velocity components of

wg(t) measured at the various points may be written as

R(r) =E[Wg (W T(t)] - . | . (E-28)

+V7,7)

R(rml + V7, T)ees R(rmm

The ijth element, R(rij +Vr,7), is a3 x 3 correlation matrix given by
R(rij+V-r,-r) =E [wg(ri+v (t+r),t+1)wg(rj+vt,'t)] (E-29)
and rij =r - rj for i,j = I,m.

It can be shown that if the true airspeed, V, is large enough, then R(rij +V7,7)is

effectively independent of its explicit time argument, 7, so that

R(rij#Vr.r) = RtVr,0) (E-30)
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This equation expresses what is commonly termed Taylor's hypothesis and is valid under
typical flight conditions. In isotropic turbulence, the kith element of the 3 x 3 correlation
matrix R(ri- + V7, 0) can be expressed in terms of two correlation functions, f(7) and

g(r), as
Rt (g + V7, 0)= az(tf(é) g () b +g(£)6k1) (E-31)
g2 |
where
£ =+ Vr (E-32)
[€] =\/E%+53+E§ (E-33)
02 is the mean square turbulence intensity

§ (i=1,3) is the ith cartesian component of £

8, . is the Kronecker delta:

ki

(E-34)

(=]
=
I
ra——
(] —
~ 2~
S |

and £(§ ) and g(£) are the longitudinal and transverse correlation functions, respectively.
The von Karman, Dryden, band-limited white noise, and white noise turbulence models

have correlation functions of the forms shown in Figure E-12.
Consider a state model of the following form

Alt) = Ax(t) + Twy(t) (E-35)
The initial conditions are x(o) = X, Where E [xo ] =0and E [xong(t) ] = 0. This means
that the initial conditions, X o0 have zero mean values and are not correlated with the wind

disturbance inputs wg(t) for all time t. The system output variables are written as

vit) = Cx(t) (E-30)




It can be shown that the state covariance matrix X (t) = E[x(t)xT(t)] satisfies the

Lyapunov matrix differential equation

. T
Xty = AR(t) + ZAT + f £xp [A(t-U)] IR (t-u)l'T du
-
t (E-37)
¢ / TRT (t-r)I'T exp [AT (t-u)] du
-0 v
. « e «. . = _ . T _ T
with initial conditions X(0) =E [xoxo] = X"
Band-limited
Von I_(arman Dryden w;ri‘te :::il:: White noise
Longitudinal : .
2/3 2sin w_ £ 2
. 2
correllatlon £(k) = am a1 K1/3(68) f(g) = € f(g) = 1I’C!Ec flg) = — &)
function
Transverse | oo o 2213 6e)173 )
correlation razs ot = e (1-1/28) g -t | gy L g
. naf a
function ) . .
[k1at08) - 172885 5108)
E2o0
_ _ ram) ~
ﬁ = 1/aL as I-’WZ—)_I‘(_S/GT_L:;SQ
a = 1/L
L = turbulence scale length

K”3 {)and K2/3 ( ) are modified Bessel functions of the second kind

Figure E-12. Vlon Karman, Dryden, Band-Limited White Noise, and White Noise Correlation Functions
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Assuming that A is a stable matrix, the equation has a steady-state solution X(®) = lim
1>

X (t), which satisfies the algebraic matrix equation

oo

AX (o) +X () AT =- j exp [Au] T &I Tdu - j

I‘(R-r(u)I‘T exp [ATU} du (E-38)
o

(o]

The solution of X() from equation (E-38) can be obtained efficiently using a modified
version of the Bartel's and Stewart's algorithm, with the exception that the orthogonal
similarity transformation of the matrix A to real Schur form has been replaced by a
transformation to block diagonal form. The latter allows the indefinite integral on the
right-hand side of equation (E-38) to be evaluated in closed form for the Dryden and white
noise turbulence models. Numerical integration may still be required for other types of .
turbulence models such as von Karman and band-limited white noise. An efficient
algorithm was developed to compute the incomplete Laplace transform of von Karman

turbulence. It is described in Subsection E.3.2.

In terms of the block diagonal transformation, T, which is described in Section E.2.0, the

system state transition matrix exp (Au) is

exp [Au] =T exp [Au] 1! (E-39)
where ‘
[ exp [Aj u] i
exp [/\2 u]
exp [Au] = 0
0 .
L exp [A; uu
or
r
exp (oj u) A= o;
exp [Aju] =< [ exp(oju) cos wju  -exp (g; u) sin wju (E-40)
A= Npp =05+ o
L exp (0; u) sin w;u exp (o u (cos w; “_j
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Using equation (E-39), the indefinite integral in equation (E-38) simplifies to

o0 o0
" exptaul TRWIT du=T [ exp(aul T! TROWIT du
0 o}

P P ‘ (E-41)

=T = aTIPArT
i=1 j=1

where Aij is a p x p matrix whose klth element is equal to 5k1 511, and

o0

Rij = f exp {Au] Ry;(w) du (E-42)

(o]

Note that p = 3m for a three-dimensional turbulence. The correlation function R (u) is as
defined in equation (E-28). It can be shown that the integration involved in equanon
(E-41) reduces to the evaluation of the Laplace transforms of the respective correlation
functions, & ij(U)’ which in turn depends only upon two scalar functions f(£) and g(£).
The Laplace variable s of the transforms is evaluated at the system eigenvalues .

)‘1(1 = L,n). In this case, the Laplace transform is defined as
o0
.E[ﬁu] =f RU(U) exp(su) du . (E-43)
0

where the region of convergence lies in the left half of the complex s-plane; i.e.,
Re(s) < 0, which is identical to the domain of system stability. Thus, this approach
eliminates the need for numerical integration when analytic expressions for the
transforms of the longitudinal and transverse correlation functions, f(£¢) and g(§),
respectively, are available. Gust-penetration effects are included by introducing a time
shift in the argument & of the correlation function as shown in equation (E-32). The

argument £ is further simplified by assuming that

5], k3l << gl
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This approximation implies that the spanwise correlations between gust stations are
perfect and only gust penetration in the longitudinal direction is considered. The
argument of the correlation function takes on the simplified form

£ = |(Xi-Xj)+VlTi (E-44)

The Laplace transforms of f(§) and g(§) for the Dryden and white noise turbulence
models are shown in Figure E-13. Subsection E.3.2 describes the procedures whereby gust

penetration effects can be included for the case of the von Karman turbulence model.

Using block diagonal transformation A = TlAT and equation (E-41), the algebraic matrix

equation (E-38) becomes

P P
AZ+ZAT=-% I & Tl ra; T!lmT
i=1l j=1

P P T
<>: T &T!ray ! F)T>
i=l j=1

(E-45)

where Z = T_lz(w T, The system of linear equations in zij arising from the matrix
equation (E-45) is partitioned and solved using the Crout reduction. Solutions for the

steady-state covariance matrix )_-<(°°) are given by
Ree) =TZTL (E-46)

Similarly, the steady-state covariance matrix for the system response rate x(t), defined as

X' (%) =lim E [\((t)xT(t)] is computed directly from an equivalent matrix Z’. It is given by

t-=co
X)) = TZ TV : (E-47)

where the matrix Z’ satisfies the equation

T OT

Z=azAT + TlreOXT! DT + A 5 z RyT ! ray (

(E-48)
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Dryden White noise
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o . o

V = true airspeed, L = turbulence scale length

s = Laplace variable

Figure E-13, Laplace Transforms of the Longitudinal and Transverse Correlation
Functions for the Dryden and White Noise Turbulence Models

The solution of the matrix X'(®) provides a means to compute the steady-state
covariance for variables such as velocities and accelerations. Finally, the covariance
matrices for the performance variables described in equation (E-36) and their rates are

calculated from

Y (o) = lim Ely @yT )] =X ()T (E-49)
and

Y () = ltir_n)lzﬂt))"T(t)] = CX(eo)CT (E-50)
respectively.
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E.3.2 INTEGRAL REPRESENTATION OF INCOMPLETE LAPLACE TRANSFORM
OF VON KARMAN TURBULENCE CORRELATIONS

Computation of gust covariance described in Subsection E.3.1 requires knowledge of the
incomplete Laplace transform of the gust correlation function p(t). For the Dryden
turbulence model, integration can be performed in closed form as shown in Figure E-13.
The computational procedure becomes complicated for the more realistic von‘ Karman
turbulence model. The correlation function of such a turbulence model involves
evaluation of modified Bessel- functions of the second kind. Numerical integration of
these functions is cumbersome. An alternative method will be presented that requires

only numerical integration of products of elementary and exponential functions.

The von Karman power-spectral-density functions are of the form

@) = 3r A E-S1)
1@ = 2 T g2, 0 (E-
for the longitudinal gust components and
c2 202
byw) = o= DD (E-52)
27 (1 +B%w )9+l

for the transverse gust components where

2 = 22k
A o v
= oL
B a v
c2 = 2L
\Y
b = /8,L
‘/3—a v
8 = =
6
a = 1.339
L = turbulence scale length
o = turbulence rms intensity
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It can be easily shown that equations (E-51) and (E-52) are in fact the output power

spectral densities of the following linear filters, when driven by white noise input,

A

—— E-53
hi(® = (1+B8s)? (E33)
and
C(1 +Ds)
(8 = (14 Bsft! (E-54)

respectively.

The impulse response function of the linear filter h 1(s) is given by the following integral

representation:

hit) =

o>

l"(e)-lr\(l_e) ‘/u‘j:) e’(U+1)t/B u-edu (E'SS)

From equation (E-55), the linear filter, equation (E-53), can be seen as being a
combination, in parallel, of a continuum of first-order lag filters with poles located at

-(u + 1)/B and corresponding residues L;_p(e)-lp( 1>.0)'1u'0du for 0<u<oo »

From equation (E-55), -the von Karman correlation function for the longitudinal gust

component can be represented (ref E-3)

Pi() = fhl(s) hy(stt) ds t>0)
s=0
2
= (i) 10y 2r(1-9y2 f S et Ds/Bydey+1)st0/Byfqugyds  (E-56)
B

2
= T’;‘— r6)2r(1-6)2 ff e*Dt/B uy+2ylu-fyFdudy

The incomplete Laplace transform of the correlation function pl(t) is given by

A
F1(AN) J Mo at
(o]

2
% r@y2raoyff e [ DBR] 8 [yrypa]lwsys2y! (57

. u'ey‘edudy
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To simplify this expression, the following equality was used:

oo

f ufu+a)! du = na? Jsinm6 : (E-58)
u=0

Integrating out the variable u in equation (E-57) using equation (E-58) to get

=)

AN = K[ yfe S riypariae [H/BR] 4) gy (E-59)
y=0
where
2 2
K = A% 1rey2ra-e)y2ajsintg = 2062 /6)2 2
B B

The integrand in the right-hand side of equation (E-59) involves only elementary and
exponential functions; therefore, the numerical integration can be easily performed. Due
to a discontinuity at y = 0 of the function y'e in the integrand, the ordinary Simpson's rule
is modified to avoid numerical inaccuracies near the origin. The procedure is described in
the following paragraphs.

The integral in equation (E-59) can be rewritten as

10,48 = KJ vy dy (E-60)
y=0
where
fy) = vy (y+nyBan e[+ D/BR] A (E-61)

Let Yo = 0, Y|r - Yop be a chosen grid for the numerical integration of equation (E-60).
On the interval Yir Yis2 where i = 0, 2, 4, ..., the function of f(y) can be approximated

by a second-degree polynomial

p(y) = fYY-Yie ) Y-Yi+2) (Vi¥ i Y Yie2)

-+

(Y54 PYYYYi42) (Vi 1Y) Yit1Yi+2) (E-62)

+

Y420y )Y-Yi+ D/ Yig2-Y D Vi427Yit1)
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The contribution to the integral in equation (E-60) on the interval [yi, yi+2] is therefore

I:

i = f(ypS(YiYi+2-Yie 1 Yir2) Vi Yie DY Yie2)

+ f(yis)S@iYirViYisd) Vit 1Y Vi1 Yie2) (E-63)

+ f(yi42)SOYie2 Y p¥ie 1D/ Vis2 YD i+27Yit D)

where
b
S@b,cd) = [ (y-oy-dyfay
a
= (630-239)/3) - (c+d)(d20-220)/(240)

+ cdblf.al0y/1-0)

The incomplete Laplace transform in equation (E-57) becomes

N
AN = IAA0 = K D L . (E64)

i=0
Using this approach, fast convergence of the integration is achieved. For typical time
delay constants encountered in gust penetration, turbulence scale length, airspeed, and
range of rigid and flexible airplane dynamic modes, the number of integration points
N = 100 was sufficient for the accuracy required to compute gust response covariance
matrices. The coefficients of f(y) in I, of equation (E-63) need only to be evaluated once
for the grid Yor == Yop after which the incomplete Laplace transform defined in

equation (E-57) can be simply computed for various values of A and A.

The linear filter hz(s) shown in equation (E-54) can be rewritten in the following form:

: D 1-D
hz(s) = ____C._. — + (_/B_)

E-65)
(14Bs)? B 14Bs ¢

E-29



Its impulse response function hz(t) is equal to

cD C
ho(t) = ———h(t) +
2 AB |

(1-D/B) hy(t)xe/B (E-66)

where h 1('c) is the longitudinal impulse response function introduced in equation (E-55) and

* signifies the convolution. It follows from this that

CD
= 1-D/B) h(t -67
ho(t) 0+ (1-D/B) hy(t) (E-67)
where
A oo .
hpt) = —TEyIra-ey! | (e @rDYB t/B) b4y
B u=0
(E-68)
hp(t) = A T@)yIrc4y! f (e't/B . (utD/By (6+1) g,
u=0

Starting from equation (E-67) and proceeding in the same manner as shown previously, the
following is the integral representation for the incomplete Laplace transform of the
transverse correlation function pz(t) defined by

-]

pa(t) = ha(s) ho(st+t)ds (E-69)
s=0

is obtained. It is given by

A

r5(AN) e Mg, (1)t

S~

AB

"
0O
%8

,
2 2
) it (ﬂ> (1/D - 1/B)YJ 7)) (E-70)

2
(1/D - 1/B)? Jpp

+
TN
@]
%8
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where

and

| = rl(A , A) = incomplete Laplace of the longitudinal correlation function

® gepy | LB LeOHHD/BIA]
JIT = BKJ Y'( ) 20()\+1/B) (Y+2)9(?\+(y+l)/B)_ y
y=0
JT] = BK / y'e(y+2)'(9+1) (1._6-(X+(y+l)/B)A) dy
y=0 | AHy+1)/B

Jrt = BK / y-(6+1) 1"3'0‘+]/B)A_1e-(7\+(Y+1)/B)A
27 ar1/B) - (y+2)fH (a(y+1)/B)

dy
y=0

(E-71)

(E-72)

(E-73)

Equations (E-71), (E-72), and (E-73) can be numerically integrated using the same

algorithm described previously.

involves only simple summations of elementary and exponential functions.

It should again be emphasized that the computation

The approximate gust penetration effects described in Section E.3.0 can be easily

accommodated using the preceding incomplete Laplace transforms.

For a delay time

constant A, the Laplace transforms of the correlation functions with this delay shift are

computed from

o0
0
( A
esA (./;me'supi(u)du +f° esupi (u)du) , A <O
Z
oo A
eSA ( j; eS¥p;(u)du -fo e'supi(u)du) , A =0
.
A [r(e05) + 1,¢A5)] LA <0
= 9
e [rices) - 1ia9)] , A >0
.
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where r-l(',-) are the incomplete Laplace transforms of von Karman correlation functions
given in equations (E-59) and (E-70) for the longitudinal and transverse gust components,

respectively.

E.3.3 LINEAR SIMULATION ALGORITHM

The linear dynamic model can be expressed in state-variable form as
x(t) = Ax(t)+ Bu(t) (E-75)

where the state vector x(t) may consist of the rigid and flexible airplane modes, actuator
states, and controller states and u(t) is the input vector consisting of pilot commands to
the control surface and gust input. The output response variables are contained in the

vector y(t) and given by

y(t) = Cx(t) + Du(t) (E-76)

Equations (E-75) and (E-76) are rewritten using the block diagonal similarity

transformation
x =Tz (E-77)
“to get
z(t) = Az(t) + B'u(t) (E-78)
and
y(t) = C'z(t) + Du(t) (E-79)
where A = T'lAT, B’ = T'lB, C’= CT, T is the block diagonalization transformation

matrix, and A is the block diagonal system matrix (see sec E.2.0).

The transition of the system modal responses z(t) from time t to t + At is given by

t+At
z2(t+Ar) = N Aty + f eA+HALT)By(1)dr (E-80)




A At

where e is the modal state transition matrix. It is also given in block diagonal form by
Aar o|° eA2 2 ° |
e = . . At
. Al (E-81)
0
where
A 0:At .
e At o el for real eigenvalue A; =g;
and
‘At At .
eI cos w;At i7" sin wiAt
M= 0;At (E-82)
e 17 sin wAt e 17 cos wjAt
for complex conjugate pair of eigenvalues \; = Xi+l = 0+ jw;. If againa constant input

in the time interval between t and t + At is assumed, equation (E-80) becomes

t+At
2(t+At) = N Aty +/ eANFA-TIR 4 * (E-83)
t
or
2(t+At) = ¢z(t) +6 u* (E-84)

where u* being some value of the input function in the interval [t, t+ At]. Evaluation

of the integral of the transition matrix can also be performed in closed-form based on the

system eigenvalues A, (i =1,n). Itis given by

t+At 8 0

f eA(t+At—T) dT - 12 (E'85)
t .
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I = [o.li_ (eol - I)J for real eigenvalue )\i = 0;

and

G B
I = [ﬁi “i} (E-86)

for complex conjugate pair of eigenvalue ?\i = 7\1“ =0+ jwi’ The parameters o and §;

are determined by the following expressions:

OiAt OiAt .
o 1-e cos w;AL) + wje sin wiAt

a. =

i
0;% + w;* (E-87)
. O:At 0;At .
will=e 1 cos w;AL) +oje | sin wjAt
Bi = ’ b} b

Oi- +<.oi"

If the responses of the original states are required, they can be readily included as part of
the output vector y(t) through the use of the block diagonal transformation T; see
equation (E-77). With the formulation stated in equation (E-81), the transition of the
system modal responses z(t) from time t to t + At involves only multiplication of a sparse

matrix.

For an nth-order system, the total number of operations at each integration step is at
most 2n multiplications and additions plus n multiplications and additions for each input.
This compares with n2 and n, respectively, for a system that is not block diagonalized.
For high-order systems with small time increments, the cost saving is substantial.
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E.4.0 MODEL REDUCTION

The open-loop dynamic model must be simplified prior to the design of a practical
controller for a flexible airplane. Likewise, any high-order Kalman filter that has been
synthesized based on either a full-order or reduced-order open-loop model must, in most
cases, be simplified before it is implemented in the flight computers. In both cases, the
purpose is to reduce the order to a level consistent with computational capabilities while
preserving the significant dynamic characteristics relative to the control objectives.
Many techniques are available, but none will consistently produce accurate and
meaningful results without a good understanding of the inherent physical relations behind

fhe control task. Three methods and their use will be described here.
E.4.1 DELETION OF NONESSENTIAL STATES

Figure E-14 illustrates this method. The dynamic model is reduced in size by deleting
rows and columns from the state model matrices. If the full model is of order n, and m
states are deleted, the reduced mode!l is of order n- m. This method is suitable for
deleting nonessential states such as the x and z rigid-body displacement states from the
longitudinal equations of motion. In this case, perturbations in x and z do not produce
forces and moments,'and the corresponding columns in the matrix A are filled with zeros.
This method can also be used when the deleted states are not strongly coupled with the
retained states. In the case of the phugoid mode, the forward velocity and pitch angle'.
states can be deleted with insignificant impact on the remaining short-periiod and

structural modes.
E.4.2 MODAL RESIDUALIZATION

This method for model reduction is suitable for systems with fast dynamics that are not
significant with respect to the control task, or with uncontrollable or unobservable modes.
This is typical for flexible airplanes that may have a large number of stable high-
frequency modes and a number of weakly controllable or weakly observable modes. The
dynamic contribution of the high-frequency modes is generally not modeled very
accurately, and they need not be controlled to meet closed-loop design objectives, exfept
that the control loop gain at high frequency must be sufficiently low so as not to
destabilize any high-frequency mode. However, modal residualization retains the steady-
state effect of higher frequency modes.
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Figure E-14. Deletion of Nonessential States

The flexible airplane is represented by a set of linear time-invariant system equations of

the form

Xa = AgXy tByu+Tyw, (E-88)

(E-89)

<
1

Caxa+Dyu+ ang
Assuming that the matrix Aa has a set of n independent eigenvectors, the equations are
transformed to block diagonal form as described in Section E.2.0. The transformed

system is described by the equations

x =Tz (E-90)
= Tl T2+ T 1B u + TIrw, (E-91)
y = (,Tz+Dyu+E w, (E-92)
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The transformation matrix, T, is a square real matrix derived from the column
eigenvectors of A_. A = (T-lAaT) is a block diagonal matrix whose elements are the
eigenvalues (modes) of the system matrix Ay and z is the modal coordinates. The state
-model is partitioned into two sets of modes, z; and z,, as shown in Figure E-15. Having
ordered the modes so that the upper partition contains low-frequency modes and all
unstable modes, and the lower partition contains high-frequency stable modes, it is
assumed that z,= 0. The practical interpretation of this assumption is that the modes z,
respond much faster than the modes z, and that only the dynamics of z, are important
with respect to the control task. If z, consists of i modes, the original nth-order system
has been reduced to an (n - i)th-order system. The eigenvalues of the system are simply
fho_se of the retained modes, and the controllability and observability of these are
unchanged from the original full-order model. The steady-state effects from the deleted

modes z, are included in the outputs y through additional input terms.
E.4.3 LEAST-SQUARE ERROR MINIMIZATION

The design of an optimal controller combines the Kalman estimator design with the
‘optimal gain matrix and generally has the same order as the dynamic model under

investigation. The procedure of reduction using the modal residualization technique
described in Subsection E.4.2 allows the designer to neglect fast stable dynamic modes

and modes that are weakly controllable or weakly observable. The latter case corresponds

o Full-order model (in block diagonal form}:

z Aq | z B r
b b
v=[cyicy) [2_1] + Du+Egwg
2
e Assumption:
3,0
® Reduced-order model:
1=\ zy +B’u+ F'1wg
29 =.-A2'1 B'pu - A2'1 I"zwg
y=Cyzy +(D, = CoAx 1B Ylu +(E, - C'pAy ' T)) wy

Figure E-15. Modal Residualization
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to near pole-zero cancellations in the controller transfer functions. Even with these
modes reduced, the resulting filter may still be too complex to be implemented on a flight
computer. This subsection presents a procedure whereby a lower order {ilter can be
derived from a high-order controller while preserving the same frequency response
characteristics essential to the control tasks and lying within the bandwidth of the
controlled system. The technique is based on the curve-fitting of filter single-loop

frequency response against a specified model filter over a finite range of frequencies.

For example, suppose it is desired to approximate -the ijth control loop transier function
G(s) using a lower order filter a(s,p) that retains the dominant characteristics of the
frequency response G(jw) at a specified range of frequencies. To achieve this, a fit error
function E is defined to be the integral of the error square between the actual and the

modeled fiiter

1 Wmax . ?) _
E(p) =55 f I‘G(jw) - G(jw.p) dw (E-93)

min

. . .= = o, thi
“min and Wrhax If Win 0 and Wnax , this

error function is also the integral of the deviation square in the impulse responses of the

over a range of frequencies between
A
filters G(s) and G(s,p), according to the Parseval's identity.

The set of transfer function parameters p is determined from the minimization of the
error cost function E defined in equation (E-93). An efficient and simple algorithm has
been developed by Boeing to solve for values of the parameter vector p. It is based
mostly on the procedure described in Reference E-4. Briefly, the method consists of a
modified conjugate gradient search to minimize the error function using proper scaling on
the model parameters. Further constraints on the parameter signs are also imposed to
ensure consistent filter phase and gain characteristics and to maintain filter stability

requirements.

The aforementioned procedures can be applied to integrate design filters at various flight
conditions. This is achieved by curve-fitting design frequency responses at different
design points with a common filter whose parameters are determined such that the
frequency responses closely match the results of individual filters developed for each

flight condition.
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E.5.0 OPEN-LOOP ANALYSIS

For the open-loop analysis, state models of the airplane, actuation systems, and wind
disturbances are needed as shown in Figure E-16. All models are full order except for
deletion of nonessential states. These three models are combined appropriately to

perform the various analysis tasks.
E.5.1 STABILITY

Stability of the airplane rigid and flexible modes is determined by computing the
eigenvalues of the dynamic models as described in Section E.2.0. This is done for several

flight conditions and airplane mass distributions.

e
1l

® Airplane dynamic model l a” A * Bat * Pawg

and measurement model: =
% Haxa +Du + ang

X, = Auxu + Bu”c

@ Actuation system model: 9
u-= Cuxu

Xy = AwXy + ByWe
® Wind disturbance model: _ 1
g = Cwiw

® Combined state model for analysis: 1

y = Cx
where —

Xa Ay BCy Tly

x = xy A=lo A 0
Xy _0 0 A,
(4] r0

B=(8, ) r={o |c= [Ha D,C, Eacw]
0 Bw

Figure E-16. Formulation of State Model for Open-Loop Analysis
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E.5.2 OPEN-LOOP ROOT-MEAN-SQUARE GUST RESPONSES

For flight conditions where the open-loop airplane is stable, the steady-state gust
response correlation matrices for the state; modal étate; measurements; performance
parameters such as bending moments, torsional moments, acceleration, etc.; and the
output power spectral density of selected performance parameters are computed. The
~ computational techniques are described in Section E.3.0. Because the load equations are
based on a truncated set of modal coordinates, the load levels are only approximate.
However, because all modes are included that are significant with respect to the control
task, these approximate loads were considered adequate to evaluate the relative merits of

various control laws.

For the various correlation matrices, the diagonal elements represent the variance of the
gust response and the offdiagonal elements represent the cross-variance of the gust
response. The significant frequency content of selected loads was determined by

computing the load output power-spectral-density functions.

E.5.3 OPEN-LOOP LINEAR SIMULATIONS

The linear simulation algorithm described in Subsection E.3.2 was used to simulate the
open-loop airplane. The open-loop equations are

Xq A, 1 B,C, X, 0 ¢y
| .
B * bc + Xy (E-94)
Xy 0 !Ay Xy B, 0
Xa
y = [Ca Cu:l + Dy, Xy (E-95)
Xu

‘where x a is the airplane state vector, defined in equation (E-2), and X, is the state vector
of the actuator, described in Volume 1, Subsection 13.1.2. The matrices Aa and Ba are
defined in Volume I, Subsection 13.1.1, and Cu is defined in Volume I, Sub-
section 13.1.2, Fa is defined in Volume I, Subsection 13.1.5, and CW is defined in Volume I,
Subsection 13.1.3. The vy vector is the output vector consisting of the states and the

scalar n_, the normal acceleration, expressed as a linear combination of the state
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variables, and the wind vector X defined in Volume 1, Subsection [13.1.3. DW is the
direct-transmission matrix relating the output to the wind disturbance. 0 denotes a zero
matrix.

The differential equations and output equations (E-94) are converted to a set of difference
equations in the form

z [(k+1)At]

¢z [k(At)] + 6u*
. ' (E-96)
C z[k(At)] + Du*

y [k(At)]

where z [ k(A t)] is a set of modal coordinates and ¢ is a sparse matrix as discussed in
Subsection E.3.7.

Also,
u* = (E-97)

where § _ is the commanded elevator angle and x, is the wind state vector.

E.5.4 CONTROLLABILITY

The initial open-loop airplane model contains a selection of several possible control
surfaces that may be suitable for the control task. One or more of these must be selected

for the final design. Two criteria are used in this selection process: mode controllability

and performance parameter controllability.

Consider an nth-order state model of the airplane and the actuation system

e
]

Ax + Bu (E-98)

y = Cx (E-99)
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All modes of this open-loop system are controllable by the control vector, u, if and only if

the following controllability matrix

T = (B,AB, ...A™!B] (E-100)

has rank n. In practice, satisfying this criterion is neither a necessary condition nor a
sufficient condition with regard to adequacy of the control u to perform the control task.
However, the relative controllability of a given mode by the various elements of the
control vector u can be obtained by transforming equation (E-98) into block diagonal form
(see sec E.2.0) and by appropriate scaling of the control vector. In practice, the elements .

of u are bounded in magnitude; therefore,

lu| <w  d=1,2...m)
max
where u; is the maximum absolute value of the control u;. Then the transformation is
max '
defined
u = Tuus (E-101)
where
u .
Lnax . 0
- EEIRTY
T, = 'max
‘u
0 Mpax
and
= )
l“sl <! (=1,2...m)

U is a scaled control vector with elements bounded by +1.

Transforming equation (E-98) into block diagonal form and substituting equation (E-101)

gives

3 = TV ATz + T~1BT g (E-102)
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Inspection of the columns of the transformed control matrix
B’ = T-IBT, (E-103)

will show the coupling of each control into the various modes. To assess the relative
effectiveness of the controls in controlling a particular mode, we only have to examine
the corresponding row (or two rows, if the mode is oscillatory) of the matrix B’. The -

column with the largest absolute value will identify the most effective control.

The concern is not only the control of specific modes but also the control of certain
pérformance parameters such as bending moments, torsional moments, accelerations,
etc., at various airplane stations. These are represented by the state model output
equation (E-99). The relative controllability of these can be assessed by computing the
steady-state output response correlation matrices given an appropriately scaled white

noise input at the individual control actuators.
Consider the state model with a single input u,
X = Ax + By (E-104)
y = Cx (E-105)

where u; is a scalar input corresponding to the ith control and is stationary white Gaussian

noise with the properties

Efy] =0 : (E-106)
Ely(0u(m)] = u2 _ 8(t-r) (E-107)
max
where u, > 0 is the intensity of the input noise, E[-] is the expected value

max
operator, and 8§(t- 7) is the impulse function. Using the method described in Section

E.3.0, the steady-state response correlation matrix is computed for the output vector y.
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This is repeated for all the control inputs u; (i =1 tom). For a given performance

parameter, yj, there will be a set of m variances
Vij Ii = E-[yjyj] i i=1ltom (E-108)

where m is the number of controls. The most effective control,'ui, with respect to the
performance parameter yj is identified by the largest variance vjj i

Both mode controllability and performance parameter controllability criteria described
previously only assess relative controllability and do not guarantee that the selected
controls are adequate- to perform the control task. However, evaluating the closed-loop
control surface responses of a full-state feedback design will determine whether or not a -

given choice of controls is adequate to perform the control task.
E.5.5 OBSERVABILITY

The initial open-loop model contains measurement equations for sensors placed at a large
number of possible locations. One or more of these will be selected for the final design.
Two criteria are used for this selection: mode observability and performance parameter

observability.

Consider- an nth-order state model of an airplane that is excited by random gust
velocities, Wg’ and expressed as »

Ax + ng (E-109)

Cx+Ewg (E-110)

e
[}

<
[}

All the modes of this system are observable from the output vector, y, if and only if the
following observability matrix

g={ca |1 ' (E-111)
CAn'l
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has rank n. In practice, satisfying this criterion is neither a necessary condition nor a
sufficient condition with regard to the adequacy of the measurements relative to the
control task. However, the relative observability of the rigid and flexible modes from
measurements at the various airplane stations can be obtained by transforming equation
(E-109) into block diagonal form (see sec E.2.0). Consider a set of like measurements, y;
e.g., all linear accelerations or all angular accelerations, at the possible sensor locations

and expressed in terms of the block diagonal coordinate, z, as
y = CTz+ Ewg (E-112)
Inspection of the columns of the transformed measurement matrix
¢ =CT (E-113)
shows the relative observability of the system modes from measurements at th_e various

locations. The row containing the largest absolute value identifies the most suitable

location for that particular type of sensor.

We are concerned not only with observation of specific modes but also with observation of
certain performance parameters such as bending moments, torsional moments,
accelerations, etc., that are excited by the random gust inputs, but which cannot be
measured directly. Again, consider the state model represented by equations (E-109) and
(E-110). In this case, the output vector, y, consists of various performance parameters:
that are not directly measurable, as well as a set of measurements at all poésible sensor
locations. Using the method described in Section E.3.0, the steady-state gust response
correlation matrix is computed for the complete output vector y. For a givén
performance parameter, yj, there is a set of p normalized cross-variances

- Ely;v;l
Vii = =0 i=1top (E-114)

VEDp]

where p is the number of sensor locations. The most suitable sensor location is identified
by the largest absolute value of the normalized cross-variance Vji’ For a given
performance parameter, yj, and input gust intensity, Wg’ the relative magnitudes of the
cross-variances depend on the correlation between the given performance variable y. and
the measurement Y and the magnitude of the measurement variance Vit Thus, using the
magnitude of the normalized cross-variance as a basis for sensor selection ensures the
best combination of sensor-to-performance criteria correlation and sensor output signal-

to-noise ratio. .
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E.6.0 CONTROL LAW SYNTHESIS

Control law synthesis consists of formulation of a state model for synthesis, modified
linear quadratic regulator design, modified Kalman state estimator design, and controller

simplification.
E.6.1 FORMULATION OF STATE MODEL FOR SYNTHESIS

Figure E-17 shows the state model for synthesis. It compribses the airplane dynamic
model, actuation system model, and the wind disturbance model. The airplane dynamic
model is in block diagonal form and may be a full- or reduced-order model. This study has
primarily been concerned with the full-order model except for deletion of nonessential
states. The actuation system model contains the state models of all control surface
actuators that will be used for the particular control task. The linear regulator provides
optimum closed-loop response with respect to release from initial conditions and with

respect to random input disturbances that have a flat power spectrum over the range of

iR = ARZR + BRU + PRWg
® Airplane dynamic model (block diagonal form): _ :
y = CRZR + DRU + Eng
' X, = Auxu + Buuc
® Actuation system model: :
u= Cuxu
Xw = Aww ¥ Bywe
® Wind disturbance model: B
Wy = waw
x = Ax + Bu, + T'w C=|Cr DpC, E
@ Combined state model for synthesis: ¢ ¢ [ R “R™u Rcw]
L y = Cx
where T
x =1x, LA= 410 Au 0. , B= u ,I'=10
Xw 0 0 A, 0 By
-

Figure E-17. Formulation of State Model for Synthesis
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frequencies characteristic of the airplane. The power spectrum of turbulence is not flat
over the range of rigid and structural mode frequencies of a transport airplane. Thus, it is
necessary to augment the synthesis model with a model of the atmosphere that has white
noise as an input and gust velocities with the desired power spectrums as an output. This
implies that for a control law to alleviate loads due to gusts, it is necessary to feed back

the gust states. These states are observable from acceleration sensors.
E.6.2 LINEAR REGULATOR DESIGN

Application of optimal control theory furnishes direct synthesis of the structure and gains
of an aircraft control system. Optimal control is based on minimizing a cost functional,
subjected to the constraints of the equations of motion. The most important prerequisite
for the design is specification of the performance criterion. In some problems, the
construction of the cost functional is obvious (e.g., minimum time, minimum fuel, etc.),
but in most cases it is not. The quadratic cost function, which is an integral of
quadratically weighted state or output perturbations and the control commands, has been
used in the design of airplane controllers. It has won acceptance because, for linear
systems, the solution is easily computed, the control is linear, and the method is readily

applicable to multivariable systems.

To meet the closed-loop requirements of an active control transport, three methods for
directly incorporating specific design criteria in the optimal control law synthesis have
been adopted. The first method is the usual quadratic cost penalty on specific
performance criteria such as deflection, velocity, acceleration, or load. The second

method is implicit model-following, which is used to structure the cost function so that
the dynamic response of the closed-loop system approaches that of the model. This is a
suitable method for incorporating handling qualities criteria or other transient and steady-
state response specifications. The third method is specification of a minimum degree of
stability. This will ensure that all closed-loop eigenvalues will be placed to the left of a

line parallel to the imaginary axis.

In the following, equations for a continous optimal system based on an implicit model with
control terms are derived using the variational approach. The solution yields feedforward
and feedback gains. These results are extended to the case where the cost function is

structured using the implicit mode! technique for some states, while a conventional
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quadratic cost formulation is used for the remaining states. Finally, a method is
delineated for specifying a prescribed degree of stability for the closed-loop system via
the cost function.

The airplane and controls are represented by an n-dimensional time-invariant vector

differential equation
x = Ax+Bu (E-115)

The desired performance is described by an n-dimensional time-invariant model

>°(m = ApXm t By (E-116)
The problem is to find the p-dimensional control
u = Gx +Muy, (E-117)
so as to minimize the cost function
- X e o Thrs o T
J = ‘/zf [(x—xm) Q(x-xm) + u*Ru] dt (E-118)

o .
where matrices Q(n x n) and R(p x p) are constant, symmetric, and positive semidefinite

and positive definite, respectively. Substituting equations (E-115) and (E-116) into

equation (E-118) and letting x _ = X, the cost function becomes

3= wf xTaaTeaa) x + 2xT (a-A) TQBU-Bu,)
0 (E-119)
+ (Bu-Bu)TQ(Bu-B,u,) + uTRu] dt

The Hamiltonian is formed

H = %IxT(A-A)TQA-A)x + 2xT(A-A)TQBu
- T (A-Am)TQBmum + uTBTQBu (E-120)
- 2uTBTQB u, + u IB TQB u_ + uTRu] + pT(Ax+Bu)

m m
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where p is an n-dimensional vector of Lagrange multipliers (or costate vector).

On the optimal trajectory

g—H- =0 control equation (E-121)

u

. _(aH\T

X = 3P state equation (E-122)
\[

. _ ﬂ) costate equation (E-123)

P ox

Using equations (E-120) and (E-121)

u = 8TQB+RyBTQ(A-A)x - (BTQB+RY1BTp + (BTQB+R)!'BTQB_u_  (E-124)

from equations (E-120), (E-122), and (E-124)
x =(A-B(BTQB+R)1BTQ(A-A))x - BBTQB+R) !BTp + B(BTQB+R) 1BTQB _u _

from equations (E-120), (E-123), and (E-124)

= (A-AT(QBBTQB+RY!BTQ-Q)(A-A  )x+((a-A_)TQBBTQB+R) ! BT- AT)p
+ (A-ATQ-B (BTQB+RY 1BTQ)B u

The state and costate equations become

X A =S X B
- + u (E-125)

- - m

pl |-Q -AT{[p]| |C

with boundary conditions

3 = ) E-126)
Xt, = %o (
ptf =0 (E-127)

where to is the initial time and 'cf is the final time.
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Also

A= A-B®BTQB+R)1BTQ (A-A,)

S = B(BToB+R)"1BT

Q= (A-A)T(Q-QBBTQB+R)"1BTQ)(A-A,)
B = BBTQB+R)"'BTQB,,

C = (A-AT(Q-0B(BTQB+R)"1BTQ)B

The solution for p is of the form

p=Kx+N (E-128)
Differentiating equation (E-128)
p = I’{x+K>;<+N : (E-129)
Substituting from equations (E-125) and (E-128) into equation (E-129)
p = (K+KA-KSK)x-KSN +N+KBu, (E-130)
and from equations (E-125) and (E-128)
b= -Q+ATKx-ATN+Cup, (E131)
Subtracting equation (E-131) from (E-130)
(K+KA-KSK+ ATK + Qx + N+ A7 - KSN + (KB Ou, = 0 (E-132)

Equation (E-132) must be satisfied for any arbitrary x and u - Thus, these two relations
must be satisfied

K+KA-KSK+AIK+Q=0 (E-133)

N+ (AT-KSN + (KB - Cu,, =0 (E-134)
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‘with boundary conditions from equations (E-127) and (E-128)

Kp. = 0
Ne =0
te |

Equations (E-133) and (E-134) and the associated boundary conditions represent a linear
tracking problem. The matrix Riccati equation (E-133) can be solved independently of
equation (E-134), and the solution is used to compute the optimal feedback. This feedback
is the same as that of the equivalent linear regulator problem. For an infinite time
;ontroller, only the steady-state solution is of interest. There are several methods for
obtaining the solution to the matrix Riccati equation; however, the modified eigenvector

technique used in the EASY 5 program appears to be the most efficient method.

Having obtained the solution to equation (E-133), equation (E-134) can be solved. Let K
be the steady-state solution to the matrix Riccati equation; then from equations (E-125),
(E-128), and (E-134)

e
—~
>
|
%21
~
a
~—
1
wn
bad
o

) m (E-135)
0 -A-SKHT||N C-K

Ze

where

Xy = X
b

Ny, = 0

The matrix (A - ngs) is the closed-loop system matrix. If all the unstable modes of the
unaugmented plant are controllable, the closed-loop system eigenvalues all have negative
real parts. The matrix (§KSS -7\)T associated with the feedforward term N has an
eigenvalue system that is the mirror image of that of the closed-loop system; i.e., all real
parts are positive. It should be noted that both Kss and S are symmetric matrices. The
solution for N is obtained by integrating backward in time, starting with the boundary
condition at time ts (final time). Thus, to obtain the feedforward control at some point in

time, it is necessary to know the control U for all time. To develop a practical solution,
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it is necessary to assume that u is constant. The practical interpretation of this
assumption is th.at the changes in u, occur slowly with respect to the closed-loop system
dynamics; i.e., N will be small. This agrees with the way steady-state control responses
(e.g., elevator per g, steady-state roll rate, etc.) are specified in handling qualities
Criteria.

If U is assumed constant, then for an infinite-time controller, the steady-state value for
N is |

AT k5 E -k B
N = AT - K€ - K By, (E-136)

which reduces equation (E-135) to
X = (A - SKgx +[B - SAT- K S - KBlup, (E-137)

or

x = (A+BG)x + BMu,, (E-138)

Figure E-18 is a schematic of the closed-loop system described by equations (E-137) or
(E-138). The feedback and feedforward gain matrices G and M are expressed as follows

G = «BTQB+R)1BTQ(A-A ) - (BTQB+R)1BTK (E-139)

M = (8TQB+R)1BTQB, + (BTQB+R)1BT(A Tk §) (K B-C) (E-140)

Equations (E-124), (E-139), and (E-140) show that both the feedback and feedforward gains
are made up of two parts. The first is synthesized directly from the cross product of
state and control in the cost function, prior to the solution of the state and costate
equations (E-125). The second part results from the solution of the matrix Riccati
equation (E-133) and the forward control equation (E-134), respectively.

The optimal feedback matrix G is independent of the model control matrix Bm and is also

identical to that of the equivalent linear regulator problem (i.e., with B, = 0). The
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Figure E-18. Implicit Model-Following

optimal feedforward matrix M depends on the model, the unaugmented system, and the
feedback matrix G.

For a solution to exist to the optimal control problem, a necessary condition is that the
matrix (BTQB + R) is nonsingular. This is ensured by the constraints placed on the
matrices Q and R. However, if Q is nonsingular and B has full rank, BTQB is nonsingular

and R can be equal to zero. Furthermore, if B is square matrix, then perfect model-
‘following is achieved. If R = 0 and (BTQB)'1 = B'IQ-I(BTY1 exists, then

A= A-(A-A)= A,
S =q!

Q=0

B =By,

C=0

Equation (E-125) is modified to
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Because P, = 0, then p = 0; and from equation (E-128), K = 0 and N =0 for all time.
£

The closed-loop system becomes

X = Apx +Bu (E-142)
To achieve this, the feedback and feedforward matrices are respectively

G=-Bl(A-A,) (E-143)
and
M= BIB (E-144)

These results could also be derived simply by inspection of equations (E-115), (E-116), and
(E-117).

It may not be desirable to use the implicit model-following technique to structure the cost
function for all states. Typically, for a flexible aircraft, implicit model-following could
be used for the rigid-body modes and a conventional quadratic cost formulation used for
the flexible structural modes. This problem is solved simply by extending the results
derived in the preceding section.

Again, the flexible aircraft and associated controls are represented by the time-invariant

vector differential equation

% = Ax+Bu (E-145)

The desired rigid mode performance is described by a time-invariant model

Xm = ApXm T Bpug (E-146)
A and Am are n X n constant matrices.

B is an n x p constant matrix.
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Bm is an n x j constant matrix.

Suppose implicit model-following is used for i states using j controls. Partition the

matrices as follows:

—All i A17 1 X1
i X i | i x (n-i) X9
|
A= |eceeeeen-- pe-ee=--- where x = .
l [ ]
Az} | A X
l L ]
(n-i)x i | (n-D)x(n-i) Xm
and — , — - -
By ' B2 uy
ixj : ix{(p) us
B = ----------’: -------- where u = .
B ! B u.
2] R j
l L]
MDxj | oeDx(p) up |
Let — | : —_ - -—
A A X
mp ! mia my
ix i : i x (n-i) Xma
Am = | -mmmmmee oo andx = [ .
I .
11]21 | Am::: xmi
' .
1 .
(n-)x1i : (n-i)x(n-i) xrnn
and — — -
B, [u
11 my
ix] Uma
By, =| ------- andu, = .
0 .
_(.n-i)xj— :me-
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Define

A
3

1

>

3

then from equation (E-147)

—All- Am11| 7]
|
- - |
A- A = ixi : 0
I
| .
_ 0 0]

The problem is to find the p-dimensional control

u = Gx +Mup, (E-148)

so as to minimize the cost function

=% [ 1= k) TQqk - %) + xTQyx + uTRu) at ~ (E-149)
! |

The first term represents the cost function for the rigid-body states, the second term
represents additional quadratic cost, and the third term represents the cost function for
the total control vector. The cost weight matrix, QZ’ is obtained from the cost weight

matrix, Q'2 , on a set of output parameters, y, by letting
y = Cx
and

xTsz = xTCTQ’2Cx

then
Q, = Clg,C
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Substituting equations (E-145) and (E-146) into equation (E-149) and letting X, = X the

cost function becomes
= 1 (1T AL T . + 9% T (A T Bu-
J “ [ [x (AAm) Q (AAm)x 2x (AAm) Ql( uBmum)
o]

(E-150)
+ (Bu-Bpu)TQ; Bu-Bu ) + xTQyx + uTRu] dt

Ql (n x n) and Q2 (n x n) are positive, semidefinite, and symmetric; and R is positive,

definite, and symmetric.

The Hamiltonian is formed

H=% {xT [(A-ATQp (A-Ap) + Q] x

+uT 8TQ;B+R) u + 2xT (A-A_)TQ;Bu

(E-151)
- 2xT (a-A)TQ;Buy, - 2uTBTQ B _u
+umTBmTQ1Bmum} + pT (Ax + Bu)
where p is an n-dimensional vector of Lagrange multipliers (or costate vector).
On the optimal trajectory
oH
aT =0 . control equation (E-121)
. H\T
X = <—a—> state equation (E-122)
ap
. _ (ou\T .
p=- o costate equation (E-123)
X
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From equations (E-151) and (E-121)

u =- (8TQ;B+Ry"!BTQ(A-A )x + BTQB+R)!1BTQ;B u,,

(E-152)
-(8TqQB+R)"1BTp
From equations (E-151), (E-122), and (E-152)
% = (A-BBTQ;B+Ry1BTQ(A-A )1 x - BBTQB+R)"1BTp
+ BBTQ,B+R)1BTQ;B u .
From equations (E-151), (E-123), and (E-152)
. ATO.- T 15TO. Y(A-
P = -[QyHA-AL) (Q;-Q;B(B QB+R)'BIQ))A-A )] x
- (AT- (A-A_)TQ,BBTQ,B+R)"1BT] p
- (A-AT1Q,BBTQ,B+R)'BTQ,-Q,1 B u,
The state and costate equations become
X Kl —§1 X B]
- + U, (E-153)
f’ —Q] ‘KTI p -Cl '

with boundary conditions

XI = X

o (o}

0

)
P,

where to is initial time and tf is final time.

Also
A; = AB®BTQB+R)yIBTQ(A-A)
5, = BETQB+Ry!BT
Q = Q+A-AT©Q;-Q,BBTQ;B+R)1BTQ ) A-A)
B, = B®BIQB+rRy1BTQB,
¢, = (aApTQ-QBBTQB+R)BTQ B,
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Equation (E-153) is of the same form as equation (E-125). Thus, the method of solution

derived previously can be applied with appropriate substitutions for /'i, §, 5, E, and C.

The feedback and feedforward gain matrices G and M are expressed respectively as

-8TQ;B+Ry!1BTQ (A-A)) - (BTQ,B+R)"!BTK' (E-154)
= 8TQB+Ry1BTQ;B, + (BTQ;B+Ry!BT(X, Tk’ S)ykk' B;-C)  (E-159)
where K'Ss is the steady-state solution to the matrix Riccati equation
g+ KA -K'S; Kk + A Tk + Q =0
It can be shown by substitution of the partitioned matnces A, A Ql’ Qs and R

into equations (E-154) and (E-155) that the term (B QIB) adds cost -penalty to the

controls, and if

G - Gl + G'l
where
G = -BTQ;B+R)"'BTQ(A-A )

G" = -BTQB+RyIBTK',

then

» ’ l . [~ " | ~rtr =

Gy 0 G"y) AT

ixi | Jjx (- ixi | ix(n-i)

G= j-c-eeaas ;. ......... 4+ Jecccecanas : ..........
(;':] | 0 Guzl | G"»w
T R o] o

| (px i (pg)x(n-) | (pPxi - (pui)x(n-) .

The first term in equation (E-154) provides feedback from the first i states (i.e., only the

rigid-body states). Thus, this term is associated with the implicit model-following.
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The feedforward matrix M has the following structure

Thus, only the j controls associated with the implicit model-following are fed forward.

The following describes a method for specifying a prescribed degree of stability for the
closed-loop system via the cost function. It can be shown that for time-invariant systems,

with performance indices of the form

. :
I =wnf 2 xTox + uTRu) dt
)
where « is a positive scalar, Q is constant positive semidefinite, and R is constant positive
definite matrices, the optimal synthesis leads to a linear and constant control law. Also,
the closed-loop system is not merely asymptotically stable, but any nonzero initial states

at

will decay faster than e” = ". This is equivalent to having eigenvalues with real parts less

than - «.

Multiplying the integrand of equation (E-150) by e2 ot gives

)= j;ezm {XT(A-Am)TQ](A-Am)x + 2xT(A-A;)TQq (Bu-Bu,)
C (E-156)

+ (Bu-Bpu, ) TQq (Bu-Byup) + xTQopx+ uTRu] dt

Transformations are introduced that convert this problem to one equivalent to the type

solved previously. Accordingly, we define

X = oo (E-157a)
U= ey | (E157H)
X, = et (E-158a)
A = eMu (E-158b)
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Then

/).E = _g_t_ (e¥x) = qe®x + Q% (E-159)

Substituting equation (E-145) into equation (E-160)

2= A+a)R+B0 (E-160)

where I is the identity matrix, and the initial condition is

where xto = Xg

and similarly

R = AptaX +B U | (E-161)

Equation (E-156) can be rewritten as follows:

e -]
J= % f BT a-apTQ; (A-apR + AT a-ATQ BO-B,0)
5 O (E-16D)

+B8-B,0)TQ) (BU-B0y) +5TQR +4TRE] ar

Subpose u* is optimal control for the problem described by equations (E-145) and (E-156),

and x is the value of the state, given the initial value X, = X Then the optimal control
)

for the problem described by equations (E-151) and (E-162) is G* = e o‘tu*, and the state is

. A . A . . .
given by x = e atx, provided X; = e X, - The minimum performance index is the same
o

o
for each problem [equation (E-156) is equivalent to equation (E-l62)] .

If the optimal control for the second problem is
I = K& . (E-163)
then the optimal control for the first problem is

ut = e 0tx = oK (LAl ) (E-164)
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Thus, the optimal control can be derived for the problem described by equations (E-145)
and (E-156) from the optimal control for the problem described by equations (E-161) and
(E-162).

From equation (E-153), making the appropriate substitutions,

&1 LA S 118 |8

X 1 ™21 X 1 A

Al=l A A + | A (E-165)
p -Ql -A’}- 3 C] um

with boundary conditions

to ¢ %o

> #D>

te

A . -
p is a vector of Lagrange multipliers (or costate vector).

Also
A, = A+al-BBTQB+R)~1BTQ,(A-A )
A T -1gT
S; = B(B'Q;B+R)"'B
S, = A T0, - To,g+r)- 18T -
Q; = Qx+A-A,T(Q-Q;BBTQ;B+R)"1BTQ ) (A-A,)
A
B, = B(BTQB+R)"!BTQB,,
A
C; = (a-AT[Q;-Q;BBTQB+R)"1BTQ I8,

By inspection of the terms in equations (E-153) and (E-165), it can be seen that

A -
Al = Al + al
A -
S =35
A -
Qp = Q
A -—
B] = B]
A -
G =G
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The solution to the optimal control problem described by equation (E-165) is

A MM AA
u* = Gx+Muy, (E-166)

Substituting equation (E-166) into equation (E-164), the optimal control can be obtained
for the problem described by equations (E-145) and (E-156)

A A
u* = e ®Getly + eotpfectt Um
which reduces to

. A A
u = Gx + Mum

where

A
G = -8Tq,B+Ry'BTQ(A-A)) - (BTQ B+R)'BTK (E-167)

and

fi = 8TQ,B+ry18TQ;B_, + (BTQB+R)"!BT

(E-168)
A T , A -1 . A A
*(A] 7K' S) T (K B1-Cp)
ﬁ'ss is the steady-state solution to the matrix Riccati equation .
K’+K'(A1+ozl)-K’SlK’+(A1 +aDK'+Qy =0 (E-169)
To demonstrate the degree of stability achieved, rearrange equation (E-157) to
x = 0t _ (E-170)

Because the’optimal design guarantees that the closed-loop system is asymptotically
stable, R approaches zero as time approaches infinity. Consequently, x approaches zero

faster than e - t.
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In summary, if
J= l/z/t L(x, u) dt (E-171)
(<]

is a quadratic cost function, then the solution to the optimal control problem

J= 1/2f°.°e2°ft L(x.u)dt (E-172)
to
X = Ax + Bu (E-173)

is equivalent to the solution to the optimal control problem.

[
I

o0
) f L(x.u)dt
o (E-174)

(A +al)x + Bu

e
]

where (A + al) has eigenvalues located at a distance « to the right of the eigenvalues of A

with the imaginary parts remaining the same.

Apart from implicit model-following, another appr.oach‘ for incorporating command
response criteria into the linear regulator design is explicit model-following. This method
was found to be very useful in the synthesis of control laws that produced good pitch-rate
and normal load factor responses. The method consists of placing an ideal model of the
airplane to be controlled in the forward path of the control loop as shown in Figure E-19.

The gain matrices G and G, are synthesized based on the quadratic cost function
00
3= % [ 16y T Q) *ue TQuol dt (E-175)
o
where

= Co¥my (E-176)

Ym
is the ideal model response to the input Un and

y = Cgx (E-177)
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Disturbances

o v X
5 *m c Xy a
c ideal —N + Act ;
— el G, ._.Q_’ ctuator Airplane
' +
8E = Gaxa +Guxu+ Gme
c
. Gy
—gp = scalar signal
$ = vector signal +
G

Figure E-19. System Using Explicit Model-Following

is the actual airplane response. The ideal model is described by the state model

Xm(t) = Apxm(t) + Bup(t)

(E-178)

The control law synthesis is performed using the augmented open-loop state model

X(t)

Xm(t)

The control u (1) simply becomes

|
{
i
!
T
f
|
|

0 x(t)
BS
- cee- |+ u(t) (E-179)
0
A xm(t)
Y-¥m©~ [Cs i 'Cm:] x(t) (E-180)
xm(t)
uc(t) = Gx(0) + GppXpy () (E-181)
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The state vectors x(t) and xm(t) need not be of the same dimension. In particular for the

synthesis of the pitch augmentation control laws, the vector xm(t) consisted of

xpp(t) = (E-182)

Lo m |

where u__ is incremental forward velocity, o is incremental angle of attack, q., is pitch

rate, and om is incremental pitch angle. The vector x(t) comprised, in addition to states
corresponding to the above, both actuator states and wind states.

E.6.3 MODIFIED KALMAN FILTER DESIGN

After the control problem has been solved using the modified linear quadratic regulator
design outlined previously, a state estimator must be constructed. Stochastic optimal
control theory has been applied widely to linear time-invariant systems having quadratic
cost criteria and additive white Gaussian noise. However, the usefulness of the thedry has
been limited by the sensitivity of the closed-loop performance to parameter .variations.
Modeling of a process is never exact, and because design of a system is based on an
approximate model, the design must be insensitive to modeling uncertainties, in particular
with respect to the stability of the system. Optimal control with full-state feedback
offers good stability margins, but when a Kalman filter is inserted into the loop to
estimate state variables, the stability margins shrink, sometimes drastically. To alleviate
this problem, a method has been implemented that increases the robustness of the closed-
loop system with respect to parameter variations at the expense of filter performance
when parameters are at their nominal values. The following outlines the problem and a

method for designing robust control systems incorporating Kalman filters.

Not only is the system with full-state feedback optimal with respect to the cost function,
but the system also has the property of being robust with respect to parameter variations
in the control channels, as shown in Figure E-20. The closed-loop system is robust with

respect to parameter variations in each of the control channels in the sense that if

l/2<kl<°° i=l,...,m

orif -60deg<6; < 60 deg i= 1,...,m
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Figure E-20. Parameter Variations in the Control Loops

the system will remain stable; i.e., the system has gain margin of at least -6 dB to +
simultaneously in all control channels and has phase margin of at least +60 deg

simultaneously in all control channels (ref E-5).

“While these results are quite strong, they are based on the restrictive assumption that all
of the state variables are available and thus can be multiplied by the optimal gain matrix
to produce an optimal control. In most practical situations, the full-state vector is not
available for feedback and instead a Kalman filter is inserted in the control loop to

estimate the values of the states based on the available measurements.

A control loop incorporating a steady-state Kalman filter is shown in Figure E-21. The
. . . . A

filter accepts as inputs the sensor outputs, y, and produces an optimal estimate, X, of the
state vector, x. This estimate, X, is then multiplied by the optimal gain matrix, G, to

produce the optimal control.
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Figure E-21. Control System With Kalman Filter

The Kalman filter is essentially a mathematical replica of the plant, except that the
sensor outputs, y, are compared with the estimated outputs, 9, to produce an error signal

that drives the filter. The equations of the filter are

AR +Bu+S(y-9)

X

(E-183)

<> x>
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The Kalman filter gain matrix, S, is calculated as follows. The plant is assumed to be
disturbed by random noise, d. This is referred to as '"process noise" and is modeled as
stationary white Gaussian noise. It may be used to represent such disturbances as wind
gusts and may also be used as a measure of modeling uncertainty. The noise has the

properties

E [d]
E [a) dTin)

0
Cd 5(t-T)

(E-184)

where Cd = CTd > 0 is the intensity matrix of the noise, and E [-] is the expected value
operator. There is noise also associated with the sensors. This "measurement noise," v, is

also assumed to be stationary white Gaussian noise with the parameters

E {v]
E [v(t) vT(T)]

0
C, 6(t-1)

(E-185)

where Cv = CVT >0 is the intensity matrix of the noise. The process noise and

measurement noise are passed through distribution matrices I' and F, . respectively, so

that the intensity matrices seen at the plant are I‘Cd I‘T and FCVFT.

For the purpose of computing the filter gain matrix, the plant is assumed to have the form

X = Ax+Bu+Td (E-186)
y = Cx+Fv
The filter gain matrix is then given by
s = KCT(FC FT)~! (E-187)

where K satisfies the algebraic Riccati equation

AK +RAT - kcTre FTyl ek + e rT=o0 (E-188)
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It is assumed that F has maximum possible rank so that FCVFT is nonsingular. The pair
(A, T') is assumed to be controllable, and the pair (A,C) is assumed to be observable to
guarantee that there is a unique, symmetric, positive definite solution, K, for the Riccati
equation (E-188).

While the control system employing the Kalman filter is optimal with respect to the cost
function and the noise intensities d and v, the closed-loop system does not have the
robustness properties associated with the full-state feedback controller. In fact, in some
cases, the stability margins can become vanishingly small (ref E-6). This can be explained
by the fact that if the loop is broken at point X in Figure E-21, the transfer function

around the loop is not the same as it is for full-state feedback unless it happens that

S[1 + ¢l - A)Ylsy-! = Bicesl - A)!By] (E-189)

So unless this identity holds, perturbations appearing at point X will have a different

effect when the filter is in the loop than in the case of full-state feedback (ref E-7).

However, equation (E-189) can be satisfied if S = qBW and g+ and W is a nonsingular

2BVBTm equation

matrix. It can be shown that if PC I"T is replaced by FC rf. q
(E-188) where V = vIi>o0is arbitrary, and if the open-loop system has no right half-plane

transmission zeros, then

S ~ gBV/AR"y!

as g + o, where V2 is some square root of V, and R” is some square root of R. S then
approaches gBW as q - o where W = VVZ(RVZ)'I. Then in the limit, equation (E-189) is
satisfied and the system employing the Kalman filter has the robustness properties of the
full-state feedback system as q » .

T in the

If we let Ed 4 q2V, then FCd ! will have been replaced by I‘Cd rl + BEdB
Riccati equation. Ed can be thought of as being the intensity matrix of a zero-mean
stationary white Gaussian noise vector, d, appearing at the input to the plant as shown in

Figure E-22. The plant equations then become
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Figure £-22. Addition of Input Noise to Model

Ax +Bu+ ['d +Bd

e
1}

Cx + (E-190)
y = (x+Fv

The process noise has been augmented by a fictitious input noise, d, with distribution

matrix, B. The Riccati equation then becomes

AK +KAT-kCLFe FIy- P ek + ey rT+BC8T= 0 (E-191)
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As the magnitude of the diagonal elements of Ed is increased (i.e., as the fictitious input
noise becomes stronger), the robustness properties of the controller approach those of the
system with full-state feedback. Adding fictitious noise at the input to the system tells
the mathematics that uncertainties should be expected at that point, and the calculation
of the filter takes this uncertainty into account by increasing robustness with respect to
uncertainties at that point. But increasing the intensity of either the input noise or the
process noise has the effect of telling the mathematics, via the Riccati equation (E-191),
that the model is not accurate or that the disturbances to the model are great enough that
the system should place more emphasis on the actual sensor measurements than on model

accuracy.

Larger values of Cd or Ed in equation (E-191) have the effect of making the elements of
K larger in the solution of equation (E-191). The result is that the elements of the filter
gain matrix, S, become large in equation (E-187), increasing the gain and bandwidth of the
filter and allowing more sensor noise to pass through the filter. Because K has the

property (ref E-8)

K = limE ([x(t) - X0 [x(1)- R0

t = o0

it follows that as K is increased, the accuracy of the filter is reduced. The design
problem therefore involves a tradeoff between filtering accuracy (when the parameters
are at their assumed nominal values) and robustness of the closed-loop system with

respect to parameter variations shown in Figure E-20.
E.6.4 CONTROLLER SIMPLIFICATION

The Kalman filter will have the same dynamic order as that of the open-loop model used
for the synthesis. For a flexible airplane model that contains a large number of structural
modes, the high order of the filter imposes an excessive and unnecessary computational
burden on flight computers. A preliminary approach to the design of a low-order
suboptimal filter has been established during this study. It will be outlined here.

The first task is to establish the minimum bandwidth of the controller. The actuation

bandwidth is set by the highest frequency at which we wish to control. In the case of
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FMGC, it is set by the highest frequency flutter mode, and, in the case of GLA, it is set by
the highest frequency mode that contributes significantly to the gust loads. The latter is
easily determined from cumulative power density plots of the appropriate performance
parameters such as bending moments, torsional moments, accelerations, etc., at various
airplane stations. A third factor that must be considered is the increasing uncertainty in
the dynamic model with increasing frequency. The controller bandwidth must be limited
such that at higher frequencies, the closed-loop system has sufficiently large stability
" margins. The modal residualization technique described in Subsection E.4.2 can be used to
eliminate filter modes that are outside the required actuation bandwidth. Because the
Kalman filter only has first-order rolloff characteristics at high frequencies, it may be
nécessary to Insert an additional filter in the control loop to ensure the necessary

attenuation at high frequencies.

The reduced filter may still be too complex for practical implementation on flight
computers. Further reduction may still be possible without any significant loss in closed-
loop performance. Again, the modal residualization technique can be used to eliminate
filter modes that are within the actuation bandwidth but that are associated with weakly
unobservable or weakly controllable airplane modes or with airplane modes that are not

observable from the cost function.

In the previous discussién, it was assumed that the Kalman filter was synthesized using a
full-order airplane model and that the lower order suboptimal filter was obtained by the
reduction of this full-order filter. However, another approach would be to reduce the
open-loop model using the modal residualization technique, leaving only the modes
considered essential to the control task. A suboptimal filter (with respect to the full-
order model) would then be synthesized using the lower order airplane open-loop model.

This approach was not considered during this study.

Still another approach would be to use the full-order Kalman filter to define the required
control-loop frequency responses over the actuation bandwidth and to design lower order
filters with approximately the same frequency response characteristics. This involves
least-square fitting of. single-loop filter frequency responses against low-order filters of

predetermined form; the procedure is described in Subsection E.4.4.
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E.7.0 CLOSED-LOOP ANALYSIS.

Closed-loop analysis consists of evaluating the performance of full- and partial-state
feedback designs and full-order and reduced-order Kalman f{filter designs in terms of gust
response and stability margins. As indicated in Figure E-1, this analysis is an important
part of an iterative design procedure. The design can be divided into two parts: the
control task and the state estimation task. The control problem is solved by synthesizing
and analyzing the closed-loop performance of full- or partial-state feedback designs.
After the proper cost function and associate state feedback gain matrix have been
determined, the Kalman filter is synthesized, inserted in the control loop, and the closed-
loop performance evaluated. The performance of various reduced-order filters is
evaluated until one is found that gives close to optimum closed-loop performance with
adequate stability margins and without imposing excessive computational burden on flight

computers.
'E.7.1 FORMULATION OF CLOSED-LOOP STATE MODELS

The full-state feedback closed-loop model is described by
X = (A+BG)x + I'wy (E-192)

y = Cpx (E-193)

where x is the state vector consisting of the rigid and flexible mode displacements and
rates, control surface states, and unsteady gust states; wg is gust input vector; and y is
the output vector consisting of all closed-loop performance parameters. A is the open-
loop state matrix, B is the control distribution matrix, G is optimal state feedback gain
matrix, I' is the input gust distribution matrix, and CP is the performance parameter

distribution matrix.

The vector y does not contain any acceleration measurements because there are no direct
gust inputs in equation (E-193). However, during the gust response calculations described
in Section E.3.0, the covariance matrix of y as well as y is obtained. This ensures that if y
contains velocity measurements, the corresponding acceleration responses will also be
computed. A closed-loop state model with reduced-state feedback is simply obtained by

setting the appropriate columns in the gain matrix G to zero.
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The closed-loop model with a full-order Kalman filter is

X A BG| [x r
o . -
s SC  (A+BG-SOV| | % se| Ve (E-194)

el . . A .
In addition to the parameters defined previously, there are X, the estimated state vector;
C, the measurement distribution matrix; E, the measurement gust input distribution

matrix; and S, the optimal Kalman {ilter input matrix.

With a reduced-order filter, the closed-loop equations are modified to

X A+BFRC  BGg| | x M+BFRE
;\ = A + . Wy
Z SRC /\R ) Z SRE <

(E-195)
where, in addition to the terms defined previously, QR is the filter state vector, AR is the
filter state matrix in block diagonal form, SR is the filter input matrix, GR is the filter

output matrix, and FR is the filter static gain matrix. Figure E-23 is a schematic of the

reduced-order filter. Equation (E-193) represents the closed-loop performance
parameters.
y X X | u
—p S | f ‘ G ——p

A+BG-SH-SD G

y = measurement vector
R = full-state estimates
u = control vector

@ 2 =reduced-order filter states
> FR
. +
y + 2 2 + u
\ -
[ Ag

o Reduces order of filter
¢ Includes significant dynamics
o Preserves measurement-to-control static relationships

Figure E-23. Filter Simplification
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E.7.2 CLOSED-LOOP STABILITY

Closed-loop stability analysis consists of computing eigenvalues, gain and phase margins in
all control loops (see fig. E-20), and the range of values of key parameters such as
dynamic pressure, for which the closed-loop system remains stable. The various closed-
loop control laws are evaluated based on location of closed-loop poles and the margins of

stability as a function of frequency.

The equations of the closed-loop systems with a full-order Kalman filter are from

equation (E-194) without the input terms

X

Ax + BGX (nth-order plant)
: .
X

(A +BG-SC)% +SCx  (nth-order fiiter)

X SC A+BG-SC X '

The -eigenvalues of A are the poles of the open-loop plant without the controller

or

connected, and the eigenvalues of (A + BG - SC) are the poles of the open-loop Kalman
filter with its output disconnected from the plant. It is not clear, however, from equation
(E-196) what the poles of the closed-loop control system are.

Introducing the transformation

NEEMIHE.

. A .
i.e., e = X - X, the equations become

[ x:I [A +BG -BG] [x]
R . (E-198)
¢ 0 A-SC e
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From equation (E-197), it is clear that the poles of the closed-loop system, which are the
eigenvalues of the 2n x 2n system matrix in equation (E-197), are simply the eigenvalues
of (A + BG) and the eigenvalues of (A - SC). This follows from the fact that matrices

(A -BG

| SC A+BG-SC

and

0 A-S8C

(A +BG -BG]

have the same eigenvalues because they are related by the similarity transformation

equation (E-197), and from the fact that

TA+BG-2M -BG
det 0 A—SC-I (E-199)

= det(A + BG - Al) det(A - SC - AD)

The full-state feedback system [equation (E-192)] is optimal with respect to the cost
function, stable if all unstable open-loop modes are controllable, and robust with respect
to parameter variations in the control loops. In terms of the parameters defined in Figure
E-20, the full-state feedback system has at least the following stability margins in each of

the m control loops

1/2 < kj; S @ i=1....,m

and

|0;] < 60 deg i=1....m

Optimal control with full-state feedback offers good stability margins. The closed-loop
system with the full-order Kalman filter [equation (E-198)] is always stable provided
that all unstable open-loop modes are controllable and observable. However, when the
Kalman filter is inserted into the control loop to estimate the states, the good stability
margins of the full-state feedback design may shrink, sometimes drastically. For the
closed-loop system with reduced-order filter [equation (E-195)] , there is no guarantee

that the system is stable even at the nominal gain and phase.
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E.7.3 CLOSED-LOOP ROOT-MEAN-SQUARE GUST RESPONSE

The steady-state gust response correlation matrices for the states; modal states;
measurements; performance parameters such as bending moments, torsional moments,
accelerations, etc.; and the output power spectral density of selected performance
parameters are computed. The computational techniques are described in Section E.3.0.
- Because the loads equations are based on a truncated set of modal coordinates, the load
levels are only approximate. However, because all modes that are significant with
respect to the control task are included, and the same truncated model has been used to
compute the gust loads of the open-loop airplane, these approximate-load calculations are
considered adequate for evaluating the relative merits of various control laws.

The closed-loop gust response is evaluated in terms of the relative reduction in the
related performance parameters and the root-mean-square (rms) deflections and rates of
the control surfaces. Because the control surface positions and rates are states, the
corresponding rms gust responses are obtained from the gust response correlation matrix

for the state vector.
E.7.4 CLOSED-LOOP LINEAR SIMULATIONS
A closed-loop system can be defined either as a full-state feedback system or as a system

employing a state estimator (Kalman f{ilter). For a full-state feedback system, the

equations can be writien

x = Ax+Bju (E-200)
u = Gx+G2uc (E-201)
y = Cx+Dyxy )

or

X + (A+BIG)X + Bl Bzu (E-202)

c

y=Cx+ DX (E-203)
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where u is the control applied to the airplane and u. is an external input. The external
input for this problem is BC, the column angle. A block diagram of the system is shown in
Figure E-24. The system is simulated as a set of difference equations in modal

coordinates

z [(k+1) At] = ¢z [k(At)] + Bu*
y [k(At)] = Cz [k(At)] + Du*

(E-204)

that were discussed in Subsections E.3.3 and E.5.3.

For a system employing a Kalman filter to estimate the states, the system equations take

the form
X = Ax+Bju+Ed _ - (E-20%)
u = GR +Bau, | (E-206)
2= AR+ Bju+S (y-9) - (E-207)
y = Cx+Fv (E-208)
y = CX (E-209)
RN B, = - By +f©;+ —1- o ¢ ———

Figure E-24. Full-State Feedback System

E-80




where

d = process noise

\s = measurement noise

2 = estimator state vector

y = sensor output vector

§ = estimated sensor output vector

G = full-state feedback gain matrix

S = Kalman filter gain matrix

E = process noise distribution matrix

F = measurement noise distribution matrix

The structure of the system is shown in Figure E-25.

l d Process noise v Measurement noise l
(wind input) '

E - F

Sensor outputs

C +

<)

Figure E-25, Feedback System With Kalman Filter
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The system can be represented by the dynamic equations

X A B|G X ]
¢| T|'sc T asBG-sc| |R

0 d

(E-210)

SF v

These equations are then converted to difference equations for simulation with the noise

inputs, d and v, set equal to zero.
E.7.5 EVALUATION OF STATE FEEDBACK DESIGNS

The closed-loop analysis of the state feedback design is part of the iterative design cycle
to solve the control task. Full-state feedback designs are evaluated until the proper cost
function and control surfaces have been selected. The evaluations are based on gust-load

reductions, control surface activities, and closed-loop pole locations.

Because the control law includes feedback of control surface states, the optimal linear
regulator can be used to determine whether or not the control surface actuators have
sufficient bandwidth. If there is a significant change in the actuator closed-loop poles
from their nominal open-loop values, it will be necessary to increase the actuation
bandwidth.

The trade between closed-loop performance and actuation bandwidth can be determined
by considering the cumulative power-spectral-density plots of the open-loop and full-state
closed-loop gust responses of the various performance parameters. The effects of
eliminating modes from the feedback can be determined by evaluating the closed-loop

performance with the appropriate columns in the optimal gain matrix set equal to zero.
E.7.6 EVALUATION OF KALMAN FILTER DESIGNS

Closed-loop analysis of the Kalman filter designs is part of the iterative design cycle to
solve the state estimation problem. Full-order Kalman filters are evaluated until the
closed-loop performance and stability margins meet or exceed the design requirements.
The key design parameters that are evaluated are types, numbers, and locations of sensors
and the trade between gust response and stability margins. This same iterative analysis is

used to evaluate reduced-order filters.
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APPENDIX F: FMC AND GLA ANALYSIS RESULTS

F.1.0 MODE SHAPE MATRICES

Tables F-1 and F-2 show the dynamic loads and sensor mode shape matrices for the two

mass conditions (0.46T and 0.22c center-of-gravity positions, respectively).

Table F-1. Dynémic Loads and Sensor Mode Shape Matrices for 0.8F Mass (0.46¢} Condition

_Sensors Dynamic loads
Wing-tip Inboard at = 0.25 Outboard at n=0.76
Pitch-rate acceler-
gyro, rad/s ometer, Shear, N Bending, N°m| Torsion, N°m Shear, N Bending, N*m| Torsion, N*m
m/s2 (in/s2) | (ib) {Ib-in} (Ib-in) {ib) {Ib-in) {Ib-in)
2
-254 x 10
C 0
2 0 oo 0 0 0 0 0
3
4| -698x10 :
q 30x 10 ) 0 0 0 0
3 [ 830x (-0.275) ° :
q 4 .
5 | -1.32x10 0 0 0 0 0 0 0
9 | 1.60x107 0 0 0 0 0 0 0
g 0 254x102| 274x10% | 327x10* |-384x102 | 122x103 | 460x10% | 5.06x10?
12 (-1.0) (6.17 x 102) | (2.89 x 10%) | (-3.40 x 103)| (2.75 x 102} | (4.07 x 10% [ (4.48 x 105)
q 0 254x102 | 463x10% [-1.22x10° | 427x10% [ a67x103 [261x10% | 1.45x10°
gl " (-1.0) (-1.04 x 10%) | (-1.08 x 106) | (-3.78 x 10%) | (1.05 x 10%) | (2.31 x 10%) | (1.28 x 10%)
o]
3 2 :
q -1.49 x 10 0 0 0 0 0 o
14 0 (0.587)
ays 0 2.22x102| 1.04x 10° -1.80x 10% | 550x10° | 315x10° | 320x10% [ 1.31x10%
(-0.875) (2.34 x 104) { (-1.59 x 105 | (4.87 x 105) [ (7.09 x 102) | (2.83 x 105 | (1.16 x 105)
q 0 254x102} 154x10% [-1.27x10% |-7.21 x10% | 221 x10% | 435 10% | -6.61 x 1034
16 {~1.0) (3.47 x 103) | (-1.12 x 105 | (-6.38 x 10%)] (4.97 x 10%) | (3.85 x 107} | (-5.85 x 10%)
3
-9.04 x 10
q
17 ° (-0.356) 0 0 0 ° 0 0
q 0 1.66x 102 | 1.18x10% |-488x10° |-1.15x10° |1.48x10% | -5.21 x10“5 -2.21 x1045
18 (0.654) (2.66 x 103) | (-4.32 x 10%) | (-1.02 x 106)| (3.32 x 103) | (-4.61 x 109 (-1.96 x 10%)
ag 0 254x102]| 1.10x10? 5.99x1045 3.06 x 10° -5.92x1033 172x10%. | 5.76 x 10%
(-1.0) (2.48 x 103} | (5.30 x 10%) | 12.71 x 10%) | (-1.33x 10%){ (1.52 x 10%) | (-5.10 x 10%)
Note: The wing-load equations were calculated

by a “moda! displacement’’ technigue
that relates wing toad to the wing
out-of-plane structural deflections

through the wing modes. Two wing

modes that are predominately in-
plane bending are omitted.




Table F-2. Dynamic Loads and Sensor Mode Shape Matrices for MZFW+F Mass (0.22C) Condition
' Sensors . Dynamic loads
Wing-tip Inboard at = 0.25 Qutboard at = 0.75
Pitch-rate acceler-
gyro,rad/s | ometer, Shear, N | Bending, Nem| Torsion, Nem| Shear, N |Bending, N*m{ Torsion, N-m
m/s2 (infs2)} | (1b) {Ib-in) {Ib-in) {Ib) {ib-in) {ib-in)
- -2
-2.54 x 10
q 0 0 0
2 0 100 0 0 0
% | 793x10% | 782x 107 0 0 0 0 0 0
(-0.308)
% | -1.22x10% 0 0 o 0 0 0 0
% | 1.56x10% 0 0 0 0 0 0 0
a o -254x107 | 237x10% | 3.12x10% |-269x102 | 1.63x10% | 4.77x10% -1.08 x 102
12 (=1.0) (5.32 x 102} | (2.76 x 10%) | (-2.38 x 109)| (3.67 x 10%) | (4.22 x 104 | (-9.55 x 109
3
" Q3 0 2.39x 10 0 0. 0 0 0 0
8 (0.094)
Q
=1, 0 -254x102 | 476 10“4 -9.72 x 10“5 812x10% [-1.15x10% | 242x10% | 153x10°
(-1.0) (-1.07 x 101 | (-8.60 x 10%) | (7,19 x 10%) | (-2.59 x 10%) | (2.14 x 10%) | (1.35 x 10%)
a5 0 2.44x102| 507 x10% [-1.67x10% | 3.37x10% }-370x10% | 336 x10% | 7.23x 103
(-0.962) (114 x 104 | (-1.48 x108)] (2.98 x 106) | (-8.32 x 102} (2.97 x 10°) | (6.40 x 10%
a6 o 254 x102| 156 x 104 |-7.45x 1634 -1.20 x10°_ | -1.11 x 1043 415 x 10“5 2.80 x 10°
(-1.0) (3.48 x 10%) | (-6.59 x 10%) | (-1.06 x 105)| (-2.49 x 10%) | 13.67 x 10%) | (2.48 x 10%)
3
q -9.25 x 10
17 0 (-0.364) 0 0 0 0 0 0
ag o 1.387 x 102 ] -1.34 x 105 | 436 x 105 | 21.47x 105 | -1.10x 1043 -481 x10% | 5.15x 104
{0.546) (-3.02 x 102) | (-3.86 x 10| (-1.30 x 10| (-2.47 x 10%) | (-4.26 x 105)| (~4.56 x 105)
ayg 0 -254x102 | 1.3ax10% | 7.5a x 104 | 5.04x10% | 190x10° | 357x10% |-531x10%
{-1.0) (3.02 x 103 | (6.67 x 105) | (4.46 x 105) | (4.28 x 10%) | (3.16 x 10%) | (-4.70 x 105)
Note: The wing-load equations were calculated

by a “modal displacement’’ technique
that relates wing load to the wing
out-of-plane structural defiections
through the wing modes. Two wing
modes that are predominately in-
plane bending are omitted.
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Table F-3 shows the relative flutter-mode controllability of the various elevator and
aileron control surfaces.

(rms) load open-loop responses for the various flight conditions due to white noise inputs

to the actuators.

F.2.0 CONTROLLABILITY ANALYSIS

Table F-3. Relative Flutter-Mode Controllability

Tables F-4 through F-7 show the relative root-mean-square

Elevator Outboard aileron
Flight Inboard Inboard Inboard
condition Inboard Outboard and aileron Inboard Qutboard and
outboard outboard
5 0.15 0.06 0.20 0.42 0.39 1.00 0.99 .
6 0.20 0.09 0.28 0.36 0.44 0.97 1.00
7 0.13 0.03 0.13 1.00 0.50 0.75 0.86
8 0.19 . 0.03 0.17 ‘0.91 0.53 0.91 1.00

® Assumed control authority:

e Elevator = +3 deg
@ Aileron =+15 deg

® Normalized for each flight condition
e 1 indicates the contro! surface most effective

for FMC

® 0 indicates a contro! surface makes no
contribution to FMC




Table F-4. Relative Root-Mean-Square Load Responses at Flight Condition 1

Elevator Outboard aileron
Inboard Inboard Inboard
Inboard Outboard and aileron Inboard Outboard and

outboard outboard
Inboard at
n=0.25:
Shear 0.587 0.430 1.000 0.773 0.468 0.698 0.651
Bending
moment 0.617 0.386 1.000 0.418 0.315 0.686 0.871
Torsion 0.230. 0.182 0.405 1.000 0.254 0.781 0.560
Qutboard at
n=0.75
Shear 0.396 0.251 0.645 0.369 0.350 0.793 1.000
Bending
mament 0.267 0.225 0.477 0.461 0.417 0.857 1.000
Torsion 0.622 0.380 1.000 0.951 0.424 0.855 0.785

® Assumed control authority {white noise at each actuator input):
® Ejevator = +3 deg
® Aileron = +15 deg

©® Nomalized for each flight condition

e 1 indicates the control surface most effective

for load reduction

o 0 indicates a control surface makes no
contribution to load reduction
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Table F-5. Relative Root-Mean-Square Load Responses at Flight Condition 2

Elevator Outboard aileron
Inboard Inboard Inboard
Inboard Outboard and aileron inboard Outboard and
outboard outboard
Inboard at
n=0.25:
Shear 0.501 0.391 0.873 1.000 0.439 0.634 0.459
Bénding
moment 0.503 0.315 0.813 0.657 0.391 0.803 1.000
Torsion 0.299 0.281 0.573 © 1.000 0.288 0.739 0.505
Qutboard at
n=0.75
Shear 0.401 0.260 0.652 0.364 0.418 0.795 1.000
Bending
moment 0.164 - 0.165 0.316 0.583 0.386 0.845 1.000
“Torsion 0.216 0.146 0.350 0.925 0.452 1.000 0.950

@ Assumed control authority (white noise at each actuator input):
® Ejevator = +3 deg
® Ajleron =+15 deg

® Normalized for each flight condition

e 1 indicates the control surface most effective
for load reduction

¢ 0 indicates a control surface makes no

contribution to load reduction
1
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Table F-6. Relative Root-Mean-Square Load Responses at Flight Condition 3

Outboard aileron

Elevator
inboard Inboard Inboard
Inboard Qutboard and aileron Inboard Outboard and

outboard outboard
Inboard at
n=0.25
Shear 0.666 0.354 1.000 0.774 0.397 0.734 0.710
Bending
moment 0.687 0.316 1.000 0.421 0.295 0.482 0.650
Torsion 0.246 0.144 0.382 1.000 0.250 0.742 0.653
Outboard at
n=0.75 _
Shear 0.534 0.251 0.780 0.437 0.403 0.789 1.000
Bending '
moment 0.317 0.206 0.503 - 0.531 0.437 0.905 1.000
Torsion 0.597 0.274 0.868 0.846 0.442 0.978 1.000

® Assumed control authority {white noise at each actuator input):
e Elevator = +3 deg
e Aileron = +15 deg

® Normalized for each load

o 1 indicates the control surface most

effective for load reduction

o 0 indicates a controi surface makes
no contribution to load reduction
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Table F-7. Relative Root-Mean-Square Load Responses at Flight Condition 4

Elevator Outboard aileron
Inboard Inboard Inboard
Inboard Outboard and aileron Inboard Outboard and

outboard outboard
Inboard at
n= 0.25: .
Shear 0.490 0.291 0.760 1.000 0.384 0.670 0.576
Bending .
moment 0.683 0.322 1.000 0.921 0.428 0.658 0.769
Torsion 0.275 0.199 0.465 1.000 0.265 0.710 0.654
QOutboard at
n=0.75:
Shear 0.671 0.342 0.994 0.624 0.522 0.769 1.000
Bending
moment 0.192 0.156 0.329 0.741 - 0.450 0.908 1.000
Torsion 0.181 0.1171 0.274 0.781 0.435 0.967 1.000

® Assumed control authority (white noise at each actuator input):
® Elevator = +3 deg
® Aileron = +15 deg

® Normalized for each load
o 1 indicates the control surface most

effective for load reduction

o O indicates a control surface makes
no contribution to load reduction
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F.3.0 OBSERVABILITY ANALYSIS

Figure F-1 shows the various candidate locations for placing accelerometers on the wing.
Figures F-2 through F-5 show the relative sensor-to-flutter-mode coupling at the various
flight conditions. Figures F-6 through F-9 show the cross-variances between
accelerometer responses and wing bending moment responses for the open-loop airplane at
the various flight conditions. Figures F-10 through F-13 show the cross-variances
between accelerometer responses and wing bending moment responses for the -closed-loop

airplane (full-state feedback) at the various flight conditions.

Sensor

OCONOONEWN =

Figure F-1. Candidate Wing Accelerometer Locations



- °

1.0 * Unstable mode

) © Stable mode o
09~ *
= 4
Q
= 08 1%
[x-]
£ o]
.-g' 0.7+ *
@ o
o o
g 06
5 o * [o] *
Z osf o x
L] * *
2 04t °
E .
8 03 .
g * 3
g 02 x .
"% 0O 0©
. *
0.1 = *0 *
* *o o °
o L&D 598° ! 1 I ] ]
0 4 8 12 16 20 24 28

Sensor number

Figure F-2. Sensor Coupling to Flutter Modes, Flight Condition 5, Open Loop

1.0 [« Unstable mode ®
© Stable mode

09 %
_ (o]
= *
S 08 F o
E *
£ o
S 0.7¢+
z o *
= o
3 06 o
I3 *x
5 ° -
§ 05 ¢k *

*

2 04t ° .
£
a
§ 0.3 B O = o)
§ 0.2 °
=4 o N
5 o* N *

0.1 F e* . "

5 & Q ¢
olLe8ed8” | 1 1 | 1 J
0 4 8 12 16 20 24 28

Sensor number

Figure F-3. Sensor Coupling to Flutter Modes, Flight Condition 6, Open Loop

F-10




10+ Unstable mode *

S Stable mode o
09— * 0

0.8} o °

0.7 o
0.6

05 o * . *

04}

* O

(8]
*
* O

0.3 -

0.2k &

Sensor coupling to flutter mode (normalized)

* X
1 O ] 1 i 1 1 J
1] 4 8 12 16 20 24 28

Sensor number

Figure F-4. Sensor Coupling to Flutter Modes, Flight Condition 7, Open Loob

1.01 . Unstable mode 00 : @
. O Stable mode o o)
09r o *
5 Ox
3
N L o o
2 08 . o
£
5 O
£ 0.7F *
= o
3
£ 06F * *
3
- »*
2 05} *
e o ©s
£ 04 °
a *
3 o
c 03fF
% ° . °
E *
(% 0.2 *
*
0.1 o %"
T Q" o
olhsos?® ® 1 1 1 1 | 1
0 4 8 12 16 20 24 28

Sensor number

Figure F-5, Sensor Coupling to Flutter Modes, Flight Condition 8, Open Loop

F-11



0.651(25) .
o Inboard bending
0.55 4 * Qutboard bending .
*
{20}

-

ﬁ 0.454 ) .
Ncn "(15) .

€ 0.354

@ * .

Q

& 025 +-(10) .

g .

8 0.15- o
) - (5) 0° o
3 * o) o}

S 0.05- o £ 0°

£ o *

3 - {0) * 0 I

= : o)

-0.05 * 0 ‘00
* k Kk X % X ;O * o
Loooo00?®° o
-0.15 L ! ; , J

4 8 12 16 20 24 28

Sensor number
Figure F-6. Cross-Variance Between Accelerometer Response and Wing
Bending Responses, Flight Condition 1, Open Loop

0.9+ (35)
O Inboard bending *

0.8+ * Qutboard bending *
—{30)
0.7 x

- (25) *
0.6+

0.5+ (20) *

0.4
~ (15) *

0.3
— (1}
0.24 *

o ‘5) 3
0.1+ .

Normalized cross-variance, m/s2 (in/sz)

N h¢
0~ (0) ©

SRR Db
- (-5)

-0.2 ! ! ] 1
0 4 8 12 16 20 24 28

Sensor number

L3}

Os
O

Figure F-7. Cross-Variance Between Accelerometer Response and Wing
Bending Responses, Flight Condition 2, Open Loop

F-12




- (50)
1.2 o Inboard bending *
* Qutboard bending
1.0 - (40 *

-

4 *

£
~, 0.8 o i

£ ~ (30)

. *

-1}

£ 06 o *

& - (20) * *

5 04 - .

(3]

° *

8. - (10)

® 0.2 -

g * 0 ° . 0© °
2 0° x 00°

0 -+ (0) % O «* 0
° o
) * ao
02 |0009Q0°° X X . L )
0 4 8 12 16 20 24 28

Sensor number

Figure F-8. Cross-Variance Between Accelerometer Response and Wing
Bending Responses, Flight Condition 3, Open Loop

1.4 1 © Inboard bending »
* Qutboard bending
- (50) '
1.2 *
*

<, 1.04(40)

<

- *
ST .

E %100

- »

3

.g 0.6+ * *

g L (20)

a *

o 04-

© *

K - (10)

5 0.2+

g * 50000 000000

z 04 (0} o 0© o8

*****393* 5o *
000900
0.2 1 1 1 1 1 1 J
0 4 8 12 16 20 24 28

Sensor number

Figure F-8. Cross-Variance Between Accelerometer Response and Wing
Bending Responses, Flight Condition 4, Open Loop

F-13



O inboard bending

0.30 7 = Qutboard bending *
0.25 -r(10) )

o~ 0.20 (8} *
g *
~, 0.15 =6

-~

£

g 0.0 —(4) *

E *

§ 005 {2 "+~ .

2 * »

[=}

et [o) 6 *

] €L * o] o * CO0o0op

g 0 0 o © 0%« °o
2 ° 89

g L. * =

E 005 - (-2) o o e

= o * fo)

-0.10 Loo00©°°
-0.15 ! ! i 1 1 | J

0 4 8 12 16 20 24 28
: Sensor number

Figure F-10. Cross-Variance Between Accelerometer Response and Wing
Bending Responses, Flight Condition 1, Design A

o Inboard bending

- * Qutboard bending
065 (25) . .

0.55
(20}

0.45 *

=(15)
0.35 ~

0.25 410}
0.15 <
o (5) >

0.05 -

Normalized cross-variance, m/s2 (in/52)

(o}
-0.05 4 o 0g®° o

r(-5) 3 T i A SR 1 i

] L
0 4 8 12 16 20 24 28
Sensor number

-0.15

Figure F-11. Cross-Variance Between Accelerometer Response and Wing
Bending Responses, Flight Condition 2, Design A

F-14




0 Inboard bending

0.8 1(30) * Outboard bending *
0.7 *
+{25)
N 0.6 *
£
o 05 (20 )
K
E
g 04 Tus) *
]
T 03 - *
>
2 (10} x
S 0.2 4
T
g -(5) * *
= 0.1 S
£ 00 *
3 R U ooo ooo°ooo
0 -0 o * o* o %6
o, o
_01—'0 000°% . * © Tras
-0.2 1 1 1 1 1 —
0 4 8 12 16 20 24 28

Sensor number
Figure F-12. Cross-Variance Between Accelerometer Response and Wing
Bending Responses, Flight Condition 3, Design A

¢ Inboard bending

129 * Qutboard bending *

- (45)
1.0~ (40}

- (35)
987 (30)

| (25) _

0.6 *
- (20) *

0.4--(15)
~-(10)

0.2 *
- (5)

Normalized cross-variance, m/s2 (in/sz)

o]
0-1(0) =, o o ° .
*= O o

-(-5)0000* * *

0.2 1
0 4

1
12 16 20 . 24 28
Sensor number

O~ »

Figure F-13. Cross-Variance Between Accelerometer Response and
Wing Bending Responses, Flight Condition 4, Design A

F-15



This Page Intentionally Left Blank



F.4.0 CONTROL LAW PERFORMANCE ANALYSIS



Page

F.4.0 Control Law Performance Analysis .............covuiriimenennnnn. F-17
Fi4.1 GLAPerformance ..........c..ovieitininneneenenennennnn. F-17
F.4.1.1 Power-Spectral-DensityPlots ....................... F-17
F4.12 PoleLocations .............coiuiirernrnnnnennnn. F-34
F4.1.3 StabilityMargins .............ciitinininurnnnnnn. F-42

F4.2 FMCPerformance ............cciviiiinineninnunnnnnnn.. F-61
F.4.2.1 PoleLocations ..............ccoiiiiiinnnnnnnnn. F-61
F.4.22 StabilityMargins .................ciiiinninen.n. F-69
F.4.2.3 Power-Spectral-DensityPlots ....................... F-87

F.4.3 Effects of Actuator Nonlinearities . ......................... F-96
F.4.3.1 Gust Response Time Histories ....... e F-96

F.4.3.2 Effect of Gust Magnitude .......................... F-132




F.4.0 CONTROL LAW PERFORMANCE ANALYSIS

Numerical results of the open- and closed-loop characteristics and performance of the
airplane at the gust and flutter flight conditions are presented in this section.

F.4.1 GLA PERFORMANCE
F.4.1.1 POWER-SPECTRAL-DENSITY PLOTS
Figures F-14 through F-29 present power-spectral-density (PSD) plots of gust-induced

wing bending and torsion for the open- and closed-loop airplanes. Figures F-30 through
F-45 show PSD plots of the corresponding elevator and aileron deflections and rates.
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F.4.1.2 POLE LOCATIONS

Tables F-8 through F-11 show the open- and closed-loop (full-state feedback) poles.
Tables F-12 through F-15 show the closed-loop poles for the full- and reduced-order

filters.
Table F-8. Open- and Closed-Loop Dynamic Model Poles, Flight Condition 1
Open loop Closed loop (design A)
Number Real, Imaginary,Magnitude,Damping Real, Imaginary, | Magnitude, Dafnping
rad/s rad/s rad/s ratio rad/s rad/s rad/s ratio
1,2 |-3.27x107%| :0.125 0.130 | 0252 | -456 x 1072 21.20 x 102 | 4.72x 1072 | 0.970
3,4 -0.648 +0.887 1.10 0.590 243 + 2.07 3.18 0.762
5.6 -1.95 +10.8 10.9 0.179 -8.20 +15.0 17.1 0.480
7.8 -0.281 +18.2 15.2 0.018 -0.462 +15.1 15.1 0.030
9,10 -1.20 £19.0 19.0 0.063 -1.58 £18.7 18.8 0.084
1,12 -0.533 +210 210 0.025 -2.58 +21.5 216 0.119
13,14 -0.387 +219 219 0.018 -0.426 216 21.6 0.020
15,16 -1.97 +24.1 24.2 0.081 -3.38 +24.0 242 0.140
17,18 -1.96 +34.7 34.8 0.056 -3.00 2353 35.4 0.085
Flexible 19,20 -1.08 +36.5 36.6 0.030 -0.980 +36.3 36.3 0.027
airptane | 21+ 22 -2.47 +47.2 47.3 0.052 -2.70 +47.3 474 0.057
23,24 -1.33 +55.5 55.5 0.024 -1.30 +55.5 55.5 0.023
25, 26 -1.96 +55.5 55.6 0.035 -2.02 +55.6 55.6 0.036
27,28 -3.82 +60.5 60.6 0.063 -4.22 £60.4 60.4 0.070:
29,30 -7.76 2756 760 0.100 -7.77 +75.6 76.0 0.102
31,32 -1.99 +83.1 83.1 0.024 -2.03 £83.1 83.1 0.024
33,34 -5.28 293.3 93.4 0.056 -5.46 +93.4 93.6 0.058
35,36 -6.54 £114.0 1142 0.057 -6.54 £114.0 114.2 0.057 .
37,38 -7.20 =138.0 138.2 0.052 -7.20 £138.0 138.2 0.052
39, 40 -8.31 2153.0 153.2 0.054 -8.30 +153.0 153.2 0.054
41,42 -10.5 +302.0 3022 0.035 -10.5 2302.0 302.2 0.035
43 |[-1000.0 0 1000.0 10 -1000.0 0 1000.0 1.0
Elevator 44 —40.0 0 40.0 1.0 -40.0 0 40.0 1.0
45 -20.0 0 200 1.0 -20.0 0 20.0 1.0
46 |-1000.0 0 1000.0 1.0 -1000.0 0 1000.0 1.0
Aileron 47 -40.0 0 40.0 1.0 -40.0 0 40.0 1.0
48 -20.0 0 200 1.0 -222 0 222 1.0
49 491 0 491 1.0 ~4.90 0 490 1.0
Kussner 50 -30.8 0 30.8 10 -30.8 0 30.8 1.0
51 ~205.0 0 205.0 1.0 -205.0 0 2050 | 1.0
Gust 52 -0.478 (] 0478 | 1.0 -0.478 0 0.478 1.0
53 -0.478 0 0478 | 1.0 -0.478 0 0.478 1.0
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Table F-9. Open- and Closed-Loop Dynamic Model Poles, Flight Condition 2

Open loop Closed loop (design A)
Number Real Imaginary,|Magnitude, jDamping Real, imaginary, | Magnitude, | Damping
rad/s rad/s rad/s ratio rad/s rad/s rad/s ratio
1,2 |-2.96x10"2 [+8.08 x10"2|8.61 x 102} 0.344 | 4.36 x 102 | :253x 102 ] 5.04 x 10-2 | 0.865
3,4 -0.755 +1.98 2.12 0.356 -2.06 +3.00 3.64 0.566
5,6 -2.03 +10.8 11.0 0.186 -7.05 $14.0 15.6 0.452
7,8 -0.276 +15.3 15.3 0.018 -0.302 +15.3 15.3 0.020
9,10 -1.14 +19.6 19.6 0.058 -1.19 +19.3 193 0.062
11,12 -0.724 +21.1 21 0.034 -1.35 +21.4 214 0.063
13,14 -0.399 +22.4 224 0.018 -0.430 1223 223 0.019
15, 16 -1.98 +27.2 27.3 0.073 -2.39 ) $27.3 27.4 0.087
17,18 -2.18 +35.8 359 0.061 -2.31 +36.0 36.1 0.064
19, 20 -1.28 +36.4 36.4 0.035 -1.26 +36.3 36.3 0.035
Flexibie 21,22 <2.21 +50.0 50.1 0.044 -2.24 +50.0 50.1 0.045
airplane 23,24 -2.52 +56.5 56.6 0.045 -2.52 +56.5 56.6 0.045
25,26 -2.08 +63.8 63.8 0.033 -1.94 +63.8 63.8 0.030
27,28 -3.79 +65.0 65.1 0.058 -4.74 $65.2 654 0.072
29,30 -4.63 2749 75.0 0.062 -4.72 +74.8 74.9 0.063
31,32 -2.58 +89.2 89.3 0.029 -2.61 +89.2 89.2 0.029
33,34 -4.91 +95.0 95.1 0.052 -5.01 +95.0 95.1 0.053
35,36 -6.27 £1170 1172 0.054 -6.27 +117.0 117.2 0.054
37,38 -6.80 +142.0 142.2 0.048 -6.80 +142.0 142.2 0.048
39,40 -8.83 +170.0 170.2 0.052 -8.93 $170.0 1702 0.052
41,42 =11.7 +306.0 306.2 0.038 -1.7 +306.0 306.2 0.038
43 -1000.0 0 1000.0 1.0 -1000.0 0 1000.0 1.0
Elevator 44 -40.0 0 400 10 -40.0 1] 400 1.0
45 -20.0 0 200 1.0 -20.0 0 20.0 10
46 -1000.0 0 1000.0 1.0 -1000.0 0 1000.0 1.0
Aileron 47 -40.0 0 400 1.0 -41.2 0 41.2 1.0
48 -20.0 ] 20.0 1.0 -203 0 20.3 1.0
49 -4.91 V] 491 1.0 491 0 491 1.0
Kussner 50 -30.8 0 30.8 1.0 -30.8 (4] 30.8 1.0
51 -205.0 0 205.0 1.0 -205.0 0 205.0 10
Gust 52 -0.478 0 0.478 1.0 -0.478 0 0.478 1.0
53 -0.478 0 0.478 10 -0.478 0 0.478 . 1.0
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Table F-10. Open- and Closed-Loop Dynamic Model Poles, Flight Condition 3

Open loop Closed loop (design A)
Real, Imaginary,|Magnitude {Damping Real, Imaginary, | Magnitude, { Damping o
Number rad/s rad/s rad/s ratio rad/s rad/s rad/s ratio
1,2 |-2.30x1072 £0.138 0.140 | 0.160 | -3.61x10-2 |:2.43x10"2| 4.35x10"2| 0.830
3,4 =-0.908 +0.934 1.30 0.697 -3.44 +2.91 4.50 0.764
5,6 -3.42 +12.9 13.4 0.256 -8.58 +13.8 16.2 0.530
7.8 -0.319 =149 14.9 0.021 -0.432 +14.8 14.8 0.029
9,10 -1.12 £19.3 19.3 0.058 -1.10 =18.8 - 18.8 0.058
11, 12 -0.748 £20.7 20.7 0.036 -2.81 £22.3 22.5 0.125
13, 14 -0.396 +21.8 21.8 0.018 -0.406 216 216 0.018
15, 16 -2.27 +245 246 0.092 -3.08 +24.6 24.8 0.124 .
17,18 -1.12 +36.0 36.0 0.031 -1.01 +36.1 36.1 0.028
19, 20 -3.14 +36.6 36.7 0.086 -3.65 +36.8 37.0 0.089
. 21,22 -3.43 +48.0 48.1 0.071 -3.48 +48.0 48.1 0.072
:‘;’:::": 23, 24 -1.29 +55.4 55.5 0.023 -1.27 +55.4 55.4 0.023
25,26 =-3.31 +56.2 56.3 0.059 -3.30 +56.2 56.3 0.059
27,28 -4.47 +57.1 57.2 0.077 ~4.75 +57.0 57.2 0.083
29, 30 -6.65 +72.2 725 0.092 -6.65 +72.2 725 0.092
_31 ,32 <2.19 +83.1 83.1 0.026 -2.23 +83.1 83.1 0.027
33,34 -5.46 £92.0 92.2 0.059 -5.64 +92.0 92.2 0.061
35, 36 -8.20 +111.0 1123 0.073 -8.20 +111.0 1123 0.073
37,38 -6.98 +137.0 137.2 0.051 -£.98 +1370 * 137.2 0.051
39, 40 -10.0 +150.0 1513° 0.066 -10.0 +150.0 1513 0.066
41,42 -10.6 +301.0 301.2 0.035 -10.6 +301.0 301.2 0.03%
43 | -1000.0 0 1000.0 1.0 -1000.0 0 1000.0 1.0
Elevator 44 -40.0 o] 40.0- 1.0 -40.0 0 40.0 1.0
45 -20.0 0 20.0 1.0 -20.0 0 20.0 1.0
46 -1000.0. V] 1000.0 1.0 -1000.0 0 1000.0 1.0
Aileron 47 -40.0 0 40.0 1.0 -40.3 0 40.3 1.0
48 -20.0 0 20.0 1.0 -19.5 0 19.5 1.0
49 -5.10 0 5.10 1.0 -5.10 0 5.10 10
Kussner 50 -32.0 0 32.0 1.0 -32.0 0 32.0 1.0
51 -213.0 [s] 213.0 1.0 -213.0 0 213.0 1.0
Gust 52 -0.497 0 0.497 1.0 -0.497 0 0.497 1.0
53 -0.497 0 0.497 1.0 -0.497 0 0.497 1.0
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Table F-11. Open- and Closed-Loop Dynamic Model Poles, Flight Condition 4

Open Loop Closed Loop (Design A)
Number Real, Imaginary Magnitude,|Damping Real, imaginary, | Magnitude, | Damping
rad/s rad/s rad/s ratio rad/s rad/s rad/s ratio
1,2 | -2.41x10-2|28.59x10728.92 x 1072| 0.027 |-3.80x10-2- | 3.16 x 102| 4.94x 102 | 0.769
3,4 -=1.03 +2.28 2.50 0412 -3.11 +3.63 4.70 0.662
5,6 -3.62 +128 134 0.270 -7.99 +16.1 18.0 0.444
7.8 -0.306 2149 149 0.021 -0.305 +14.9 149 0.020
9,10 ~0.766 +199 199 0.038 -0.945 +19.8 19.8 0.048_
11,12 -1.48 +21.0 211 0070 -1.40 +21.2 21.2 0.066
13,14 -0.408 122.3 22.3 0.018 -0.414 +22.3 22.3 0.018
15, 16 -2.57 $27.3 27.4 0.094 -2.84 +27.4 275 0.103
17,18 -0.996 +36.2 36.2 0.028 ~0.986 +36.2 36.2 0.027
19, 20 -3.96 © 2374 37.6 0.105 -4.01 37.7 0.106
Flexible | o7 22 3.06 +50.2 50.3 0.061 -3.10 +37.5 50.3 0.062
airplane ’ Dy o : : : 1+50.2 - :
23, 24 -2.91 +56.5 56.6 0.051 -2.91 1565 56.6 0.051
25, 26 -5.03 +60.5 60.7 0.083 ~-5.56 +60.7 61.0 0.091
27,28 ~2.17 +64.0 64.1 0.034 -2.21 +64.0 64.0 - 0.034
29, 30 -4.60 +72.0 72.2 0.064 -4.61 +72.0 721 0.064
31,32 -294 +89.0 89.0 0.033 -2.97 +80.0 89.0 0.033
33,34 -5.25 +94.0 94.1 0.056 ~5.30 +94.0 94.2 0.056
35, 36 -8.54 +1140 114.3 0.075 -8.54 $114.0 1143 0.075
37,38 -7.50 £141.0 141.2 0.053 ~7.50 +1410 1412 0.053
39, 40 -9.56 +166.0 166.3 0.057 -9.56 +166.0 1663 0.057
41,42 -117 +306.0 306.2 0038 | -11.7 +306.0 306.2 0.038
43 -1000.0 0 1000.0 1.0 -1000.0 o 1000.0 1.0
Elevator 44 -40.0 0 40.0 1.0 -40.0 (o] 40.0 1.0
45 -20.0 0 20.0 1.0 -20.0 0 20.0 1.0
46 -1000.0 0 1000.0 1.0 -1000.0 0 1000.0 10
Aileron 47 -40.0 0 400 1.0 -41.3 0 413 1.0
48 -20.0 0 20.0 1.0 -20.1 0 20.1 1.0
49 -5.10 0 5.10 1.0 -5.10 0 5.10 1.0
Kussner 50 -32.0 0 32.0 1.0 -32.0 0 32.0 1.0
51 -213.0 0 213.0 1.0 -213.0 ] 213.0 1.0
Gust 52 ~0.497 0 0.497 1.0 -0.497 0 0.497 1.0
53 -0.497 0 0.497 1.0 —-0.497 0 0.497 1.0
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Table F-12. Closed-Loop Controller Poles, Flight Condition 1

Design B
Number Real, Imaginary, Magnitude, Dafnping
rad/s rad/s rad/s ratio
1,2 -7.59.x 1072 +0.129 0.150 0.506
3.4 -0.815 +3.08 3.19 0.256
5,6 -0.266 +15.3 15.3 0.01 7
7.8 -1.53 +19.4 19.5 0.079
9,10 -0.398 £21.1 21.1 0.019
11, 12 -0.385 +21.9 219 0.018
13,14 -2.06 +28.0 28.1 0.073
15, 16 -30.4 + 6.18 31.0 0.980
17,18 -1.88 +34.4 34.4 0.054
19, 20 -1.27 +37.1 37.1 0.034
21,22 -3.37 +49.6 49.7 0.068
23,24 -1.30 +55.5 55.5 0.023
25, 26 -2.31 +56.3 56.3 0.041
27,28 -26.9 +65.4 70.7 0.380
29, 30 -7.74 +75.9 76.3 0.101
31, 32 -1.63 +82.9 82.9 0.020
33, 34 -6.36 +91.2 91.4 0.070
35, 36 -6.49 +114.0 114.2 0.057
37,38 -7.20 +138.0 138.2 0.052
39, 40 -8.31 +=153.0 1583.2 0.054
41,42 -10.5 +302.0 302.2 0.035
43 |-1000.0 ] 1000.0 1.0
44 -40.0 -0 40.0 1.0
45 -20.0 o] 20.0 1.0
48 -1000.0 0 1000.0 1.0
47 -40.0 o] 40.0 1.0
48 -20.0 0 20.0 1.0
49 -1.04 o] 1.04 1.0
50 -6.31 ) 6.31 1.0
51 -203.0 0 203.0 1.0
52 -0.105 0 0.105 1.0
53 -0.257 0 0.257 1.0
Design H
Real, Imaginary, Magnitude, Damping
N .
umber rad/s rad/s rad/s ratio
1,2 -3.76 x 10~2 £3.96 x 1072 5.46 x 10~2 0.688
3 -0.144 4] 0.144 1.0
4 -0.280 0 0.280 1.0
5,6 -0.895 +3.40 3.52 0.254
7.8 .12 £1.47 6.29 0.972
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Table F-13. Closed-Loop Controller Poles, Flight Condition 2

~ Design B
N Real, Imaginary, Magnitude, Damping
umber rad/s rad/s rad/s ratio
1,2 -4.81 x 10~2 +6.86 x 1072 8.38 x 1072 0574
3,4 -1.16 +3.74 392 0.296
5,6 -0.268 +16.3 15.3 0.018
7,8 -1.33 +£19.9 19.9 0.067
9,10 -0.579 +21.2 21.2 0.027
11,12 -0.398 +22.4 224 0.018
13,14 -30.5 + 5.86 31.1 0.981
15, 16 -1.11 +34.7 34.7 0.032
17,18 -3.53 +34.5 34.7 0.102
19, 20 -262 +38.6 38.7 0.068
21,22 -2.81 +50.3 - 50.4 0.056
23,24 -2.60 +57.0 57.1 0.046
25, 26 -1.62 +64.4 64.4 0.025
27,28 -28.1 +65.1 709 0.396
29, 30 -4.55 £74.0 74.1 0061
31, 32 -3.97 $92.5 92.6 0.043
33,34 -491 193.6 93.7 0.052
35, 36 -6.23 +117.0 117.2 0.053
37,38 -6.80 +142.0 142.2 0.048
39, 40 -8.94 +170.0 170.2 0.052
41,42 -11.7 +306.0 306.2 0.038
43 1-1000.0 0 1000.0 1.0
44 -40.0 0 40.0 1.0
45 -20.0 0 20.0 1.0
46 -1000.0 0 1000.0 10
47 -40.0 0 40.0 1.0
48 -20.0 0 20.0 1.0
49 ~-2.39 0 2.39 1.0
50 -6.31 0 6.31 1.0
51 -203.0 0 203.0 1.0
52 -0.154 0 0.154 1.0
83 -0.252 0 0.252 10
Design H
N Real, Imaginary, Magnitude, Damping
umber rad/s rad/s rad/s ratio
1,2 -3.43 x 1072 +4.76 x 1072 5.88 x 1072 0.584
3 -0.177 0 0.177 1.0
4 -0.266 0 0.266 10
5,6 -0.896 +3.11 3.24 0.277
7.8 -6.15 $1.44 6.32 0.974
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Table F-14. Closed-Loop Controller Poles, Flight Condition 3

Design B
Number Real, Imaginary, Magnitude, Da.rnpmg
rad/s rad/s rad/s ratio
1,2 -530x1072{ +0.156 0.165 0.322
3.4 -0.650 £3.16 3.23 0.201
5,6 -0.284 +14.9 14.9 0.019
7,8 -1.65 +20.0 201 0.082
9,10 -0.452 £20.9 209 0.021
11,12 -0.399 +21.8 " 21.8 0.018
13, 14 -1.89 +28.7 28.8 0.069
15, 16 -1.70 +35.8 35.8 0.047
17,18 -35.9 +7.14 36.6 0.981
19, 20 -2.72 £37.4 375 0.072
21,22 -4.17 +49.9 50.1- 0.083
23,24 -1.22 +55.6 55.6 0.022
25, 26 -3.49 +56.6 56.7 0.062
27,28 -6.76 +726 729 0.093
29,30 |  -44.1 +68.8 81.7 0.540
31,32 -1.43 +83.1 83.1 0.017
33,34 -5.84 +89.3 89.5 0.065
35, 36 -8.09 +111.0 1113 0.073
37,38 -6.98 +137.0 1372 0.051
39,40 =10.0 +150.0 1503 0.067
41,42 -10.6 £301.0 301.2 0.035
43 -1000.0 0 1000.0 10
a4 -40.0 0 40.0 1.0
45 -20.0 0 20.0 1.0
46 -1000.0 0 1000.0 1.0
47 -40.0 0 40.0 10
48 -20.0 0 20.0 1.0
49 -1.13 0 1.13 1.0
50 -850 0 6.50 1.0
51 -208.0 0 208.0 1.0
52 -9.62 x 10~2 0 9.62 x 1072 1.0
53 -0.273 0 0.273 10
Design H
Real, Imaginary, Magnitude, Damping
Numb .
umoer rad/s rad/s rad/s ratio
1,2 3.77x102 |  £2.10x 10-2 4.32 x 1072 0.874
3 -0.156 0 0.156 1.0
4 -0.265 0 0.265 1.0
56 -0.900 +3.08 3.21 0.280
7.8 -6.34 £1.27 6.46 0.980
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Table F-15. Closed-Loop Controller Poles, Flight Condition 4

Design B .
Real Imaginary Magnitude, Damping
Number ! ! .
rad/s rad/s rad/s ratio
1,2 -4.71 x 1072 £7.50 x 10~2 8.86 x 1072 0.532
3,4 -1.14 +3.77 3.94 0.289
5,6 -0.286 149 14.9 0.019
7.8 -1.55 +20.7 20.8 0.075
9,10 -0.780 +21.0 21.0 0.037
11,12 -0.415 +224 224 0.018
13,14 -1.07 +34.4 344 0.031
15, 16 ~-3.90 +36.3 36.5 0.106
17,18 -35.9 +6.83 36.5 0.982
19, 20 -2.72 +39.2 39.3 0.069
21,22 -3.77 +50.5 50.6 0.074
23,24 -3.03 +57.1 57.2 0.053
25, 26 -2.02 +64.1 64.1 0.031
27, 28 -4.39 +71.6 71.7 " 0.061
29, 30 -44.8 $65.9 79.7 0.562
31,32 -6.42 192.4 92.6 0.069
33,34 -2.85 :93.4 93.4 0.030
35, 36 -8.42 1140 1143 0.074
37,38 -7.49 +141.0 141.2 0.053
39, 40 -9.58 +166.0 166.3 0.058
41,42 -11.7 +306.0 306.2 0.038
-43 -1000.0 0 1000.0 1.0
44 -40.0 0 40.0 10
45 -20.0 0 20.0 1.0
46 -1000.0 0 1000.0 1.0
47 -40.0 0 40.0 10
48 -20.0 0 20.0 1.0
49 -2.39 0 2.39 1.0
50 -6.50 0 6.50 1.0
51 -209.0 [v] 209.0 1.0
52 -0.156 0 0.156 1.0
53 -0.262 [v] 0.262 1.0
Design H
Real, Imaginary, Magnitude, Damping
Number rad/s rad/s rad/s ratio
1,2 -3.20 x 1072 +4.71 x 1072 5.69 x 1072 0.561
3 -0.187 0 0.187 1.0
4 -0.255 0 0.255 1.0
5,6 -0.781 +3.06 3.16 0.248
7.8 -£.41 $1.22 8.52 0.982
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F.4.1.3 STABILITY MARGINS

Figures F-46 through F-81 show Bode plots for the aileron and elevator control loops with
various filters and at the gust-load flight conditions.
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Figure F46. Phase and Gain Margin, Elevator Loop, Filter Type B, Flight Condition 1
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Figure F48. Phase and Gain Margin, Elevator Loop, Filter Type B, Flight Condition 2
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Figure F-50. Phase and Gain Margin, Elevator Loop, Filter Type B, Flight Condition 3
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Figure F-53. Phase and Gain Margin, Aileron Loop, Filter Type B, Flight Condition 4
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Figure F-54. Phase and Gain Margin, Elevator Loop, Filter Type C, Flight Condition 1
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Figure F-58. Phase and Gain Margin, Elevator Loop, Filter Type D, Flight Condition 1
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Figure F-62. Phase and Gain Margin, Elevator Loop, Filter Type D, Flight Condition 3
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Figure F-63. Phase and Gain Margin, Aileron Loop, Filter Type D, Flight Condition 3
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F.4.2 FMC PERFORMANCE
F.t.2.1 POLE LOCATIONS

Tables F-16 through F-19 show the open- and closed-loop (full-state feedback) pole
locations. Tables F-20 through F-23 show the closed-loop pole locations for full- and

reduced-order filters.

Table F-16. Open- and Closed-Loop Dynamic Model Poles, Flight Condition 5

Open loop Closed 1oop (design A)
Real, Imaginary,|Magnitude, |Damping Real, . Imaginary, | Magnitude, | Damping
Number rad/s rad/s rad/s radio rad/s rad/s rad/s ratio
1,2 -1.77x1072|  10.159 0.160 | 0.111 |-3.02x1072 |:5.00x102 | 584x1072| 0517
3.4 ~-1.19 +0.845 146 | 0816 -3.10 +3.17 4.43 0.699
5,6 -0.321 +14.3 143 0.022 -0.387 +14.4 14.4 0.027
7.8 -7.48 £16.4 18.0 0.416 -10.1 +16.3 19.2 0528
g, 10 351 x1072| 1198 19.8 -0.002 -155 £19.1 19.2 0.080
11,12 -1.64 +20.4 20.5 0.080 <2.15 +22.0 22.1 0.097
13, 14 -0.383 +21.8 21.8 0.018 -0.422 +21.6 21.6 0.020
15, 16 ~2.00 1245 246 0.081 -2.56 +24.7 248 0.103
17,18 -0.916 136.0 36.0 0.025 -0.910 +36.0 36.0 0.025
19, 20 -5.10 +38.5 38.8 0.131 -5.20 +38.6 38.9 0.133
Flexible 21,22 -6.26 +48.5 48.9 0.128 -6.30 +48.4 488 0.129
airplane | 23 24 -3.71 +51.3 51.4 0.074 -3.80 £51.3 51.4 0.074
25, 26 -1.27 155.6 55.6 0.023 -1.27 +55.6 55.6 0.023
27,28 -5.49 +56.6 56.9 0.096 -5.51 156.6 56.9 0.097
29, 30 -5.52 +69.2 69.4 0.080 -5,63 +69.2 69.4 0.080
31,32 -2.54 +82.6 82.7 0.031 -2.55 +82.6 82.6 0.031
33,34 -5.79 +80.6 90.8 0.064 -5.87 190.7 90.9 0.064
35, 36 -11.0 +107.0 107.6 0.102 -11.0 +107.0 1076 0.102
37,38 -7.04 +136.0 136.2 0.052 -7.04 +136.0 136.2 0.052
39, 40 -11.7 +146.0 146.5 0.080 -11.7 +146.0 146.5 0.080
41,42 -10.8 +300.0 301.2 0.036 -108 $300.0 301.2 0.036
43 -1000.0 0 1000.0 1.0 -1000.0 0 1000.0 1.0
Elevator 44 -40.0 0 40.0 1.0 -40.0 0 40.0 1.0
45 -20.0 0 20.0 10 -20.0 0 20.0 1.0
46 -1000.0 0 1000.0 10 -1000.0 0 1000.0 1.0
Aileron 47 -40.0 0 40.0 1.0 -40.3 0 40.3 1.0
48 -20.0 0 20.0 1.0 -193 0 19.3 1.0
48 -5.3 0 5.3 1.0 -5.3 0 5.3 1.0
Kussner 50 -33.3 (o] 33.3 1.0 -33.3 0 33.3 1.0
51 -221.0 0 221.0 10 -221.0 (4] 221.0 1.0
Gust 52 -0.517 0 0.517 1.0 -0517 1.69 x 104 0517 1.0
53 -0.517 [¢] 0517 1.0 -0.517 -1.69 x 10'4 0517 1.0
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Table F-17. Open- and C/osed-Lobp Dynamic Model Poles, Flight Condition &6

Open loop Closed loop (design A)
Number Real, Imaginary, |Magnitude,[Damping Real, Imaginary, | Magnitude, Dafnping
rad/s rad/s rad/s ratio rad/s rad/s rad/s ratio
12 |[-2.32x1072|29.25 x 10-2]9.54 x 10-2| 0.243 | -2.96x 10~2 | :4.65 x 102 | 551 x 102 | 0.537
3,4 -1.34 +2.55 2.88 0.466 -3.10 +4.17 5.20 0.597
56 -0.317 +14.3 14.3 0.022 -0.349 +14.3 143 0.024
7.8 -8.18 +16.6 18.5 0.442 -12.8 +21.2 30.0 0.516
9,10 0.102 +19.8 19.8 -0.005 -1.48 +19.8 1938 0.074
11,12 -2.31 +21.5 21.6 0.107 -2.44 2222 22.3 0.109
13, 14 -0.389 +22.3 22.3 0.017 -0.410 +22.2 222 0.018
15, 16 =2.79 +26.7 26.9 0.104 -3.08 +27.1 273 0.113
17,18 -0.988 +36.2 36.2 0.027 -0.944 +36.2 36.2 0.027
Flexible 19, 20 -6.20 +40.0 40.5 0.153 -6.31 +40.0 40,5 0.156
airplane | 21,22 -5.20 +50.6 50.9 0.102 -5.66 +50.8 51.1 0.111
23,24 -5.10 +53.4 53.6 0.095 -5.45 +53.2 535 0.102
25, 26 -3.33 +56.4 56.5 0.059 -3.33 +56.4 56.5 0.059
27,28 -2.80 +63.8 63.9 0.044 .-2.84 +63.8 63.9 0.044
29, 30 -4.44 +69.4 69.5 0.064 -4.41 +69.4 69.5 0.063
31,32 -3.42 +88.7 88.7 0.039 -3.44 +88.7 88.8 0.039
33,34 -5.67 +83.0 93.1 0.061 -5.77 +93.0 93.2 0.062
35, 36 -11.7 +109.0 109.6 0.107 -11.7 £109.0 109.6 0.107
37,38 -8.22 +139.0 139.2 0.059 -8.22 +139.0 139.2 0.059
39, 40 -10.3 +163.0 1633 0.063 | -10.3 £163.0 163.3 0.063
41, 42 -11.8 +305.0 308.2 0.039 -11.8 +305.0 305.2 0.039
43 -1000.0 0 1000.0 1.0  |-1000.0 ) 1000.0 1.0
Elevator 44 -40.0 0 40.0 1.0 -40.0 0 40.0 1.0
45 -20.0 0 20.0 1.0 -20.0 +6.50 x 10’2 20.0 1.0
a6 -1000.0 0 1000.0 1.0 -1000.0 0 1000.0 1.0
Aileron 47 -40.0 0 40.0 1.0 -42.6 0 42.6 1.0
48 -20.0 0 20.0 1.0 -20.0 -650x 102 20.0 1.0
49 -5.30 ) 5.30 1.0 -5.30 0 5.30 1.0
Kussner 50 -33.3 0 33.3 1.0 -33.3 0 33.3 1.0
51 -221.0 0 221.0 1.0 -221.0 0 2210 1.0
Gust 52 -0517 0 0517 | 1.0 -0517 |+1.69x107% 0517 1.0
53 -0.517 0 0.517 1.0 -0.517 -1.69 x 10'4 0.517 1.0
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Table F-18.. Open- and Closed-Loop Dynamic Model Poles, Flight Condition 7

Open loop Closed loop (design A)
Real Imaginary, |Magnitude,jDamping Real, Imaginary, | Magnitude, | Damping
Number ! . .
rad/s rad/s rad/s ratio rad/s rad/s rad/s ratio
1,2 |-8.18x10°3] :0.219 0.219 0.037 | -5.78 x 1072 0,119 0.132 0.438
3,4 -1.46 0,192 1.47 0.993 -1.83 +1.56 2.40 0.760
5,6 -0.342 +13.4 13.4 0.026 -0.372 +135 135 0.028
7,8 0.286 +20.5 20.5 -0.014 -1.18 +21.2 21.2 0.055
9,10 -2.15 +20.8 20.9 0.103 -1.89 $19.7 198 0.095
11,12 -0.380 +21.8 21.8 0.017 -0.428 +21.7 21.7 0.020
13,14 -0.358 +25.7 25.7 0.014 -3.14 +25.4 25.6 0.122
15, 16 -205 +16.7 265 0.775 -25.9 29,1 39.0 0.665
17,18 -1.08 +36.4 36.4 0.030 -1.02 +36.1 36.1 0.028
19, 20 -3.40 +37.1 37.2 0.091 -3.52 +39.1 39.2 0.089
21,22 -2.64 +44.1 442 0.060 -3.08 +44.0 441 0.070
Flexible | 23 24 -5.70 1518 52.1 0.110 -5.65 $519 . §2.2 0.108
airplane | o5 9g -1.04 +55.3 55.3 0.019 -1.04 $55.3 55.3 0.019
27,28 -149 $59.3 61.1 0.244 -14.9 +59.3 61.1 0.244
29, 30 -3.66 +65.0 65.1 0.056 -3.68 +65.0 65.1 0.056
31, 32 -3.20 +82,5 825 0.033 -3.23 825 825 0.039
33,34 -5.90 +89.0 892 0.066 -6.06 +89.0 89.2 0.068
35, 36 -14.7 +97.4 98.5 0.149 -14.7 +97.4 98.5 0.149
37,38 -7.49 +135.0 135.2 0.055 . =749 +135.0 1352 0.055
39, 40 -12.2 £140.0 1405 0.086 -122 +140.0 1405 0.086
41, 42 -11.0 $300.0 3002 0.037 -11.0 $300.0 300.2 0.037
43 -1000.0 0 1000.0 1.0 -1000.0 0 1000.0 1.0
Elevator 44 -40.0 0 40.0 1.0 -40.0 0 40.0 1.0
45 -20.0 0 20.0 1.0 -20.0 0 20.0 1.0
46 -1000.0 0 1000.0 1.0 -1000.0 0 1000.0 1.0
Aiteron 47 -40.0 0 40.0 1.0 -48.1 0 48.1 1.0
48 -20.0 0 20.0 1.0 -228 0 22.8 1.0
49 -5.51 0 5.51 1.0 551 0 5.51 1.0
Kussner 50 -34.6 0 34.6 1.0 -34.6 0 346 1.0
51 -230.0 0 230.0 1.0 -230.0 0 230.0 1.0
Gust 52 -0.537 ] 0.537 1.0 -0537 0 0.537 1.0
53 0537 0 0.537 1.0 0537 0 0537 1.0
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Table F-19. Open- and Closed-Loop Dynamic Mode! Poles, Flight Condition 8

Open loop Closed loop (design A)
Real, Imaginary,|Magnitude,|Damping Real, Imaginary, | Magnitude, { Damping
Number rad/s  |{rad/s rad/s ratio rad/s rad/s rad/s ratio
1,2 -2.94 x 10-2 +0.108 0.112 0.263 | -3.09 x 10-2 £0.104 0.108 0.284
34 -1.63 +2.90 3.33 0.480 -1.62 $2.91 3.33 0.486
5,6 -0.341 +134 13.4 0.025 -0.348 +13.4 134 0.026
7.8 0.227 £20.3 20.3 -0.011 -0.442 202 20.2 0.022
9,10 =2.72 +22.1 223 0.122 -2.53 +222 224 0.113
11,12 -0.373 $22.3 223 0.017 -0.394 +22.3 223 0.018
13, 14 -23.6 +13.7 27.3 0.864 -25.8 +25.3 36.1 0.714
15, 16 -0.498 +27.8 278 0.017 =3.11 +28.1 28.3 0.110
17,18 -1.24 +36.0 36.1 0.034 -1.13 +36.0 36.0 0.031
. 19, 20 -1.80 +41.7 41.8 0.043 -2.25 +41.9 42.0 0.053
:i'f’:'b'e 21,22 -3.71 +45.1 452 0.082 -4.06 :45.4 45.6 0.089
plane | 23,24 -135 :53:4 55.1 0.244 -134 +53.4 55.0 0.244
25,26 -2.29 +56.4 56.4 0.041 -2.33 +56.4 56.4 0.041
27,28 -6.02 +63.1 63.4 0.095 -6.01 63.1 63.4 0.095
29, 30 -3.34 267.0 67.1 0.050 -3.38 +67.0 67.1 0.050
. 31,32 -4.07 +88.2 88.3 0.046 -4.07 +88.2 88.3 0.046
33,34 -6.12 +91.7 91.9 0.067 -6.15 £916 918 0.067
35, 36 -15.0 +£99.0 100.1 0.150 -15.0 +99.0 100.1 0.150
37,38 -=9.06 +137.0 1373 0.066 -9.05 +137.0 1373 0.066
39, 40 -10.8 +159.0 159.4 0.068 -108 +159.0 159.4 0.068
41, 42 -12.0 =304.0 - 304.2 0.040 -12.0 +304.0 304.2 0.040
43 -1000.0 4] 1000.0 1.0 -1000.0 0 1000.0 ‘1.0
Elevator 44 -40.0 0 40.0 1.0 -40.0 0 40.0 1.0
45 -20.0 0 20.0 1.0 -20.0 0 20.0 1.0
46 -1000.0 0 1000.0 1.0 -1000.0 o 1000.0 1.0
Aileron 47 -40.0 0 40.0 1.0 ~47.7 0 47.7 1.0
48 -20.0 0 20.0 1.0 =223 0 223 1.0
49 -5.51 0 5.51 1.0 -5.51 0 5.51 1.0
Kussner 50 -34.6 0 34.6 1.0 -34.6 o] 346 1.0
51 -230.0 0 230.0 1.0 -230.0 4] 230.0 1.0
52 -0.537 0 0.537 1.0 -0.537 [s] 0.537 1.0
Gust 53 -0537 0 0.837 1.0 -0.537 0 0.537 1.0
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Table F-20. Closed-Loop Controller Poles, Flight Condition 5

Design B
Real, Imaginary, Magnitude, Damping
Number rad/s rad/s rad/s ratio
1,2 -2.53 x 1072 +0.176 0.178 0.142
3,4 -0.526 +3.21 . 3.25 0.162
5,6 -0.309 *14.4 14.4 0.022
7,8 -1.83 +20.5 20.6 0.089
9,10 -0.454 +20.8 20.8 0.022
11,12 -0.404 +21.8 21.8 0.018
13,14 -2.02 +28.8 28.9 0.070
15, 16 -1.14 +36.0 36.0 0.032
17,18 ~5.23 +39.7 40.0 0.131
19,20 | 416 +6.44 42,1 0.988
21,22 -5.32 +50.0 50.3 0.106
23,24 -1.14 155.6 55.6 0.021
25,26 -5.96 +57.1 57.4 0.104
27, 28 -5.94 _+'69.9 70.2 0.085
29,30 -1.24 +82.8 82.8 0.015
31,32 -5.46 +88.5 88.8 0.062
33,34 -67.4 +71.0 979 0.689
35, 36 -10.8 +107.0 1075 0.100
37,38 -7.03 +136.0 136.2 0.052
39,40 . -11.7 +146.0 146.5 0.080
41,42 -10.8 +300.0 _ 300.2 0.036
43 -1000.0 0 1000.0 10
44 -40.0 0 40.0 1.0
45 -20.0 0 20.0 1.0
46 -1000.0 0 1000.0 1.0
47 -40.0 0 40.0 10
48 -20.0 0 20.0 1.0
49 -1.37 0 1.37 1.0
50 -6.72 0 6.72 10
51 -208.0 0 208.0 1.0
52 -8.88 x 10°2 0 8.88 x 102 10
53 -0.290 0 0.290 1.0
Design H
Real, Imaginary Magnitude Damping
N b ’ I3 .
urmber rad/s rad/s rad/s ratio
1,2 -2.76 x 10°2 +9.73x 10°3 293 x 102 0.943
3.4 -0.236 +5.17x 102 0.242 0977
5,6 -1.07 +4.08 4.22 0.254
7,8 2.16 +19.2 19.3 0.111
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Table F-21. Closed-Loop Controller Poles, Flight Condition 6

Design 8
Real, Imaginary, Magnitude, Damping
Number rad/s rad/s rad/s ratio
-2 -2 .2
1,2 -5.07 x 10 +8.38x 10 9.79 x 10 0.518
3,4 -1.13 +3.79 3.95 0.285
5,6 -0.311 +14.4 14.4 0.022
78 -0.614 +20.7 20.7 0.030
9,10 -2.13 +21.6 21.7 0.098
11,12 -0.418 +22.3 22.3 0.019
13,14 -1.42 +34.0 340 0.042
15, 16 -2.50 +37.2 37.3 0.067
17,18 -6.24 140.7 41.2 0.1561
19, 20 -41.8 +6.05 422 0.990
21,22 -5.18 +51.0 51.3 0.101
23, 24 -3.59 +57.1 57.2 0.063
25,26 -2.58 +63.9 64.0 0.040
27,28 —4.29 +69.5 69.6 0.061
29,30 -6.82 +91.8 92.0 0.074
31, 32 -2.58 +93.9 93.9 0.027
33,34 -£66.8 +66.7 944 0.708
35, 36 -11.4 +110.0 1106 0.104
37,38 -8.20 +139.0 139.2 0.059
39,40 -10.4 +163.0 163.3 0.064
41,42 -11.8 +304.0 304.2 0.039
43 -1000.0 0 1000.0 1.0
a4 -40.0 0 40.0 1.0
45 -20.0 0 20.0 1.0
46 -1000.0 0 1000.0 1.0
47 -40.0 0 40.0 1.0
48 -20.0 0 20.0 1.0
49 -2.44 0 244 1.0
50 -6.72 0 6.72 1.0
51 -210.0 0 2100 1.0
852 -0.152 ¢} 0.152 1.0
53 -0.274 0 0.274 1.0
Design H
Real, Imaginary, Magnitude, Damping
Number rad/s rad/s rad/s ratio
1,2 279x102 | +9.42x10° 294x102 | 0947
34 -0.235 +6.19x 1072 0.241 0.976
56 -1.07 +4.13 4.27 0.251
7.8 -2.38 +20.2 203 0.117
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Table F-22.

Closed-Loop Controller Poles, Flight Condition 7

Design B
Numb Real, Imaginary, Magnitude, Damping
umber rad/s rad/s rad/s ratio
1,2 -1.45 x 10'2 +0.207 0.208 0.070
3,4 -0.474 :3.:}6 3.39 0.140
5,6 -0.345 +13.5 13.5 0.026
7.8 -0.410 +20.6 20.6 0.020
9,10 -2.06 +20.9 21.0 0.098
11,12 -0.404 +21.8 21.8 0.018
13,14 -2.18 +28.6 28.7 0.076
15,16 -1.00 +36.0 36.0 0.028
17,18 -6.58 +44.8 453 0.145
19,20 -47.9 +3.56 48.0 0.997
21,22 -6.30 +50.5 50.9 0.123
23,24 -1.03 +56.3 55.3 0.018
25,26 -15.1 +59.7 615 0.245
27,28 -4.30 +66.1 66.2 0.065
29, 30 -1.57 +83.2 83.2 0.019
31,32 -5.06 +88.2 88.3 0.057
‘33, 34 -14.3 +97.6 98.6 0.145
35, 36 -109.0 167.4 128.2 0.852
37,38 -7.47 +135.0 135.2 0.057
39, 40 -12.2 +140.0 - 1405 0.087
41,42 -11.0 +300.0 300.2. 0.037
43 -1000.0 0 1000.0 1.0
44 -40.0 0 40.0 1.0
45 -20.0 0 20.0 1.0
46 -1000.0 0 1000.0 1.0
47 -40.0 0 40.0 1.0
48 -20.0 0 20.0 1.0
49 -1.56 0 1.56 1.0
50 -6.97 0 6.97 1.0
51 -185.0 0 185.0 1.0
52 -8.38x 1072 0 8.38x1072 | 1.0
53 -0.305 0 0.305 1.0
Design H
Number Real, Imaginary, Magnitude, Darnping
rad/s rad/s rad/s ratio
1,2 -2.77x102 +9.77 x 10°3 2.94 x 102 0.943
3,4 -0.237 +5.17 x 102 0.243 0977
5,6 -1.11 +4.03 4,18 0.266
7,8 -2.13 +18.4 18.5 0.115
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Table F-23. Closed-Loop Controller Poles, Flight Condition 8

Design B
Real, Imaginary, Magnitude, Damping
Number rad/s rad/s rad/s ratio
1,2 -6.69 x 1072 +0.101 0.121 0.552
3,4 -1.15 +3.93 4.09 0.280
5,6 -0.347 +13.5 13.5 0.026
7.8 -0.528 120.5 20.5 0.025
9,10 -0.408 +223 22.3 0.018
11,12 -2.62 :'_22.2 22.4 0.117
13,14 -2.37 +33.4 33.5 0.071
15, 16 -1.91 +36.3 36.4 0.053
17,18 -6.77 +48.0 48.5 0.140
19, 20 -48.7 +1.56 48.7 0.999
21,22 -12.0 +52.4 53.8 0.223
23,24 -3.66 +57.0 57.1 0.064
25, 26 -6.58 +62.4 62.7 0.1 05
27,28 -3.28 +67.6 67.7 0.048
29, 30 -6.66 91 91.3 0.073
31,32 -3.00 :94.9 94.9 0.032
33, 34 -14.4 :99.1 100.1 0.144
35, 36 -105.0 +61.6 121.7 0.862
37,38 -9.04 +137.0 137.3 0.066
39,40 | -10.8 ¥159.0 159.4 0.068
41,42 -12.0 +304.0 304.2 0.040
43 -1000.0 0 1000.0 1.0
44 -40.0 0 40.0 1.0
45 -20.0 0 20.0 10
46 -1000.0 0 - 1000.0 1.0
47 -40.0 0 40.0 1.0
48 -20.0 0 20.0 1.0
49 -2.52 ] 2.52 1.0
50 -6.97 0 6.97 1.0
51 -191.0 0 191.0 1.0
52 -0.140 0 0.140 1.0
53 -0.286 0 0.286 1.0
Design H
Real, imaginary, Magnitude, Damping
Number rad/s rad/s rad/s ratio
1,2 -277x10°° +9.78 x 10 0.943 0.943
3,4 -0.239 +5.33 x 10°2 0.245 0.976
5,6 1.1 +4.01 4.18 0.266
7,8 -1.68 *1 9.0 19.1 0.088
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F.4.2.2 STABILITY MARGINS

Figures F-82 through F-115 are Bode plots for the aileron and elevator control loops with
various filters and at the flutter flight conditions.
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Figure F-83. Phase and Gain Margin, Aileron Loop, Filter Type B, Flight Condition 5
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Figure F-85. Phase and Gain Margin, Aileron Loop, Filter Type B, Flight Condition 6
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Figure F-86. Phase and Gain Margin, Elevator Loop, Filter Type B, Flight Condition 7
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Figure F-87. Phase and Gain Margin, Aileron Loop, Filter Type B, Flight Condition 7
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Figure F-100. Phase and Gain Margin, Elevator Loop, Filter Type D, Flight Condition 8
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Figure F-104. Phase and Gain Margin, Elevator Loop, Filter Type G, Flight Condition 7
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Figure F-106. Phase and Gain Margin, Elevator Loop, Filter Type G, Flight Condition 8
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Figure F-107. Phase and Gain Margin, Aileron Loop, Filter Type G, Flight Condition 8
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Figure F-110. Phase and Gain Margin, Elevator Loop, Filter Type H, Flight Condition 6
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Figure F-111. Phase and Gain Margin, Aileron Loop, Filter Type H, Flight Condition 6
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Figure F-114. Phase and Gain Margin, Elevator Loop, Filter Type H, Flight Condition 8
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Figure F-115. Phase and Gain Margin, Aileron Loop, Filter Type H, Flight Condition 8
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F.4.2.3 POWER-SPECTRAL-DENSITY PLOTS

Figures F-116 through F-131 are PSD plots of elevator and aileron deflections and rates at
the various flutter flight conditions.
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(Elevator Displacement)
0.016 -

0.014

Design H
o,y = 0.305 m/s (1 ft/s)

0.012 —
0.010 -

0.008 -

Elevator rate, (deg/s)2

0.006 —
0.004 -

0.002

0 1 I‘V\J

0 10 20 30 40 50
Frequency, rad/s
Figure F-125. Power-Spectral-Density Plot, Flight Condition 7
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Figure F-129. Power-Spectral-Density Plot, Flight Condition 8
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F.4.3 EFFECTS OF ACTUATOR NONLINEARITIES

F.4.3.1 GUST RESPONSE TIME HISTORIES

Figures F-132 through F-179 show the open- and closed-loop discrete gust responses of the

following parameters for various flight conditions and with linear and nonlinear actuators:

shear, torsion, and bending at various wing stations and the corresponding elevator and

aileron deflections and rates.
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Figure F-132. Response of Inboard Shear (n = 0.25) to a Discrete (1-cos) Gust,
Flight Condition 1, Time History Simulation
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Figure F-133. Response of Inboard Bending Moment (n = 0.25) to a Discrete
(1-cos) Gust, Flight Condition 1, Time History Simulation
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Figure F-134. Resronse of Inboard Torsion (n = 0.25) to a Discrete ( 7-cos) Gust,
Flight Condition 1, Time History Simulation
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Figure F-135. Response of Outboard Shear (n = 0.75) to a Discrete (1-cos) Gust,
Flight Condition 1, Time History Simulation
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Figure F-136. Response of Outboard Bending Moment (n = 0.75) to a Discrete
(1-cos) Gust, Flight Condition 1, Time History Simulation
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Figure F-137. Response of Outboard Torsion (n = 0.75) to a Discrete (1-cos) Gust,

Flight Condition 1, Time History Simulation
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Figure F-138. Response of Elevator Deflection to a Discrete (1-cos) Gust,
Flight Condition 1, Time History Simulation
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Figure F-139. Response of Elevator Rate to a Discrete (1-cos) Gust,
Flight Condition 1, Time History Simulation
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‘Figure F-140. Response of Outboard Aileron Deflection to a Discrete (1-cos)
Gust, Flight Condition 1, Time History Simulation
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Figure F-141. Response of Qutboard Aileron Rate to a Discrete (1-cos) Gust,
Flight Condition 1, Time History Simulation
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Figure F-142. Response of Inboard Shear (n = 0.25) to a Discrete (1-cos) Gust,
Flight Condition 2, Time History Simulation
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Figure F-143. Response of Inboard Bending Moment (n = 0.25) to a Discrete (1-cos)
Gust, Flight Condition 2, Time History Simulation
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Figure F-144. Response of Inboard Torsion (n = 0.25) to a Discrete (1-cos) Gust,
Flight Condition 2, Time History Simulation
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Figure F-145. Response of Outboard Shear (n = 0.75) to a Discrete (1-cos) Gust,
Flight Condition 2, Time History Simulation
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Figure F-146. Response of Outboard Bending Moment (n = 0.75) to a Discrete
(1-cos) Gust, Flight Condition 2, Time History Simulation
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Figure F-147. Response of Qutboard Torsion (n = 0.75) to a Discrete (1-cos) Gust,
Flight Condition 2, Time History Simulation
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Figure F-148. Response of Elevator Deflection to a Discrete (1-cos) Gust,
Flight Condition 2, Time History Simulation
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Figure F-149. Response of Elevator Rate to a Discrete (1-cos) Gust,
Flight Condition 2, Time History Simulation
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Figure F-151. Response of Outboard Aileron Rate to a Discrete (1-cos) Gust,

Flight Condition 2, Time History Simulation
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Figure F-152. Response of Inboard Shear (n = 0.25) to a Discrete (1-cos) Gust,
Flight Condition 3, Time History Simulation
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Figure F-153. Response of Inboard Bending Moment (n = 0.25) to a Discrete (1-cos)
Gust, Flight Condition 3, Time History Simulation
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Figure F-154, Response of Inboard Torsion (n = 0.25) to a Discrete (1-cos) Gust,
Flight Condition 3, Time History Simulation
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Figure F-155. Response of Outboard Shear (n = 0.75) to a Discrete (1-cos) Gust,
Flight Condition 3, Time History Simulation
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Figure F-156. Response of Qutboard Bending Moment (n = 0.75) to a Discrete (1-cos)
Gust, Flight Condition 3, Time History Simulation
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Figure F-157. Response of Outboard Torsion (n = 0.75) to a Discrete (1-cos) Gust,
Flight Condition 3, Time History Simulation
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Figure F-158. Response of Elevator Deflection to a Discrete (1-cos) Gust,
Flight Condition 3, Time History Simulation
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Figure F-159. Response of Elevator Rate to a Discrete { 1-cos) Gust,
Flight Condition 3, Time History Simulation
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Figure F-160. Response of Outboard Aileron Deflection to a Discrete (1-cos} Gust,
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Figure F-161. Response of Outboard Aileron Rate to a Discrete (1-cos) Gust,
Flight Condition 3, Time History Simulation
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Figure F-162. Response of Inboard Shear (n = 0.25) to a Discrete (1-cos) Gust,
Flight Condition 4, Time History Simulation
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Figure F-163. Response of Inboard Bending Moment (n = 0.25) to a Discrete (1-cos)
Gust, Flight Condition 4, Time History Simulation
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Figure F-164, Response of Inboard Torsion (n = 0.25) to a Discrete (1-cos) Gust,
Flight Condition 4, Time History Simulation
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Figure F-165. Response of Outboard Shear (n = 0.75) to a Discrete (1-cos) Gust,
Flight Condition 4, _Time History Simulation
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Figure F-166. Response of Outboard Bending Moment (n = 0.75) to a Discrete
(1-cos) Gust, Flight Condition 4, Time History Simulation
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Figure F-167. Response of Outboard Torsion {n = 0.75) to a Discrete (1-cos) Gust,
Flight Condition 4, Time History Simulation
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Figure F-169. Response of Elevator Rate to a Discrete (1-cos) Gust,
Flight Condition 4, Time History Simulation
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Flight Condition 4, Time History Simulation
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Figure F-173. Response of Elevator Rate to a Discrete (1-cos) Gust,
Flight Condition 5, Time History Simulation
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Figure F-178. Response of Outboard Aileron Deflection to a Discrete (1-cos) Gust,
Flight Condition 6, Time History Simulation
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F.4.3.2 EFFECT OF GUST MAGNITUDE

Figures F-180 through F-195 show for various flight conditions the effects of increasing

gust magnitude on the wing-load relief provided by a GLA system incorporating nonlinear
actuators.
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APPENDIX G: ALTERNATIVE IMPLEMENTATION OF ACT
G.1.0 INTRODUCTION

One of the objectives of the In{egrated Application of Active Controls (IAAC) Technology
to an Advanced Subsonic Transport Project is the evaluation of the cost-of-ownership
advantage of Active Controls Technology (ACT) when applied to an advanced subsonic
transport. The purpbse of the work, which was conducted by Honeywell Incorporated, was
to assess the effect of advancing technology in the electronics and automatic control
areas on these cost-of-ownership advantages. More specifically, the efiects of the
téchnology advances associated with the implementation of an ACT system that embodies
properties and characteristics expected to be available for a circa-1990 commercial
airplane were evaluated. Results of this work are reported in this appendix.

Figure G-1 shows the study tasks comprising the Advanced Technology ACT System
definition. A familiarization phase required for Honeywell engineers involved in the
project was followed by surveys of applicable technology developments and forecasts to
better identify elements appropriate to a 1990 operational system. The control element

surveys are described in Section G.2.0.

Three alternative systems were defined:  low risk, medium risk, and high risk.
Conceptually, the low-risk system is similar to a 1980 implementation of a crucial control
function embodying conservative estimates of electronic technology advances. The
medium-risk system represents a significant step beyond current capability. The high-risk
system includes projections of standard computing elements that best accommodate the
existing failure state. These three systems are detailed in Section G.3.0.

Alternative actuation systems also were studied, but the high-, medium-, and low-risk
perspective was not followed. These actuation systems could be applied to any one of the
computing and sensing alternatives. Electromechanical actuators were selected for
flaperon control. Integrated hydraulic actuators, including self-contained servo-loop and
bus interface electronics, were selected for the other surfaces. Actuator studies are
described in Section G.4.0.

G-l



A 1990 ACT system was defined based on the preceding work. Its qualities were

evaluated with emphasis on those affecting cost of ownership to the airlines. Results of

this evaluation are defined in Section G.5.0. Section G.7.0 contains conclusions and

recommendations.
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G.2.0 1990 CONTROL TECHNOLOGIES

- Flight control element surveys were conducted to identify and assess advanced sensors,
computing elements, and actuators appropriate for Active Controls Technology (ACT)
flight control implementations that will be operational in 1990. Elements that are
expected to be available for the advanced ACT system implementation are identified in

this section.

Subsection G.2.1 describes the sensor survey. Although improvements are expected in air
data sensors, the basic concept of air data computers, which is to service all avionic
subsystems requiring air data, will not change. Ring laser gyros will continue replacing
mechanical rate sensors to a greater extent because they cost less and are not subject to
mechanical wear. Use of laser gyro rate signals implemented as separate outputs from
the inertial reference system (IRS) is recommended for the advanced ACT system. Piezo-
resistive accelerometers are recommended for flutter-mode control (FMC) and wing-load

alleviation (WLA) wing-mounted accelerometers.

Subsection G.2.2 discusses computer hardware advances. Significant microcomputer
advances are expected. Large-scale integrated circuit developments will decrease the
circuit card area required and increase the reliability of each function. Standardization

of computer instruction sets will encourage use of a higher order language.

Actuators are discussed in Subsection G.2.3. It is concluded that conventional, cylinder-
type hydraulic actuators should be applied in all instances except the flaperon control
surfaces, where electromechanical actuators (EMA) are recommended.

Subsection G.2.4 discusses software design and validation. Methodologies will be available
so that the software can be designed and validated for flight control applications and so it

can be certified to be error free.



G.2.1 SENSORS
Implementation of active control functions requires a number of diverse sensor types:
° Air data signals are required for:

° Control parameter gain scheduling
° Airspeed feedback for pitch-augmented stability (PAS)
° Angle-of-attack feedback for angle-of-attack limiter (AAL)

° Angular rate signals for PAS and latéral/directional—augmented stability (LAS)
° Roll attitude signal for LAS
° Accelerometers for WLA and FMC

o Position transducers for pilot control column, slat, and flap position measurement as

required for fly by wire (FBW), PAS, LAS, and AAL
The element introduced by IAAC that has the greatest impact on the choice of sensors is
the extreme reliability réquired for both the crucial and critical functions. Sensors must

be selected that are highly reliable, accurate, and dynamically responsive while low cost.

Table G-1 shows a preliminary assessment of the sensor characteristics required for
IAAC. In the following subsections, technology trends for each of the required sensor
types are examined and selections made for the 1990 IAAC system.

G.2.1.1 AIR DATA PARAMETERS

The traditional method of providing pressure-related air data information is to transmit
static and dynamic pressures by tubing from the pitot and static pressure probes to the air
data computer. The accuracy of the outputs is dependent on the quality of the pressure
transducers and computers used to develop the desired altitude, airspeed, and Mach

signals. Digital computers have become the preferred way to compute air data signals
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Table G-1. |IAAC Preliminary Sensor Requirements

Sensor type

Sensed quantity Range Resolution Nuli offset Bandwidth
Accelerometer Normal acceleration at center
of gravity
WLA t4g +0.005g +0.01g 30 Hz
Vertical acceleration, wing
WLA, FMC +20q +0.05g +0.01g 250 Hz
Angular rate Pitch-rate (body) , ‘
sensors short-period PAS +20 deg/s +0.01 deg/s +0.05deg/s | 30 Hz
Yaw rate (body) LAS - +20 deg/s +0.01 deg/s +0.05 deg/s | 30 Hz
Attitude sensors | Roll attitude LAS +45 deg 0.1 deg 0.5 deg 5 Hz
-Air data Indicated airspeed , )
PAS critical gain schedule | 50 to 800 kn 0.5% 1% 0.25 Hz
PAS critical airspeed 200 to 700 kn 0.05% 1% 1.0 Hz
WLA gain schedule 100 to 700 kn 0.5% - 1% 0.25 Hz
FMC gain schedule 100 to 700 kn 0.5% 1% 0.25 Hz
AAL gain schedule 100 to 400 kn 0.5% 1% 1.0 Hz
Mach number _
FMC, AAL gain schedule Oto 1 0.5% 1% 0.25 Hz
Angle of attack : .
AAL +60 deg 1% - 1.0 Hz
Position Column sensor
transducers Pitch, FBW, PAS, As
roll, LAS required 0.1% 0.5% 10 Hz
Rudder pedal sensor
FBW, LAS 0.5% 1% 1 Hz
Slat position
AAL 1% 1% 1 Hz
Flap position
AAL, LAS 1% 1% 1 Hz

because the computations are simple, and the capability to compensate the pressure
transducers for anomalies is readily provided.

Air data systems that use remote pressure transducers located adjacent to the pitot static

parts are under development.

Their outputs are transmitted electrically to computers

that develop the desired air data signals. This is expected to reduce the lag associated
with the sometimes very long lengths to tubing.

In addition, maintenance and cost

advantages are also expected. Air data parameters wanted could be processed in the ACT
computers if desired.
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Angle-of-attack transducers currently in use perform satisfactorily for the AAL function.
These transducer outputs are normally corrected for position errors within the air data

computers.

As shown in Table G-l, it is apparent that the air data signals required for IAAC have
requirements that do not exceed the capabilities of digital air data computers (DADCQ).
Also, triplex DADCs provide redundancy consistent with the reliability requirements for
the air data signals. It is therefore recommended that the air data signals required for
IAAC be obtained from the aircraft complement of DADCs and that this complement be

required to be triplex.
G.2.1.2 ANGULAR RATE SENSORS

The main stabilization control loops in the IAAC pitch and yaw axes require highly
reliable sources for angular pitch rate (q) and yaw rate (r). The pitch-rate signal is part of
crucial PAS because without this control loop the aircraft is unstable beyond the pilot's

ability to control.

Fundamental sources of angular rates have been gyroscope-based measurements. These
sensors require precisely spinning rotors with an angular displacement being observed
proportional to a rate input on an orthogonal axis. Accuracy has been increased by
reverse torquing the rotor back into place and by measuring the torque-driving current.
This method, which has tightly confined spinning masses, has been prone to failure due to
mechanical wear. Many years of development by numerous companies, however, have

produced highly reliable devices accurate enough for flight control use.

Inertial grade devices have also evolved from the spinning rotor gyroscope. These devices
have achieved high accuracy at relatively high costs.

The advent of increased computer capabilities and the dynamic range, accuracy, and high
reliability of the laser gyro have resulted in very desirable packages for strapdown
navigation and attitude reference determination. Sharing this information with the flight
control system is a natural outgrowth. Body rate sensors, therefore, fell into two
categories: (1) strapdown IRS, inertial navigation system (INS) sensors that are shared

with the flight control system and (2) dedicated flight contro! system sensors.
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Table G-2 summarizes existing and emerging sensor concepts for angular rate sensing.
The concepts range from the inertial grade strapdown sensors likely to be shared with the
flight control system (e.g., laser gyro) to low-cost gyros that are competitive for

standalone flight control.
Some conclusions that can be drawn from Table G-2 are:

® The laser-gyro-based IRS system offers a very accurate source of rate data if the

reliability and redundancy levels are sufficient for the crucial functions.

o The nuclear magnetic resonance gyro offers great potential accuracy at low cost.

The probability of realizing this potential will be studied later.

) The fiber gyro is not a reasonable alternative at the current cost of single-mode
fibers.

Sharing IRS strapdown body rate sensors and accelerometers with the flight control

system was pioneered with the Boeing 767 aircraft. This trend is likely to continue
because: '

e Accuracy requirements for flight control are easily met by inertial grade
components.

° Current IRS components (i.e., ring laser gyros) have sufficiently high bandwidth for
flight control applications.

™ Reliability requirements of attitude reference dictate a triple IRS, which is roughly
equivalent to flight control system reliability needs. If extra redundant sensors are
needed for a given flight control system axis reliability requirement, low-grade—~but
highly reliable—flight control system sensors are available at moderate costs.

The global positioning system (GPS) may impact the number of IRSs provided per aircraft.
This very accurate position-finding system would allow a user to locate himself to within
3m to 6m (10 to 20 ft) anywhere in the world. This capability will have a profound effect

on navigation and could reduce the need for INSs. However, it is still expected that triple
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Table G-2. Angd/ar Rate Sensors

Float

measurement

Sensor/vendor Principle Range Accuracy ,\ﬁ!}%bélf ty gi,zv?,',,‘:“ight' Comments
eRing laser gyro | Photodiodes ® Relatavistic properties of |+400 deg/s | 0.01 20.8K hr |{#17.8 x 15.2 x | e Strapdown
Honeywell _a— Prism light result in a detectable deg/h 5.1 cm navigation
(GG 1342) frequency shift of laser (7x6x2in) | | Boeing IRS
Mirrors beam due to motion ® 16009 (3.5 Ib)
(3) ® Mechanical dither used *4.0W
e e 1 st o g i to prevent low-rate e e e et s s st s s e e
® Honeywell F== frequency lock-in +400 deg/s e " 20.8K hr [ 11.4 x 10.2 x | ® ysable for
(GG 1328) LD eg/h 5.1cm blended
‘\Gas discharge {4.5x4 x 2in)] navigation
e 11359 (2.5 Ib)
Multioscillator (Rect'P“l’Ca't?'?‘t“)' opic ¢ Avoidance of fock-in Assumed | 033 |Good |e820cm3 e Experimental
gyro ring laser optical activity by beam bias using acceptable deg/h (50 in3) results only *
. a magnetic field for ® More electronics
e Litton on a(ftnvg gain media strapdown and less accurate
e Raytheon ] Ehmma.uon qf than dithered
mechanical dither ting
Modes laser gyro
1and 4
Modes 2 and 3
Nonreciprocal anisotropic (Faraday)
Dry-tuned rotor I:JSiﬁ:ally flexible ¢ Motion normal to _‘;400 deg/s| 0.05t0 [13.2Khr [#25cm (1in) e 2 degrees
PING o otor  spin axis causes (instanta- | 10 deg/h diameter of freedom
e Litton zré:illilca?iimbal neous) : ZOQ (0.151b) | ¢ predictable
on ow power warmu
® Resulting gimbal +200 deg/s charathristics
reaction canceled {continuous)
by setting the torsion
Gimbal '(‘?&LOJ)Shaft_ spring constant
Floated gyro Rotor Rotation axis ® Fluid floated spin- +400deg/s | 11010 |17.2K hr e State of the art
Output  ning momentum wheel deg/h (failure e Warmup delays
axis ® Procession caused by types are
input rate nulled by unpredic-
servo feedback table
Ihput ® Torque generator during
axis current is used for warmup)




Table G-2. Angular Rate Sensors (Continued)

Detector

requires 1-km (3280-ft)
single-mode fiber for
output resolution

L. Reliability] Size, weight,

Sensor/vendor Principle Range Accuracy (MTBF) power Comments
Nuclear magnetic; NMR Gyro axis ® Processional magnetic | Strapdown | Strap- Very good|®6.4 x 6.4 cm $PRapid warmup
resonance {(NMR)| cell frequency of aligned capability |down (25x 2.5in) migh g environment
gyro Magnetic nuclei is altered about capability diameter andles high

e Litton field the input axis ® 635g (1.4 Ib) | spectrum of

® Singer coils e Shift small, but requirements

measurable Available by 1985
Light input Light detector Could be acceler-
9 P ‘( ‘ s ometer also

Magnetohydro- Spin axis ® Spinning angular +360 deg/s |0.01 deg/s| Good ®45x 1.8cm |®Rapid startup
dynamic gyro Qb accelerometer (torus (moving | (1.8x 0.7 in)
{(MHD) Angular of liquid metal) creates parts not | diameter

accelerometer a sine wave whose demand- |#70g (0.15 Ib)

¢ :—lGogegsvggl) input Rate magnitude is a rate ing) LY
axis Input meas