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INTRODUCTION

As the growth of air traffic spiralled upward in recent
years, it became necessary to provide systems and procedures
by which the safety and regqularity of air terminal operations
could be maintained under all weather conditions. The altern-
ative was to allow weather at one airport to back up traffic
throughout the country. The ultimate goal of this develop-
ment was to achieve takeoffs and landings in zero visibility
(Category III) conditicns. To avoid multiple go-arounds and
diversions to alternate airports in bad weather is both a
cost effective and environmentally sound cobjective. For even
though traffic growth may fluctuate with the prevailing
economic conditions, the dual problems of minimizing fuel
consumption and maintaining regularity will continue.

Recent improvements in technology have made it feasible
to make more efficient use of our air terminal facilities.
The Federal Aviation Administration in cooperation with other
organizations, including the U.S. Air Force, is developing a
new microwave landing system (MLS) which will provide landing
guidance over a sector of air space spread out 60 degrees in
azimuth to each side of runway centerline, upwards to 20

degrees in elevation, and out to at least 20 miles in range.



This broad sector will provide the flexibility to have
several aircraft performing precision approaches simultane-
ously along different paths within the sector. 1In general,
these paths will consist of both straight and curved seg-
ments. Other developments such as area navigation and
improved conventional instrument landing systems (ILS) have
provided capabilities which can complement or partially sub-
stitute for MLS.

One class of aircraft which will come into increasing
use at the principal airport facilities is the short takeoff
and landing {(STOL) aircraft which can make short hauls to
feeder airports. These STOL's typically have lower approach
speeds and are capable of short radius turns and steep
descent paths. These features make them well suited to feed
into the approach patterns from the sides or upper ranges of
the MLS sector while conventional aircraft make more direct
centerline approaches.

In order to make optimum use of the new navigation and
landing guidance equipment, a number of problems must be
solved. These problems can be separated initially into two
main divisions: (1) the air traffic control problem to spec-
ify the individual flight paths, and (2) the aircraft
navigational and control problem to follow the pre-specified
paths. A number of studies have been made to analyze these
problems, particularly by the students and staff of Purdue
University, several of whom used a STOL aircraft for their

studies. The problem of specifying optimum approach paths

2



for multiple aircraft was investigated by Schmidt.1 These
approach paths are constrained by safety criteria to certain
minimum separation distances. MLS poses new lateral as well
as along-track separation problems, and these new separation
requirements were treated by Cunningham.2

Quite obviously, the separation criteria are influenced
to a great extent by the precision with which individual
aircraft can follow a selected flight path. It is techni-
cally appealing to design a completely automatic system in
order to fly the curved trajectories. This was done by
Farrington.3 However, many general aviation aircraft and
STOL operators who cannot afford the triple redundant Cate-
gory III quality automatic systems will continue to rely on
manual approaches, at least down to Category II visual
conditions.

Several studies have been made of the problems associ-
ated with these manual approaches. One tool that is
required for analysis of the manual tracking task is a mathe-
matical model of the human pilot, and considerable work has
been done on such models. An analytical-verbal guasi-linear
describing function model was described by McRuer.4 This
model relies principally upon classical frequency analysis
methods to calculate the pilot parameters. An alternate
optimal control pilot model was conceived by Anderson5 and

has been extended by several studies.s' 7.8



Presenting the optimum display to the pilot is a pro-
blem that was investigated by Seitz9 using optimal control
methods. An extension of this study to the curved MLS
trajectories was made by Cunningham10 as he designed a pilot
augmented control system. In his study he cited that by
using feedback through the pilot the designer is unable to
fully compensate for the open loop system poles, which have
a strong effect upon the aircraft response. STOL aircraft,
in particular, operate at low airspeeds where they experience
significant control problems such as cross coupling of
lateral and directional mcdes of response. Popell used
decoupling design methods to improve the aircraft response by
a stability augmentation system (SAS) ahead of the pilot.
Such an augmentation system can conceiveably minimize the
attitude and acceleration excursion problems and allow the
pilot to concentrate on the path tracking task.

A complete numerical analysis of the path following
response of a manually piloted aircraft system throughout an
approach and landing would require use of the full non-linear
equation of motion, aerodynamic and thrust data to cover
decelerating flight and gear and flap changes, a pilot model
which is valid for the non-linear tracking task, and a com-
plete model of the atmospheric winds, wind shears, turbulence,
and ground effect. However, in order to obtain comparative
results this total analysis problem is usually reduced to its

component parts or at least approximated in some manner.



Each of the atmospheric disturbances has been found to
produce significant effects on aircraft tracking performance,
Cherry12 studied the response to a steady mean wind and
turbulence and developed a feed forward guidance scheme to
reduce tracking error in turning flight. Recent studies
using the Air Force Flight Dynamics Laboratory Engineering
Flight Simulator have demonstrated that realistic non=-linear
wind shears can also produce large tracking errors during ILS
approaches.l3

A number of studies have been conducted to analyze the

14

gust response of the basic aircraft or the aircraft with

auntomatic control systems.ls' 16

Another study included a
pilot model but only considered a single stability augmenta-
tion system.17 These studies did indicate that SAS
parameters affect gust response.

In most cases SAS is designed to correct response pro-
blems in flight regimes other than landing approach. This is
especially true of military aircraft where the primary goal
of SAS design may be to provide good flying qualities over a
wide flight envelope or to provide a stable platform for
weapon delivery or photo-reconnaissance. Even the augmenta-
tion included in approach control systems is designed to
conventional flying quality specifications and only
considers gust response as a secondary consideration. In
fact, there is a wide range of poles with acceptable flying

qualities18 over which the gust response may differ

significantly.



Problem Definition

The cited references have indicated that atmospheric
turbulence is a significant disturbance to aircraft,
especially for STOL aircraft which have low wing loadings and
inherent control problems. These studies have also shown
that SAS is beneficial in relieving these control problems
and that the parameters influence gust response.

When these factors were considered it became apparent
that the influence of SAS parameters upon gust response of
a manually piloted aircraft should be evaluated systemati-
cally in order to provide guidance for optimum tradeoffs
between conventional flying gqualities and gust response. 1In
order to provide data for these decisions the object of this
study was to vary the system open loop poles parametrically
over the region of acceptable flying qualities by use of
stability augmentation feedback gains and to evaluate the
manually piloted aircraft response as a function of these
system poles.

This problem was separated into two tasks: {1) to de-
sign SAS which provided specified open loop poles, and then
for each feedback set (2} to calculate the piloted system
response to atmospheric turbulence at points on an MLS tra-
jectory. During this study these two tasks were formulated
into separate guadratic optimal control problems for
stochastic systems: (1) to calculate the SAS gains for speci-
fied open loop poles using a rate-model-in~the-performance-

index algorithm, and (2) to calculate the pilot model gains



and system response for the same poles using a guadratic
optimal pilot model. The SAS design method suggested by

19, 20

Van Dierendonck™ "' was extended to accomplish the

parametric pole variation in this study, and the computer

21 was used for the numerical

algorithm developed by Heath
calculations. A special quadratic optimal pilot model

was developed which was similar to that of Reference 5 but
which was simplified to allow rapid system response calcu-
lations. The SAS designs were accomplished for the wings
level decoupled longitudinal and lateral-directional modes,

and the piloted system response was then evaluated for both

wings level and banked flight conditions.

System Description

The diagram of the complete manually piloted aircraft
system is shown in Figure 1l.1. This diagram illustrates the
interaction of each of the system components. The elements
of this system are summarized here.

The aircraft chosen for the analysis was the Breguet 941
STOL. The data used for this aircraft was essentially the
same as that used in References 3 and 10. The system equa-
tions of motion were linearized about two general trim points
representative of an MLS approach path: (1) wings level
flight with non-zero climb angle, and (2} horizontal banked
flight. The specific data used for SAS design was for three
flap setting/airspeed combinations for the wings level case.

The state sensors for the stability augmentation and flight



G

wexbetg wo3sAg 3IJeIADIATY PIIOTId 1°1T 2anbta
TWNOIS SW m
H0LI3A NOILVAYISHO
JAIDH
SH
_||., SNV WALSAS AIved3 43N0
DY norvinaeny S MV HOLIRI
A0 ALIIAVLS 11
HIENERE! LNdNI
VIS UYANIT 1011d
== SHOLMMLIY AVIdSIad
A A
“STOVRINS U0 f— X 1011d |- J0LIMIa
4OLI3A 3LVIS
"INV 19T
Q NVWWOD
SIONVERINLISIA 1SN9 INVNWEY 10711d YOL1I3HIa 1HOI 4




director systems were assumed to have no measurement noise,
and a perfect MLS signal was adopted. The studies cited
previously showed that these error sources were sufficiently
small in comparison to turbulence to be neglected for the
purpose of this analysis.

The pilot was represented in the system by a mathemati-
cal model, which consisted of a portion representing the
pilot's linear compensatory tracking response and a piloﬁ
remnant which lumped together the time varying and non-
linear characteristics of the pilot tracking performance. The
remnant was introduced as a noise source at the control wheel
where it was summed with the linear inputs.

The gust inputs were modeled as a filtered stochastic
disturbance for the system by using the Dryden gust model
presented in Reference 18. In order to minimize the vari-
ables in the problem, the stationary gust intensities
corresponding to severe turbulence for a single height above
ground level (100 feet) were used for all trim points.

The flight director equations were derived to provide
vertical and lateral flight path error signals for both
wings level and banked flight;

The stability augmentation for this study was provided
by state feedback to all four controls—elevator, throttle,
aileron, and rudder. The aircraft pitch and roll attitudes,
linear and angular velocities and the servo actuator states
were fed back with gains that were determined by the

quadratic optimal pole placement algorithm.
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Thesis Organization

The reader who wishes to follow the detailed development
of the equations and the assumptions employed in this study
should begin by reading the appendices. Appendix A
contains the derivation of the state-vector equations for
each component of the total system, and it contains a discuss-
ion of the aerod&namic and thrust data and trim equations.
Appendix B contains a review of the guadratic optimal incom-
plete feedback control problem for infinite time linear
stochastic systems and a discussion of the unique features of
the computer algorithm employed in this study. Appendix C
contains a discussion of a convenient transfer function
calculation routine for systems in state-vector form, which
was used to evaluate the pilot model in this analysis.
Appendix D includes listings of the main FORTRAN IV computer
pregrams used to calculate the system equations for each trim
point and to perform the SAS design.

In Chapter 1II of the main text the system equations are
presented in the necessary formulation for the SAS design
and the pilot gains and system response calculation. The
equations for the rate model pole placement algorithm are
also described there. The numerical results of the study are
presented in Chapter III1 followed by the summary and conclu-

sions in the final chapter.
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GAINS CALCULATION FOR STABILITY AUGMENTATION
SYSTEM AND PILOT MODEL

Appendix B presents the problem formulation and some
computer algorithm details for the infinite time, linear
stochastic system, optimal incomplete feedback control
problem as shown by Heath.21 The formulation for a single
event was all that was required in this study. The follow-
ing sections present the specific equations for stability
augmentation system design and pilot model gain selection
for the Breguet 941 aircraft. Heath's computer algorithm
was used for both tasks.

Using symbolic notation the simplified infinite time
linear stochastic system optimal incomplete feedback control

problem is to find the fixed gain control matrix H such that

the control

u = =Hy (II-1)

minimizes the cost function

I = %—lim E[z'0z] (II-2)

treo

where E[ ] is the mathematical expectation; the response
vector is

z = Dx + Tu (II-3)
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the equivalent stochastic system differential equation is
X = AX + Bu + Gn _ (I1-4)

where n is a white noise disturbance (the symbolic deriva-
tive of the Wiener process, B); and the observation vector
is

y = Cx (I1-5)

Discussion of the response weighting matrix, Q, will be

deferred until the section on program results.

Problem Formulation for Stability
Augmentation System Design

Several variations in stability augmentation system
design were attempted., However, the basic design technique
employed was the rate-model-in-the-performance-index method

described by Van Dierendoncklg’ 20 1

and used by Heath2 in his
sample problem. In this method the response vector of
Equation (II-3) is obtained by subtracting the system
differential equation for a model with desired dynamics from
the basic System Differential Equation (II-4). If the

model equation is as follows, without actuators or controls,

T II-6
xm Amxm + Gmn ( )

then the response vector is

zZ=Xx-x = Ax - A X+ Bu + (G - Gm)n {(11I-7)
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Or, assuming for small errors, x = X and taking the same

disturbance model (G = Gm), then
z = (A - Am)x + Bu (I1~-8)

The D and T matrices are then formed by eliminating the
rows which contained all zeros in both the (A - Am) and B
matrices.

The trim points chosen for stability augmentation design
were takeﬁ to be wings level flight. Consequently, the
longitudinal and lateral-directional modes of response
decoupled and could be considered separately. The definitions
of the elements of the system equations for these two
response modes and the development of the model equations are
presented in the following sections. The basic system equa-
tions were taken from Appendix A after simplification to

level flight.

Longitudinal Mode SAS Design Equations
For the longitudinal mode the state vector elements

were

s 8

e 8 ’ é ] (II-g)

x' = [1_1_1 o, g, 6, ¢ o e

where Ge and GT were states for the first order filters of
c c

the stochastic disturbance process.

The observation elements for full state feedback were

T Se ’ GT i (II-10)
C C

s 8

y' = [Er a, 49, 6, ae
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The control vector was

u' = [Ges, 6TS] (11-11)
The disturbance vector was

n' = Ings ngql (I1-12)
and the response vector was

z' = [Au, Aa, AQ, ?se, éT] (11-13)

The columns of the A-matrix were as follows, where the
subscripts denote the state variable of which each element
in a given column was a coefficient. (Onxm signifies an
n by m order zero matrix.)

e
h
@]
+
H
rh
Q
H
@]
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where Wy and w are the break frequencies for the first
e T '

order stochastic disturbance process. The parameters in

the matrix elements are defined in Appendix A,

The B-matrix was as follows

(ITI-15)

o
]

| " 2x2 -

The C-matrix was an eighth order identity matrix; and

the G-matrix was as follows

O6x2
G= | ~ -7 (II-16)
K 0
e
0 K
L T..J

where in order to provide a unit co-variance for each

disturbance process

K = vY2uw K. = V2w {I1-17)
e Ce T CT

These equations allowed full state feedback SAS design.
Incomplete feedback design was accomplished by redefining

the observation vector, Equation (II-10), and observation

17



C-matrix to eliminate the appropriate states, Washout
filters, which are required in actual augmentation system
implementation, could also be included by introduction of
elements into the state vector, Eguation (II-9), and by

proper definition of the observations.

Longitudinal Mode Rate Model Equations

The model state coefficient Am—matrix was formed by
equating most of the elements of A to the equivalent ele-
ments in A. However, the model had no actuators or controls.
Instead, the actuator state coefficients of A became
coefficients of the stochastic command input states in the
model. Also, in order to vary the dynamics of the model,
four terms in the Am—matrix were chosen for recalculation.
These elements were the ones which contained the stability

derivatives (Cm ’ Cm . Cx ’ CZ ) most affecting the short

period and phugoid frequeﬁciesuand dampings as shown by
Blakelock.22 The terms were ayyr Ay1¢ 2359 and a33- The
D-matg}x then became _
(@173, 1 O 0 0 a5 816 ~315 "16
11
@178, ° 0 0 ay5 3¢ "225 "3z
D=0 (@327, (@337%,,0 0 235 236 T35 336
0 0 0 0 —ug 0 0 0
4] 0 0 0 0 ~wq 0 0
(I1-18)
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and the T-matrix became

- _
O3x2

w 0

e
0wy

(II-19)

" The longitudinal mode pole locations were defined by

the upper left (4 x 4) partition of the A-matrix.

With zero

and unit elements inserted as appropriate this matrix became

411 %12
a1 %22
431 232
0 0

0

233

233

1

a

a

a

0

14

24

34

(I1-20)

The characteristic eqguation for this system was then

det(sI—AL) =

(s—all)

B!

det

~%31

19

--a12 0
(s-ay,) -a,4
—a32 (s---a33
0 -1

)

(II-21)



Expanding this determinant

4 _ +a )s3 + (a

det(sI—AL) = g (all+a22 33

11%22%211233%
+a,)85373) 3y "3y 335,7a5,) 8" +
(a71893837781433178543377315331353%
2312891333781 185843%3)183,4F85585,)8 +
(2 43223317814321335%2943375317
8122313247212%213347811352334)
(I11-22)

At the same time, for phugoid frequency and damping, wp and

cp, and for short period frequency and damping, Ysp

an alternate expression for the characteristic equation was

and CSp ’

(82420 _w_stu__ %)
spso sp

_ 2 2
det(SI-AL) = (s +2cpw3+wp )

s4+(2g w +27  w )s3+(w 2+4g w_ I

PP sSp sp P P P Sp Sp
2, 2 2 2 2 2

wsp s +(2cpwpmsp +2§Spwspwp )S+wp wsp
=0 (I1-23)

For the two expressions to be identical, coefficients cf like
powers of s had to be equal. We then defined functions
fi(x), i=1 to 4, as the difference between coefficients for

each power of s.
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fl(X) a11+a22+a33+2cpmp+2gspmsp =0

£,(x) = 311%22%311333%85983378) 585172538, ,-a -
2. 2
+4 + =
(op H4L 0t pugptegp ) = 0
£ = - - -
3(X) = 31735383578, 434,73y a55-2) 585,85 548, 58, 8,5
Q185,80 880 43,8, ,~ (22 _w_w 2+2 2
11%22%33%3118344323347 (280,05, 7420 o0 ")
=0
£4(%) = ay,a)5a31-a; 435123 48,2500, 178, Ja5 8, -
; 2 2
212%21%347311292%347% Ugp, = O (IT-24)
[] — —

functions fi(x) composed a vector F'(x) =

To place the poles arbitrarily, values for wp, Cp' wSP'
and ;sp were selected. Then Equations (II-24) were solved
for x. The solutions yielded X, such that Fo = F(xo) = [0].

This solution was obtained by use of the Newton-Raphson

iteration which employed the eguation

-1

aF (% -
F(xn_l) (II-25)

n-l)
X

X = X -
n n-1

where xl was a suitable estimate for X and xn = Xg when

(F'F)1/2<e
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The partial derivatives required in Equation (II-25)

were obtained as follows:

f
E; . of; . fy o of) .
vraniia ’ v r e ’ . et
Bxl ax2 3x3 ax4
of 3f of of
2 2 2 2

—— = A ,t84,4y To— = —814r To— T ~8,4s T = ay,%a
axl 22 33 ax2 12 Bx3 23 Bx4 11 722
af3 3f3
o 323%327%22%33%%347 3%, T *12%33

Bf3 3f3

%, = 8118237324¢ 7%, 8128217%11%22
3f4 af4
7%, T 85483379283y %, - ~3143327312%34

3f4 af4

EE TS Ui R B T LA T3 0 (11-26)

Lateral-Directional Mode SAS Design Equations
For the lateral-directional mode the state vector
elements were
x!' = [p, ry By 6, 8, 8., 8, 8 ] (II-27)
C C
The full state feedback observation vector was

y' = [p, r, B, ¢, ‘Saf Srr ‘Sacf Grc] (1I-28)
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where 6a and Gr were disturbance input states. The control
c c
vector was

u' = [§_ , 6_ ] {I1-29)

= [n_, n_] {I1-30)

and the response vector was

¥ - * . L L4 [ ] -

The columns of the A-matrix were

- - -~ -] - -
£ .C.! £.C.° £ c.?
6 1p 6 lr X lB
£.Cc " £.C "' £ C
7 np 7 n Z nB
A = s, A_ = r A =
P r - B
0 1 fleB
1l taneo 0
L 5
o J
L 4 - L04
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B 7 B 7 [ T
0 £fc,! f C
X 16 X J.(5
0 a r
B B EE _| £
A¢ = gcoseo/U r B, = z n, r Ry = z ng
a a r r
O
5 f.C £,.C
- = 1 y(s 1 YG
a r
0 O2
-w
a -1
r
(]
—— | 3 i _02 |
Og 07
A = = A = (II-32)
8 c ' ) -
a, a r. c.
0 L J

where g and w, are the break frequencies of the stochas-
a r

tic disturbance process.

The B-matrix was

B=| " """ (II-33)
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The observation C-matrix was an eighth order identity

matrix; and the G-matrix was

= -
Ogx2
G = m;— 0 (II-34)
. a _
0 m
cr

Lateral-Directional Mode Rate Model Equations
The lateral-=directional model Amfmatrix was formed in
a manner similar to the longitudinal model., However, the
four coefficients chosen for recalculation were the elements
ayyr 530 CPPY and 3yq- The stability derivatives in these

elements (C, , C, , C_ , C_ ) caused the most change in the
1 lB n. nB
lateral-directional mode frequency and damping and real roots.

The D-matrix then became

{(a,,—a ) 0 {a,.—a ) 0 a a -a -a 7
11 m, 4 13 m; 5 15 “16 15 16
0 {(a..=a ) (a,4—a ) 0 a a -a -a
22 m, 23 My 25 26 25 26
D = - -
0 0 0 0 a35 a35 —a35 —a5¢
0 0 0 0 —wg 0 0 0
4] 0 0 0 0 -w 0 0
» r a
(I1-35)
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and the T-matrix became

- -
_ O3x2_
= |¥ O (II-36)
0 w
r

Again, the upper left (4 x 4) partition of the A-matrix
defined the pole locations for the lateral-directional mode.

With zeros and ones inserted appropriately, this matrix

became
' -
217 2 333 0
457 85, 353 0
ALD ) 0 1 a a (11-37)
33 %34
1 a,, O 0 |

For the latefal-directional mode the poles generally
conform to an oscillatory dutch-roll mode specified by
frequency and damping, wq and ¥ and two real poles, the
roll convergence pole, with time constant TR' and the spiral
divergence pole, with time constant TS' The spiral mode
is generally unstable or near neutral stability.

Van Dierendonck19 removed the unstable spiral pole by a suit-

able matrix transformation. However, the spiral mode for the

26



Breguet 941 was found to be stable, and was retained in the
analysis,
The characteristic equation for the lateral-directional

matrix of FEgquation (II-~37) has the two alternate expressions

det (sI-A__) = (sz+2cdm s+md2)(s+l/TR)(s+1/TS) =0

LD d

(1I-38)

We defined a pseudo freguency and damping for the real

poles, w . and Cpr such that
(s+1/T_) (s+1/T.) = (8°+2¢ w_s+u_2) (II-39)
R S rr r

where

mr2 = /(T t, = (1/T+1/Tg)/ (20) (IT-40)

Having made these substitutions, we expanded both sides of
Equation (II-38) and subtracted coefficients of like powers
of s to define the vector function F'(x) = [fl’ fz, f3, f4]

for the lateral-directional mode, where

=0

Hh
E
il

1 all+a22+a33+2;dmd+2;rmr

£,(x) = ajy+a;1a44%3)18,,78) 58,725,855

2 2 _
(wd w,. +2cdwd+2crmr) = {
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E3(x) = =8)13)3%a3135178,538343457211255333
23421 3%2) 23518537 (2240g0,. 2420 v us®) = 0
£4(X) = -a)533,48,3%3)58448)3%87,8,335,a, -
a13a21a34a42-md2wr2 =0 {I1-41)

Differentiating, we then obtained the partial deriva-

tives required in Equation (II-25)}

Hh

of of of

1 1 9,

1
—_— = l’ —_— = 0, ——— = 1, — = 0
axl sz BX3 3X4
of o f S f S f
2 2 2 2
—= = a,.*aqpy — =0, — = a,,ta,,, s— =1
axl 33 22 axz ax3 11 733 3x4
af—3 a a a -Eif—B_ a a a—f—g' -a a
%, | 2237%22%33" %, 217%34" %, 11233
X, 117%34%2
’f, 2f
5%, = 8538348497 3%, = 8598347221834
2E, 3E,
3 34%137 3%, © T21984,4%87123343,

(II-42)

Problem Formulation for Pilot Gains
and System Response Calculation

The pilot gains and system response were calculated for
both the complete piloted system in banked flight trim condi-

tions and the decoupled piloted system for the level flight
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trim conditions. The equations for the full system are
presented here. They can readily be reduced to the decoupled
subcases by zerocing the bank angle and separating the |
1ongi£udinal and lateral-directional mode states and matrix
coefficients,

The total system includes the basic aircraft and control
surface dynamics, the servo-actuators, the stability augmen-
tation system, the gust disturbance model, the positional
error model, the flight director system, and the pilot model
which includes the pilot/system control inputs, pilot states,
remnant model, observation equations, and performance func-
tional. In the following sections the full system matrix
differential equation is generated beginning with the basic
aircraft and adding the equations for each of the other sys-
tem components. The equations are combined in a manner such
that a special set of control inputs is defined to become the
system control vector with associated system observation
matrix and response vector. The control matrix then contains
the pilot model gains which are to be computed by the Heath

21 The computer algorithm calculates the

computer algorithm,
state and response co-variance matrices during the gain
computation; thus, the gains and system response are
obtained simultanecusly.

The total system is developed in a building-block form

by defining the state, control, observation, and disturbance

vectors and coefficient matrices for each component, then
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retaining each sub-matrix as a partition of the total sys-
tem. As an aid to proper location of each matrix partition
in relation to the appropriate system states the order of

each zero matrix is indicated by a subscript: O being an

nxm
n by m zero matrix. Also, I, is an nth order identity

matrix.

Aircraft, Serveo, SAS, Gust Model System

The system which formed the basis for the total piloted
system is the basic airframe-servo-actuator-SAS system with
a given set of SAS gains computed as previously described.
The simple stochastic actuator disturbance model was removed
and replaced by the stochastic gust model, which is the
random disturbance for the piloted system. Since the SaAS
gains were to be varied parametrically during this study,
they were isolated into a separate SAS feedback equation.

The state vector for this basic system is

xl' = [u, o, 9, 6, P, ¥, B, ¢, Ge' Ga' Gr’ GT' Eg'
Bg’ Bé; ug- Gé; Pg] (II-43)
The basic aircraft control vector is
ul‘ = [Gec, Gac, Grc, GTcl (I11~44)
The stochastic disturbance vector is
ny' = Ingye Ngr My np] (II-45)
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and the pilot control inputs, which add to the SAS feedback,

are given by the vector

vl' = {§_ , 6_ ] {II-46)

where the pilot was assumed to control only by elevator and
aileron motion.

The basic system equation is

Xx. = A X, + B.u, + G, n (II-47)

1 171 171 17
and the SAS feedback equation is
u, = Fix, + G,vy (I1-48)

The matrix coefficients are taken from the equations of
Appendix A. The Al-matrix terms come from Equations (A-29),
(A-57 to 60), and (A-65 to 68). The columns of the Al-matrix

are

£4(£,C, +Q )

£ [c. + £ £, C_ (0 + £.,C_ )1
Al = y[ m, 3"8™my "o 1 z,
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0

q

¥ 8 273

q
lar | %12

(1-/3) (o /L) YOTE,
~U/L.,

0

l_ -'N'U/ (4b)_

il [Cm —Cma+f £ Cm&(cz

£,£5(C, -cZ&)(l-J§)(ow/Lw)/U7Lw

d

-cz&)](l—/i)(ow/Lw)/U7Lw

(II-49)

where each subscript on Al is the state for which each

column element is a coefficient.

From Equations (A-34) the B
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From Equations (A-57 to 60) and (A-65 to 68) the

Gl-matrix columns are

r -

£ fB[Cmq-cm&+f2f3cm&(cz —Czaﬂ(ow/U)VaU7Lw

-C (ov/U)/§ﬁ7f;

-Cn (cv/U)V3U7LV

(GV/U)V3U/LV

1

0, !

d

012
G, = | (o /0L | 6
n
u
R i
[0
f2f3(Czq—Cz&)(cw/U)/BU/Lw
y
G =
1 .
"y {912
(UW/U)v‘BU/Lw
1
0
_
017
G = 1
l”p Lﬁow/(4b)/QnU/Lw)(.8)EnLW/(4b)] /3
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The feedback matrix comes from the optimal SAS gain
calculation. Since the closed-loop state coefficient matrix
is given by either (Al+BlFl) or (A-BHC) of Equations

(IT-1, 4, 5) then

F1 = =HC (IT-52)

The Gz-matrix defines the pilot control inputs (ele-

vator and aileron)

G, = (I1-53)

With SAS feedback the system equation becomes

X = (A1+BlF1)x + B, G,V

162V * G

Position Error Model
The displacement or position error model equations are

now added to the system. If we define the position state

vector

xz' = [v, dy. dzl (II-55)

the displacement equations can then be written as

Xy = A2x2 + A3xl {II-56)
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where the matrix coefficients come from Equations (A-29, 41).

The Az—matrix is

— : -
0 |
— I —
Az = Ucoseocos<1>o \ 03x2 {(II-57)
. 1
‘U51n¢° \ |
and the A3-matrix is
-0 0 sind 0 0 e / 8 o! ]
ing cos o/ €OS o |
- e '
0 =-U 0 Ucos?d 0 0 0I
| o | N
(I1-58)

The displacement equations are then added to the system

by defining the new state vector

x3' = Ixz', xl'] (11-59)

|
A A 0 0
x3 =] w -2- —-— - _3_ - x3 + - gxg vl + - -.3-}("l nl
018x3: A)+BFy B, G, Gy

Pilot Model
The final component equations to be added to the com-
plete system are the pilot model equations. The gain-lead-

delay pilot model, Equations (A-76, 79), were used. We
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define the pilot state vector

b 4 1 (IT-61)

u' = [u_ , u 1] (11-62)

One must note that this system control vecter is not exactly
equal to the pilot control inputs, but is related through
Equation (A-79). The pilot model equations can then be

written as

Xy = FyX, + Byu (II-63)
and
vy = Hlx4 + Hyu (IT-64)
where
_ -2/t O 4/t 0
27 o Lo 27 o 4.
Hl = I2 H2 = —12 (IT-65)

The gquasi-~linear pilot model also includes a remnant model.

We define the remnant state vector

(II-66)
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and the remnant stochastic disturbance vector

n,' = [n. , n_1 (II-67)

Then from Equation (A-78} the remnant model is

x5 = A4x5 + G3n2 (IT-68)
where
- 0 g ¥YnK 0
_ R _ |y R
A4 e G3 = L e
0 - 0 o V1K
Ra yLD Ra
(II-69)
and ¢ = g y @ = g as discussed in Appendix A.
L “ yP uP
Py, LD LD

Complete Piloted System
The pilot model is now added to complete the system.

We define the total state wvector

| I ] '
X x,!', x3 . x5']

1
x
%
=
o
oy
=
2

q, 8, p, ¥, B, ¢,

a ., B ., B', o, aér ng naef nG

(II-70)

We also define the total disturbance vector
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T'I' = [nl‘l n2‘} [n ' n

(I1-71)

?
u’ "8’ "o’ 'p’ 'n.' ‘n,
When Equations (II-63, 68) are added to the system we obtain
B | o | | T
Fo 1 %3 1 %3x18 1 O2x2
1 | |
o A A 0
s =] O3x2 : 2 : 3 : 3x2 |,
Oj1gx21 O18x3 1 A1¥B1Fy 1 Oggy2
1 t ]
| %2x2 ' C2x3 ' O2x1g ' By
o : i _ - .
2 O2x2 O2x6
O3x2 O3x2 ?356 _____
u o+ v, i 0 (TI-72)
O18x2 B, G, Gyt O1gx2
I
O2x2 Oox2 L02x4| Gy
- - L - | p

Finally, we substitute for vy from
perform the matrix multiplications

the complete system equation

1 ] |

F
2 I o2x3 ,02x18 |
1 1 |
. O3x2 | By | 23 |
* T B.G.H. ! !
1%2%1) O18x3 ) A1¥BFq,
o | ) |
[P2x2 1 %2x3 19x18
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and additions to obtain

} ) _
O2x2 B2
O3x2 O3x2

X + u +
O18x2 B,G,H,
Ay | Oox2



- .
Cox6
o3x6
+la. 1o |n (II-73)
1 i 18x2
t
_02X4 i G3 J

System Observation and Control Equations

The aircraft system states are observed and fed back
for display to the pilot through the flight direéctor. The
pilot model assumes that the human pilot can perceive both
error signal and error signal rate while observing the
motion of the flight director command bars. The observa-
tion vector then consists of the longitudinal and lateral-
directional error commands and their time derivatives as

follows
y' = I¥pe ¥ Yypr Yppl (I1-74)

The observation equation can then be written as

x (II-75)

]
1
|
Y = | Oyppt 2 4x12
|
|
]
|

Q

45



where the partition row matrices in Equation (II-75) are

defined by Equations (A=70 to A~73)

Cl = [51n¢0 0 Kdz 0lx3 cos@0 le4]
C2 = [(Kd Usin¢o) 01x3 (--Kd Uy 1 (Kd Ucos¢0)
z z Z
0lx3 (-Wocos¢o)]
C3 = [("KwCOStbo) ("Kdy) 01x4 (KlpSin‘Do) 01X3 (-1)]
C4 = [(—Kd Ucoseocos¢o) leS (Kd Usin@o-wo) {=1)
Y Yy
(-Kw/coseo-taneo) (--Kd U) (-Kw?051n¢0)]

y
(II-76)

The control Equation (II-1l) is then defined for the
piloted system problem formulation by the control vector,
Equation (II-62), the observation vector, Equation (II-74),

and the following H~matrix as defined by Equation (A-79)

-K -K -K -k, Ty
Prp Prp “1p

(II-77)

The additional gains, Kl' Kz, K3, and K4, are required
by the Heath computer algorithm even though they are not

necessarily representative of the actual pilot control
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activity. In theory, they can be explained as cross cou-
pling pilot gains between the longitudinal and lateral-
directional mode error signals and the opposite mode

control actuators.

System Response Egquations
To fully define the mathematical pilot the response

vector must be defined in such a manner that it accurately
describes the pilot tracking task‘considering the limita-
tions of the pilot workload and the computational algorithm.
For this study the pilot was assumed to be performing a pure
tracking task, attempting to minimize the flight director
command bar error signal, This assumption dictated that two
of the responses be the displayed flight director error
signals for the two modes. The computer algorithm also
required that twd responses include the system control vari-
ables. Finally, two additional responses were defined to be
the pilot states. These states were included'td allow the
algorithm to further limit the pilot workload. The response

vector was then

] (I11-78)
LD

r X

z' =[x, yv., u
L Py, Prp

P * Yo' Yp

47



The D~ and T-matrices of Equation (II-3) then became

B I I
10 i lell 1 7
1 1
0 0 ' c1 ]
| |
p=|? %1 Cbar |
i { 6x12
0 1 Opp11s
i 1
0 0, C3 I
i i
| 0 01 Opypy |
- -
_ Jax2_
1 0
T= " 27" (II-79)
02x2
L 0 1
where Cl and C3 are defined in Equation (II-76).

The response weighting matrix, Q, is discussed along

with the presentation of results.
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RESULTS OF SYSTEM DESIGN
AND RESPONSE CALCULATIONS

The stability augmentation design and piloted system
response calculations were performed with programs written
for the CDC/6600 Cyber 74 computer system. The programs were
executed principally in a semi-interactive mode using CDC
SCOPE control commands and the EDITOR file editing program
via an interactive INTERCOM computer terminal. This method
allowed rapid manual adjustment of both the guadratic weights
during SAS design and the pilot remnant during the system
response calculations. It also allowed manual intervention
when convergence problems occurred.

The symbolic system equations, the aerodynamic and
thrust data, and the values of the fixed parameters and
derivatives are presented in Appendix A, Numerical values
for the remaining system parameters, the basic equation
coefficients, and the unaugmented system poles are given in
this section. The limits on pole variation and control
motion are discussed, and the numerical results of the SAS

design and system response calculations are presented.

Trim Parameter Values

The SAS design of this study was conducted at three trim

points as defined by available data, primarily from Reference
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23. These points were specified by aircraft inboard/ocutboard

flap configuration and airspeed as follows:

Flaps Airspeed
(degrees) (knots, ft/sec)
98/65 60. . 101.3
75/60 75. 126.6

45/30 105, 177.2

All conditions were for wings-level, horizontal flight,
except for the 98/65 degree flaps point. This configuration
represented a final approach, on glide~-slope, condition;
thus, a negative 7.5 degree flight path angle was used. The
thrust curves for 95 percent propeller rpm from the supple-
ment to Reference 23 were used for all calculations.
Subsequent data will be identified by the appropriate inboard
flap setting or airspeed.

For these conditions the trim equations described in

Appendix A yielded the trimmed values shown in Table 3.1.

Table 3.1

Trim Aerodynamic and. Thrust Parameters

—

Flaps o(deg) C g, TS P/4 (hp) T/4(1b)
98 0.216 3.52 .464 .449 368 1220
75 -6.48 2.27 0. 476 651 2020
45 -3.05 1.16 0. .116 443 9630

The trim-dependent longitudinal stability derivatives

are shown in Table 3.2
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Table 3.2

Longitudinal Stability Derivatives

4
Flaps C Cc C c C C C C_x10
X X z 2 m X z m
u o u o u GT GT 6T
9g -1.33 1l.61 -5.01 -6.85 .0945 .163 -,796 -3.51
75 -.981 .649 ~3.83 -8.56 .107 .138 -,202 -1.38
45 -.290 .59]1 =-2.36 -7.72 .0301 .0692 -,0988 -.429

' Using these derivatives, the numerical values for the
equation of motion matrix coefficients were computed. The
appropriate coefficients from the basic A-matrix for the
longitudinal mode é, a, é, and 9 eguations are presented in
Table 3.3.

The A-matrix coefficients for the lateral-directional
mode é, f, é, and &equations are shown in Table 3.4.

The basic system poles were computed for both the
longitudinal and lateral-directional modes. They are given
in Tables 3.5 and 3.6. Since the longitudinal short period
mode was overdamped for each of the conditions, both the pair

of real roots and their equivalent frequency and damping

ratio (wr, gr) are shown for this mode.

Table 3.5

Unaugmented Aircraft Longitudinal Poles

Flaps Real Roots W, Lr wp EP
98 -.996 -.662 .812 1,02 . 265 224
75 -1.43 -.868 1.11 1.03 . 242 .161
45 -1.87 -1.16 1,47 1.03 .167 .141

51



‘0
Z0-HLLVES”
TO-3LTEST -
TO0-HLEBOT™

‘0
T0-48%9CT"
10-98L2C¢ " -
TO-HOEPST"®

‘0
T10-3996TC"
T10-a8¥S0OL" -
10-3094¥%T"

Lo

"0
TO+ICBETE "~
T0-d¥665S " -

"0

"0
TO+ATTO9T "~
T10-39666¢ " —
‘0

‘0
T0+ELPCOT "~
T0-dL66TE "~

"0

SST8T -

| oo

LTIVST®

‘0
TO~EBLECT " -
T0-d%201¥ "

66PTE"~

T0+d0000T"
TO+ZLBEBT ™~
LELY9G"
0

T0+30000T"

TO+EECETET "~
LELIG®

"0

T0+d0000T"
TO+3L0S0T " —
LEL96”
“0

"0
T0-d9%€8Z"°
TO+3ELGTT " -
T10-38G¥v<6°

"0
TO-EZHOTIS™

I8LV6" -
To-dggseL”

'O

TO-ATITIST -

LOLOS" -
68EPT”

S3USTOTIIS0D XTIIIPH-¥ TRUIPNITbuo] sweijily

€'t °T9edL

"0

P168C°
1859¢ " -
TO-2v6EGY " -

sdeTd baa Gy

‘0
Tevze”
geEcy -
Z2L60T" -

sdeld baqa G/

‘0
AN YA
9Tyvy -
$68TT" -

n

sde1d baa 86

52



‘0

TO-I9€ET6E "~
L6TSL”

CL6CT -

"0
T0-dSS6LT -
99£8¢€ "

TO-ZEB8T99° -

‘0

T0-a¥9tce -
A1 4

LAt CYATRA Sy

I
¢

"0

“0

SOTeT" -
TO+APTLEY "

0

“0
T0-d9.LVvL6"—
To+Ee6LTC "

"0

‘0
T0-3¥8t¢C9 " -
TO+ALP6ET "

e
g

S3UaTOTFFI0D

"0 Y
SST8T" cgyeet -
"0 TO+IEELEST”
"0 11866 °—
‘0 "0
LTPSC” ELLOT -
0 oeesL”
Y PZ605° -
"0 0
66vTL" 8TvET" -
‘0 L900G°
‘0 165CZE° -
¢ g

"0 TOo+30000T"

TO0+d0000T "~ 0
S00%¥9° - PovLT " -
£ECLET” TO+ISES9T " -

(s3oud G0T) sdeld bead g¥

*0 T0+d0000T°

TO+30000T"* - 0
8TLSY "~ Piver -
SP69T1" TO+ATIBTIT "~

(sjouy Gr) sdeld besa gy

SOTET*- TO+H0000T"
TO+30000T " - 0
PLS9E - TO-d¥6L66°—
9GGET" L8F¥6 " -
X d

(s3ouy 09) sdetd bad 86

XTIJeW-Y TERUOTIOSITO-TRIDIeT SWeIIITV

¥°€ @19®L

53



Taple 3.6

Unaugmented Aircraft Lateral-Directional Poles

Flaps wgq 3 -1/TR —l/TS
98 .772 . 222 -1.04 -,0599
75 .963 .267 -1.27 -,0217
45 1.34 .290 -1.74 -.01l61

Flying Quality and Control Surface Limits

Considerable data and experience is available for speci-
fication of flying qualities of conventional aircraft. 1In
contrast, data is being accumulated but is less readily |
available for justifying flying quality specifications for
STOL aircraft. A combination of references for both conven-
tional and STOL aircraft was consulted to determine suitable
flying quality boundaries for the Breguet 941l. The primary
source for conventional flying qualities was Reference 18,
Reference 24 presents more lenient flying quality boundaries
as they have been applied to V/STOL aircraft, and Reference
25 discusses NASA proposals for suitable STOL flying quali-
ties,

The specifications of Reference 25 are applicable to
any aircraft in the STOL mode. This mode is defined by
operaticnal airspeeds below Veon’ which is a conversion
speed mutually agreed upon by the aircraft designer and the
federal government agency procuring the aircraft. Because of
this arbitrary definition both the parameter boundaries from
References 24 and 18 are summarized in the following para-
graphs.
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Reference 19 used all of the applicable conventional
aircraft flying guality specifications of Reference 18 in
developing a "handling qualities" mode for SAS design. How-
ever, that model eliminated the longitudinal phugoid and
lateral-directional spiral modes, which were retained in the
analysis of this study. In addition, the primary emphasis
in this study is to vary the system poles parametrically to
investigate gust response, not to develop a specific handling
qualities model. The basic aircraft flying qualities had
been judged satisfactory or acceptable in the STOL mode,23
and the variations in this study were constrained to the
acceptable region.

From the tables above one can see that all of the basic
poles are stable. 1In addition, the optimal control computer
algorithms require initial stable conditions and do not
yield unstable solutions. These two characteristics allowed
the retention of all modes in the design process. Also,
where an unstable system pole was allowed by the specifica-
tions the neutral stability boundary was listed as applicable
for the purposes of this analysis.

Reference 18 defines 3 levels of flying gualities.
Interpreted for this study, the first two levels are —=---—
level 1: clearly adequate for the approach and landing task;
and level 2: some degradation in approach and landing
characteristics or increase in pilot worklcad, or both.

clearly one would not intentiocnally design SAS to degrade
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performance to level 2 specifications unliess other considera-
tions such as gust response were judged to be of overriding
importance. However, as a matter of interest and because of
the uncertainty about Vcon both the level 1 and level 2

limits are listed here.

Longitudinal Specifications

The longitudinal poles are specified by the short
period and phugoid frequencies and damping ratios, and the
limits on these parameters are presented in this section,

No restriction was specified for the phugoid frequency,
and by definition it will be between (not including) zeroc and
the short period frequency. The restriction on the phugoid
damping provided by Reference 18 is CP>.O4. This limit is
well below any of the values that were achieved in this study.

The short period damping ratio limits from References 18

and 24 are as follows:

Trim Point 4 r
Spmin SPhax
Vv Lev. 2 Lev. 1 Lev. 1 Lev., 2
con _
All 0. .25 _ .35 1.30 2.0

The short period frequency limits were determined by

first calculating the ratio

n/o = -(U/g)zW = ~(8q)/(mg) C, (ITI~1)
o]

The limits were then found from the appropriate figures in

the two references. Thesge limits are as follows:
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Trim Flaps n/« w

SPnin msP-max

V<Vcon Lev., 2 Lev. 1 Lev. 1 Lev. 2
98 1.937 .54 .60 ———— —— 4.1
75 3.77] .75 .60 .87 3.7 6.1
45 6,66 | ——- .80 1.03 4.9 8.2

The value of n/¢ for the 98 degree flap point (60 knots)
was below the level 1 boundary. No limit is listed for
V<Vcon for the 45 degree flap point since the 105 knot air-

speed is most probably above any reasonable Vo that would

be adopted.

Lateral-Directional Specifications

The lateral-directional poles are defined by the dutch
roll frequency and damping ratio, the roll mode time constant,
and the spiral mode time to double or one-half amplitude.

The boundaries on these parameters are summarized in this
section,

The specifications require that there be no coupling
between the roll and spiral modes; the roots must bhe real.
Reference 24 requires, in addition, that all real roots be
stable; thus, the roll time constant is finite. The more
restrictive level 1 and level 2 limits on the roll time
constant from Reference 18 are Tp<1.0 and T,<1.4, respectively.

Reference 24 requires, also, that the real spiral mode
pole pbe stable. Since all roots in this analysis were
stable the only limit on the spiral mode was the limit on

the time-to-one-half-amplitude constant, T,. If the spiral

1
2
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mode is too stable, constant contrecl force will be required
during steady turns --- an objectionable flying quality.
Reference 25 presents pilot flying quality ratings as a func~
tion of spiral stability. 1In that study an optimum value of

T, = 20 seconds was selected. Van Dierendonck19 suggests an

2

upper bound on spiral stability of T1 = 10 seconds. The
2
corresponding spiral poles for these two values of Tl are
2
(—l/Ts) = -,0346 rad/sec and (—1/TS) = —,0693 rad/sec,

respectively.
The dutch roll frequency and damping ratic are bounded

by minimum values as follows:

wg . = .25 rad/sec (V<Vcon); .4 rad/sec (lev. 2):
min
1.0 rad/sec (lev. 1)
4 = 0. (Vvev__ );fz, >.02
Anin con””j"d (lev. 2);
dedi-05
£4>.08
d (lev., 1)

where the condition yielding maximum g is to be selected for

each level.

Airspeed and Control Surface Limits
In addition to the flying guality boundaries presented
above, there exist the physical constraints on airspeed to
avoid stalls and the structural limits on control surface

motion. Because of the linearized analysis employed in this
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study no constraints on airspeed or control motion were
included in the computer algorithm. Thus, the validity of

each system response calculation had to be judged aposteriori

by comparing the airspeed and control surface variations with
the boundaries on these wvariables.

Reference 25 presents the operational envelope for the
Breguet 941 in landing configuration (98 degree flaps) for
steady~state flight. Although the system response in turbu-
lence does not imply steady~state flight, the steady-state
envelope does provide an estimate for the airspeed limits.
The minimum airspeed from Reference 25 is approximately 40
knots at maximum power or 53 knots at the approach power
setting, and the maximum airspeed is the maximum flaps
extended speed of 80 knots. Thus, a potential 20 knot varia-
tion about the 60 knot trim point could be achieved. The
validity of a linear solution would most certainly be in
question if such a variation were actually experienced. A
more reasonable variation would be the 7 knots maximum varia-
tion at constant power.

The throttle control derivatives were normalized in such
a manner that the throttle variation was constrained between
the approximate limits of zero and one, or +0.5. If the trim
throttle setting is nearer idle or full power these limits
are reduced accordingly.

Reference 25 states the limits on the elevator, aileron,
and rudder deflections as follows: =24 deggaeiBO deg,

|6,1<34 deg, and |6 _|<40 deg.
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To provide 99.74 percent confidence that each variance
will not exceed its limit the three-sigma {standard devia-
tion} level is equated to the limit. If this is done the

maximum values for the standard deviations (rms errors) of

the controls are °s = 0,14 rad., 06a = 0,20 rad.,
mas max

6r = 0.23 rad. Obtained in a similar manner, the maximum
max

rms normalized airspeed error at the 98 degree flap trim

o

point is o = 0.039. And the maximum rms throttle error

ax
is UGT 0.17 rad.
max

n éﬂ'

SAS Design Results

Initial attempts were made in this study to design
Breguet 941 stability augmentation systems (SAS) using so
called "classical" methods outlined by Blakelock.22 Such
frequency analysis methods (principally root locus) can
handle only single-input/single-output systems. One loop
at a time is closed, and if the SAS contains multiple loops
either an iterative procedure or considerable design experi-
ence must be employed in order to achieve the desired pole
placement. In addition, the majority of the SAS modes
described by Blakelock (e.g., pitch attitude control, pitch
rate damping, pitch orientation control, velocity control,
sideslip coordination, and yaw orientation control) can be
reduced to various combinations of incomplete pure state
feedback with at most a few added states for washout filters

in the circuits. It was difficult to use these methods to
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achieve significant variation in the system poles, and
especially to make a systematic pole variation.

An alternate approach using the optimal incomplete feed-
back computer algorithm and rate-model-in-the-performance-
index method was found to be much more suitable for the pur-
poses of this study. The details of the method are discussed
in the previous chapter and in Appendix B. This method
provides good pole placement, low feedback gains, and as
shown in Reference 1%, the time response of the augmented sys-
tem closely matches that of the model. The method is quite
flexible in that the rate-model can be adjusted arbitrarily,
e.dg., to satisfy handling qualities criteria or to provide
decoupled response modes. In addition, the quadratic weights
in the performance index can be adjusted to restore the
servo-actuator poles arbitrarily near to their unaugmented
values.

Using this method a set of poles was specified, and the
rate-model coefficient matrix was calculated. Then a set of
quadratic weights was found by trial and error to provide
convergence for the SAS design algorithm. Once convergence
was achieved the quadratic weights were adjusted further
until good servo pole placement was achieved. Once a set of
quadratic weights was found for a given trim condition and
feedback set, a large variation in poles could be made with-
out having to re-adjust the weights. This allowed efficient

and rapid SAS design for parametric pole variation.
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Two other problems often encountered in gradient
computer algorithms are the choice of stable starting feed-
back gains and the achievement of rapid convergence to the
solution. Both of these problems were minimized in this
study because of the stability of the unaugmented system and
the use of the gradient transformation to equivalently circu-
larize the performance functional. The same starting gains
were used for all SAS designs. These consisted of zero gains
on all states except for the stochastic disturbance states
which were fed back with unit starting gains to properly
initiate the algorithm.

In order to provide a stochastic disturbance mocdel with
bandwidth similar to the gust disturbances the break frequen-

cies of the command inputs were defined as follows:

C c C

w =U/L , w = U/L_, o = 70/ (4b), and = U/L .
e w T u a Cr v

Several combinations of full and partial state feedback
SAS designs were tried, including washout filters on pitch
attitude in the longitudinal mode and the roll attitude and
yaw rate in the lateral-directional mode. Investigation of
the washout filters was inspired by two considerations.
First, practical SAS will include some washouts to allow the
pilot to maneuver the aircraft and maintain steady non-zerc
values of the washed out variables, e.g., a steady pitch
attitude or bank angle, Second, the "gust-proofed" SAS for

the DC-8 aircraft in Reference 17 used lag-lead compensation
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for gust alleviation. Because of the mode of the partial
state feedback in this study, the lag-lead circuits could be
'approximated by adding lag (washout) states to the SAS
design system model,

For the lateral-directional mode the washout equations

were

%
]

(I11-2)

E= ]

—(0.l)x1 +

W
He

= -(0.1)x2 +

The break frequency (0.1 rad/sec) was chosen after a few
trials, and little effort was made to optimize it.

Equations (II~10) and (II-28) define the full state
feedback observation vectors. Feedback of each stochastic
control disturbance state and each servo-actuator state for
the two modes is required by the algcocrithm when the SAS mode
involves that control., Choice of the remaining feedback
states is arbitrary, but practical problems were encountered
for partial state feedback modes attempted in this study.
Some SAS design was attempted for the lateral-directional
mode without sideslip and bank angle feedback. For this
feedback mode it was difficult both to achieve solution con-
vergence and to obtain good pole placement. It was particu-
larly difficult to restore the servo poles to their
unaugmented values. Because of these problems the majority
of the SAS design was done with the full observation vectors

of Equations (II-10) and (II-28).
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Van Dierendonck19 suggests that additional responses can
be added to the basic rate-model performance functional to
satisfy specific SAS design requirements. However, he states
that the final design with added response equations will be a
compromise between the specified rate-model flying qualities
and the additional requirements.

The Breguet 941 has a disturbing cross-coupling between
the lateral and directional modes such that small bank angle
changes produce large yaw rate and sideslip excursions.25
Thus, it is natural to include the sideslip angle as a
separate response variable in order to minimize these excur-
sions in the augmented aircraft. This SAS design was accom-
plished, but as predicted the most significant result was
that the augmented system poles were shifted as the quadratic
weight on the sideslip response was increased proportionately.
As might have been expected the primary change was an
increase in the dutch roll fregquency and some change in the
damping. Essentially the same results were achieved merely
by parametric pole variation using the basic rate model; thus,
the sideslip response SAS design mode was discarded as
redundant for this study.

As shown in this chapter, the unaugmented system poles
lie within the acceptable flying guality boundaries for
conventional aircraft with three exceptions. The value of
n/a for the 98 degree flap trim point (60 knots) places the

short period pole within the level 2 region; and the dutch

64



roll frequencies for both the 60 knot and 75 knot trim
points are slightly below the level 1 boundary but within
the level 2 region. The 60 knot airspeed most certainly
would be considered within the STOL range, and the 75 knot
airspeed could possibly qualify, also.

Pilots who flew the Breguet 941 rated the longitudinal
handling qualities satisfactory and only expressed dissatis-
faction with the lateral-directional flying characteristics.
The variation in gust response in this study was found to
be an order of magnitude greater for the lateral-directional
mode as compared to the longitudinal. Thus, the majority of
the parametric pole variation SAS design was concentrated on
this mode. Also, the pole placement algorithm achieved good
results for all four lateral-directional poles and for the
longitudinal short period mode, but the phugoid poles could
not be varied systematically, even after considerable
experimentation with the quadratic weighting matrix., The
longitudinal poles for the SAS designs which were accomplished
are shown in Table 3.7.

The pilot longitudinal control strategy using elevator
{only) proved to be satisfactory for the 75 knot and 105
knot trim points, but difficulty was encountered at the 60
knot trim speed. For this point in order to calculate the
system response at all it was necessary to use both the ele-
vator and throttle in the SAS design. Even with this type of

SAS no system poles were found which provided acceptable gust
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Table 3.7
Longitudinal Mode SAS Poles

Elevator Throttle

“sp “sp “p *p
98 Deg Flaps
=-10,.377 -.91080 .99358 .53256 .31061 .44435
-10.332 -.84038 .75798 . 76030 .31695 .50565
-10.329 ~.93566 1.0117 .72354 .28401 . 34425

-10.366 -.93613 1.0109 .72538 .28243 . 32584
-10.248 -1.0116 1.0079 .94972 .26836 .23181
-10.267 -.98761 1.0130 .90056 .26982 .24709
-10.368 -1,5139 .98807 .71448 .21751 .72400
75 Deg Flaps

-16.147 -3.5927 1.4962 .71008 .27936 .43401
-16.144 -3.6065 1.9926 .70952 .25816 .32585
-16.144 -3.6002 1.9901 .70862 .24726 .55128
-16.137 -3.6254 2.4852 .71084 .25575 .30298
45 Deg Flaps

-29,040 -.17122 1.4692 .77748 .30027 .54612
-9.9421 -1.8605 2.0111 71279 .20782 .49992
-9.9420 -1.8633 2.5140 .71471 .19368 .42160

response levels for all system states and controls.

It is appropriate to comment on these two problems at
this point. The difficulty in placing the phugoid poles
was most probably a fault in the longitudinal pole placement
algorithm complicated by at least two factors. First, the
short period and phugoid poles are not as distinctly sepa=-
rated as the lateral-directional mode poles. Second, with
the large flap deflections in the STOL mode, a change in
throttle setting not only changes the thrust and longitudinal
force balance but also produces an even larger change in

lift., This fact is evident from the control derivatives
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Cxét and czﬁt in Table 3.2. An optimal control SAS
design method exists by which all of the poles can be placed
exactly; i.e., by using a single control and the phase vari-
able (transform) form. However, that method yields large
feedback gains, in general. It could be used for further
study of the longitudinal mode problems. The second problem,
excessive longitudinal mode gust response at 60 knots, was
most probably due to the simplified flight director used for
this study, and to the pilot control strategy. The airspeed
feedback to the throttle was limited to pole placement and
not necessarily to maintaining a constant airspeed. Improved
airspeed performance could be achieved by either a separate
outer loop auto throttle or by allowing the pileot to adjust
the throttles,

The variation in the lateral-directional dutch roll pole
is shown in Figures 3.1 through 3.3. The range in dutch roll
frequency was extended down well below the level 1 flying
guality boundary for 60 knots and 75 knots in order to estab-
lish the basic response trends. Since there are no upper
boundaries on dutch roll frequency in the specifications the
upper limit was also chosen as the point above which the gust
response trends were readily apparent. Figures 3.1 through
3.3 provide an assessment of the SAS design pole placement
accuracy. The intersections of the solid lines represent
dutch roll frequency and damping values specified in the

rate-model, while the symbols show the actual design values.
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The roll and spiral mode poles were also varied for the
lateral-directional case. The spiral mode stability was

increased up to the limiting value of Ty = 10 seconds., Since

4
there was no lower limit specified on the roll time constant

the roll pole stability was increased until either the system
gust response no longer changed or until the roll and servo-
actuator poles became coupled.

Most of the lateral-directional SAS design for the 105
knot trim point was generated with quadratic weights yielding
servo poles near the following values: =-42.8 rad/sec and
-7.6 rad/sec. For reference, one set of SAS designs was
accomplished with servo poles restored nearer to the unaug-
mented values: -~12.6 rad/sec and -8.9 rad/sec. These servo
poles do have a significant effect upon gust response as
shown later.

It was possible to reduce servo pole shift using a diag-
onal weighting matrix. However, to completely restore the
poles and eliminate actuator cross-coupling it may be neces~
sary to use off-diagonal quadratic weights.

SAS design feedback gains for selected poles are
presented in Table 3.8. The corresponding quadratic weights
are also shown. The lateral path error for these poles is

shown in Figure 3.14.

Flight Director Design

Other studies have been conducted to design optimum

flight directors, and their results could have been applied
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TABLE 3.8

SELECTED SAS GAINS

—XDA XOR OMEGAD
DAZP DA/R DA/BETA
OR/P DR/R DR/BETA

ZETAD _ _ 1/7R._ ___1/9S __
DA/PHT DA7DAS DA/ORS
DR/PHI _BR70AS | DR/ORS |

QUADRATIC WEIGHTS (if0ay 10ey 10Dsy 2e4 o04)

T=1.2543E %01 =8,87LDE+OO
_1.4023E=01 ~2,3702E=02
T=1,01585 <01 =2.2013E-01

2e4061E-01

1.1098E+00

=1,25582 401 ~8,8709E+00 1.1D58E«00

1.3861E-01 ~2.5578€E-02 2,.7610E-01

=1,00035-01 ~1.1566E-01 6,0380€-01

1.0115E+00

2.8509E-01 -2.5496E+00 -6,9008E-02
4.9486E-03 3.0542E-03 ~1,8210E=02

1.239{E-02 ~9.1049E=01 1.9931E-01

T 2.8500E-01 -2.5502E400 -6.9588E-02

8,33550E~03 ~1,.8284E-02
2.0673E~-D1

S5a4795E-03
1.0953E-02 =9, LW19E~01

=1.25752401 -5.8678E+00 1,2316E+00
1,37442-01 =2, 7477E-02  F,11958E-01

T<9,9677E-02 -1.,9369E~03 Gl.7017E-01

=1,25995401 -8,8635E+00
1,3541E~01 -3, C067E-02 3,6120E-04
—1.9084%-01

1,6311E-01 ~4,.1903E-02

T1.3333€v00

2.8716E=D1 ~2.5510E+00 -6.9898E-02
6.0271E-03 7.5301E-03 =1.8360E-D2
7.6352E-03 =9,17995~01  2.1431E-01

7.9150E-01 <2,55225400 -7,0GB9E-02
6.7878E-C3  6.83392E-03 ~1,8464E-02

T=1,26305 491 ~A,855LE€00 1.4933E+0D
1,3377E=01 =3,3171E-02 &4 2129E-01

=1, 02765 =01 3.7297E-01 =7.4757E-01 =-9,3654E-03 =-9,29556~01

=1,26725 %31 <8,8572E400 4.6090:+00
_143261E-01 ~3.6886E-02 4.9534E-01  8,8412E~03_
-1.0683E =01 6.3964E-04 =1.7359E400 =2.5075E=02 -9,3719E~01
"IEZE?AEFFRi"ZETEhsiﬁidﬁ’“i”ﬁﬁéiﬁiﬁﬁ‘
1,34605=01 =4,22045-02 E.0732E-01

=T 14615 <01 1.05725%00 ~344736E+00 ~5.3396E~02 ~3,4B13E-01

1, 2R72E 401 -8 BS04ESTGD 2. L683E+00 3.3896E-B1 =2.553BE+3D
1,32635-01 =5.0162E-02 7.9353E-01 4
T=1,2990E-01  1.7901E¥00 -7, 02206480 =1,11206-04 =3,6417E~01

“1{ 30478401 -8.8216E+00 2.9493E+00
_1+3531E-04 =5.6656E-02 _9.7500E=-01__1.53356-02 6.3581E-03
=1, hBLA4E =T

2 STU3E400 =4, 1352E401 ~1,8051E~01 =9, 7537E~01

1.6933E-03 ~9,2322E=J1 2.2655E-01
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2. 41516-01"
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«1)

2.9103E=01 -2,50215+469 ~7,1170E=02
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2.647T1E~01,-2,5411E400 -6,4593E-02
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G.G539E-03 3.25L6E4+00 =1, 4035E-01
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2.8519E-04 -2.,5023E+00 ~7.0719€-02_
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£.8908E8-01 =3,1939E-02 1.44BHEHDD
2,8321£ 03 ~3,3230E~02 443770E-01 1,11841E-02 ~4.4013E-01 =-2,5456E-01
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R IYIRYT)

T~1.4013E-01

_=ha2756Z401 -7.4345E+00  1,3690E400  2,6118E=01 =2,5508E+490 =6,4650E-02
7.3207E-01 ~4,36LIE<02 1.9407E+00 6.2639E-03 3,3462E+00 ~1.4082E-01
1,0254E-03  3.4288E-02  6,7137E-02 2,8773E-03 =1.4082E-01 2. 4595E-01

~4. 27SBE 401 ~T,46L3E+400  4,4950E+00 2,92B7€-01 =2,5025E+00 =7,0290E-02
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~1.41545-02 6.7837E+01 =1,9257E+00 ~4,6692E-02 -1.4394E-01 -1.7504E-01
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TV 52015 -01 -8, G4ZLLE-03 2. 3IB1RE-01  2.0958E-03  3.3GBO0E¥DD -1.3926E-01
7.3259E-0% 1.4773E-01 8.0800E-01. 1.8465E-02 ~1,3926E~01 -2,3823E-01
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in this analysis. In theory, each S8AS design would dictate a
different flight director system in order to achieve the true
optimum overall system response. However, in order to reduce
the design effort a very simple flight director system was
chosen, and the gains were held constant for all SAS designs.
A valid comparison of the results was still considered to pe
possible under these conditions.

The flight director equations were presented in Chapter
IT. In the longitudinal mode the only feedback states were
pitch angle and vertical path error. In the lateral-direc-
tional mode the feedbacks were bank angle, yaw angle, and
lateral path error. Working with the unaugmented system,
initial gains were selected to stabilize the full piloted sys-
tem with the assistance of classical frequency analysis tools.
Then, in order to adjust the gains to suit the Breguet 941,
one set of calculations was made using the Heath computer
algorithm. For these runs the problem was reformulated to
introduce the flight director gains into the system feedback
gain matrix, H. For example, for the longitudinal mode a new

observation vector, = C x, was defined, where
Yy o}

8, d_] (ITI-3)

yZl = [e, 4 z

zl’
The contrcl then was expanded and new gain and observation

matrices were defined.

u = -Hy = -HCx = -HClCox = -Hly2 (ITII-4)
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where

L) (I1II-5)

= [KP (KpKdz) (KpT (KPTLKdZ)]
and Co was defined such that C = Clco‘ This problem formula-
tion could have been used to optimize pilot and flight
director gains simultaneously for each SAS design, but the
decision was made to fix the flight director in order to
better isolate the effects of the varying SAS parameters.
The reduced number of system gains to be calculated also de-
creased the computer solution time.

The gains computed for all of the trim points were
sufficiently close that the same values were used for all

conditions, except for the lateral-directional mode for

60 knots. The final gains are shown in Table 3.9.

Table 3.9
Flight Director Gains

Trim Flaps Kd K K

z v dy
(degqg) (rad/ft) {rad) (rad/ft)
98 .008295 .20004 .00022880
75 .008295 .3701 .00028427
45 .008295 .3701 .00028427
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" Pilot Model

The guadratic optimal pilot model worked well for nearly
all SAS designs attempted in this study. The pilot gains
were reasonably consistent, and in particular, the pilot lead
equalization was always below one second. After some experi-
ence the remnant convergence could be achieved rapidly. The
remnant parameters as determined from Reference 17were com=-

puted to be ® = ,7143 rad/sec, B = .7407 rad/sec, KR =

Re a e

.05669, and Kp = .1016. These values are based upon the
a .

similarity between the tracking tasks in this study and that
of Reference 17. The pilot scanning behaviour includes typi-
cal instrument scanning patterns and dwell fractions plus a
22 percent margin. The pilot time delay was also chosen to
conform to the scanning behaviour of Reference 17. The value
used was 1= 0.3 sec.

As stated in the previous chapter, the complete pilot
model includes the quadratic optimal performance functional,
involving the weighting matrix, Q. As shown in the cited
references on optimal pilot models (References 5 through 8)

- the quadratic weights along with other model parameters can
be used to match the mathematical model to simulator or
actual flight pilot tracking data. Once matches are made to
several sets of data an engineer can begin to have confid-
ence in using the model to make predictions about the actual

performance of a pilot in a new aircraft or a new task.
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In the absence of actual or simulated tracking data for
STOL aircraft the selection of quadratic weights was made in
this study on the basis of engineering judgement of reason-

able pilot and system performance. A limited number of runs

were made to investigate the effect of varying guadratic
weights. Bode plots of the pilot open loop transfer function
for both the lateral-directional roll tracking task and the
complete lateral-directional flight director command track-
ing task are shown in Figures 3.4 and 3.5 for two sets of

quadratic weights. Table 3.10 gives the system response and
pilot gains for these two pilot models: models 1 and 2. 1In
addition, the system response was calculated without any
pilot remnant disturbance, and these results are shown for

comparison, model 3.

Table 3.10
System Response for Various Pilot Models

Pilot Parameters

Model Ou Kp TL qx qy qu
P p
1 .0286 . 440 .967 1. 1. 1.
2 .0796 1.50 .626 1. 100. 1.
3 0. 1.28 .751 1. 100. 1.
Responses
Model UIIJ cdy Up 9. OB c¢ O‘Sa
(rad) (ft) (rad/ (rad/ (rad) (rad) (rad)
sec) sec)
1 .0760 110. .0447 ,0457 .0629 .0556 .0274
2 .0613 64,5 .0703 ,0480 ,0643 .0389 ,0694
3 .0529 54,2 .0497 .0469 ,06839% ,0287 ,0511
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From the Bode plots one can see that either set of quad-
ratic weights yields a pilot model with the negative 20
decibel per decade logarithmic magnitude slope at the open
loop unit gain cross-over frequency. The phase margins are
also quite adequate. The model with unit gquadratic weights
has lower pilot gain, lower cross—-over frequency and as
expected poorer path tracking performance. However, the
pilot lead is larger. The higher weighting on the tracking
error, qy = 100,, was chosen for the system response calcula-
tions in this study. However, it appears that the lower
quadratic weight, qy = 1., yields results that are more
nearly comparable to the results in Reference 10,

For the unaugmented system in this case the remnant
increased the path tracking error by about 20 percent. The
relative weighting on the system control could also be
adjusted to fit the model to actual tracking data. 1In the
absence of this data the results of this study must be
assessed on a relative basis as showing general trends in the
system response rather than absolute values of the tracking
performance.

System Response Results

The gust response of the piloted system was calculated
for each of the SAS designs described previously, assuming
wings~level flight. For this case the longitudinal and
lateral-directional modes decoupled, and the response of each

mode could be computed separately. In addition to the
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wings-level cases the banked flight system response was com-
puted for two sets of SAS gains for bank angles up through
30 degrees. The results of these calculations are shown in
this section.

The gust response of the longitudinal mode was found to
be an order of magnitude less than the lateral-directional,
and the variation with SAS gains was also less significant.
The longitudinal mode response is shown in Table 3.11.

Except for the 60 knot trim point the best response for any
SAS design was for the unaugmented system. As the short
period frequency was increased for the 75 and 105 knot cases
the vertical tracking error increased.

A set of pilot gains could not be found to stabilize the
longitudinal mode for the unaugmented system at 60 knots. Of
the SAS designs accomplished for this case the one with short
period frequency and damping msp = 1.0 rad/sec and zsp = ,90
was the design with the most nearly acceptable system
response. Only the rms airspeed error is greater than the
acceptable limits for this case.

The wings-level lateral-directional system response is
listed in Table 3.12. Both the augmented system poles and
the rms responses are shown. The cases are grouped respec-
tively by trim point, roll and spiral mode poles, dutch roll
damping ratio, and increasing dutch roll freguency. The rms
lateral tracking error for these cases is plotted in

Figures 3.6 through 3.16.
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TABLE 3.1%

LONGITUGINAL MODE SYSTEM RESPONSE™

OHEGASP

T7JERBTEROE
Oe

TeiLBI4TI¢TL =3, 5927E+00 1, 49B2E+00  7.10085-01 2.7336E-01

B.L2795 400 2,5276E-02  6.2231E-02

T 1.68297 =014
=1, 61447 +21 =3, 6B650+0]

1.9926E+80

6e1354E-02 5.3217F-02 8,8926E-02

7T.0952E-01

Z43516E-01

XOE x0T ASP __ _ZETASP __O4EGAP ZETAP
SiGoz SIGU SIGAL PHA sS16Q TSIGTHETA SIGOE
_S1GDT
98 DEGREE FLAPS
~1, 0377291 =9, 1GR0E~01 G.935B8E~01 5.3256E-D1 3+1061E~01 &,4b35E-01
_1.41627401 -4,8809E-02 1.0303E-01 6.7992E-02 9,6I54E-02 1,4636E-D1
2. 0584E =Dt
=1.03325 401 -8,4038E-03 7.5798E-01 7,6030E-04 3,15956-01 6,0565E-01
1.30555 401 4, 100GE-02 1.053uE-01 6.8607E-02 9.BL7TEBE-02 1.3316E-01
LR L il T . e
-1.03295 +01 -9.3588F-01 1,0117E+00 7.2354E-01 2.0401E~01 3.44k25E-D1
1,32632+401 &, 9Rk4E-02 1.G292E-01 6.2976E-02 9.7309E-02  1.2319€E-01
1,8918E =71
=1.G36BE401 =9,3613€-01 1.8109E+00_7.2538E-01 2.8243E-01 3,2584E-01
2.04775 401 T1.0984E-01 1.5687E~01 7.2ui4E~02 1.4987E-01 1,4716E-T1
4e 21422 -01 . e e e e
=1, 02482401 <1, 01165 +00 1.0079EF00 O,L972E-01 2.,5836E-01 2.318{E~01
2.06862491 1.7951E-01 1.6060E-01 6.0554E-02 1,5768E-01 1.2352E-01
1.23585 =01
_~1.0267Z401 -9,87561E-01 1,0130E+D0 9,0056E-01 2.5982E-01 2.4709E-01
129775401 B, 7239E-02 1.0516E-01 6.0333£-02 "1.0066E-01 1.1301iE-01
1.32860-91 . _ )
-1, U368E +01 ~4,5139E+00 9.8807E-01  7,164BE-01 2,175iE-Di 7.2LO0E-01
1,33B837+01  4,1200E-02 1,G4BLE-0) 6.6096E-0Z 9.8385E-02 1,2430E-014
TTELSITAE LY - ’ T - ’
e e 75 DEGREE FLAPS .
-1,0000E+01 -1, 0000E+00) =1,4252E400 ~8.,6760€6-01 2.42356-01 1.6110E-01%

5, 5361E~02" €,6193E-02  7.3724E-GZ B.I757E-02 1.1706E-01

G 3ap{E~01"

3.2585E-01

TTEBSC7EHE0 3.0LITE-0Z 6.0L50E-02 5.4233E-02  5.7533E-027 8.1205E-02°
1. 46532 ~01
TEL61LAT 401 -3 B O02E 400 1. 99916400 T 7.0862E-CL  2.4726E-01 T 5,5178E-01
_B,79565 400 2,4692E-02 E,1470E-D2 5.,4399E-G2 5.8286E-02 B.14856-02
§.7a502200 0E-b2 5.4399E-02 5.8285E-02 B.14B5E-02
~1,61372 401 =3,6256E+00 2.LB52E400 7.1084E-01 2,5575E-01 3.0298£-01
G 22PRTHBY T N TWe2E-1ET 5, 9616E-T2 A+ 8BBOE-07  5,0958E-02 7. 87BBE-0Z
1,56925-01" ,

45 DEGREEFLAPS —

SISO T ST OUOBE VO =1L B735TRH0 SATI60BE V00T LIS FUGE Sl A A0EYET 0L
Se51145+00 2.9805E€E-02 L4.B84231E~-02 . 8.8400E~02 5.0{66E-02 9,i79%E-02
_3o3114Z2200 2.9805E702 4. 8481E£-02 8.8400E-02 S5.0008E-02 9.1799€-02

_=209000E 431 =1,71226-01 1,4692E400 7.774BE=01L 3.0027E-01 5. 4612€-01
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Tahle 3.11, cont.
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TABLE 3.12

LATERAL-DIRECTIONAL MODE SYSTEM RESPONSE

__XQaA XDR . GMEGAD______ ZETAD ALTR 4TS
SIGST SIGDY SIGP SIGR SIGBETA SIGPHI
- S1G0A SIGDR —_
(60 KNOTS = FIGURE 3.6)
-1.72272+01 =7.7000E+00 5.0375E~01 2,9560E-01 ~1.02390E+00 =6.3447E-02

235104731 5.3538C+01 3,6889E-02 7.0625E-02 2.3978E-81 06,8236€-02
1.0543F =01 3,2793E~-01

=1.0228E401 =7.7047C5+00  5,.3852E-01 _2,6333E-01 =1,039LE+0) -5.6925E=-02
241844581 5,1571E+01 3,52935-02 6,8682E-0Z "2,3203E-0f 3.9683E-02
ENSE RIS S T -5 S R L N

T=1,02328401 ~7.710454C0 6.1792E-01 2.2749E-01 -1.740BE+00 -6.8356E-02
__1.58605~01 _5.67LIE+0L  3.54C1E=D2 S.8608E=-C2 _1.7526E01 _3.2185E-02
9,71565-02 1.4615E-01 '

_~1.0006)C+64 -1,0000E+01  7,7153E-01_ 2,2235E-01 ~1,1418E410 ~5.8873E-02
1.01965~01 7.5072E+71 3.6116E-02 4.6084E~02 1.1147E-01 3.0u82E-02

3e56102-02° 0. e e e S

*1.0245C+91 =7, TEDSE+L0 9,8761E-01 2.423%E-01 ~1.0453E+00 «€.0872E-(2

_7.0469E-02 B8,L8L5E#01 3.504BE-02 3.406DE-02 6,5493E-02 3.0298E-02
g, 283302 1, 04TVESDL '

1472657 +01 =7.B8541E400 . 1,4563E400 _2.8499E-01 ~1,94%99E +00_~6,2390E-02
6.84F2E L2 9.5624E401 3.5G57E~-02 2.3354iE-02 3.1322E-02 3.2039E-02
9.27332-02 4 8143E-01

T-1.5221T 401 -7.7011E480  5,2954E-01 4,7760E-01 <1,3411E+00 ~7.1302E-72

_.1.8429E-01 6,39680E401 3,3982£-052 5.4334E-02 2.0537€-01 3,9515E-02
"9 B3IF{£<02 2. ZBE0E01

=1.02285 401 =7,71255 00 T.61B9E-01 4.5285E-01 =1,0L265+40) ~6,5026E-02
B.BN3IIT =02 8,14495+01 I 4bubE-02 3IL752E-02 1.1205E-01 3.1384E-02
9.1881E =02 B.20K3E-92 -

2102315401 =7, 7270E+00 ©.7901E-01 5,1209E~0% <1.D456FE+0) -6.1619E-D2
6.7931F=22 9,0704E+0L 3, 4627E-02 2.6836E-02 6,5102E~-02 3.1638E~02
3.1692E-02 1.0746E-01

~1.02392+01 -7.7695E+00 1.4653E+00 _ 5.4322E~031 =1,34895+0) -5,9932E-02_
6.93935-92 9.9108E+01 3.466LE-02 1.9810E-082 3.3322E-02 3,2795E-02

9217165 -02  1,72B5E-0L1 e s

=1,92185 401 -7, 6B93E+00 5.2171E~01 6.6035E-(1 -1, 0416E+00 -9.5627E-02

_1.7350° 04 6.1757E+01 3,3597E-02 4.6590E-02 1,3545€-01 3J,8356E-02
§,uts9E~G2 2,2632E-01

=1,0220E+51 =7,6854C 400 5..9895E-01 §.7900F-01 =1,3434E408 =9.7506E-02_
1.23255-01" 6,9849E+01  3,3950E-02 3,8320E+02 1.4849E-01 3,2954E-02

.. 8+22805-02 L,3687E=01 o

=1.82215401 =T, 6813E+00 7.5366E=Q1 T7.CL01E-01 ~1.0432E+00 «7.8374E~02

Be19067=32 8,23535+04  3.4265E-02 3.0016F-02. 1.0110E-01 3,1337E~02
§,14295 <02 B, D049LE~)2

m1,02235 491 =7,6728E+00_ 9.7218E-01 . 7.,1982E=01 ~1,3477E+400 =6.8173E-02
TE.BaTWE -2 T, 1B45E Y HLT I W527E-D2 2.3676E-(2 6,6379E-02 3.1835E-12
S.1392¢-02 4,1083E-0L . . _ . ‘ _ N

TR 0Z23E 401 <7, 6634E+00 4. 4676E+00 7.4785E-01 ~1.9511E+0D ~€,1084E-02

_ 62 85805-02 9.9487E+01 3, 0541E-02 1.,8148E-02, 3.3574E-02 3.3C08E-02
9, {3206 =32 1.7038E~01

(60 KNOTS = FIGURE 3.7)
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Table 3.12, cont,
-1.01]75+a1 ~7.695tE+00 5.3932E-01 2.6208E-02 =1,5081FE+00 ~5.7705E-02
22107501 4. 54235401 3.1C96E-02 7.0489E-G2 2.,3787E~D1 3.635BE-02
__945317£=02  2,6254€=-01 e
~1,91825¢31 =7,6999E¢00 6.,49465-01 2.2825E-01 -1,508PE+BD -6.8706E-02
. 1462392401 4,8393E+401 3.1579£-02 6,0565E-02 1.7760E-D1 2.8613E-02
T4,28575-92  1,4738E~01
_=1.0186Z 401 ~7,7199E+00 7A1§15g_g1_mg.229u=-01 =1,3090E+00 =£.0236E-02
TG, BT TE D2 B.5ADTESDL  3.0225E-02 G4.7257E-02 1.1240E-01 Z, 6CHGE-02
B,668825=02 4,3366F-02
T=1.01952 401 =7, 74935400 9,8877E~01 2,4230E-01 ~1.51065+00 =6.0437E-02
_Be74602-02 7,9C20E+01 3.0132E-02 J4633F-02 6,75426-02 2,7043E-02
TTB. 5453502 1.9646E-01
-;_0213 +04 ~T7.BUCBE+DBD _ 1.46F55400  2.B344E-01 =-1,51485E+430 =-£.0798E=-02
B,647595-92 Q,1g61E+01 3.0289E-02 2.3142E-02  3.15396-02 2.9367€-02
8454L5E=02 A,8003E-0L
T-1.01682401 ~7,6940E+00  5.2749E-01 4.7715E-0f -1.50928 +09 -6.3165E-02
_.1.84CBZ-01 5,L365E+01 Z.9513E-02 _ 5.4968E-02 2.0455E-01 3.7140E-02
T B BRI =02 2.2316E-01
-1.G1735+404 ~7,7052E+00 7.6171E-01 4,9338E-D1 -1,5094E+00 -€.2553E-02
B.S200S-02 T7+602BE+D1 2.07095-02 2.5147E-02 1 D246E-01 Z,84332-02
A L7155 =302 B,94BBE=02
Te1.C178L 401 ~7.718BE+00 9.7934E-D1 5,1242E-01 -1.5105E+0) -6£,1C53E-02
..Be5192E-02 8,6053E+05 212&!EE:¢€“_2eﬁﬂﬁiftﬂz_wﬁsi&k§§:§€M,€a5Zé!E:PZ_
B.hb4265 -2 1,D535E-01
_=1,01895401 =7,7592E400 1.4B59E+00  5,4286E-08 ~1.5136E+00 =6,0039E-02
5,60687-02 9,5082E+01 3.0063E-02 1.9505E~07 3.33255E«02 3.D0277E-02
Buah7059 =02 1.T7224E~-0L
Te1.R164E 401 <7,6825E 4060  5.1891F=01 &,6302E-01 -1,5095€+00 -7,773eE-02
o 2.7331E-01 5.7062E+01 2.9303E-02 4.6907E-02 1.3584E-01  3.B203E-02
B TTTTE-NZ 2.2381E-01
_=1.01682491 -7,674RE+00 7.53206~01 7,0215E-01 -1,509GE+0] -€,9975E~02
8 1255802 7, 7390E¥01 2. 9637ECD2T 3L0287E-02 T 1.0207E°01 2. 8u3E~DZ
_ B LLD3E~02 TLBO12E-02
=1, 01795 01 +7,6656E400 9,73VLE-0Y 7.2072E-0% =1.5106E+00 -6.5008E-02s
(53322632 A.6973E+01  2.9845E-02 2.3678E£-02 6,6953E-02 2.9006E-02
8. 4234532 1, (891€-01
=1, 01722 #0414 <7, 6338E400 1.46B7E+DQ  7.L768E-01 =1,51545400 +b,4C05E-02
By5284E =17 T9,5500 401 3.0025E-02  L1.7840E-02 6.5429E-02  I.05ZBE-02
_8s46548-02 1,7013E-00 e
S{L0140E 401 -7, 68835400 5. 39U8E-01  2,6310E-017 1. 7542E¥0) -5,81816-02
2a15825-01 4.1782T+01 2,9215E-02 7.0814E-02  2.¥130E~01 3.4918E-02
T8, 2942E-02  2.5829E5-01° ' T '
1004507404 «7,7124E 400 7.7342E-01 2,2534E-01 -1.7683E400 -6,0246E-02
. 7338E 02 6.,37885+01 2.8156E-02 4.7560€-02 1.1228E-01 2.4533E-02
_B239295-02 4,3014E-02
=1,8p972 491 —? B793E+00 5,3963E-01 2.6263E~01 ~2,3319E+00 -5, 8635E~02
__2.18505-01  3,9562E4+01 2.7591E-02 7.1106E-02 2,2970E~01 3.36588E-02
9, r9435202 2 SufeE-q1" e
-1.02064T+00 ~T.6823E400 6.2027E5=-01 z.zsrgt-ei ~2,3312E+00 -6,9176E-02
TTIVRIEIT ST AV 2792E 401 T ET BN 0E- 02 B iuGNECHZ AL F6EBES01 2057 2TESD2
8.92905-02 1,4359E-01
TR CLBEFDL TS FOTEND D T 7L 7IGSESG1 T2, 2578E-01 =200 3185400 6L 028TESD2
9,6803E =02 6, 1164E+01 2,6374E-02 4.7855E-02 1.1201E=-01 2.3344E-02
T8 1GB (2 L0232 E T T Cemmem T T

(60 KNOTS - FIGURE 3.8)
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Table 3,12, cont.

1.5860E 04
9,71565=02  1,4415E-04

5,6749E+01

3.5401E~02

5.B60BE-02 1e7526E-D1 3.2185€=02

T={,P182E+0i -7.5599E +)D
1.62395-01_ 4, 83936401

9,2857E-02 1.4738E-01

=1.01THE+01 -7,68238400
4L,2792E+401 2,8440E~02 6.1494E-02 1.7665E-01

1.6109Z=01
_.B49290:-02 1.4359E-01_
-5,9994F +18 =T, 5566E+0ﬁ

..1.5380E-01
6.6338E-92 1,3732E-01
_=9.,86457+00 -7.6171E+00_
1,56855 =01 3,7219€+01
_ Bs4B12E~02 1,304L0E~0L1_

=9, 4824E+00 -7, 4377E+D0
1,5029% =01
B+12056-02

1.,1657E-01

B.1966E=-01
31579E-012

£22927E=01 _

TE eTIEE-GZ
2.8613E~-02

2+2825E=01 =1.5080E+0D
__5e0565E-02 1.778DE-D]

202879E~-01 -2.0712E400 ~6,9176E~D2
2.572TE~02

“B.2072E~01

_5.2100E-91

2 4154E~02 B.1980E-02

.3,9255E+01  2,.5891F-02 _6.1876E-02

2.2916E-01 -2.573E400 ~6.95186-02
1.7h0BE-D1_ 2.3553E-0%

L2+2959E=61 =3.148LE+00 -6,97675-02

1.7096E-01 2,2023E~-02

B.2127E-01

.32 uB02E+CL  2.1176E-02 6.1685E-02

{75 KNOTS - FIGURE 3.9)

2.297LE~D1 ~h 4727E+00 =7.0072E-02
1.5437E-01  1.9583E-02

_=1.9800E+01 «1,3000€+01_ 9.6254E-01  2,6707E=01 =1,2702E+400 =2.1652E=-D2_
Ba2b34E-02 6,56855+401 5.0979E-02 5.0435€-02 9,2B87E=-02 3.8895E=-02
__B.T7293E-02 0. e
«1,03532401 -R,227BE+400 9.6255E-01 2.670BE-01 ~1,2702E+00 -2.16525-02
_.7.83212-02 5.5278E+401 &, 93B1E-02_  4.7972E-02 9.)335E-02 _3.8093E-02-
8.53795+02 4. 4162E-02
=1.03352 491 =B8,1830E+00 5,6329E-01_  3.3987E-01 ~1.2660E+00 ~5,B8809E-02
2.50156-91 L4.,2507E+01 5.,9893E-02 7.3709E-02 2,5762E-01 7.7497E-02
 1.06382-31 3,6740E- 01,,,‘____ .
©1,03492 451 -B, 18995 +00 7, 4905E-01 2.6868Ew01 -1.2569E D0 -6, 7698E-02
~1a4BE1E-01 b,7798E401 5.6764E-02 6,26126-02 1.6017E-01  4.8078E-02
"9,85195-072 "1,6085£-01
~1,7356T 401 ~8,19526+00  8.0857E~01  2.6169F=01 ~1,25B0E+00 =6.8716E-02
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RMS Lateral Path Error versus Dutch Roll Frequency,
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One can see immediately from the lateral error plots
that the variation in SAS design has a large effect upon the
piloted system lateral gust response. For the range of
peles in this study the lateral tracking error varied about
50 percent above and below the value for the basic unaug-
mented aircraft. As might have been expected the same
general trends in the response are exhibited at each of the
three trim points. For fixed roll and spiral poles and
dutch roll damping the lateral path error increases with
dutch roll frequency. A notable exception to this general
trend is exhibited at the 105 knot trim point. For this
case there appears to be a distinct minimum in the response
curves near the frequency 0g = 1.2 rad/sec as can be seen in
Figures 3.11 through 3.14 and 3.16., Increased dutch roll
damping also appears to increase the lateral path error,
except for two sets of data at the 105 knot trim point, Fig-
ures 3.11 and 3.12,where the curves for the three damping
ratios are almost superimposed. For these cases the basic
spiral pole was used.

In contrast, an increase in stability of either the
spiral or roll mode poles improved the lateral tracking error.
In fact, a considerable reduction in lateral path error was
achieved by shifting the roll mode pole out from the origin
for the low dutch roll frequencies. The lateral error is
plotted versus the roll mode pole for the three trim points

in Figures 3.8, 3.10, and 3.15. Reference 25 notes that roll
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augmentation is a desirable means for providing good lateral
handling qualities while at the same time allowing the basic
airframe to remain insensitive to gusts. The results of this
study confirm that. However, from these three figures it can
be seen that the gust response curves level off eventually,
limiting the gust response improvement that can be obtained.
Also, a few SAS designs indicated that the improvement is
less at higher dutch roll frequencies.

The fourth curve in Figure 3.14 shows the gust response
for the SAS cases where the servo poles were restored nearer
to their unaugmented values. There is a small change in
gust response due to these servo poles over most of the range
in dutch roll frequency, but below the minimum response point
the difference is quite large.

The system response for the washout filter SAS designs
are shown in Table 3.13. Compared to corresponding cases in
Table 3.12 some of the washout filter designs provide some
improvement in lateral tracking error, while for others the
results are worse. The washout SAS designs were not investi-
gated sufficiently to conclude whether they could make a
significant improvement for SAS designs involving almost com-
plete state feedback. However, actual applications employing
washouts should not significantly degrade gust response.

The flying quality specifications, e.g., Reference 18,
specify limits on the maximum sideslip excursions which can

result during a rudder-pedals-free aileron induced roll. Due
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TABLE 3.13

SYSTEN RESPONSE WITH SAS WASHOUY FILTERS
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3. 0830502 3.u067E-02 T.2047E=22  3.6937E-02

e e - e
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=1 1BEIET0i -3, 7589E 02 T T T e
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to the nature of the manual roll tracking task in this study,
where the pilot is controlling with aileron (only), the rms
sideslip error should provide a similar measure of flying
gualities. For this reason the rms sideslip error for one
set of SAS designs at the 105 knot trim point (the same cases
as for Figure 3.14) are plotted in Figure 3.17. These

curves show that the sideslip error is relatively independent
of dutch roll damping. However, the error decreases rapidly,
representing significantly improved flying qualities, as the
dutch roll frequency is increased. Unfortunately, this
conflicts with the optimum lateral path tracking gust re-
sponse requirements. From these results it appears that the
designer must compromise, to some extent, the good conven-
tional flying qualities in order to optimize the path track-
ing performance in turbulence.

Figures 3.18 and 3.19 show rms response values versus
bank angle for one SAS design at 105 knots. The unaugmented
longitudinal poles were used, but the lateral-directional SAS
provided the following augmented poles. Servo poles =
(-12.6, -8.87),

= 1,20 rad/sec, .287, l/TR =

“g a T
2.55 l/sec, l/TS = .0699 1/sec. For this case both vertical
and lateral path errors increased with bank angle.

Figures 3.20 and 3.21 show rms response values versus
bank angle for another SAS design. Again the unaugmented

longitudinal poles were used. The lateral poles were as
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follows. Servo poles = (-13.0, -8.82), vy = 2.95 rad/sec,

z . 356, l/TR = 2,57 1l/sec, l/Ts = .0695 1/sec. The main

a-
difference in this case is the much higher dutch roll fre-
quency. Again the longitudinal response increased with

bank angle, but the lateral path error decreased with bank
angle.

These two isolated SAS cases indicate that a smaller but
significant variation in gust response also results as bank
angle changes, and for banked flight as for level flight, the
response trends exhibited by each SAS design are a function
of the specific augmented poles.

In Figures 3.6 through 3.16 the rms lateral path error
was plotted versus the augmented dutch roll or roll conver-
gence pole. Since the model-matching SAS design method
varies the augmented system numerator roots (zeros} as well
as the poles one would naturally ask how much of the system
response variation is due to zero shift and how much to pole
shift. In order to answer this question, one set of SAS
designs was made using a single control (rudder) and the
phase variable form of the system equations. By this method
the zeros were held constant while only the poles of the sys-
tem were varied. The data for the lateral-directional mode
at 105 knots was used and the dutch roll frequency was varied
as in Figure 3.11. The resulting rms lateral path error
variation was almost identical to that of Figure 3.11 (within

one foot); thus, one must conclude that the augmented pole
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locations are the determining facteor in the piloted system
gust response. If the phase variable method were extended to
attempt to place all of the poles using rudder (alone) the
feedback gains would be excessively large.

In order to illustrate, to some extent, why the system
gust response increased as dutch roll frequency was increased
a plot of the power spectral density due to sideslip gust
disturbance is shown in Figure 3.22, As shown in this fig-
ure the power spectrum is reduced significantly in the region
near the dutch roll frequency as this frequency is increased
from wyg = 1.2 rad/sec to 2.95 rad/sec. However, at the same
time, the power spectrum curve is increased more rapidly at
all lower frequencies due to the total closed-loop piloted
system poles and zeros. Similar plots of the power spectrum
for the roll gust disturbance did not vary significantly with

dutch roll frequency.
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SUMMARY AND CONCLUSIONS

MLS and other navigational aids will provide new capa-
bilities for multiple aircraft curved precision approach
paths, the utility of which must be evaluated and optimized
for most efficient air terminal operations. These multiple
approach conditions pose new cross track as well as along
track separation problems which are influenced by aircraft
path tracking precision. Atmospheric turbulence is a signi-
ficant factor affecting precision tracking, and the augmented
system open loop poles have a significant effect upon system
gust response. In this study the open loop system poles were
varied using SAS and the effect of these poles on manually
piloted system gust response was analyzed.

The complete system state-vector equations for the
Breguet 941 STOL aircraft, flight director, stability augmen-
tation system, pilot model, and gust model were derived in
Appendix A. These equations were linearized for wings level
and banked flight trim points. The Dryden gust model for
severe turbulence at a 100 ft altitude was used., In order to
isolate the effects of gust the mean wind was assumed zero.

A computer algorithm for solving the optimal incomplete
feedback control problem for infinite time linear stochastic

systems was reviewed in Appendix B, and a convenient method
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for frequency analysis of systems in state vector form was
described in Appendix C. The main computer programs for this
study were listed in Appendix D.

The parametric gust response study was reduced to two
optimal incomplete feedback control problems as cutlined in
Chapter II: (1) to calculate SAS gains for specified open
loop poles, and {(2) to calculate the pilot gains and system
response for these augmented systems. To perform the para-
metric pole variation in this study the rate-model~in-the-
performance-index algorithm for SAS design was converted to a
pole placement algorithm, The SAS designs consisted of pure
state feedback of the pitch and roll attitudes, pitch, roll,
and yaw rates, and linear velocities to the four controls ---
elevator, throttle, aileron, and rudder.

A simple two-axes quadratic optimal pilot model was used
to provide the pilot compensatory tracking of the flight
director command vertical and lateral path error signals.

The pilot nulled these error signals by elevator and aileron
command inputs. The model of the pilot included both a
linear compensatory tracking element having gain, lead, and
delay terms and a non-linear remnant term consisting of a
first order filtered stochastic disturbance with gaiﬁ propor-
tional to the rms level of the path error signal.

The results of the parametric SAS design and system
response calculations were presented in Chapter III. As a

first task, a range of acceptable poles for the decoupled
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longitudinal and lateral-directional modes was determined
from conventicnal and STOL flying quality specifications,
Then, the open loop poles were varied over this range. Para-
metric pole variation was accomplished separately for three
Breguet 94l.flap configurations at corresponding approach
speeds. The SAS pole placement algorithm worked quite accu-
rately for all four of the lateral-directional mode poles,
including the stable spiral pole, and for the longitudinal
short period poles. However, the longitudinal phugoid poles
could not be placed successfully with the algorithm. The
SAS gains which were computed were never "high gain" but were
usually of the order of magnitude of unity, or less.

Frequency analysis of the pilot model gains showed that
the model provided results which were reasonable when com-
pared to analytical-verbal frequency models. The open loop
cross=over occurred in the region of -20 dB/decade logarith-
mic amplitude slope with reasonable cross over frequency and
phase margins. However, in the absence of actual pilot
tracking data the quadratic weights in the performance index
were selected arbitrarily. Various values of the weights
altered the rms path error significantly; thus, the system
response results in this study must be considered as relative
values, subject to actual experimental validation.

The vertical rms path errors were an order of magnitude
less than the lateral rms path errors. This result was

consistent with previous reports that the longitudinal flying
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qualities of the basic aircraft were rated better than the
lateral=-directional. However, even with the form of SAS
which used both elevator and throttle, no SAS gains could be
found for the 98 degree flap (60 knot) trim point which
could provide acceptable gust response., Either the rms con-
trol motion or rms airspeed errors were too large for each
design. This indicates a requirement for an outer-loop auto
throttle or for the pilot to control flight path manually
with both the throttle and elevator. For the 75 degree flap
and 45 degree flap points the rms vertical path error
increased as the short periocd frequency was increased. The
best gust response was obtained for the basic unaugmented air-
craft poles at these trim conditions.

The change in system gust response was most significant
for the lateral-directional mode parametric pole variations.
For the SAS designs performed in this study the rms lateral
path tracking error varied from approximately 50 percent
above to approximately 50 percent below that of the unaug-
mented aircraft. The lateral error increased most
significantly with dutch roll frequency and to a lesser de-
gree with dutch roll damping. The lateral error also
decreased significantly with increased stability of the roll
and spiral mode poles. The spiral stability was limited to
avoid handling quality degradation during turns, but the roll
stability was increased until no further lateral response

improvement was achieved or until roll and servo state
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coupling occurred. Increased roll stability reduced the
lateral error by almost 50 percent relative to the unaug-~
mented response. There was also a smaller but significant
variation in the latéral error due to a shift in the servo
actuator poles.

The disturbing cross-coupling between lateral and
directional modes was reduced significantly by an increase in
dutch roll frequency. However, this conflicted with optimum
gust response, and a tradeoff between conventional flying
qualities and gust response must be made by the control sys-
tem designer.

There was also a significant variation in rms path error
as the aircraft was banked into tighter turns. As for the
wings level cases, the magnitude and direction of the varia-
tion for banked flight depended upon the specific augmented
poles.

The large decrease in lateral path error with roll
stability suggests that gust response of STOL aircraft
should be considered during the basic airframe design phase.
In this particular case the roll gust sensitivity of the
basic airframe could be further reduced by relaxing the
requirement on basic roll stability. Roll stability augmen-
tation could then be used to further reduce lateral tracking
error while providing adegquate conventional roll flying
qualities,

In conclusion, the analysis of this study provided the

following principal results:
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(1) the rate-model-in-the-performance-index SAS design
algorithm produced good low-gain feedback designs which pro-
vide accurate pole placement over a wide range of the
acceptable flying gualities region for a STOL aircraft;

(2) the quadratic optimal pilot model calculated reason-
able pilot gains and provided a rapid and efficient method
for analyzing the system response to atmospheric turbulence;

{(3) the rms lateral path tracking error was an order of
magnitude greater than the vertical path error;

(4} the wvariation in augmented lateral-directional mode
poles produced a large (plus or minus 50 percent) variation
in the lateral path error, and this error could be cut in
half primarily by increasing augmented roll stability:

(5) the requirements for reduced lateral and directional
mode coupling and optimum gust response conflicted, and a
tradeoff must be made by the control system designer.

In using the results of this stuldy the following limita-
tions and recommendation should be considered. The physical
bounds on the control motion or airspeed were exceeded for
several sets of augmented poles for the longitudinal mode
trim points, In addition, rms values of a number of the
states in this study were sufficiently large that the assump-
tions of linearity may have been violated. It would be
desirable, then, to validate the results of this study with
a simulation in which such factors as ﬁhe non~linear accel-

eration terms in the equations of motion, limited SAS
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authority, control surface and throttle limits, and actual

pilot tracking behaviour could be included.
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Appendix A
System Equations

The system analyzed in this study was described by a set
of stochastic differential equations. The elements of this
system were the basic rigid-body aircraft, the servo actua-
tors for the control surfaces, the displacement from the MLS
reference flight path, the flight director, the human pilot,
and the stability augmentation system., This system was
driven by two sets of stochastic inputs: the atmospheric tur-
bulence and the pilot remnant.

This appendix presents the equations describing this
stochastic system and its disturbance inputs. A derivation
of these equations is outlined and a discussion of the basic
assumptions is presented. The source of aerodynamic and

thrust data used for the aircraft equations is listed.

Aircraft Equations of Motion
In this section the linearized small perturbation
equations of motion for the basic aircraft and its control
surfaces are developed for the two specialized trim condi-
tions considered in this analysis. The aircraft is assumed
to be a constant mass, rigid body, symmetrical about its

body axes x-z-(vertical) plane. The flat stationary earth
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is assumed to be the inertial reference frame.
The full non-linear six-degree-of-freedom force and
moment equations under these assumptions are given in

Reference 22 as follows

F = m(U + WQ - VR)
FY = m(V + UR - WP) (A-1)
F, = m(W + VP - UQ)

L =PI, = RI_ + QR(IZZ—Iyy) - POI_,

M= 0I + RP(I__-I_ )} + (P2-R2)I (A=-2)
Yy XX "2z X7

N = RI - PI + PQ(Iyy-Ixx} + QRIX

ZZ XZ z

The aircraft attitude is determined by the additional

three Euler-angle equations, Equations (l1-34a), Reference 22

D
i

Qcosd - Rsing

.
I

P + Qsindtan® + Rcosdtane (A-3)

Qsindé/cose + Rcos¢/cospd

e
T
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The inverse relations for the body angular rates are easier

to linearize. These are (Equations 1-34, Reference 22)

P=2¢ - ¥sino

écos¢ + VYcosOsind (A-4)

Q
i

R = -0s8in¢ + V¥cosocosd

These equations were linearized about two types of trim
points for the analysis in this report. These trim condi-
tions were descending flight with wings level and banked
flight turns with altitude held constant. Each variable in
the equations was expressed as a sum of a trim value and a
small perturbation value in the following manner: U=U_+u,
V=Vo+v, W=Wo+w, P=P0+p, Q=Qo+q, R=R0+r, G)=E)O+9, <b=¢o+¢>,
W=Wo+w. These sums were substituted into the eguations, all
products and trigonometric functions were expanded using
identities and power series where necessary, and products and
higher powers of the small perturbation variables were
neglected. Then, the resulting equations could be separated
into a set of non-linear trim equations and a set of linear
small perturbation equations, which remain when the trim
equation terms were subtracted from the total equations.

The trim equations were identical to the original equa-
tions with each variable replaced by the trim value. For

example, the first trim moment equation was

L =P1

o o xx—Ronz+QoRo(Iz ~I,0) PRI (A=3)

z "yy' ~o"o xz
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Usually the trim equations are further reduced since terms
including linear or angular accelerations are zero; e.g.,

P0=R0=0 in Equation (A=5).

The resulting small perturbation force equations were

AFX = m(u+qu+Qow-Vor-Rov)
AFY = m(v+Uor+Rou—Wop—Pow) (A-6)
AF, = m(w+VOp+POv—UOq~QOu)

The resulting small perturbation moment equations were

AL = pI, -rI__+Q r(I, -Iyy)+[Ro(Iz - )=P I _1g-Q I__p

z z Iyy 0 Xz 07Xz

AM = élyy+[PO(IXX-IZZ)-ZROIxz]r+[Ro(Ixx-Izz)+2Ponz]p
AN = iIzz—ﬁIxz+[PO(Iyy—Ixx)+Ronz]q+[Qé(Iyy—Ixx)+QOIxz]r
(A-7)

The small perturbation Euler Equations were

p = ¢=(sino )i~ (¥ coso_ ) s

q = (cos@o)é+(coseosinQO)i—(@osineosin¢o)e+
(—éosin¢o+ﬁocos®ocos®o)¢ (A-8)

r = —(sin@c)é+(cosOOCOSQO)i—(¢Osineocos¢o)8-

(0 cose +¥ cose sind )¢
Q o} o] [s] a
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These equations were then solved readily for the atti-

tude rates

it

- + . - -
¢ P q31n¢otaneo+rcos¢otaneo+(Wo/coseo)6+(eotaneo)¢

6

qcos¢0-r31n¢o-(wocoseo)¢ {(A-9)

]

¥ qsin@o/coseo+rcos¢O/coseo+(@otaneo)e+(é0/coseo)¢
For the specialized trim conditions considered in this
analysis {(wings level descending or horizontal banked flight)
several of the terms were zero, and the equations could be
reduced. In addition the axes system chosen for the analy-
sis was the body stability axes which were defined such that
the x-stability axis lay along the component of the trim
velocity vector in the body x-z plane. Also, the trim side-
slip (or side velocity) of the aircraft was assumed zero.
For these conditions the following trim values held:
P =0 = =VO=0. Dropping the corresponding terms from the

O 0 ©
equations

AFX = m(u+QOw-R0v)

AFY = m(v+Uor+Rou)

AFZ = m(ﬁ—qu—Qou)
AL = I.)I:tcx-;:Ixz"'Qor(Izz-Iyy)-"Roq(Izz“]:yy)-"QopIx.z
AM = (.ﬂyy"2Rc>]:>':zr'|-Ro(Ixxnlzz)p
AN = EIZZ-§IXZ+ROq1xz+QO{Iyy-lxx+1xz)r
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]

+qsi + y
P q51n¢otaneo rcos@otaneo+(wo/coseo]e

@e
il

qcos@o—r51n®o—(¥ocos®o)¢

=
"

i + + y ant _}o -
q51n¢0/coseo rcoscbo/coseo (?Ot n o) {A~-10)

For horizontal banked flight 00=0. Then from Equations

(A-4) substitution of the trim values yielded

?oSlHQO

"

QO

(A-11)

R
o]

Vv coso
O o]

These expressions could be substituted into the force and
moment egquations to eliminate Qo and RO and to introduce the
bank angle @O and turn rate @0 into each equation. However,
no further terms were eliminated by this step, except in

the Euler Equations which became
$ = p + ¥ 9

8

qcos®o - r51n¢o - Wo¢ (A-12)

il

i ; +
¢ = gsine_ + rcose_

Further simplifications also resulted for wings level

descending flight were Q0=RO=@O=¢0=0. After introduction of

these values the equations became

AF = mu
X

AF
Y

miv +Uor)
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AFZ = m(w —qu)

AL = pI - rI

XX X2
AM = éIYY (A-13)
AN = EIZZ - éIxz
& =p + rtane0

6 q

¥

r(l/cos@o)

Certain remarks about these equations are appropriate at
this point. The banked flight equations are "inertially
coupled” such that the first eight equations involving the
eight variables u, w, v, p, q, r, 6, and ¢ must be solved
simultaneously. The ninth equation yields the yaw angle y
in terms of these other eight variables. However, for the
level flight case these eight equations can be inertially
decoupled into two sets of four egquations: the longitudinal
mode involving the force equations for Fx' Fz' the moment
equation for M, and the 8 Euler-equation in terms of the
variables u, w, q, and 8; and the lateral-directional mode
involving the remaining equations Fy’ L, N, and ¢ in terms of
the variables v, p, r, and ¢. This decoupling holds as long
as there is no "aerodynamic" cross coupling of the forces and

moments, which are discussed in the next section.

Forces and Moments:
The forces and moments consist of the gravitational

force and the propulsion and aerodynamic forces and moments.
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The gravitational force is of course directed downwards, and
its components in the body stability axes are obtained by
transforming through the Euler angles. The resulting equa-

tions are

F = =-mgsin®
Ix

F = mgcosesind (A-14)
Iy

Fg = mgcostcosd

The linearized small perturbation gravity forces are

then
AFg = -mg(coseo)e
X
AFgY = mg[(coseocos¢o)¢-(sineosin¢0)e] (A=-15)
AFg = -mg[(coseosinQO)¢+(sineocos¢o)B]

For "wings level" (¢0=0) these become

AFg = -mg(coseo)e
b4

aFg = mg(coseo)¢ (A-16)
Y

AFg = —mg(51n90)8
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For "banked flight" (Bo=0) they become

AF = -mgd
Ix

AFg = mg(cose )¢ (A=17)
Y

AFg = —mg(51n®0)¢

z

To obtain linearized expressions for the aerodynamic and
propulsion forces these total forces were expanded in Taylor
series as a function of the eight variables in the coupled
equations and derivatives of these variables. In addition,
the aircraft aerodynamic control surface deflections, the
elevator, Ge' aileron, aa, rudder, Sr’ and the engine
throttle control, ST' were included as variables. For exam-

ple, the expansion of the x-axis aerodynamic-propulsion force,

FxA’ is
aF IF IF 3F
FX = Fx + 3 u + 5 A v + T A w + 3 A p +
A A
o}
o BFX BFX BFx
A A A A +
5q At s T trtis S tas %,
aF aF BFx BFX
— A 5.+ 73 A Sp + — Aoy By
T au oV
aF oF
A . X5 .
- W o+ — p+ ... (A-18)
w ap
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In this form each of the partial derivatives shown in this ex-
pansion is actually a derivative with respect to the "total"
variable, not the perturbation variable, and is to be evalu-
ated at the trim conditions. For example

an aF

a XA (A-19)
Ta 30
(UO'VO'WO'PO'QO'RO'GO’¢o'6 J'G IG '(5

11l

In actual practice many of the derivatives are zero, and
the remainder are generally presented in a form which is non-
dimensionalized by multiplication and division by appropriate
parameters. The linear small perturbation velocities are
also non-dimensionalized in each of the force equations by

dividing by the trim velocity

u = u/UO
o = w/U0 (A-20)
B = v/Uo

The second two non-dimensional variables, ¢ and 8, are the
perturbation angle-of-attack and the perturbation sideslip
angle, respectively.

To convert the equations of motion for introduction of
the non-dimensional stability derivatives the force equations
are divided by the factor (Sqo), which is the product of ref-
erence wing area and dynamic pressure; the L-moment and
N-moment eguations are divided by (Sqob), where b is the wing

span; the M-moment equation is divided by (Sqoc), where c¢ is
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the mean aerodynamic chord. 1In addition, other factors are
introduced within some of the derivative expréssions. The
resulting perturbation aerodynamic and propulsion force and
moment equations are as follows. (Only significant deriva-
tives are retained. No confusion should result from dropping
the subscript zero from U, and qo.)

aF oF aF

1 U X U X 1 X
{z=) AF = (= =) U+ (g=s=)a + (55 35)6
5q Xa Sg du Sqg Iw 5q 36T T
= Cx u + CX o + Cx éT
u a 8
T
a
1 U aF 1 oF 1 F
(5q) oF (5q 7 " (5q 55 1% * (EE 55 8
q' Ty, q a r
vg' T Ty ca Ty Cr
a r
oF aF aF
1 = (L __z u _z 1 20 _z¢ .,
(§§)AFZA Ggam it Ggw'®* 53 cag 2w ¢
u 20 Fze o, 1 Fa 1 Fe, .
Sa e - ‘30 3é
Sq c N 20 S5q 84d e Sq T
C c .
—CZE+CZG+§-ﬁ'Czq+—2'-ﬁ'CZ.G+
u o q o
Cz(5 6e + CZG GT
e T
1 _ L, U 3L 1 2U 3L, b 1 2U 3L, ,b
‘556’2 = (555 ' f * (5g5 B 3p Z0'P * (&g B 3¢ (20T

1l 3L y§ + 1 3L

(aop o (=5 =7 )6
Sgb asa a Sgb aar r

b b
C, B+ (s=IC, p+ (35)C, v + C 5§ + C
1B 20 1p 20 1r l6 a s [
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(325) M = (ggz 308 + (Sgc gfj)a (zas 22 a""‘) (S5 4
=C,u+C o+ (5xC 0+ (%ﬁ)cm g+ C, 8+
u o o q Ge
CmG ST
T i
(525 8N = (505 78 * (5o5 2B 10 G5)P *+ (555 B 5% Gp'T *
(525 3§—~)aa + (555 %%—)ar
= anB + (ZU)C pp + ( )C rr + Cna 63 + Cn6 Gr

(a-21)
The NACA standard non-dimensional stability derivatives
were substituted following the definitions presented in
Blakelockzz. One of the derivatives was calculated using the

following relation from Reference 22.

C = = C (A-22)

t+

where lt is the distance from the aircraft center of gravity
to the aerodynamic center of the horizontal tail.

At this point we should note that the linear and angular
velocities in the acceleration terms of Equations (A-1)
through (A=13) are by definition "inertial" or ground refer-

ence velocities in agreement with Newton's laws of motion.

In contrast, the corresponding velocities in the force
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equations are by definition "airspeeds" since the aerodynamic
and propulsion forces are generated by motion of the pro-
pellers and aerodynamic surfaces with respect to the air mass.
Consistency is achieved in the equations by shifting the
inertial reference frame from the ground to the air mass.

The accelerations are not changed by this step since the air
mass is not rotating, and the air is assumed to have constant
velocity at a given altitude. The extra steady acceleration
of the air mass produced by vertical wind gradients appears
in the trim equations and thus does not alter the small

perturbation equations for descending flight.

Atmospheric Turbulence:

The "gust model" used in this analysis is based on the
Dryden model described in References 18 and 26. A more
detailed description of this model is presented in the sec-
tion, Gust State Equations. The equations that are appropri-
ate for this section are those that relate the aircraft air
reference velocities and the gust velocities. Since the
ground reference velocity is the sum of the velocity with
respect to the air plus the velocity of the air relative to

ground we have the following expressions

}-1--_—“

g
a = aa+ag q=qa+qg (A-23)
B=Ba+Bg r=1:'a+rg
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where the subscript "a" denotes air relative velocities and
"g" denotes the gust velocities. It should be stated that
the positive sense of the gust velocities 1is not critical
since the gusts are assumed to be zero mean, Gaussian, ran-
dom variables. The next logical step would be to sclve for
each air speed and substitute the resulting expression for
each corresponding speed in the aircraft equations. For
example: Ea=g-gg, where Y, is equivalent to u in the air-
craft equations. This step was accomplished, but in keeping
with the gust model of Reference 18 the gusts were assumed

to enter the equations only through the aerodynamic forces.
Thus, substitutions were made only for the velocities in the
force Equations (A-21). This substitution introduced another
apparent inconsistency: air relative velocities in the
acceleration terms contrasted with ground relative velocities
in the force terms. However, we note that for a steady wind
velocity the ground relative perturbation velocities are also
air reference perturbation velocities. Therefore, there is
no inconsistency if we consider all perturbation velocities
to be air relative or airspeeds. When the substitutions are
made and the acceleration, gravitational, and aerodynamic and
propulsion force equations are combined (Equations (A-10),
{A-15), (A-21), and (A-23)), we obtain the following equa-
tions, where only the rate terms are placed on the lefthand

side. (Again the subscript zero is dropped from U, and qo.)
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mus mUQ - mUROB _ mgcoso s e 4
Sq— Sq Sq Sq X~
Cx5 ST - Cxu Eg - Cxuag
T
mUR
mUs _ _ mU - (o) _ (g
ga = Sq 5q —u + (—30056 cos¢ Yo { Ieino 51n¢ )8 +
C R+ C § + C § - C_ B
y Y a Y r Yo 9
R 84 8. B
muQ
my e c « _ mU o _ /M ; -
Sq" "2 z;" T 5q% T TEg © (550080,31n8,) ¢
mg;
(Sq51n®ocos¢o)e t+C,u+C a
u o
c L]
C26 6e + CzG ST 2U:z-ag Cz
e T
Cz g 7 28:2 E
« 9 q g
Txxe Ixz- _-Qo(Izz—Iyy)r AT Ta A
Sqb® " Sqgbr Sqb qu d
C + (== )C P+ (57 )C r + C
lBB 20 lp 2U r
C, 8.-¢ Bg - (%)cl Py (
S B P
I 2R_I R (I__-I__)
Y2 c . O XZ_ _ O XX 22
gqc (2U)c *= T5qc T Sqc P+ C
Cmau + (ZU)C g+ C m, 8o *
a e
C u_ - (3p)C .8, ~C_ o
m,~9 20" "ms"g m, 9
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ZZ® XZs 0 Xz 0O Yy XX "Xz
Sgb™ qup Sgb 1 Sgb T+ CnBB +
(2U)c + (551C. r + C, 8, +C, 8. =
r ] 8
a r
CnBBg - ( )C Py = (ZU)C rrg (A-24)

In the Dryden model only the four gust velocities Eg'
ag' Bg' and pg are defined to be mutually statistically
independent. It is then desirable to eliminate the two other
velocities, qg and rg. This is readily done since it can be
shown that qg=3wg/ax=-&g and rg=-3vg/ax=ég, using the sign
conventions of Reference 1l8. However, care must be exercised
in the use of these angular gust velocities., Note that rg
represents the spatial variation of the side gust velocity
along the longitudinal x-body axis. As explained in Refer-
ence 26, the rolling moment due to yawing velocity actually
results from "“spanwise" variation in the "forward" airspeed
due to yawing velocity. Thus, the term containing (Cl rg)
should be dropped from the L-moment of Equations (A—24).

When the substitutions are made the following changes in

terms result. In the z-force a equation

C C L] [ad .
- (z7)1C_a_ - (zmIC_.e_= (3} (C_-C_ )ea (A-25)
20 zq g 20 z: g 20 zq z:' g
In the M-moment equation
c . c .
- (57IC_o_ - (57 )C g. = (zm)(C_ -C_Jo (A-26)
20 m: g 20 q g 20 mq me’ g
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In the N-moment equation

b _ _ (b . _
- (Eﬁ)cnrrg = (2U)cn sg (a-27)

Aircraft Eguations in State-~Vector Form:

The development of the aircraft equations has been
directed toward their expression in the following state-
vector form

X = AX + Bu + Gn (A-28)

where x is the aircraft state vector, u is the control vector,
n is the vector of stochastic disturbance inputs, and A, B,
and G are the corresponding matrices of constant coefficients.
To get the aircraft equations into this form we eliminate all
but one state-derivative term from each equation and divide
by the coefficients of that remaining rate term. When this

is done we obtain the equations in the following form (where
only terms that are non-zero for either 00=0 or ¢O=O have
been retained, common parameters have been grouped, and the
equations have been reordered

u = flcxug + (£yc, -0 Yo - (Fcose )8 + RB + £,C &g -

T

1

o 8

f.¢_u_ - £.C«a
1 X,~9 1 X, 9

o = f3(flcz +Qo)5 + (flf3cz Ya + f3(l+f2CZ g -
u o g
g_. _ g_ . c
(f3U51nGO)B (f3U51n¢0)¢ + (flfBI;Cma )Se +
e
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HUE£,C, Yo = (£:5,
5 u

(£, f Cz )gg - (flf3cza)ag +
T

£ f,(C -C_)a
273 zq 29

G = flC +£,£,C (Q +£,C, )lu + fy(cma+f2f Ja +

3Cm-C

u o u C!z(l

f4[cm +f3Cm.(l+fZCz Ylg - (f4f3c
q o J

e -
m&U51n90)e

I - I
XX 22 ®Z
—_—T—__Ro)p + (ZT——RO)r - (f3f4C

vy Yy

(

i‘.
m&U51n®O)¢ +

o]
fyCm(S (l+f2f3izcm')6e + fy(cm +f2f3Cz Cm.)éT -
e o GT GT o

f (C +f f.,C C Ju - f (C +£, f.C C_Jo_+
y m, 273 me"z,"—9 y m, 273 me"z g

£ £ [C -C_ +f £.C (C_-C_.)la
vy 8 mq ms 273 me zq z} g

[ar] ]

= (cos@o)q - (sin@o)r - wo¢

.
= - [ - XZ [
P (f1,R 0 + [fzsclp’“fs(l flo’f;;Qo}P + (fsclr £129,0r +

1 ] - 1 -
(fxCIB)B + (fxclﬂ )6a + (fxcl; )Gr (fxcls)Bg
a r

n - '
(€, By - (£,C,")P,
rg P

H e

J— - L -
= - (f3R0a + [£,C "+E,(£,-F,4)0,1p + (fvcnr 13050 ¢+
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m.
|

s _ g |
(RO)E r + (flcyB)s + (ﬁcoséocoseo)¢ + (flcya )Ga +
a

f£.C §_ = (£,C
(516, ) 8r = (F16 Vg
r

<.
il

(?0)8 + p + (taneo)r

e
H

(sinéo)q + (cos@o/coseo)r (A-29)

where

£, = Sq/(mU)

1
f2 = flf8
£, = 1/{1-£,C_ )
o
f4 = fﬁfy
f5 = 1/(l-f9)
f6 = fxb/(2U)
f7 = fzb/(2U)
f8 = ¢/ (20)
£.= 12 /(11 )
9 Xz XX 22
f10 = (Iyy"Ixx)/Izz

f11 = (Izz-Iyy)/Ixx

f = f5(f9+fll)

£13 = f5(1+E, 01,71,
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fx = qu/Ixx

£f = 8qgc/I

Y ae/ YY

fz = qu/Izz (A=30)

and where the primed stability derivatives are the standard
derivatives in the literature which result from the simul-
taneous solution of the L-moment and N-moment equations to
eliminate the r and p terms, respectively. This elimination
involves multiplication by the appropriate moment or product
of inertia and addition of the‘equations. Each primed deriv-
ative is identical in form to the following expressions,
where the subscript (i) is used to represent 8, p, r, §_, Or

a

Gr' For the L-moment equation derivatives

I
¥ —] xz -
c,! f5(c1 +f_—cn ) {A-31)

i i Tzz Vi
For the N-moment equation derivatives

I
- X -
Cn. = fS(Cn.+T~—C (A=-32)

Z
1 )
i i "xx Ti

The two special gust derivatives remaining after dropping

the term (Clrrg) are
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- xZ
Cy Egfer Cp
rg zZ r
(A-33)
Cnr = fsfvcnr
g

It should be emphasized that these equations hold only
for the two special trim conditions of (1) wings level
descending or (2) horizontal banked flight. For example, in
the {-equation, Equations (A-29), the denominator factor
(cos Go) has been omitted from the coefficient of g as can be
seen by referencing Equations (A-10). The entire 0-coeffi-
cient (@otan ®,) has also been omitted. But Equations (A-29)
still reduce to the correct equations for the two chosen

trim conditions where either eo=0 or ¢0=0.

Servo Actuator Equations
Each of the four controls for the aircraft was assumed
to be driven by or to respond in a mode associated with a
servo actuator with a first order lag, The actuator break
frequency for the elevator, aileron, and rudder servos was
chosen to be 10 radians/sec while the break frequency for the
more sluggish throttle was taken to be 1 rad/sec. The actua-

tor state equations were as follows
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[»51 ]
I
|

(10)6e + (lO)Se

C
6, =~ (10)6a + (lO)Gac
. (A"'34)
6r = - (10)6r + (10)6r
C
p = = 8p + 8n

where the subscript ¢ indicates the command input to the

actuator.

Flight Path Displacement Equations

For this analysis the aircraft was assumed to have a
microwave landing system signal and adequate onboard instru-
mentation and computational equipment to determine (without
additional error) the aircraft heading and flight path devi-
ation. The reference flight path was assumed to be available
to the aircraft via the information channel of the microwave
system or by other means, and the aircraft was assumed to be
trimmed at a reference point on this flight path. Under
these assumptions we can develop the small perturbation lin-
ear equations for the flight path errors. The small pertur=-
bation attitude equations have already been presented in
Equations (A=29). The ground reference velocities are the
sum of the airspeeds and the air motion or wind speed. Since
the wind is steady it appears only in the trim equations,
Development of the displacement equations then requires

transforming the body-axes perturbation velocities u, v, and
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w into the appropriate path-error coordinate system.

In order to calculate these path errors in a form in
which they can be presented to the pilot in a logical manner
for the banked flight case we chose the path-error coordi-
nates to be aligned such that their y-z-plane is orthogonal
to the trimmed flight path with the y-axis coincident with
the trimmed body y-axis and the z-axis "upward" or opposite
to the body z-axis. For a righthanded system this requires
the x-axis to be oppbsite to the forward velocity.

The transformation from body rates back through the

Euler angles to the rates in the horizontal earth reference

axes is represented by the vector-matrix equation

—

cos¥cosf [-cosdsinv+ {sindésinv+ l
sindcos¥sino] cosdcos¥sinog)

ie = | cos@siny [cosYcosd+ {-cos¥sind+ ib (A~35)
sin¢sin¥sing] cosdsin¥sing)
| -sin®d cosesingd cosBeecose ]

where ib'=[U°+u, v, wl.

When the terms in the matrix are linearized for wings

level flight where ¢0=0 and To=0, Equation (A-35) becomes

—cose -8sind —-p+osi i 7
o o (-y+¢s8ino )} (sino_+6coso )
X = e ,
e wcoseo 1 ¢+¢51n90 Xy
-(si + —feai
| ( neo acoseo) ¢coseo (coseo 651neo)-
{A-36a)
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And for horizontal banked flight, where Oo=¥o=0

-

1 (wcos¢o+esin¢0) (wsin¢o+acos¢o)
Xo = | ¥ (cos¢°-¢sin¢o) (—sin¢0-¢cos¢o) Xy (A-36D)
_~9 (51n¢0+¢cos¢o) (cos¢o-¢51n¢o) J

Performing the matrix multiplication, further linearizing by
neglecting products of small perturbation variables, and
subtracting the constant trim terms we obtain the level

flight equations {again dropping the zero subscript on Uo)

u, = {Ucoseo)g + (U91n90)u - (091ne°)9
Vo = Ug + (Ucoseo)w (A=-37a)
Wy = -(U51neo)5 + (Ucoseo)a - (Ucose )8

And for banked flight

u_ = Uu

e —
Ve = -(Usin®°)u +(Ucos¢o)s +Uy (A-37b)
w =

(Ucos@o)a - Us + (051n¢0)8

These velocities c¢an then be transformed tc the respec-
tive glideslopes. For the descending flight case they are
rotated downward through the glideslope angle ro=—eo, the

negative of the trim climb angle,
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ugs coseO 0 -51n001
v = 0 l 0
gs
L?gs . _51neo 0 coseo 11

(A-38a)

And for the banked flight case they are banked through the

angle 8 the trim bank angle,

ugs ‘ 1l 0 0
Vgs = 0 cos¢o 51n¢o
wgs 0 -51n¢° cos«bo

(A-38Db)

Performing the matrix multiplications we obtain the wings-

level descending equations

u = Uu

gs -
Vgs = UB + (Ucos@o)w
W = Ua - UB

gs

And for banked flight

ugs = Uu
vgs = - (Uszn@o)e + UR + (Ucos@o)w
wgs = Uag - (Ucos@o)e - (031n¢0)¢
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For this analysis we combined these into one set of equations
in such a manner that the combined set reduced to the two

special cases. The resulting equations were

u = Uu

gs -
Vgs = - (U51n®o)e + U8 + (Ucoseocosao)w (A=-40)
wgs = UJg =- (Ucos@o}e - (U51n®o)w

Note that the combined set does not necessarily hold for any
case in which both OO and @o are non-zero simultaneocusly.
Finally, recalling the definition of the path-error

coordinates, we obtain the flight path displacement equations

d, = -u = =Uu

X gs =
dy = Vgs = - (051n®0)8 + UB + (Ucoseocos¢o)w (A-41)
a =—W =

2 gs -Ua + (Ucos@o)e + (U51n¢o)w

where only the equations for éy and éz were used in this anal-

sis,

Gust State-Vector Egquations
The stochastic model of the atmospheric turbulence ("gust
model”) used in this analysis is based upon the model in Ref-
erence 18. In order to facilitate linear analysis this gust
medel was assumed to be an ergodic, Gaussian, zero mean ran-

dom process that is horizontally isotropic. These
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assumptions allow the model to be represented in the form of
gust power spectral densities for three linear gust veloci-
ties and three angular gust velocities along axes coincident
with the aircraft body axes. The three linear gust veloci-
ties and the rolling angular gust velocity are assumed to be
mutually statistically independent random processes. The
power spectra used in this analysis were the Dryden form,
which consist of ratios of rational polynomials. These
spectra were derived empirically from actual gust data.

We will elaborate on these assumptions briefly. The
fact that the model is ergodic derives from Tavlor's hypo-
thesis that the gust field is stationary in time and homogen-
eous in space in such a manner that a time history of the
process at a point in the air has the same statistical pro-
perties as those throughout the spatial dimensions. For
example, gust measurements at a tower near an airport are
representative of the gusts encountered by an aircraft flying
in the vicinity. Horizontal isotropy insures that the
longitudinal and side gqust velocities acting on an aircraft
in horizontal flight are independent of the aircraft heading,
and it insures that the rms intensities of these two gusts
are equal. Above a certain altitude isotropy is extended to
all three directions. However, near the ground the rms
intensity of the vertical gust is reduced in relation to the
horizontal intensities. This anisotropy is significant for

landing problems. The assumption that the process is
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Gaussian allows complete description of the process with its
second order statistics, the power spectral densities. 1In
addition, it allows use of the fellowing input=-output rela-

tion from Reference 28

o () = |T(i0) %0, (w) (A-42)

where ¢i(m) and ¢O(w) are the input and output power spectra
and T(s) is the system transfer function. The assumption
that the process along each aircraft axis is statistically
independent simplifies the mathematics in that the cross-
spectra for the process are zero. However, non—-zero Cross-
spectra can still be handled in a linear analysis, especially
the state vector formulation employed in this study.

The Dryden power spectra for the four independent gust

velocities are given in Reference 18 as follows

2L

2 u 1
¢ {(Q) = ¢
u u m 14 (L Q)2
u
2
_ 2 LV l+3(Lvﬂ)
QVKQ) =% T 2.2
[1+ (L )]
v
) L 1+3 (L Q)2 (A-43)
_ W W
Qw(g) = % T 2.2
[1+(L 2)“]
w
o, O.B[va/(4b)]1/3
e_(Q) =
P L, 1+ (4b/nq) 2
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where 9=m/U0 is the spatial frequency, w is the temporal
frequency, 9 cv,‘and cw are the rms gust intensities, and
Lu’ Lv' and Lw are the gust scale lengths. The vertical
intensity, Teg? is a function of altitude and the "level" of
turbulence. For severe turbulence it is given by a plot in
Reference 18, where it is a maximum of about 6.5 ft/sec near

an altitude of 100 ft. The scale lengths are given as

follows

For h > 1750 (ft)
L =L =1L _ = 1750
W

For h < 1750 (ft)

L =1 = 145n/3 (A-44)
u v

For 100 < h < 1750 (ft)

For h < 100 (ft)

L = 100
W

The intensities and scale lengths are related as follows

— V -_— -
=T =1 (A-45)
v

In addition, the equivalent gust angles of attack and side-

slip have spectra given by

158



1
@u(m = ;1—2— ‘PW(Q)
({A-46)
o (@) = L os ()
& U2 v

The relative airspeed of the aircraft as it passes
through the gust field defines a transformation from the
spatial frequency to the temporal frequency as given by the

equation
6 (w) = o(2=u/V) (A-47)

These equations are sufficient to describe the gust
model for an aircraft in wings-level, horizontal flight.
However, for altitudes below 1750 ft, where the gust field
is anisotropic, either a significant climb angle or bank
angle will alter the vertical and horizontal gust intensi-
ties along the respective body axes. For this study the
change for non-zero climb angle was neglected, but trans-
formed intensities were calculated for banked flight using
the following equations, where the subscript "b" indicates

the banked flight intensity

o =0,
Yp
2 _ 2, 2 2 2
cvb = Gw 31n 00 + Uv cos ¢0
(A-48)
G 2 g 2cosztb + o 2sinzcb
Wy W 0 v o

159



Banked flight scale lengths were then obtained from
Equation (A-45)

One additional change was adopted. For the terminal
approach task near an altitude of 100 ft the values of %N
and o, @s determined from these equations for severe turbu-
lence were deemed excessive.17 Instead of the calculated
values of about 16 ft/sec a value of 10 ft/sec was used.

In order to incorporate the gust model into the state-
vector equations of the system, equivalent gust state~vector
differential equations were derived following the approach
of Heath.27 The procedure was to use the Dryden model spec-
tral factors as presented in Reference 18 as the system
transfer function for each gust variable, then to derive the
equivalent differential equations.

Before continuing we note that the variance for each
gust variable (i.e., the mean square intensity) is defined
by the following integral in the Reference 18 gust model

0% = J':qb(m) do (A=49)

This integral must be transformed to correspond to the
standard definition of the variance as given in Reference 28
in order that further stochastic analysis will be consistent

62 = Li®x(u) do = L/"re(w) do (A=50)
LA LI

Thus ¢*(w)=n¢(w), where ¢(w) is the power spectral density

given for the Dryden model and ¢*{w) is the scaled equivalent
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Dryden spectrum corresponding to the standard definition of
the variance.

As an example of the method, the derivation of the state~
vector equation for the equivalent gust angle-of-attack is
shown. The spectral factor for ag is obtained from Reference
18 and scaled by the factor ¥w in accordance with Equation

(A-50).

Lw
O L 1+/3 =2 s

= Wi W u -
T (8) = 7% Ls, (A=51)
g (1+ ——

For convenience this is rewritten as

T *(s) = K ifiilf (A-52)
®q (s+b)
where
a
_ w {30 _ uv3 - -
K = fJ—"“’-L; a = —-_3Lw b U/Lw (A=53)

The "iterative programming" approach29 to obtaining the
equivalent system of differential equations is now employed.
Rewriting the transfer function as

1 s+a
s+b s+b

1/s l+a/s

K= 335/5s T+b/s

K {A~-54)

T, ¥(s) =

We can write the equivalent block diagram assuming an input

na(s) (a unit spectrum Gaussian white noise}.
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X ‘ X a (s}
1 1 a

l/s
®

By inspection of this diagram the differential and out-

put equations are found to be

*1

)

In order

= —bxl + x2 ag

= —bx2 + n.

Kaxl + sz - Kbxl =
(A=55)

K(a—b)xl + sz

to introduce ag as a state variable we differentiate

the output expression

Defining

obtain

The form

2
|

= K(a-b):’:l + KX

g 2
= K(a—b)(-bxl+x2) + K(-bX2+nu)
{A-56)
= —b[K(a—b)xl+Kx2] + K(a—b)x2 + KnOL
= —bag + K(a-b)x2 + Kna
aé =X, and replacing the values of the constants we

(A-57)

of the spectral factor for the gust sideslip angle

is identical to the gust angle-of-attack; thus, we obtain the
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gust sideslip equations by substituting o and L, in

Equation (A=-57)

m.
o)
il
I
I:"’G
<
=
-+
0
e
L"I o
< <
T
<
™
O -
-+
G‘qq
%
=3
w0

(A-58)

e
O =

The spectral factors for the gusts Eg and pg represent first

order differential equations given by

g
* U u 20
u = = —1u + —-f/— n (A-59)
=g L, =9 U \/Lu u

and

TOo L

+ _ _(TU w U w,1l/3 _
pg (Z-B')pg + i \/(”LW)O'S{flb ) np (A-60)

Reference 27 also presents the equations for qg and rg.
However, in this analysis qg and rg were replaced by their
equivalent expressions in terms of &g and ég. This special
form made the next step necessary. In order to introduce
this state-vector gust model into the total system model it
was necessary to substitute-&g and ég into the equations for

¢, q, p, and ¥ of Equations (A-29). Considering only the

terms inveolving these gust derivatives, we'obtained for o
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q q W
£,£5(C -c )(1 ./_)«--1/ '+
W
O‘W
f f (C -CZ')U— f.-_ Ny (A-61)
q a W
For é
glCy =C.*E,E5C (C -C_)Ja_ =
y q ms 273 me zq z: g
U
= =f [C C+ffC(C -C )‘]—a-i-
3 m- . L
y q 2 me zq z;
y g lCp —m+f2f3c (c -C )](1 /_)_1}
q
° [3U
fny[Cm —Cm.+f2f30m.(cz -Cz_)]ﬁ— - (A-62)
q o o q o W
For ﬁ
. U o
- = — - — ' -
(clr)sg clr Lve clr (1 ﬁ)L 1} B
g g9
[a)
v (30
Cl T -I-'-nB (A~-63)
r v
g
And for r
U
- (c. )B_=C_ =B ~-C (1/‘)"1[-—a'-
Ny g Ny Lv g Ny v Lv g
g g g
e}
v {30
Ie — afz= q {A-64)
nqu Lv B
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Next, the ccefficients of og and Bg from these equations

were combined with the coefficients from Equations (A-29).

When the indicated summations were accomplished the total

contributions to the &, g, b and r equations due to gusts

were as follows

.
Q

q

Lo K

e

U
eee = (£,£.C Ju_ - [£.£.C +£,£.(C_ -C_ )i la_ +
173 z, —9 173 z, 273 zq z} Lw g
/3 o'W' U
— - — —— '

f2f3(Cz Cz.)(l 3)L I ug +

q o W W

@ [3U

£283(C, G T Vi M (A-63)

q o W

e = f (c +f f C .C ) u =
y m, 273 m:"z.° =g

U
{fy(cmu+f £.C Czu)+fyf8 [c, Cm&+f £ cm&(c c,.)lzta_+

273 ms g 273 Zq : Lw g
[¢]
- — -— _‘i g— '
fyfalcmq Cm&+f2f3cm&(czq Cz&)](l /§)Lw Lw ag +
g
W f3U
fny [Cmq—Cm&+f2f3Cm& (Czq—CZ&)]U— E N, _(A"'GG)
e}
U v {U
... = (£ C.'-C, =)B_~-C (1-/?)—1f_ B! -
X lB lrgLv g lrg Lv Lv g
d
Yo - c. v [30 i
(fGClp)pg Clr T L, Ng (A=-67)
g
¢}
9] v (U
ve. = {E.C '"-C_. =)8_-C (1-\/37)—1/_ g1 -
Z g nrgLv T, Ly by 79
[s]
' - _v._[3U -
(f7C p)pg Cnr T Lv g (A=-68)
g
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As a check on the numerical results it is useful to have
analytical expressions for the gust variances. The laborious
derivation of these variances was performed by the author and
Heath27 jointly. The integral definition for each wvariance
was evaluated both by residue theory and Phillips Integral

formulas resulting in the following equations

_ 2 _ 2 2_ 2
ng =0, | U“g = (cw/U) UBg = (cv/U)

, 79 L, 1/3 , o’ 3L +8b/
g = g7 (g5} el =
pg lOwa 4b qg 8b (LW+4b/w)2

TGO 2 L. _+2b/n
2 _ v v
I = =B (A-69)

g (LV+3b/n)2

FPlight Director Equations

Since it was not the intent of this study to design an
optimum flight director a very simple display was provided
for the pilot. The exact format of the display was not
specified, but it could be considered for this analysis to
consist of two perpendicular cross pointers which translate
with respect to a fixed reference on a single display device.
The horizontal pointer moves up and down to provide a longi-
tudinal flight path error signal, which the pilot attempts
to null by elevator command inputs. This longitudinal error

signal ¥, is given by the linearized eguation
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Yy = (cos¢o)e + (51n¢0)¢ + Kdzdz (A-70)

The vertical pointer moves sideways to provide a lateral-
directional flight path error signal, which the pilot must
null by aileron command inputs. This error signal Yip is

given by

Yin = —¢-(K,cose ) + (K¢sinqo)9 - Kdydy (A-71)

The signs and the gains, Kd , K, and K in these

v a,’
equations were chosen primarily io stabilize the system with
little effort devoted to system optimization., It should be
noted that this flight director combines the aircraft atti-
tude and path error signals into a single display which pro-
vides the pilot with a "compensatory" tracking task. Only
state feedback compensation was included in this design. In
actual practice, washout filters would be required to allow
steady-state non-zero pitch and roll attitude angles. 1In
addition, other compensation could be used to reduce the
pilot workload. For this linear analysis these effects were
neglected.

As will be discussed in the following section on the
mathematical pilot model, the human pilot can perceive both
the error signal and its time derivative. To obtain this
derivative we differentiated Equations (A~70) and (A-71) to

give the following

Y= —(KdzU)a+q+(KdzUcos¢o)e—(?Ocos¢0)¢+(KdZU51n®o)w (A-72)
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Yip = (Kd U51n¢0—wo)6 - (K¢/coseo+taneo)r -p -

(KdyU)S - (waosin¢o)¢ - (KdyUcoseocos¢o)w (A=-73)

Human Pilot Model Equations

In this analysis the human pilot was represented by a
somewhat simplified version of the "quasi-linear" describing
function presented in detail in Reference 4. 1In the detailed
model the pilot parameters are adjusted in such a manner that
certain minimum stability margins are maintained when possi-
ble. This adjustment was not considered in this analysis.

Two alternate forms of the linear model were investi-
gated. The first consisted of a pilot gain, lead, lag, and a

pure time delay represented as follows in block diagram form

K, (T 5+1) es

P
TIs+l

where dp is the pilot commanded control output and y is the
input error signal. The first order Pade approximation was
used to linearize the pure time delay and obtain the total

pilot transfer function

KP(TLS+1)(5-2/T)

é
FAci (T s+1) (s+2/0) (a-74)
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This can readily be expressed in state-vector form following
the procedure in the section on gust models. These equiva-
lent time-domain equations are given in Reference 30. They

are

X = = + (4
xpl (2/t)xpl ( /1’):icp2
K_T K
x o= - i P L, B
*p, e P A R (A=75)
& = -
p Ty~ b,

where y and § come from the flight director equations.
The alternate pilot model was identical to the first,
except that the lag was zero. The state-vector egquations

for this model are

e
It

-(2/7)%, + (4KPTL/T}§ + (4KP/1)y

. (A-76)
= x - KTy -K
0p = ¥p = KpTp¥ = Koy

Some studies, which are more recent than Reference 4,
have used a concept commonly called "paper pilot“s' 6, 7, 8
to select the pilot parameters using state-vector optimal
control techniques. The approach used in this analysis was
similar to those studies in the sense that it assumes that
the pilot will adjust his parameters in such a fashion that

he will minimize a guadratic performance index which includes

the error signal the pilot actually perceives.
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The models of Equations (A~75) and (A-76) are single-
input/single=-output models. Thus, two sets of the equations
were required in this analysis: one for the longitudinal mode
and one for the lateral-directional mode.

Pilot remnant was added to both the longitudinal and
lateral-directional pilot models. The remnant was assumed to
be a first-order filtered Gaussian white noise process intro-
duced at the control wheel where it is a part of the pilot's
commanded control output. As shown in Reference 17 the rem-

nant power spectral density is

2
(L1=n_) o
= e Y
b0} = — T (2-77)
N Y C by

The equivalent state-vector differential equation is as fol-
lows (where the spectrum has been scaled by the factor «

according to Bgquation (A-50))

E— A"?
n, mRn6 + cvaKR ", { 8)

The remnant introduces two additional state variables, n,
e
and n g to represent elevator command remnant and aileron
a
command remnant; where " and n, are unit spectrum Gaussian
e a

white noise inputs; and where w_ = 2/Td and K_ =

R R
e
2
(2/Tde) (1-ne)/ms. The values of o and KR for each mode

can be obtained by using the values in Table XXII of

Reference 17.
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Because the remnant is introduced at the control wheel

o is actually o where
Y up

=K vy + K_T.y a-7
u, = Koy + KTy (a-79)

which is a linear combination of the observation terms
appearing in the guasi-linear pilot model equations.

We note that Gy is an rms output variable of the set of
stochastic differential equations. As a result, the covar-
iance calculation has been transformed to an iterative pro-
cedure starting with an initial guess for OY and terminating
when oy converges to a constant. This represents a costly
increase in computer time, and in actual practice two or

three iterations were used at most.

State-Vector Stability Augmentation

In this analysis various stability augmentation system
(8AS) configurations were analyzed to determine their effect
upon the piloted system gust response. However, each config-
uration consisted of a combination of pure state feedback
with appropriate gains. No dynamic compensation was used.
The feedback was, in general, "incomplete" state feedback and
was specified in a manner such that the gains could be dis-
tributed across the states in pre-selected modes in accor-

dance with the following eguations

i = AxX + Bu
y = (cl + czA)x (A-80)
u = Hy

171



where x was the vector of aircraft states for the mode for
which SAS was being designed; u was the vector of SAS contrel

commands such that u' = [§_ , 8§, 8_ , 8_ 1; y was the vec-
€s Ts A Ts

tor of observations of the aircraft states; C = (C1+CZA) was
the observation matrix; and H was the matrix of adjustable
stability augmentation gains.

The closed loop augmented system equation was then

x = (A + BHC)x = [A + BH(C, + C,A)lx (A-81)

Actually, the pilot commands also drove the elevator and
aileron actuators such that the actuator commands of Equation

(A-34) were given by

(A-82)

Trim Equations

Two special trim conditions were chosen for analysis in
this study. As mentioned before, these were the following:
wings-level descending flight, which is representative of an
aircraft in the final landing approach condition; and hori-
zontal banked flight, which is representative of a maneuver-
ing aircraft following a curved landing approach path.

At this point it is appropriate to review the simplify-
ing assumptions which were made during the derivation of the
linearized small perturbation equations for these two flight

conditions. First, the motion was assumed to be referenced
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to the airmass. However, we recall that the air was not
assumed to be rotating; thus, angular velocities can be con-
sidered either air or ground referenced. Second, the airmass
was assumed to have constant velocity except for variations
with altitude (wind gradients). Thus, for the horizontal
banked turn no additional accelerations of the air must be
considered.

Reviewing the assumed trim values, we note that to ob-
tain Equations (A-10) we let P0=éo=Wo=VO=0. Since the airmass
was the chosen reference, this means that WO and VO are air
reference velocities. In other words, the trim x-axis was
chosen to be aligned with the total trim "airspeed" vector.
Simplifying to horizontal banked flight, we set OO=0, or

simplifying to descending flight, we set ¢O=@O=Q R _=0.

o
Notice that although we think of "trim points" as being
"unaccelerated" flight conditions it was not necessary to

make any assumptions about the linear trim accelerations

(ﬁo, ﬁo, ﬁo) for either trim condition. We are then free to
choose these values arbitrarily in order to establish a flight
path that approximates an actual specified landing approach
condition in the presence of wind.

The procedure for triming the aircraft that was used in
this analysis was as complete as the available aerodynamic
and thrust data would allow. Since no moment data was avail-
able the aircraft was trimmed using only the three force

equations, Equations (A-l), and the Euler equations,

Equations (A-4). 1In order to include the wind in the trim
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calculations the inertial reference was shifted back to the
ground. Then, for the aircraft heading angle, ¥, and the
angle from which the wind blows, Ww . both measured clockwise

o)
from the North, the wind components for horizontal flight

became
u, = —|Vw|SJ.n(‘Pwo - ¥)
— (3-83)
v, = -IVw]cos(‘PWO - ¥)

where VQ is the total wind velocity vector.
For banked flight these were transformed by the Euler

roll angle ¢0 such that

v, = -le|cos(Ww0 - ¥, )cose_
— (A-84)
W= —|lecos(‘¥W - ¥ )sine

o]

For descending flight the aircraft experiences acceler-

ations due to the vertical wind gradient, dVﬁ/dh, as follows

v
[ = o w N -
U, = laﬁ—|U51noocosiwwo ¥,)cose
W = =]s2|Usine _cos(¥,_ = ¥_)sine
w dh o w o (o}

o}

For descending flight we assumed the air referenced
accelerations were zero (UO=WO=VO=0). Then U=Ud+Uw’ V=Vw,
W=Ww, and U=ﬁw, V=Vw' and W=Ww' In addition, we only consid-
ered wind gradients along the flight path and neglected the

side force equation, since no trim data was available for
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steady sideslip and the linearized equations did not include

4 non-zero VO or @O. Equations (A-1) then became

—CDqS - mg51neo = mU

il

F

X W

(A-86)

i

F

z mgcoseo - CLqS = mW

where Eb includes both thrust and drag effects. These were

solved for the lift and drag coefficients

c - mgcos@o—mww
L qs
. (A-87)
= - mg51neo-—mUw
D gs

For banked flight the wind velocity components change
because of the turn rate, but for this case we assumed that
the turn was negotiated in a manner such that the total lin-
ear accelerations in the body axes were zero (U=V=W=0).

Equations (A-1) then became

Fx = -CDqS = m(WwQ0 - vao)
Fy = mg51n¢o = m(Uo + Uw)Ro (A-88)
Fz = mgcos¢o - CLqS = m(-Uo - Uw)Qo

and the Euler Equations (A-4) became

¢o = Po =0
Qo = Wo 51n¢o (A-89)
Ro = ¥ cos<1>O
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These were solved for the lift and drag coefficients and

the steady bank angle.

F o= -
CD T (VwRo Won)
_ -
CL =35 [gcos@o + (U0 + UW)QO] {A=-90)
¥ (U_4U )
_ -l, 0" "0 w
(I)O = tan [_..._._g_...__]

Aerodynamic and Thrust Data

The aerodynamic and thrust data used in this analysis
was taken from reports on the Breguet 9%41/McDonnell Douglas
188 STOL aircraft. The primary data sources were the same as
those for Reference 3. Most of the stability derivatives
came from computer program listings for a NASA Ames Research
Center simulation of the Breguet. The remainder were calcu-
lated using the parametric curves in Reference 23. The con-
stant stability derivatives and parameters are listed in
Table A.l1l. The variable derivatives depended upon the trim
C. and Eb. These were calculated from formulas derived in

L

the manner of those in Reference 22, paragraph 1-7, where for

—

the Breguet C_=C_-T' and Té=T/(q5).

D D ¢
[ ]
Me _ 1oz _ e
su gs osu U
aC. 3C 3T!
- D D C
X, D s 3T su
3C aC 3T!
= - L _ L c
C, = —2C + oy 577 Y 3u
a C
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Table A.1

Breguet 941 Constants and Stability Derivatives

Constants
W = 38500 1b g = 32.174 ft/sec?
S = 889 ft2 I = 225000 slug-ft’
c = 12.15 ft I,, = 140000 slug-ft?
b = 76.1 ft I,, = 400000 slug-ft2
_ _ e 2
lt = 37 ft Ixz = 18300 slug~ft
Stability Derivatives
c,, =0 C.. = -5.6 c, =-.1
o g
c. =0 c_ = -13.2 c. = =.073
*q Tq T
c. =-1.84 C_, =-1.5 C = -.48
Zu ys nr
C = -4.3 C. = -.68 ¢ = .25
1
Zq p nB
c, = -.22 ¢, = .12
o r
Control Derivatives
Cn, * -1.1 c15 = .3818 Coy = .12
e a r
Cy(8 = -,25 C16 = -,017 MT' = =,27 (Reference 31)
r r
=0 C. = -.06119
Cya Ng
a a
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— c
Co = W Mo 35
u
aC.
= - _D
cxu - CL 30
aC
- .7 _ _1L
Cz - CD Ja
a
a‘b 1 3T SE
C, = - 331 G5 32)
xGT 9Tc gs ap 5T
C ..—_—EC_L.(.]_'.__BE)EE
[}
z BTC gs d9p S
T
Ur C
1l AT
o = = 2B -
mGT gscw M+ (35 ap)GT (A-91)

where o, T, 3C /3a, ACL/3T!, 3C; /3a, and 3C /3T! were de-
termined by linear interpolation and differentiation of the
curves of Fiqures 29 and 30 of Reference 23. These curves
were digitized and stored as tables for rapid calculations.,.
The additional curves of engine thrust versus power for 90
and 95 percent propeller rpm were taken from pages 3.9 and
3.10 of the supplement to Reference 23. These were used to
compute 3T/3P. The factor cp/sT was introduced to scale full
throttle deflection to 1200 horsepower.,

Some small differences in the numerical values of the
longitudinal stability derivatives between this analysis and
those of References 3 and 10 may be explained by the fact

that in this study the angle of attack data from Figure 30 of
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Reference 23 was used to correct all values from indicated to

actual angle of attack.
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Appendix B
Optimal Incomplete Feedback Control of
Infinite Time Linear Stochastic Systems

Heath21

derived the necessary conditions that the opti-
mal control law must satisfy for both the finite and infinite
time problems. The gradient derived for the infinite time
problem was used to develop a computer program for calculation
of the fixed gain control matrix. A summary of the applica-
ble equations from Reference 21 are presented here. The in-
finite time problem is described and the gradient equations
employed in the computer program are presented. In order to
make the computer algorithm more efficient the covariance and
adjoint gain equations were partitioned. Heath showed the
partitioning for his example problem, but the program was re-

vised to handle the different partitioning required in this

study, and the revised equations are presented here.

Problem Formulation
The equivalent time-invariant linear system stochastic

differential equation is

dx{t,r,0) = A{r)x{t,r,w)dt + B(r)ult,r,w}dt +
M{r)dg{t,w)}
x(to,r,m) = xo(w) for all r ¢ nl (B=1)

where 24 is the domain of r in the associated probability
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space.

The observation is
ylt,r,w) = C(r)x(t,r,w) (B=-2)

The infinite time linear stochastic system optimal in-

complete feedback control problem is then to find the fixed

. Rmxl

gain control matrix H such that

uh(t,r,w) -Hy(t,r,w) (B-3)

minimizes
J(H) = % lim/  J [x} (t,r,0)Qx, (£,r,0) +

treQ 92
uﬁ(t,r,m)Ruh(t,r,w)]dwdr (B-4)

where Qz is the domain of w in the associated probability

space, subject to the stochastic integral constraint

x, (E,r,0) = x_(0) + itM(r)dB(s,m) ¥
o
st [A(r)-B(r)HC(r)]x, (s,r,u)dedr (B-5)
t
O

where Equation (B-~5) is an integral representation of the
Stochastic Differential Equation (B-1l) after substituting the
feedback control; and where X is an n-dimensional 2, random

2
variable with covariance

J xo(m)xé(m)dw = Po (B-6)
9

B is an r~dimensional Wiener process with covariance
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[ [B(t,w)=-B{s,w)][B(t,w)-B(s,w)]'duw = (t=s)W (B-T7)
9
where W is a positive definite matrix; and X and B are inde-
pendent such that
F ox (w)g'(t,w)dw =0 {(B~8)
2, °

1, Qe Rnxn'

for all r ¢ 2, A(r) ¢ R™", R ¢ RN g o g
and R and Q are symmetric positive semi-definite.

The reader should consult Reference 21 for further de-
finitions and assumptions and for the rigorous development of

the necessary conditions and the gradient equations.

Gradient Equations for Discrete Events
Theorem 4.3.1 from Reference 21 summarizes the gradient
equations for the special case actually implemented on the
computer. According to this theorem:
if the probability space ﬂl consists of N separate
events, the ith event having probability Py then the optimal

control matrix H satisfies

N
- - ] 1 = -
where
- - 1 - -
[Ai BiHci]Pi + Pi[Ai BiHCi] + MiWMi 0 (B-10)

- ' - Tt =
EAi BiHCi} Ki + Ki[Ai BiHCi] + Q + CiH RHCi 0

(B-11)

where K, is the gain adjoint matrix for the ith system.
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Theorem 4.3.2 of Reference 21 also presents the equations
for the special case of a probability space Ql consisting of

a single event:

vJ({H) = (RHC - B'K)PC' (B-12)

where
(A=BHC)P + P{A-BHC)' + MWM' = 0 (B=13)
(A=BHC) 'K + K(A-BHC) + Q + C'H'RHC = 0 (B~14)

These equations for a single event are all that were employed

in this analysis.

Computer Algorithm
For implementation of the computer program the perform-

ance index was generalized as follows by Heath

N
J(H) = f £ lim [z(t,r.,v)'Qz(t,r.,w)]p,;du (B-15)
9, i=1ltsw . . *
2
where
z(t,ri,m) = D(ri)x(t,ri,m) + T(ri)u(t,ri,m) (B=16)

For systems analyzed in this study the Covariance Equa-
tion (B-13) was partitioned in a manner which necessarily
differed from the example shown by Heath. The feedback

matrix had the same partitioning

- "
Fi11  Fis

F = A - BHC

(B-17)
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but the stochastic input coefficient matrix was partitioned

with non-zero upper elements

My
M = (B-18)
My
Then the covariance eguation became
F11 T12 || P11 P12 P11 P12 [|F11 O
+ +
t 1 []
0 Fpyfl P12 Pa2 Plo Pz || F12 Fa2
M)
[ ] 1 —_ -
L (M2, M3} = 0 (B-19)
LMo

After performing the indicated matrix multiplications and ad-

ditions the following three equations were obtained

FpoPog * PpoFpy + MyWMy = 0 (B-20)

FiiPry + PyoFly + F Py + MjWML = O (B-21)

F11P11 ¥ PyaFiy + FypPip + PyoFy, + MyWMy) = 0
(B-22)

Solution of these partitioned equations is significantly
more efficient than direct sclution of Equation (B-13).

An additional change in the computer algorithm was the
inclusion of a gradient transformation which could be employ-
ed at the user's option to accelerate the convergence toc a
solution. This transformation equivalently circularized the
performance index contours. There exists a tradeoff between

the loss of accuracy by introduction of the transformation
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and the potential benefit of a reduction in solution time for
non-circular contour problems. The user must determine the
significance of this tradeoff for his particular problem.

In this analysis the gradient transform was used for the
state-vector SAS design, but it was not used during the calcu-

lation of the pilot gains.
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Appendix C
Transfer Functions for Frequency Analysis

A set of computer subroutines were developed to calcu-
late system transfer functions directly from the system equa-
tions in state-vector form. The transfer functions were used
for several tasks: e.g., validation comparison of the basic
airframe transfer functions using other computer programs,
e.g., McGlynn,32 initial selection of flight-director system
gains, and comparison of piloted-system frequency response
for various quadratic weighting factors. The basic equations
for transfer function analysis are presented here.

Transfer Functions from State~Vector Equations

33

It is readily shown, e.g., Gilbert, that for a state-

vector system

% = Ax + Bu
{C-1)
y = Cx
the transfer function T(s) = ¥{(s)/U(s) is
T(s) = C(sI-A)"'B (C-2)

By expanding (sI--A)—l as shown by Gantmacher34 this becomes

1

T(s) = Clq(s)] T(p,s" Lep sn'2+...+pn1 (c=3)

1 2

where the characteristic polynomial is
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_ _ _ n n=-1 _
g({s) = det(sI-A) = d,8 +4,S tooatd g (C-4}

and the numerator polynomial coefficient matrices are given

by the recursive relations

Pl = qlB =B , q; = 1l
(C-5)

]
b
o

Py i-1 i

This can be expanded to more complicated systems for theoret-

35 However, the systems consid-

ical purposes, e.g., Gilbert.
ered in this study could be reduced to this simple form for
numerical calculations.

The computer algorithm for transfer function calcula-
tions presents no problems in concept. In outline it in-
volves

{1) formation of the system matrices of Equation (C-1),

(2) calculation of the eigenvalues and the characteris-
tic polynomial coefficients of Equation (C-4) using a suit-
able eigenvalue or characteristic polynomial routine,

(3) formation of the numerator polynomial coefficient
matrices of Equation (C-5),

{4) calculation of numerator roots, and

{5) cancellation of equal factors in the numerators and
denominators of each transfer function.

In practice, the algorithm was difficult to apply numer-
ically. Highly accurate CDC 6600 double precision routines
were required for the eigenvalue, polynomial root, and poly-

nomial multiplication calculations. The programs were used
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successfully on systems up to 25th order and for some systems
involving low gain partial state-feedback of a large number
of states. However, when possible, any decoupled state equa-
tions were removed from Equations {(C-1) before application of
the algorithm in order to increase accuracy.
A check on the accuracy of the numerical calculations

for the algorithm is provided if we note that continuing to
This can

i = n+l in Equation (C-5) we obtain Pn =APn+q

+1 n+lB'
be expanded by repeated substitution according to Equation
(C-5) to obtain

_ n n-1 n-2
Pn+l = (& + qu + q3A + ... + qn+lI)B (C-6)

But from the Cayley-Hamilton Theorem we know that the matrix,
A, satisfies its own characteristic equation; thus, Pn+l
should be identically the zero matrix. In practice, the

transfer functions in this study were computed successfully

even though occasionally some terms in Pn | Were relatively

+
large due to error accumulation. Accuracy of the eigenvalue
calculation can be improved by careful scaling of the equa-

tions in the system whem possible.

Transfer Function Formulation
for Pilot Model Analysis

In order to calculate the pilot open loop transfer func-
tion for the flight director loop closures the loops were
opened at the pilot control vector junctions. The piloted
system equations, Equation (II-73), neglecting the distur-

bance terms, and Equation (II-75), could then be used for
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pilot loop analysis. We note that these are in the form of
Equation (C-1); thus, from Equation (C-3) we cbtain immediate-
ly T(s) = ¥(s)/U(s). Then, the pilot open loop transfer

function [U(s)/U(s)]OL is obtained from Eguations (II-5) and

(II-77) as
[U(s)/U(s)]OL = ~HT(s) (C=7)
To obtain only the pitch and roll loop closures the gains Kd ’
z
KW' and Kd were equated to zero in the observation matrix,

Y
Equations (II-76).

One must note that frequency domain flight director de-
sign using the procedures of Reference 17 can not be accom-
plished in the exact same manner for the system in this
study. In Reference 17 the pilot lead equalization was
applied only to the pitch and roll flight director feedback
terms, In this study the lead equalization was applied to
all flight director error command components. Thus, attemp-
ting to open each of the altitude, yaw, or lateral error loops
at the flight director summing point would actually open two
loops, the magnitude and rate loops, simultaneocusly, and at
the pilot control input junction, not the flight director

summing junction as in Reference 17.
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Appendix D
Main Computer Programs

This extensive study made use of several major computer
programs for the optimal control problems, the frequency
analysis transfer function calculation, Bode plotting, root
locus plotting, and validation of the system equations. Smal-
ler programs were also required to mechanize the data handling
and prepare the final data listings and plots. Several of

21, 32, 36

these programs have already been documented, and

the remainder will be documented by this author.3'7

For the purposes of this thesis it was desireable to
list the main computer programs which were coded for this
analysis to generate the system equations and to calculate
the SAS design rate model. 1In addition, the main decks from
the Heath optimal control program21 which were modified to do
the SAS design for this study are listed. These listings
provide an additional verification of the actual equations
and numerical data for the reader who wishes to check the de-
tails of this study.

The majority of the computations in this study was per-
formed on the CDC 6600/Cyber 74 computers using the remote

interactive INTERCOM system at the Air Force Flight Dynamics

Laboratory. In order to efficiently handle all of the
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execution on this interactive system the programs were organ-
ized in OVERLAY form. Oﬁe set of OVERLAY programs was used
principally for generating the system equations and other re-
lated tasks. The fellowing subroutines from this program are
listed here: MAIN0OO, MAIN10O, ACDATA, TRIMUP, GUSMOD, EOM,
FDPILOT, and FEEDBAK. Another set of OVERLAY decks was used
for the rate model calculation and SAS design. Subroutines
from this OVERLAY program include the SAS design decks: INCFB,
MDKT, and PMIN, The rate model terms were calculated separ-
ately for the longitudinal and lateral-directional modes using
the decks: MODEL, FUNCT(L) and MODEL, FUNCT(LD)}. The sym-
bols in the parentheses were added to identify each deck in

the CDC UPDATE program library.
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PRG;&Aﬂ HAINEG(TAP 5, TAP‘& TﬂP l,TAPEZ,TﬂPt?) MAINUO 2

e GO ON ZINQUTZHDT , NINHPU - ——HMATND O3
COMMINZAMAT/NX, NXFB,A(625) MAINOD &

- COAMON/GIAT/ANG,G(625)-- - B i e o MATIND D G
COdhdd/LAS: ta/XLABL(Eu),ULABL(HJ,bLﬁBL(G) MAINGD 6
COMMQISTZRATES/PAL Uy Q. yRIHyST IOy WINDyHANGL y ASANGL ,RADBIUS, OHDH .- .- ICRATESZ.
COMPAONAOZRIVS/Hy Sy CHORO s SPAN, TL, GRAV,RHO, KL, Y1, ZI,X2J, DZRIVS 2

— - o= GKIy CAAL SO LI CZAL,CXALDHCXT,CZALD,C204CHU,y CHAL,CHALD - oo DEIRIIS- 3
=CHMQ s CY3ETAKCYP,CYRHCLP yCLR,CLHETA,CMPyCNR,CNBET Ay DIRIVS &

~CM3L yCYDRyCYDA,CLOAZCLDRyCNIAJCNDR UKy THETADy - — - G e = DERIVS -5
“FLAP 3, 3Q8,J,THZTAS,QyAMASS5,CH,UN0SQ,0020, JOZU,CYPHI,CY)I, DIRIJIS &
~PCLPAL PIUPAL,PCLPTC,PCOPTC,,PTPU,PTPR, CXOT 43 20T 4 CMDT - e e - DZRIVS -7
=)ALFA,CLy 3, TG, P04, TOL DERIVS &

B EOJIVALﬁﬂ3£-{nLPHA ALFA) e DERTSS S
COABROI/ATRISGFHL/CPHID PHIa,CTH TA,STHETA TRIGFNG2
COHNUN/GAIHGDH/AKTH:T TTHET 3 TAUE  AKPHL o TPHI, TAUA, TAUR,, TAUT, . .. . GATHCOMZ2-
—AKJZ,TTHETC,TF,AKDY,TAUP,PILUTIN,AKSI,?UUN GATNCOM3

=y XKRLy XKL D, OMRAL y QHRALU 3y SIGY Ly SIGYLD - - e e . GATNGOMA-
LOGICAL LSTOP MATHNOJLL

— e DIAN NS ION- L) — - - -HALN32L2-
JATa AIN,NAT sNPUZS 6,7/ MAINDOL3

— UATA d 5, 5A0RO,; SPAN, TL s GRAV,RHO/ 383304588945 12,15976419374 - HAINGILG
= 32.17hyie 02378/ HA INO Q1%

JATE XT3 YI,214XZ2J7225000e 91030004 9408000.45183000/- ——- e - MAINDILG-

QATA UXALD,CXQ,CZALL,0ZQ,0MU,CMAL,,CHALDY HAING L7
e depewesmLla By a3y 0135y v a 22508 e .. MATINGI18
DATA ARy CYIETA,CTP,CYR/=1342,-145,04,04/ MATINTJ19

UATA SLP,GLRSCLBITA, CHP, CN; CHNBETA/ ... ... e - MATHQR20-

- ~ea3pal2y=41, = N73y=st, 25/ MALNO 21

OLTA ,‘s-lai,C.Yora,cmn,:LDA,GLD.z,GnuA,CNnRI e ... MATIMal22_

- ~lolg=a2335ey +38.8,-.017,-.06119, ,12/ MATHEIZ23

e WAATA TAZTAD,PTPP,CX0OT, CLDT CAOTAS20 Gl e o MAINDDZ2Y
QATA XKR .y XKRLD, OVIRL y OMRL D/ MA TN 129

= w0009y luldy W TLud W THLTAo . —— _ . . lAINXJ20.

DATA TS,ALFA,POLPAL, HFDPQL,PGLPTC PCDPTC,TUQ,PO#,PTPU/?'U./ MATNDJ27

DATH AKTALTyTTHZ Ty TAUyAKPHI,,TPHI,TAUA, TAUR, TAUT,. ... .. - - MALNDJ28.

“AKJZ yTTHZ ?,,Tr,AKDY,TAUP PILOTIN,AKSI,FOON/ MAIME 29
== 2 ,.:,1, 1]0; =2ay -J-, 104 10. slo, e e e e e e i e e e et THO 8 30
“ 450295 Jugle g 2408827E- 4,.3,-TRUE.,.3?U1,.TRUt./ HAETNIA3L
NAMZLIST/DUANAMANOT . .. [ e e o CMAINDA32

106 SONTLJUE MAINDA33

. READ{S5431) LSTOAP, Ny (LCLY»I=4,N) . . . . .. ... ... MAINJI34%.
101 FORMAT{LL,I2,1012} MAIND Q35
ceee o LFAULSTORL.STOPL e A IND A3 6
00 244 I=1.i MAINQ 3T

200 CALL OVERLAY(THOVRFILZ LIy, ) o o i e - - MAIND 233
30 To 103 MAINUD3S
READ(5,151) LSTOP. R e S HAIND JLD

READ (5 ,0UANAM) MATING el

e REAT (LR NX - e —-MALNDIHZ
REWING 1 MAIND 43

e RZADATIONG ol e e e e e o MBING 44
REWIND 7 Ma INJ 45

CARIT Sy JUMHAMY . o o il e o MAIND 46
WRITZ(2,1J1) LSTOP MAINO 47

e REMIND 2 — . HAIMOOGLE .
£N2 MATNJI 3493

... . ..PROGRAM HAIN1U. - U 119 8 ) 1 B -3
COMAONZAMATZ N, NXFB A1) HAINLD 3
WCGHdOM/BHAT/NUp8(100L¢,””“m“vaﬁqmm_m e e e e . MATHLG b
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100

- ENDL

COHMON/GHAT/NG G(l)
e COMMONZLAGE LS/XLABLL&EL;ULABLJ&L,GLABL[k)
COMMON/GUSDAT/PI yUL, /L yHL 9SIGU,SIG S, SIGHALTG
e DATA PIyUL g VL HL s SIGU, SIGY, SIGH/ 3.141592653,2%67245100452%10.436.53/MAINLD 8
BATA ALTG/0./

DATA NUAW/

HRITE{S, 121}
~ 121 _FUORMAT(1HI1,28X*PROGRAMN TO COHPUTE GUST RESPONSE..OF AN AIRCRAFT TN MAIN1012
=CURVED QR UJZSCENDING LANDING APPROACH*)

_GALL _ACDATA.

CALL cOM

3UIR0UTING

COAMON/OIRIVS/Hy 3, CHORO g SPANSTL yGRAV,RHOQyX Iy YL 2I,;XZd,
=CXJyCAAL,C24,CZAL,CXALD,CXQA4CZALD,L20,,CHU,CHMAL, CHALD,

MAIN13 5
MAINLO 6 .

AGOATA
_ . GDMMON/GUSDAT/PT UL, ML WL, SIGU, SIGY,SIGH,ALTG

GUSDAT 2
MAINLO 9

L MAINLALA..

MAINLOLL

MAINLDL3
MAIN1D14

MAINLGLS
MAIN11216_

ACOATA 2
GUSDAT 2

“CM1, CYA-TA,CYP,CYR,CLP,CLRyCLBETA,CNP,CNRyCNBETA,

“CHIZ yGYUR,CY0A,CLDA,CLORyGNDA,CNOR UKy THETADy . __

=FiLdP S, 303, Uy THZTAYyQy AMASS,CH, UHUngCDZU’BOZU,CfPHI)GYSI,
e =PCLPAL yPIOPALPCLPTIC,PCORTL s PTPULPIPRLLCXDT 2 Z0T  CHDT.
=g ALFA,GLy Gy TCHPOU,TOY
(ALFHALALFAY . _ . S
hUﬂ!UN/IuRQT S/APHLJ, QL RIySIJ0LWIND, HANGL]ACANOL RADIU&,DHDH

- g XK~

= TRJR S TAUT , AKDZ s TTHET S, TEH AKDY,, TAUPLPILOTINLAKSL, FOOY

QUL VAL

COMAUN/ASTAIS/TOTAB(2Z,,15) ) NTCL, TCLTAB.(22) 4 NTCD, TCOTABI15),
AL TASULD,2C) yNATC,ATCTABL{1uY yNACL,ACLTABL 20) 4

CLTABCLLy 122 ,HCAL,LALTAB(L1) 4 NCTC,CTCTABCLR),
CDTAS(L2,20),HITC,DTCTAB(10) y NOCL,OGLTABCZ20Q) »

~or
L~ By

DERIJS 2

DERIV3.3.-

DERIVS &
DERIIS.GB_
DERIVS B
DERINS T

FTAI(D,13) 4yNPV,PYTAB(G) NPT, PTTAB(LE),. ..
TTAB(a, 131 ,dTV,TVTAB(SH) yNTP, TPTABCLS)
LOZICAL PTLOTIN,FOON
SOAMON/GATHNCOM/ AKTHET, TTH-T TAJ:,AKPHI,TPHI,TAUﬂ TﬂUR,TAUT,

jﬂrk JALF)"JTC"]UK/]..,|1,5|,
WAL LIST/IAPUTL Ay FLAPS UK, RAD, CXU,CXAL ,CZU,CZAL, THETAD,, GRA L, .
“OALF,UTS40UKCP, TTRIMI,CHU, CHAL , AKTHET , TTHET , TAUZ ,AKPHI, TPHI, TAUA ; ACOATAL?

L mAKIL G TTAZTC, TFAKDY IAUP PILDTIN AKSI,FDONM
L,XKQLD,OH&L,DHRLD,SIGYL,SIGYLD
UATS XAT2, 0P, CPDTy ITRIMI/=e2735Ge212004427

DERIJS 3
DERIVS 9.
ICRATES2

CACOATA 6.

ACDATA 7
ACDATA 8.

“y XLy XKLy OMRL y DARLD y SIGYL s SIGYLD,,XMTP
=1 CXUT, GZIT,CHMDT,,CXALD,CXQ,CZAL0,C2Q,0MALD,CMQ,C MDE,
=CYUITASCLIZTAYCLP,CLR,CNBETAS GNP 3CNRyCYDRyCL DA, CLOR, CNO& CNDR

=335 CAVRDSPANYTL KT, Y1, 214 XZJsCYPsLYR,CYDA

RZ4U (34 INPUT L)

_J=1.53746.2%3 400K

AGDATA 9

_...ACDATALO_

ACDATALL
ACDATALZ
GA INCOM2
GAINCOHI .
GA ING OMt
ACDATALGL .
ACDAT A4S

LA OATALG .
.-AGDATAL18__

AGDAT ALY

_ACDATAZ)

ACDATAZL
ACDATAZ2 .

THL TAL--al?%bSijbZ*TﬂETAD
Q= S¥AAQR U2 _
AMAS S= W/ SRAV

CH=~W/{S"*0) _

JMI3Q= AWA:&“U/(S*Q)
— e L02J=. 5 CHORODAY

302J=,3*5PANLY
LGYPAI=-CATCOS(THITAGY

£YsI=).
SG3=

S¥QA*SPAN .
IF(ITRIMI.Z3.1)
SCTO S ¢ % 3 W

60 T0 130

CaLly TAUTAPS{IFLAP;IPOHER,ISKIP)

L FLAPS=TIFLAP
CALL TRLMUP
_IFCISKIPEQel)

GO 10 110 . _
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ACDATA23

~—ACDATAZG

ACDAT A25

_ACDATAZS6.

ACDATAZY

_...ACDAT A28 __

ACDAT A29

_-ACOATAZD..

AGCOATA3L

_ACDATA3Z

ACDATA33

_AGDATA3YL

ACDATA3S

_..-ACDATA3R_

AGCDATA3Y

.. ACDATA3S |

ACDATA3g

_ACOAT 440



..110

122

CALL TABLUI(2Z,TCTAB,NTCL,TCLTAB, NTCD,TGOTAB,CL,CD,TC) ACDAThhi

~CALL. TABLULL0,ALTABWNATC, ATCTAR, HACL,AGLTAB, TC,CL,ALEA) ACDATARZ.
ALFL=ALFA+DALF ACOATALS
ALFZ=ALFA~-DALE —— e e ACDAT Al b
CALL TABLU{11,CLTAByNCAL,CALTAB,NCTC,CTCTAB,ALF1,TC,CL1) ACDATALS
CALL TABLY(11,CLTAByNCAL,CALTAS,NCTC,CTCTAR,ALF2,TC,CL2)- e -ACOAT ALB
CALL TAQLU{L0,COTAB,NOTC,0TCTAB, NOGL,OCLTAE, TC,CLL,C01) ACOATALT
CALL_TABLM(10,COTAB,NDTC,DTCTA3, NDCL,OCLTAB,TC, CL2,C02) ACOATALS-
PCLPAL={3LL-CL2Y 7{ALF1-ALF2) *57, 29577951 ACDAT A49
.PCOPAL =t 301-C02) / (ALEL1=ALF2) %57, 29577958 o .. ACDATASO
TCL=TC+ITC ACDATASY
S TC2=To=-0%C. L ACDATASZ.
SALL TABLU(1L1, GLTAB,NCAL CALTAB, NCTC,CTCTAB,ALFA,TCl,GLi) ACOATAS3

- SALL-. TAB,u411rbgrna,NCAL,CALrAa,Ncrc,crcrna ALFA,TC2,0L2) ACDATAS 4
CALL TABLU(LG,COTAB,NUTC,OTCTAB,NDCL,OCLTAB,TC1,CLL,C01) ACDATASS
SALL..TABLU({LJ,CDTAB,NDTC,0TCTA3, NDCLyDGLTAB, TC2,0L2,C020—— ACOATASG.
PCGLPTC=(CLL-CL2}/(TCL-TC2) AGDATAS7
. PCOPTC=(301-CD2)2(TCL-TC2) — - __.AC.DAT A58
TO+=TGC*a*5*,25 ACDAT 459
- CALL-TABLU (5, RPTAB ,NRY, PVTAS, NPT, RTTAB ) UK, T 04,20 &) ACOAT 8460
J1zJKEDUL ACDATAGL
U2=UK-DUK .. —_— e _.__AGDATABZ
CALL TABLU(3,TTAB, NTY, TVTAB, HTP, TPTAB,Ui POW,T1) AGDATAG3
CALL TABLU(S,TTAD NT/yTITAS,NTP, TPTAB, U2,P04,T2). . .. .. ACDATABY.
ATPY=4,* (T1-T2)/ ((UL=U2)*1, 63780966 ) ACDATABS
_PO+13RO6EDP. . CAZOATARS.
2042=P04-DP AGDATAB?
CALL TA3LU(3, TTAB, NIV, TVTAD,NTP, TPTAB, UK,PO41,T 1) o . - ACOATAGA.
CALL TABLU(G,TTAS,NTV,TVTAS, urP,TPTAa UK, Pouz,rza ACDAT A&9
PTPP=CTL1-T2) F(PO4L-POL2) . _ .. .. - e __.__.__hCODATATD
CXAL =CL=PCOPAL ACOAT 471
SZAL==PILPAL=CO___. _____ , _— ASDATAZ2.
PTCPUSUMIS I PTRPU/AMASS =2, *TC ACOATA?S
CXU==2,%30-PCOPTC*PTCPU+ALFA®PIDPALY. 51745329252 ... . . AGDATATHL.
CZJ==2 . *3L=PCLPTC*PTCPU+ALFA*PCLPAL®. 01745329252 ACDATA?5
SNMUZYI/(W®SnORMDFXHATP#PTICPY oo R —ev e ACDATATS.
IXUT == P3IPTL*PTPP/ (Q%S) *GPDT ACDATAZ?
~CZOI=~PCLRTC*PTRRA(UASIACPDT ACOAT AZ8_
SHIT=YI* 3/ (A*CHORD¥ (Q*S) ¥42) *XMTP*PTPP*CPDT ACOATA79
CONT ENUT e _.__AGDATA8Q
SALL GJ3400 ACOATABL
UTAUT I — W, e .. AZDATAB2

ARLT 2 lo,lZZ)GR&V,RHO,HINJ,HANEL DWDH ALTb,SIrJ,SIGU,SIGN,UL,VL WL ACDATAS3
FORMAT (LLX2ZNVIRONM: NTAL_DATA*/13X*GRAVITY(FPS2l“thNSIIYLS]_.HIADACHATA&Q

={F25) ALND ANG, (0ZI5) AIH0 GRAD (PS) ALT.(FT-AGL} SIGU SIGY ACDATABS
~3IGH o AR UK VH*TXRLRE/IXFL12.04,E015:5,FL10a3yF1243,F10.5,F14s3,F9. JACDATAGS
’ZFG- ,SF‘B.Z) ACDAT AR?
HRITC(6,123) ULyRADIVUS,SICO,PHIO,Q0,ROJACANGL,THETAD e .. . ACDAT ABS.

FOXMAT (/1X*TRIM CONDITION DATA#//3X*AIRSPIED(KNOTS) *,*TURNM RADIJSACDAT A39
SAFT)_ 2, * TURN.RATZ{(RPS)__ 2, ¥ JANK__ANGLE (RAD)..-¥,*PITCH RAI~ (RRS)_*, *ACDATA9].

=AM RN Tz(RP3) Fy*HIADINGLDEG)# IX*CLIMG ANuLF(DEG)‘/lXBElE 8) ACDATA9L
HRITE(DplZH)IPDHiR;N,AMASS|S|CHURD;3PAN,TL,XI,YI;ZI,XZJ;FLﬂpsffWWWACDATAQZ
FORMAT {/LX*AIRCRAFT PHYSICAL DATAY1SX*THROTTLE SETTING =¥[3 ACOATA93
=% PR SoNT RPAF//SKPHLIGHT*1 JX*HASS¥L2X. ... e e FWING . ACDATATGY .
~ARIA+, 7XPCHORD®, 11X¥SPAN%, 12X*TAIL G, P.*!ix&tib.ﬂfl ACDATASS
S XPL XA R, LI INY R G L3X LI L IXIXZ* 13X FLAP _SETTINGELZAXELB B . ACDATA96G.
ARITZ(d,425) U,Q,UMO3Q,543,CW,C02U,302Y ACOATASY?
FORMAT (/LX#ZQUATION OF MOTION PARAMETERS®/ /. oo .. ACDATA9].

=+ X¥*AIXRSPIZIO(FPS) *s*DYNAMIC PRESS. * ‘PUISQ*;liX’SQB‘;13X‘Cd‘ 1 ACBAT A99

“FkXTZIZU“.12X4ﬂ/2U'llXZE15.3] O NP—— 113 - § 51 ) I
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HRIT (9,126) ALFA,CL,CD,TC,PO4,TO4, PCLPAL PCDPAL ,PCLPTC,PCOPTC,

AGDAT 101
ACDAT102

- PI2U,RLPD

126

FOIMAT (/LX*AERODYMNAMIC AND THRUST DATA*//5X¥ALPHA%,11X*JL*,14X*CO*ACDATI0Z
g LEXAT O L AXER/ 42, 1 3XET /4P L AXBELE . 8/ /5 X PCLP ALY, 10X PCOPAL %, 10X *PCACDAT 104

=LPTC#*, LILX*PCOPTC*, tUXTPTPUS L2X*PTPP*/ L X6516,.8) ACDAT105
e MRITZ 05, 127) . CXU, GXAL, CXALD 5 GX2,CZU,CZAL,CZALD,CZQ, ACDAT 104..
- CHU,CHAL, CMALD,CMQ, CYBITA,CYP,CYRyCYPHI,CYS I, ACDATL07
- PLD;IA,uLP CLR4uNB~IA4CNB;ONR,. ACOAT.108..
- CHDZ,CYDA,CYDR,CLDA, CLDR,CNDA CNOR,CXOT,CZ3T,CHDT ACDAT109
o L27 - FORMAT(/1X*STABILITY dERIVATIVES*// - ACDATL10-
-5X*LAJ¥LIAFCXAL® L2X*CXALI* L LX*TXQ*8Xy ACDATIiLL
e mBX*CZURLIX*CZAL® LZX*CLZALOYLAK*CIZQY/ANE LB BLYS _-AGDAT112_
“GXFL AU, LIKFCMAL®, 12XFCHALD®, 11X ¥OMQ®/ L XLELS .8/ / ACDAT113
e =SX*IYAITAR LA GXECYPRE 1S XFOYRY AIXELYPHI® , 11X CYST AL ACDAT11G
“1X5:19,8//5X*CLBETA*y 10X *CLP*,13X*CLR" 3 13X*CNBETA¥, ACDAT:15
e =LUKECADP L LIAFONRY/IKBE LB BL /SN CHOE*, L 2X YDA, . _AGOATi16.
~12X*GYOR¥y L2XFCLODA® ) 12X*CLOR*, 12 X*CNDA*, 12X* CNDR¥/1XTELB.B8// ACDAT 117
e mOXPC AT, L ZAMCZO TR A2 CHOT Y AIXIE 1608 e ACDAT1i8_
ARITZ(6,123) PILOTIN,FOON, AGOAT 119
= AKTHIT 4 ITHET, TAUZ AKPHI,TPHT , TAUA, T AUR, TAUT, ACOAT 123
=AKDZy TTHETC, TRy ARKDY s TAUP, AKSI,SIGYL,SIGYLD ACDAT121
128 FU{“AT(ILX*FLIJHT DIRICTOR,_.PILOT, .AND..SERJQ. PARAMETERS*20X ... ACDAT.122_
= SPILITIN=* L3,15X *FOON=* L3// ACDAT 123
“HAPRTAZTA® 43X *TTHETA* LGX*TAUE* L 2 X *KPHI* 12X *TPHI *12X*TAUA*12X* TAUR FACOAT 124%
12K TOJT* A 1ABE16.8//75X*KOZ* LIX*TTHETAG*OX TR * 14 X*KDY ¥ 13X *T AUP* ACDAT125
e =1PXFRSIR LENASIGY L LAXFSIGYLO* /LK BE16.8) AGDATAZG
ETURN AGOAT 127
EHY o I ACOATIZ23_
SU3SOUTINI TRIMUP _ TRIMUP 2
SOMA0A/ICRATES/PHII,Q0 9RO, STIAD, WINDyWANGL, ACANGL 4RADTYUS,0M0H . . ICRATESZ2.
CUMMIZDZTIS/HyS,CHORD,,SPANGTL, GRAS,RHO, XTI, YT, 21,X2, OERIJS 2
e =G KUy SKAL S S ZU S CZAL S LXALD,CXG ,CZAL D, CZ0, CHU, CHAL , GHALD, DERIVS. 3
~CM2, SV 3ETA,CYP,CYR,CLPyCLR,GLBETA,CNP, GNR, CNBETA, DERIVS 4
“CMI= s3YO,CYDA,CLDA,CLDR,CNIAGNDRy UK, THETAD,. e DERIIS. G
~FLAP 3,513,y THITAJ,d, AMASS, CH,UMOSQ,C02U,B02U,CYPHI,CYSI, DZRIVS 6
-PCLFAL PCOPALPCLPTC,PCOPTC yPTPUPTPP,CXDT,CZ0T,CMDT_ " DIRIVS. 7.
=y A_FA,CL,CO,TC,POL,TOG D=RIJS 8
__._.__.QUI,JA,L_NJF {ALPHA,ALFA) DZRIVS 9
REAT(5,154) SLUD,ACANGL,HWIND, HQNGL,RAGIUS OWOH TRIMUP 5
101 FORMATHEFLd.0) . . - B TRIMUP A
IF(31.0.5T+ds) GO TO 180 TRIMUP 7
IF{RADIUS.LZ.0.) GO TO_100. e TRIMUP B
SIJu=J/RADIUS TRIMUP g
100 _CONTINUE TRIMUPRLL
DA45L2= (HANSL-ACANGL) *, 01745329252 TRIMUPLY
UH=-WINI*SOS(DANGLR) . . .. S —. TRIHUPLZ.
PHI.=ATAN(SIGD* (U+UH) /GRAV) TRIMUPL3
AE=STI0*STACPHLG) e _ TRIMUPLE
RC=5I33*C03(PHIG) TRIMUPLS
e MHE=AINU*COSLPHINASINIDANGLRY TRIMUPLG
HH==WIL I *SINIPAI Q) *SII(DANGLR) TRIMUPLY
- CTHITA=COS (THET AN e TJRIMUPLE
STHZITA=SINC(THZTAQ TRIMUPLY
CAGTA2U*DHDH*STHETA*COS (DANGLRIZGRAN. __ — TJRIMUP2O.
 GD=-CH*{ (JW*RL-HN*QD)/GRA/~STHETA+ACCH*CTHETA) TRIMUP2Y
e CLz-Cu*({COS(PRIL)I*CTIHTA+QI%LULUNL/GRANLACCA 2STHETA) TRINUP22_
RETURN TRIMUP23
CENDL e - e e TRIMUP2 B
SUBROUTINZG GUSMOD GUSHMOD 2
COMMON/GUSTAT/PI UL YLy WL, SIGU, SIGV,SLGH,ALTIG . . . . GUSDAT. 2_
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COH“IO‘%I/I RAT:S/PHIJ QJ,RD,SIOD, HIND, HANGL,ACANGL RADIUS,DHDH ICQAT SZ

L OGLCAL - JSESIG- GUSHMOD-5-
NAMELEST/GUSTS/UL,UL,HL,SIGU,SIGV,SIGH,ALTG,USESIG GUSMOD &

o REAG IS g BUS TS ) o« e e e e GUSMOD.7.
IF(ALTGaLZaus) GO TO 1120 GUSMOD 8

e IFAALTGeGE+17564)-60-TG.-£100. f—— ; - _GUSHMOD 9
HL=ALTG GUSHODLE

e MLAYLTLMBLTALTGREE( L A3 ) GUSMO D11
IF(USZ3I3) GO TO 1113 GUSHMODL2

e SISUESIGVESART(UL/ALY #STGW e o o e - - GUSHOD13.
50 TO 1113 GUSHODL &

21100 WLEULEVLFL P00 — e e —— .~ GUSMODLS.
IF(USISI3) 30 TO 1110 GUSMOD16
e 3I5U=3IGVESIGH - —_ GUSHMOODLT-
1119 IF(PHIJ.ZQ.5.) GO TG L1120 GUSMOD18

: STV 2SIV RS IO oo e e GUSMOO19
SIGH2=SIGW*SIGH GJSHMOD2D

CCPAT 22505 PATE) BR2 o e - .. GUSHMODZ1-
SPHL225IN(AUI0) **2 GUSMOD22

e SI5V23=3IGH2*SPHI24SIGVZACPHIZ G4SMO023.
S1GM23=SI542%CPHIZ+531GV2%SPHI2 GUSMOD24

e 3I1GV=SARTLSIGV2B) — e - - - .GUSMOD25.
SIGW=30RT {SIGH2A) 6JSMD D26

e ALRSIGWZB*MLASIGHZ o e .. GUSHMOD27.
VL=SL5V23% yLASIGV2 GUSHONZS

1425 CONTIdUE , GUSHOI29
RETURA GUSMOD30Q

END. e e e e e e et e e BUSMOD3 L
SUBROUTINZ ZOM EQM 2
COAINFAMATZHR G NXF 3y A (25510 o . e ___EOM.__. 3.
COMAOAZBMAT/NU, B (25, 4) £0M 4
—— COMAONZGMATANG,6(25, 42 . .. EOM 5
COMMON/LA3ILS/XLABL(35) ,ULABL (4) ,GLABL (6) EOM &

o COMMOAZGUSIAT/PI jUL YL pHL ySIGUySIGV,STGHALTG - - oo .. GUSDAT.2
SOHMON/LS RATES/PHLG,00 :Ru,aIJD,HIND,HANGL,ACANGL RADIU:,DHDH ICRATES?

. . COAADA/IZRIVS/A3,CHOS0,SPAN,TL sGRAJRHO XTI, YT ZI,X2d, . .. DERIIS_2.
~CXUyCXAL 3G 2J5CZALs CXALD,CXQ, canu,czq,cnu CMAL, CMALD, DZRIVS 3
= CHMAy CY IETALCYR  CYRSCLP 4 CLRy CLEZT A, CNPy CNRyCNOET Ay o . DERIVS._S.
,na_,,vaz,uvan,CLoA,,LDR.CNDA,,NDR,UK,TH&TAU, DERIZS 5

-FLAP S, 303,U, THZTAG,0y AMASS, G, UN0SQ,C02U,802U,CYPHI,CYSI, __ . _ . DIRIVS &
-PGLFAL yPCOPALyPCLPTC PCOPTC ,PIPY,PTPP, CXOT,C 20T, CHOT DERIVS 7
“yALFRA,CLsCOsTC, POy TOM oo L . pIRLIS B
EQULVALENCS (ALPHA,ALFA) DZRIVS 9

o COMMOMZIRIGENC/CPHIA,SPHLG,CTHI TA,STHETA TRIGENGZ.
LOGIGAL PILOTIN,FDON - EOM 1%
SOMAONZGAINCOM/AKTHET s TTHET , TAUEyAKPHI , TPHI, TAUA, TAUR,TAUT, . GAINGOMZ
~AKDZ,TTHETCy TR AKDY, TAUP,PILOTIN,AKST, FOON GA INCOM3

~ 3 XKELy XKL Oy OMAL OMRLO ySIGYL »SIGYLD o o e e e e~ - GATINCOMY
DINZENSION ATITu(8),BTITL(B) ,GTITLI6) oM 13

e DIMINSION XiA30).,ULB¢4) GLER) EOY .. _1&.
JATA (XL{I),131,21)/2HS1,2HOY,2HDZ,1HU s 5HALPHA, 1HQ, SHTHZTAy1HP,  EOM 15

-1HRy 4HBETA 3 IHPHI  2HDZ 4 2HOA, 2H0R s ZHOT, 3HUGP, SHRE TAG, 6HBETAGP, . . ... EOM__ 16
-3HALFAG,5HALFAGP , 2HPG/ EOM 17
o _ _DATA (XLU{I),I=24,25)/3HNDE; 3HNIAL. . e EOM __ 18
DATA (XL(1)4I=26,23075HXPL14HXPL2,5HXPLDL 5 HXPLO2/ EON 19

o DATA_(UL3(I),I=1,4)/B8HELEVATOR, ZHAILERON,6HRUDDER,SHPOHER/ ______ EQM.__.. 20.
DATA (GLUI),I21,6) 744=TAU,GHETAV,4HETAM,4HETAP, SHETANE,SHETANAZ  EOM 21

DATA (ATITL{I),I=1,6)/ e e e e e _____EOM . 22.
C1GHSTATE VECT,1JHOR ELEMENT,10HS AND CORR,10HESPONBING , EON 23
=1iAA=MATRIK. Cs LOHOLUMNS oo oo Y EOM. . 24
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DATA (3ATITL{I),I=1,6)/ EOH 25
 _=iGHCOMTROL VE,10HCTIOR FLEME,1GHNTS AND CO,10HRRESPONDIN, ECH 28
=10HG 3-MATRIX,y1UH COLUMNS / EOM 27
LJOATA AGTITLIIY pI=1,60 /4 — _EON .28
-13HSTOCd&STIC 10H V=ZCTOR AN,1040 GORRESPO,10HNDING G-HA, EQN 29
o= LLHTRI X JDLUH,iﬁﬂNS.__uknmm-*! R EQM._. 30
NX=21. EON 31

e NXEB=1S5 EQM 32
NU= & EOQOM 33

e NGEh . R _ EOM____ 34

DO 104 I=1,21 EOM 35

130, XLAZL(Ty=XLCIY . — EOM.____J&6.
00 134 [=24%,29 EOH 37
L1100 XLABL(IY=XE (T) EQM 38
J0 125 I=4sw EOM 39

CL120 0 JLAdL(Dy=uULaeY [ - —— e __.EOM___%0_
J0 130 I=1,5% EOM 41

130 GLABLOIY=GLLIY . .. .. . —EOH_ k2
CALL MATZER0(25,2%,4) EOM 43

e CALL _MATZZR0{(25,448H) EQM bl
GALL MATZ2ZIRQ(25,540G) ECOM 45

e . GENZRA_- PARAMETERS_FOR. EOM{S_XDOT=AX+BU+G{ETA)} EOM. __. &86_
Fl=1./4dM05Q EQM 547

... F2=zF1rCQ2uU. . S EQ...__h8_
F3=1, Itl.-FZ‘CZALD) EOM 49

. EY=S*iAGROAMYI i £EO0M _ 590
Fa=FY*io2u EOM 51

Fosd o/l e=KZ ¥ 2 0/ (AL 2L ) e T _.EOM ... 52
FX=5Qas/XI EQM 53
F2=S 08 /2 L e e e EOM...__ 84
Fo=FX* 3024 EOM 55
e ETEEZ¥ 302U - EQM____ 548
Fa=302uU £0H 57

FOeX Z R L X LY 2Ly e =M. .58
FLI=(YE-XI}/FZL EQM 59

Fal= - Y Iy R o e e e EOM 80
F12=Fa*[FQ+F11) EOM 61

. F13=FS*XZJ*{1.+F111221 _ EQOM____ 62
CTAZTA=COSUHTHETAD) £0H 83
STHITA=SINATHETA LY o e e . EQM___ &4
CPAIG=0GS{PHIG) EOM 6%
SPHLO=SIN(PHIY) . el e B __EON. __G6.
STAJILITY DE QIUATIV, AND COhTROL DERIUATIVE PARAHnTE%S EOM 67

e SLAP=ES* (CLAETA+XZUFCHNBETALZT) - EQH 68
CNIP=FS3* (CNIeTA+XZ *LBCTA/ZXI) Ak | 69

GLPP =R 3  (CLP XU NP 2T Y o o e . EQML T 0L
SHPP=FS* (CNP+XZJ¥CLP/XI) ZOH 71

e GLRAPSFSY ACLRA+RZII*ONRSZYY i _EDM.__ 22
CNRP=F3¥ {SHR+XZJ*CL=/XI) EOM 73

e CLOAP=FS*{CLDA+XZJ*CNDAYZI) EOM 75
CLORP=FI*(CLORFXZJ*CNOR/ZI) EQH 75
CNDAP=FI* (LNDA+XZJ*CLOA/XT) . e _EOM___ 7B
CNORPZFL Y { GNDR+XZJ*CLOR/XI) EON &4

e ASHMATRIX. cLEMENTS.. - e e o EOM__T8_
E0A 79

e WD M B NERATES _THE Ay By ANO GAMATRIX ELCMENTS_FOR THE EQM ___80_

AIRGRAFT,SZRVO, AND GUST STATES IN THE UPPER LEFT GCORNER OF THZ EQM ai
MATRICZ3.  THEN FOPILOT. AODS THE ELEMINTS FOR THE PILOT STATES ANDEOM _ 82
SHIFTS T42M TO THE UPPER LZIFT JORNERS OF EACH MATRIX. THE EON 83
__AIRCRAFT,SERVU, AND GUST STATES ARc_ORDERED AS FOLLOWS . ____ . .. EON___@&%4
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EOH 85

e ST,DY¥,3Z4UyALPHA Gy THETA SRRy BETA,PHI,0E ,04,0R, DL, EOM._ 86
UGP, BETAS ) BETAGP ,ALFAG ALFAGP,PG EOM 87

e EOM— .88
THe NUMBER OF PILOT STATES DEPENDS ON THE HMODEL USED. EONM 89

S PR ———— S EOM . _.90-.
TH' CUNTROL VZCTOR ELEMENTS, U(I),I= 1,NU’ ARE EOM 91

e GLEJATOR, AILERON, RUDDZR,.POWER EOM___92_
EOM 93

et e THZ-STOCHASTIC--INRUT—-ELIMENTS,--ETALI) p-I=1,NGy ARE - _£0H . 9k .
€0M 95

corrrms e BT AU 3 ET AV ~ET AW, -ET-AP - -EOH . 96_
EOM 97

R — ] P I S RS ] EOM__ 98
AlLy5)  ==Qu+F1*CXAL EOH 99

e Al 7Y Z=GRAV/U*CTHETA — B0 100
Aluyli) =10 EON 101

e A4y 153 FFLACXOT o EQM _ 102
Aloyu)  =F3*{Qu+FL*CZV) EOM 143

— A3, Bl RFL¥E3LCZAL EO0M. 104
A{5,5) =F3*(1.+F2*C2Q) E0H 105

e BA5yT) =~ GRAVESTHETARFI AU EOH 106
Al39LL) =2=F3I*GRAV*SPAIR/V EON 107

e A5, 12). =FL*F3ACHORUSCHOE/TL e _EQH_.108.
A(5,12) =F1*F3*CZ0T EOM 189

e AL By SF YR {CHUAF 3*FE ¥ CMALDY(QG+FL2CZIH)) -——EOM._ 110
Aloy3) =TY*(CMAL+FL*FI*FO¥CMALI*CZAL) EOM 11t

v AloyB)— EEL (CMO+F3*CMALDM{ L +F2*C2 e s EQM 112
Afuy P)==F3*F4*CHALDP GRAV*STHETA/U EOM 113

cee o AEE )Y X I-ZIYEREAN D e e e L ZOM LG
Al ) =2.*XAZJ*ROU/YIT EOM 115

e Al ), =R ESYE G GRAJECHALDHSPHIO AL : EQM __116_
Alayi2) =F(*CHOE® (L., +F 2¥F I*CHIRQ*CMALD/TL) E0M 117
Alayl13) =PY¥* (CHOT+F2*F3¥CZOT*CMALD Y e — e EOM o LL8
Al730) =0P4I0 c0q 119

Al7923) . 2=SPHIG. oo EOM..12D0.
A(7,11) =-3I00 goM 121

e ALBy B L AR EL2RRG . S — — EOM _ 122
Al8y3) =FO*CLPP+QI*FS*XZJ* (1.-F1)/XI EOM 123

— Afl3,9)  =Fa¥*CLRP-QO*FL2 .. - . . ——— e 20ML L2
ﬂ(&;l.:” =FX*CLoAP =04 125

Al3,49) =FX*CULDRP.. o — e e EQHL 126
4(8,1,) =FX*CLOP E0M 127
e A{9ya) _ =2=F13¥R0. .. - EOQY___124
449, 3) =F7¥CNPP+QI¥F5¥(F3=-F10) E04 129

- A(9,9)  =FR7*CHNRP-FLI* Q0 - — e RO 130
AlI,13) =FZ*CNDAP EOM 131

Al3y 14} =FZ*CHDRP e e e e BEOM 132
£43,1,) =FZ¥CNBP Eod 133

ce ALy FER— — ——E0M_ 134
A{il,9) ==L, EGM 135

AlL. G LY =FL*CYBETA . e EOM L 136
AC1D,11)=GRAJ¥CPHIJ*CTHETA/U EOM 137

o AL LI EFLPCYDA e EDM 138,
A(ly,1%) =FL*CYDR EO0M 139

———— A1 ,2) =S120 EOM._.._ 140
Alll, sy =1, EOH 141

— e AL ) ASTHETA/ CTHE L A e e BN IG2

A{ly0) =SPHIN

tOM 143

AL, 9) =CPHIG/CTHETA . e e EOM kG
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AC2,7) =-U*SPHID EOM 145
£¢2,131)_=U EOM 146

A(2,1) =UPGCPHIO*CTHETA EOH 147

e A(3,5)mell . . EOM__ 148
A(3,7) =U*CPHIA EOM 149

e AL3 1) =UFSPHIG L —— EON 150
A(12,412)=-TAUZ EOM 151

e A{13,13)=~TAUA EOM.__ 152
Allo,1u) =-TAUR EOM 153

ALl ,15)==TAUL _ — — . —EO0H__154

LU= U UL 204 155

L ULVEUANL CEOM_156_
ULW= U/ HL EOM 157
___________ SR3=30RT1L3.) EQM_._ 158_
DHRE=14-3R3 EOM 159

o 34L=S[JSARTOLOL EOM__i60_
SHL=SIGA*3QT(ULH) /U EOH 161
LGK2z=3¥L*3R3 , . L EOM._162_
SK4325HL¥SR3 £04 163

. GP4sULNFSMLPOMRI _EQM__l64
GU3ULU*SHL¥OMRS £0M 1BS

C RRRLE=FLPF3*C2U. o e _EOM.__166
A221=F2*F3+{CZQ-CZALD} EOHM 167
AZ2L=FYPFA(CHA-CMALD#F2*F3I*CHALD*(C2Q~CZALD)) R EOM.__ 1648
AC23==F5*Fp*XZJ/ZI*CNR EOH 163

e AB2Iz=FS*F7*CHR EOM__ 170
Alu, 156} =-FL*CXU EGM 171

Bluy 1) ==FLUCXAL . . __ . R _EOM 172

Ai5, 10) =422 EOM 173
At3,13) ==-FLeF3*CZAL-ULN*A22L .. .. _EOM _A74%.
BlH,2.) =A221%G45 EOH 175

AL, 18) S=FYRI{CMU+E2*F3*OMALD®CZUL . e E0M___176_
Aoy 14} ==FY#(CHAL+FL*F3*FA*SMALD*CZAL) ~ULW*A3Z1L EOM 177

Aty 25) =A32L%¥G&5 . S0M__178.

Aldy L7) =-FX*CLAP-ULV*AS523 EOM 179
A03,13) =4523%G23 oo EIM.. 180
A(d,2L) ==FarCLPpP EOM 181

AL AT) == FLFGNDBPRULNR AR _..EOM 182
A09,13) =0523%G23 EoM 1843
AC3,21)  ==F72CNPP _ o _ —_— e _EOM _184

ACLi ,17)=-FL*CYRBITA EOM 185

A(LS L6 ==ULL e —.__E0M_ 186

A17 A7) ==L i EOM 137

e ALAT7 3832023 — __E0M.. 188
ACLG,18)==ULY £04 189

ALLG LM == UL W . __EOM.__190
AL19,206) =G 45 EGH 191

A2 w2y ==UUW e e EOM 192
A{21,21) ==PLI*U/ (4. %SPAN) E0M 193
. GOWTROLS, B~HATRIX_ <l EMENTS..__ _ EOM 194
30L2,1)=TAYS £0M 195
8(13,2)=TAUA . e . EOM__196
3tl4,3)=TAUR 0N 197
BlLS,4)=TAUT. e ... ___EOM.._198.

PRINT 3-MATRIX EOH 199

e GALL MATIUTI{25,M%,NUB,MLABL,BTITL) EQM.__ 204,
STOCHASTIC INPUTS, G-MATRIX ELEMENTS EoM 201

G5, 3} =A221%GKe3_ . _ . I 2 EOM_ 202

Gloy 3) =A321*6Ku3 EOH 203
G(3,2)  =A323%GK22___ .. EOM. _ 204
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G(B ZI

200

‘Ao?3*GK22 EOM 205
- Gidsy L) =SIGUASARTA2.2ULUL/U EOM .206-
501742} =GX22 EOM 237
e BB R B e SR P —— 1 ¢ } R 113 8
G(19,3) =GKu43 E0d 209
] 71T 3 S RUS— U - ~-E0M —_210-
GL21,4) =SAL*U*PI/ (4. *SPAN) * EQM 211
e SORT LW 32P IR P IR WL AL o 2SPANI LA £, /3,0) E0M- 212~
SALL FZI)8AK EOM 213
—_ SALL FOPILOT - e e e e e e DM 210
PRINT A-4ATRIX EOM 215
CALL. AATOUT(25 ) NXyNX g Ay XLASLJATITL) e EOM . 216
PRINT 5-MATRIX £0M 217
e <CALL-AATUT (25 4 MYy NSy Gy GLABL 5 GLITL) — EOM-—-.218-
RETURN EOM 219
END - - e e e E0M- . 220 -
SU3BROUTLNE FOPILOT FOPILOT2
COAHOU/AMAT/NEGNXFBYAL25925) oo e e . FOPILAT 3
COMMON/BMAT/NUGB (25, 4) FOPILOT4
e GOMA DN /GHATI NG 5 (25,40 4 HC 12, 25) FOPILOTS-
CUMItQ/ACT 03 3/BHC(25,25) FOPILOTS
SOMNON/LASILSAXLABLIZL)Y e e FAPILOTT
COM%ON/DZRIVS/H,S,CHORD »SPAN,TL, GRAU RHD,XI,YI ZI,xZJ, DIRIVS 2
. mUXUy CXAL T2, czAL,uxALD,LXQ,CZALD,cza CMU, CMAL, CMALDy—-. — .. .. DIRIVS 3
-LHQ,uYJ'TA,bYP CYR,ULA3CLRyCLAETA,CNP, CNRyCMBET A, DIRIIS &
ce = GMOE B SYIR2, SYDACLOA,CLDOR, CNDA,CHURW UK, THETAD g0 . DIRIVS. S_
=FLAFS, 303,y THETAD, 0y AMASS, CH,UMDSQ,C02,302U,CYPHI,CYST, DERIVS &
. =PCLPAL,PZOPAL PCLPTC,PCOPTS AT, PTPR, GXDT 4 CZ0T yCMOT . oo oo ... DIRIIS.T.
-y ALFA,CL,C ), TC, P04, TOL DZRIVS 3
ZQUIVALENGE (ALPHASALFAY . . L. e e DERIVS 9
COAMON/LSRATES/PHIU, Q% 3RS 9SI00, HIND, WANGL, ACANGL y RADTUS s DHDH ICRATES2
e GOMMOW/TRIGFNG/CPHIG G SPHIS W CTHETALSTHETA . TRIGENGZ.
ZOMION/GATINCOM/AKTHET  TTHE T, TAJE ) AKPHI, TPHI,TAua,rAuR,TAUT. GAINCOMZ
SAKJZTTHITG, TFHAKOY, TAUPLPILOTIN,AKSI,FDON. . — ~ f e —oeo—. GATINCOM3 .
-y X£RL,; X< Dy OMRL oﬂRLU,sIGYL,aIGYLo GA INGOMY
LOGIGAL PILOTIMNGFDON .. ociil b i S LFOPILO12.
JATA PI/3. 1+1:92u5u/ FOPILOLS
i TR NITLPILOTIN) RITURMN. e EDPILOLG .
THIS SICTION SHIFTS THE A AND G-MATRIGES TO PROVIDE 3PACE FOR FOPILOLS
PILAT STATZIS.. IF(TTHETC+TF,.£%2s) THE  PILOT GAIN-LEAD, TWG-STATZ,FOPILOLG
MUJEL IS UScO. OTHERWISE, Tdd GAIN-LSZAD-LAG, FOUR-STATI, MOOEL ISFOPILOL7
JSED.. THZI. STATE LABEL ARRAY. TS ALSD SHIFTED.._ .. .. .. .._.. FOPILOL8.
ISHIFT =4 FOPILOLY
e eI THELIZ#TE o 29400 ) _ISHIFT =2 —_ —-FDPILO2T..
K1=NX+1 FDPILO21
K2=K1+[SHAIET . — e . FDPILO22.
J0 114 [=14MX FOPILDZ3
KL=€d=d . e e e FOPIL D2
‘ K23K2~-1 FIPILO25
e XLASLCK2). XL ABL LKL FOPILO26-
- LizNKA+] FOPILO27
s . L2=Li+ISHIFT R —_ e e FDPILO28.
J0 167 J=14NX FOPILO29
e LB A=A e e e e e FOPTLO30
te=L2-1 FOPILO3L
e ALK2, L 2) 28 (K, L) _FppILO32
160 AlKL,L1 =], FDPILO33
—. D0 LLU ELWNGo__ oo . FOPILO3G
GIK2yJ)=GIKL, D) FOPIL O3S
L1 GUKL 3 J)=0. . FDPILO3G.



IFCISHIFT.2Q.2) G0 TO 200

FOPILO3?

GATN=LZa0=-1LAG_PI]OT MOODEL EnpPILOZ8.
FF=-4ATRIX TERMS FOPILO39

e e B Ly L) == 2, ATAUR FOPILOWO.
AlL,2)=4,/7TAUP FOPIL Ot

A3, 3k==2, /TAUP.. —_ FOPTILO42.
Al3,4)=4,/TAUP FOPILO43

———e 3(621H2 TIRMS FOPILOGY,
Af{le,1)=TAUC FOPIL O4S

- AllE,2)=-TAJE . . — — - FDPILOLG.
A(17,3)1=TAuUA FOPIL 047

SAlL7 ga)==TAJA _ . — —— e FDPILO4A_

00 124 I=1,4 FOPILOGLS

A0 XLASL(I) =XLABL (T1+25) EOPILOSN.
G0 TO 203 FDPILOS1

— CGAIN-LIAD PILOT MODEL e FOPILO52
FE=4ATIIX TERMS3 FOPILO53

_204 . All,1)=-2,/TAUP_ .. —— FOPILG5Y.
A2, 2)==2./TAUP FOPIL OS5

e e B4 G2302 _TIRMS FAPILAQG6
Aliy,1)=TAUZ FOPILOS?

- ALLE ,2)=TAVA . . — e I _FOPILOSE
XLASLOL) =XLABL(26) FOPILO%9

. ALABL(2Y =XLABLI28) . . .. —— - FOPIL 060
205 CONTINUE FOPILOKL
. _HX=HX+ISHLFET - FOPILOB2,
IFIXLAHXK D, 2Ga3a) GO TO 299 FOPILO63

NX=23 .. .. O o1 ¢ | =gt L 4 7-1 'Y

NG=5 FOPILOBS

Al29 928} ==0MRL e e e FOPILDAG
Al25,251=-01RLD FOPILOB?
G293 =3I0YL¥SGRTAPI¥XERLY FOPILOGS. .
G(25,0)=SI3YLU*SART(PL*XXRLO) FORILOG9
Alleg2uy=sTAUE . e e . e . FOPILOZO.
Ally,25)=TAUA FOPILO71

J209  CONTINVL o i e ———e e _.__FDPILOT2
IFCNIT 004 RuTURN FOPILO73

e GRLSWLAT S _(=40) ~HATRIX AND O-MATRIX_TERMS. . . FOPILOTY
CALL AT ZzR0(25,2,43) FOPILO7S
IF(ISHIFT 4« ZQabL). G TO 218 . . . -— FOPILO76
TTH4:TC=TF=1. FOPILO7?

2L0 RI=LKTHoTATIMEIC .. e e e o FOPILOTS.
R2=R1#TTAIT FOPILO793

e R3S KPHI/TE EOPIL 080,
Ru=% 3% TPHI FoAILost
R F A KD o e e e ... FOPILOA2.
Ro=U*A KDY FOPILO83
R7=L.+TTHET*RS. . e e _ e FOPIL O8YG

GALL ﬂATlLQO(Z’ZS,HC) FOPILOAS

e B Ly o #LSHIFT)==RI*R2 FOPILO3S.
AG(1,2+ISHIFT)=K2 FOPILOD37?

HC UL o7 +ISHIFTYSRAFCPHIO*R? . FOPIL O848

HU(L LI+ ISHIFT) ==R2*SICD*CPHIY FOPILA39

HGEL 1 *ISHIFT)=RL*SPHIGRT e — _Fo2ILQ30.

HC (! 3 3+ISAIFTI=R1*AKIZ FOAILO09L

. G2 2 PISHIFT)=RI* ((AKSI+TPHI*RE)*SPHIQ-TEHI*SI D) FDRILOIZ.
HC(Z2,5+I3HIFT)==R4 FOPILD93

_ HC(2 y9+ISHIFT) ==RO*{AKSL+SPHIN /CTHETA . .. _____  FOPIL3G9Y
HO(2 L3+ ISHIFT)==RU*RG FDPILOYS

. _BC{2,tL+ISHIFT)}==-R3* {1 +TPHI®AXSI*SIQ0*SPAIO) __ _.FOPILO96
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230

240

HC(2 L +ISHIFT) ==RI*CPHIC* (AKSI+TPHI*RH*CTHETA)

FOPIL0A7

HC(2,2+ISHIFT)==RI*AKDY FOPILO9A.
IF({ISHIFT.Z2Q.2) GO T 220 FOPILO99
HCU1,2)==1./.TTHETC — - - FOPIL10D0.

HG{Z y42==~1+/TF FOPIL101
-BL2,1)=314,2)=1 — FOPILL02Z.

GO TO 233 FOPIL133

—220 _3(1,1)s3{2,2)zu./ TAUP — FOPIL1DG
A{l4,1)==-TAUE FOPIL1DS
cB01542)==TAJA .. . —_ FOPILL)G.

CONT INUZ FOPIL1G7
CALCULATZ. B(=HG)_PRODUCT - e FOPILL0A.

CALL YMILP (3 sHCsBHC ,NX2,NXy25,2,25) FOPIL1D9

e _.FORM. .{A&{=BHC})) FDRIL 110
QU 2440 J=1,NX FOPIL11L

JU. 240 I=sLaNX e — — FOPIL112.
A{LyJ)=A(I,J)+BHC(I,J FOPIL113
RoSTURE  LAG VALUES ... o s — FDPILLLG.
IFCISAIFT.Z.2) TTHETC=TF=(. FOPILALLS
RALLURN ——— FoORILILG

ZND FOPIL117
SUIROJUTING. FeeDBAK — - - - — FZEDSAK 2.
COMMON/INOUT/NOT ,NIN FEZDBAK3
COMGIN/AMAT /NN NAFBAL2% ) e FEEDBAKG
COMMOMAIMAT/NU,B(25,4) FEZD3AKS

e GOMHONLASTALSAE L 3350 3 0101 2515) ,HIL A5 ) ,C2(022,15) FZEDBAKE
COMION/LABILS/XL(IN FEZ0BAK?

S ALl EGRMAT (L1, 47ALE))
IFCIC2.L=,J) GO TO 3du

_500

101

C=3HYL Yy 3HYLL

JIAZH3ZION HTITLIB) ,CTITLIGY yYLLLIS). i}
DATA(HTIFLIL) yI=1, BJILLHOHS RVATI0,10HNS AND FEE,L1GHOBACK MATR,
=1.HLX. COLUAHS, LH .
AT (STITLLLY »1=1,5) /LGHSTATES AND,10H OBSERVATI,10HON MATRIX
o~ THCOLJMNS yLH G AH £

slH - /.

—FzZ0BAKSE.

FEZ0RAKI
imeme—m FEECGBALL.
¥ FZeD8ALl
—.Fc£03a12

JATA (YLD ,{= 1,12)lzﬂv1,2HY£,2&YJ,2&74,2HY5,aHYo,zﬂYT,zﬂve,Zva,
P SHYLZ /.
NY, ICZ,ICL,NINI,IHi THZ

Rz -1‘.(17,1 1)
FOLMAT (LOI2) . N
IF(RNY. L. 7) R_TURH

e BALL-AATZE 204 515 HY

400

510
520

410

DO S iy L=

GALL AATEZ W04y 154F)

IFCICI+IS2.LE.3). . GO_TO. 506 ..
ARTZIR0{12,15,C1)

SALe AATZERA(L2415,02) ..
NYL, {YL(I) 5 I=1, NYL)

GALc

=Ad {54114}

FZIEDBALS

e i e FZ EDS ALY

FL&E08415

—— o _FZZDBAl6.

FZz08A17
-FZEDBSALS

GALL HATI
CalL Ul

1(1.2,1:,01)

CALL. MATZ2IR0(12,15,C1).
IF(ICLWLZ ]} GO TO 45i
—-300. . CALL AATIN(LZ,15,C1)

P(31yA5C250Y, NXFB, wxra,lz 2b,12)

zzZ08A11
E—— 0 e R
FZEOBA2L

- _FEZzZOBA22

FEZ0BA23
FEEQAA2Y .

FZEDBA2S

e _FZED3AZE.

FEEDAA27Y

--FEEDBAZ3
FZzZ0BA29
FZEDBA3D

DO =13 L[slyHY

CALL

GO TG 5235

D00 4 LL S=L G MNXF8 .
CL{I+J1=30 (L, J1 40201, )
AATOUT (L2, NY,NXFO,CL, XL, CTIYLY .

FZeDBATL
ZENYA32
EZNBA33

FEzDAA3IL

FIZENBA3S

FIE03 736,

1,MXFB
YLC(I)=XL (1)
- NY=sNXFS .

IFCHINT, H_.?] GG TO 525
NIMN=T o o
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FEED3 A3

———e—— _FZEDS8A4D
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w !

CALL AATIN(4,15,H) ) FEEDRALL

— o IFAHININ=.7) GO _T0 535 FEEQRARZ

530

535

550

560
00

HIN=5 FEZD3ALZ
. D0 230 J=1,HY e i FEEDRAG
H{Tti2, Jt ==r{(24J) FZIZDBALS
ACIHL, My ==H{1,J)Y .. _ o FEER3A4G.
CONT [AUZ : FEEDBAL?
CANTINUT FZED8ALA
CALL MATOUT (L NU, MY, H, YL,HTITL) FEZDB ALY
CEFCICLrLS2.LELD)Y GOLTGQ 550, -l ~FZEDBAS DL
CALL A4ULP(H,(L, r,NJ,.W,NXFa, ywyl2,4) FEEDBASL
G0 TO 69l .. .. R e e o - FCZ0BAS2.
J0 So. I=1 ,.JU FEEDBASZ
010 DTN -5 SPY A § __FZEDSASH_
FOLy ) =d(T,J) FZEDBASS
0 20 I=LdXEB .. FEEDBASE .
00 2. J=1,dXFB FEEDBAS7
=5 S N — — FEZDBASA.
JO &1, K=1,4U FZEDBAS9
B2 3Ly KL 2 LK, J) —FEEDRBAGBD.
AlI,d)=Aa{ly0)+2 FEEOBAGL
RETJRN o e e e . . R FEES08AB2.
ZHO FZE£0B8A83
OVIRLATIOINGFB,3,0).. e e L INCEBR_LL2
PiRAG A It lCFBlTﬁP b,TMP._,g,TAPt? TAPEZ,OUTPUT PLOT) INCFB 3
LSO AADSA/AL L), DE50) , GL100) ,H(100) JHCF8_ &
uOl"i!OIII‘{JUIINJT,NIH,NPU INGF3 5
JIMZ N5 LON L(1C) R e e INGFB.. &
JATA I, NIT, NF'U/'J;D,?/ INCFB 7
AZADIHIN, LJLY (LD I=2,10) et . __INCFB __8_
FumMar{1arz) INCFB 9
LRLLTi) LT 1) _3TO2 TNCEB. 0.
J0 14. E=1,10 INCFB 11
IF(LiLl)a T 1) GO TO 110 . . e — ... INCFB..12
CALL OVIRLAY (BHDIMCFA, L(I);ﬂp&HRECALL) ) INGFB 13
CONTINJUZ . .. e e — R e JINCEB A G
G0 70O 163 INGFB 15
L I0UI=onQuipul — _INGCES 15
IPL=4LPLOT INCFB 17
REAIND 2 et e el e e INCFB 18
REZAIND 5 INCFB 19
LSdINd 50 0 L — e _INGFB 20
SLdING 7 INGF8 21
REALNI. TAUT — - INCGER_22
REAIND [0 INCFB 23
= N3 e e s . INCFB 2&
ovz iLHf(D[IuFB;i,U' HOKTO 2
PROGRAM MDKT e MDKTO__ 3
l.aU"'i"HJJ/Q']CH/A(!.QM),G('DD),C(iﬂu),H(icﬂ) MDKTO &4
G0N/ IHOUT ZMOT s HIIN, NP MAKIQ__5_
JIAZ I3 ION Dilba) 4sF(Lbu) yR{LE) MOXTO 6
DIANSION, Q01h6) 2 00a0) o Y (L63) 3G Uahk) s HI144) _MOKTO 7
UIM=NSTON Z(143),P(1l4s),5{16),0H(304) MOKTO &
COMMOUN/ZMATINLZNDI My DI X 8) e oo MDKYO 9
COMMON/MATHZZZ{1 +h) MOKTD 19
COAONZARINIAT (L44) MDXKTO 11,
SXTZRANAL DXHONE MOKTO 12
CALL PUINCAsByCs03FsR Qv aY 35 W EyPyHaSsOH,OKRONEY . . _MORTO 13
END : MOKTO 1%
SUBROUTINEPMINLAB,)CyD)FsRsQaY Yy G aHEsPsHsSDH,FHCG) . PMIN 2
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lJIM NbIGN ﬁ(l),F(li,8(1),\1(1!15(11,P(l),S(l} PMIN 3
e OTHZ NI ION-- DL s G LT REL) Y LRy H O b — . BMIN L.
COMMARNAMATHL/NOT: 1,MUI|’1 A1) PMIN 5
L CUMHON/ZAALH2Z2Z0%) e PMIH .- B
GOMYON/MATINIAT (1) PMIN 7
v SUOMMON/ZAAA SN gHp Ly NGy NL y M4 PS ) — i i o PMIN .8
uU"‘IHOI/UJJ’NTH,NP NIpNJyHX, MX,KX(IO) PAIN |
e - S QMEOA/INOIT LNOT ,NI'Q NRU . ——— PMIN—-10-
ZXTZMALSOST PYIN 11
- ReASEAINGLI3) NapApLsNSyNRyLIMITgNRS: - ccmmm e oo e PMIN 12
IF(HWIT00) RETURN PMIN 13
o REAJCATASLIL) NCeMTyNALLGNTH oo e ool i i o . PMIN. 14
IF{NT 2.0} NT=L PAIN 19
e AMEN SR (NN N e - BMIN LB
IF (K, 2. 5) KHN=1 PAIN 17
HOIMSAAX S Oy Myl o MO o0 o e e e e e e --PHUIN 13
MOIH=N0IM+1 PHEN 19
NLZLPADI M o o o e il —l e PMIN. 27
M= HENTLH PMIH 21
S = e e PM TN 22
ARIT STy La3) PHIN 23
ChLu wATIO(AeNCsNCyIp ) o o e e e~ PHING 24
ARIT Z(NAT, 11 0) P4IN 25
CALL SATIOCAsHRs MR Jp L) . oo et e~ _PHIN .. 26
ReASANIy LILYARPS LK) yK=1,NS) PMIN 27
R £ 11 N T € TP e e e PMIND 28
ARIT Z(A0T 3 L7} K, PSIK) PMIN 29
SALL SATIO (AN NsJy& Y L0 . L i e o [, PHIN . 30.
ARITZONIT, L3 8) PHIN 31
CALL GATIO(3yH,Hyd,X). R e — e A . . PHIN 32
ARITZ(NGT,123) PMIN 33
_ _ _ . GALL 3ATIO (.‘:, Ly NA’ J_; Yo e PHEN L 3G
ARLTE(NOT, Lo hL) PAIN 35
SALL GATIOLF (KM s8yHRsJgK) oo o o .. PMIN 6
ARLTZ(HITy LuB) PHIN 37
CALL GATIO(OZND yNsdy Y. o oo oo .. PMIN 38
PHIN 393
Lo RIADAATI-MODEL LZMINTS IMT) D-dATRIX_FROM.FILE NPU_ . _ PHIN. 43
NX=NIN PMIN &1
AldsNPU . e e O _UPMIN 42
ARIT-!‘\IJT,IJE}) PMIN 43
CALL GATIO(X NG Ny K o i e i e PHIN 4
KO=MC¥H PHIN 45
e 23 183 T E NG U . e i PHINL L GG
00 16 RJ=I1,K0,NGC PMIN &7
CLFAX KDY wZ Qe Tad G0 TO L AB0 e e e — i PMIN 48.
JKIY=X{KJ) PMIN 49
160 GCONTINWE. - .  ___ PSPPI o v I 4 | -3 1
HIN=NX PMIN 51
e REW DN HPU_ I e PHIN 52
ARITCINOT, 159) PHIN 53
CALL GATILO(RNCGy Mada R e e ... . PMIN . 5&
IF(NT.Z243) GO TO L5 PMIN 55
WRLT A0 T,y AUy e e e e e PMIN 56
CALL GATIO{I;MaLsJ,4K) PMIN 57
e LEANRS A MNE. 1) LD _TO 15 .. PMIN 58
REAU RZISTART H-MATRIX FROM FIL: NPU PMIN 59
e - NXENIN. R I — (PR VURI oy /'S " S - ¥ I
NIN=NPU PHIN &1
CHRITECNOT 22 o e e PHIN &2
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CALL GATIO{S)MaL,dyK} PMIN 83

e REMIND NPU PHIN. 6%
NIN=NX PMIN 65

A5 GONTINYE —_ PHIN. &6
READ(NINS1O1)ERPS, TOL,EST PMIN &7

o ML=M*¥L S S USRI -/, B § | DU .
CALL TFQ(H,Z,NR NRyl,k} PHIN 59

— e NM=M¥NOTH PHIN__70_
20 203 K=1,NS PMIN 71
CRJERME (K= LI FN*NR it e PRING T2
KI=1+N*H*{K-1) PMIN 73
KU=Lt+*4®{K-1) . _ : e e _PUIN_ 2%

CALL TFRRUIF(KJY 3V, N,NR,l,#) PMHIN 75

e GALL TFRABAKDI PNyt ey PHIN 76
CALL TFJCQ(<IJ,_,N,Ng1a%) PHIN 77
LXK} = B . e e e e PMINC O P B

30 213 1 148 PAIN 79

HX=5L +N-1 | . [ e PMIN__ 8.

20 213 J-“{ NM NDIH PMIN B3

B IF{E(J) i da) . 60 IO 220 . —— e PAIN 82
210 COUNTINJZ PHMIN 83

. NX=H/l2. — e e ——PAIN 84
220  LF(NXezQuN) GO TO 255 P4TIN 85
HX=MX¥N3TIH ¢ e e e © e+ e - PYIN _ 86
NP=1+NX PAIN 87
A0 23,1 NP *. N__ - e — —— PPL[N_B&L
00 233 J I,ﬂX,NDIﬂ PMIN 89
CIFlZ(d)ar ::-J;).-.L)D,TO 24t - — _———— —_————— P,HINvQD

230 CONTINUZ PAIN 9t
G0 Ta 2313 __ PHIN g2

240 HX=I PHIN 93
GO.IOQ 2204 e PMIN _ 94,

250 KX(KI==NX PMIN 95
255 CALL "tAl‘x( J)Z!N:,HRIY’lsll — e _ _ ——— e ,,,,,P”IN 99
ARITSINITy 301K, KX 1K) PAIN 97

260 CALL TFRAIF(KIY Y NNyt 3)_ . e e PMIN. 93
W= PMIN 99

D0 B KELe NS — ____PMIN_1010
IF(JA;L NZwy) G0 0 2? PHIN 101

I=J=K ‘ . R e PHIN 102

ARIT 2 {NIT, Bll)K PMIN 103

IF(NT NS 1) 50 TO 35 _ 0 _ . . — . T JPHIN 104
RI=i+eAL¥{I=1) i PMIN 105

e AL TP U3 (AT aPaalalaty) ——— e PMIN _106_
GALL TFQ(H,P;H,L,l,SI PMIN i‘]?

] GO TO 3% .. . . O - e — .. PHINC LD
27 TF(HT 2, 3 GO TO 33 PAIN 109
31 Q031 I=sdiynd . . _ e e e PMIN 1190
31 c{I)=2. PYIN 11t
e 20 32 EELaNI_ — P CHIN L2
LI=1+1L* (I~1) PMIN 113
CALLTHFR{S{KL yPyMablytsts) e . PMIN it
CF=PS{I} PMIN {15

DO F2 JalyNHLyNOIM . e e I PHIN 116

32 CALL JAJJ(H’CF, (J),P(J)) P4IN 317
e B ALL TFRCH S Ml ey 3) S PMIN 11&.
HY=1 PMIN 119

33 I=NS . __ N e PN 126
J=1 PHIN 121
CMBITE(NIT, W) - - - S o PHMIN 122
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34

NR=§ PHIN 123
————LEANT o £0+3) _NR=3 PMIN 124
IF(NR.NZ.3) 6O TO 37 PHIN 125

B ALLFACGACOST y ML yHyCFy Gp=STEPSyLIMITy NRyDH,TOL yA4B,Cy0,F4RyQyVs Wy PHIN-126—

206

1EyYsPy Iy 00 PMIN 127

.37 NR=ENR+L. — . S — - —PHIN 128
GO TO (Bayuiys50s45,70) )NR P4IN 129
—al . HRITE(NIL,B804) PMIN_13]
GO TO ag PHIN 1341

-85 . WRITZ(NIT,803)- PMIN-132
IFINT.22.3) GO TO &0 PMIN 133

e CNTEG PHMIN-134...
GO TO 34 PMIN 135

B0 WRITC (I, 3381 ERS,LIMLT PH4IN-136..
G0 TO 492 PMIN 137

ol - ARITEZCHOT ,839)CF - — — — e -PMIN-138..
PRINT 501 PHIN 139

1,001 FORMAT {* _CONJZRGEO*) — e PMIN 140
KI=t#ML*{I=-1) PMIN 141

e CAL TERCH P s My g 1 b PAIN. 162
CALL TFRISIKLY;PM,Ls1,3) PHIN 143

- ARITE A=MATRIX--ON-FILES -NRU..AND--NOT — ——PMIN-1hH4 .
CALL GATLJ(S,MaLl 4, 1) P4IN 145

e REATND NP . PHAIN_1bb .
HA=NJ+ 4 PHIN 147

e ARIT ZANDT 837} —_ —_———— PHIN-.148
SALL TFRUG oMyl sl,yt) PMIN 143

oo GALL SATIOLG ML 35 4) — et e s s i e rvmem — e PHIN 180
[F{I.&5F.0) GO TO 8@ PHIN 151

LR #SRM* (Jd=-1) .. - e o = s e e e e e e — PAIN 162
£S= 1*1 C¥N* (J-1) PMIN 153

e KU LENMLE (=) e PHLN_ 154
CALL Tri!D((CJ,Y,NC,N;l,#) PHIN 155

CALL. TFRUCIKO)sZ yloNylylidoee . _edIN 156
CALL MMULI{PyZyitylaNyX) PMIN 157

- - AHERE —  XSHG- . .o —_ RSP RO o+ 1 2 N R~
uhLL TFRIR(KRY 3 4y NC My 1yt PMIM 159

e _BALL AU Y » X ¥ NG ,..1, H 'S Z) PMIN. 160 _
WHERL Z=RHC PHIN 161

. O 340 KR= LG NNGNOIM. e PMIN QB2
319 CALL JﬁDD(“b)”lo,Y(KQ);Z(I\R)) PMIN 1563

C e e LoWHEZREL Y=0-RHMC. . — . — e PHIN LB _

SALL MATX(Y HyNCyN,25141) PHIN 165

e AHERE L 25 L0=RHG). A _L0=RHC) L PHMIN._ 1686
ARIT Z(MNOT 4152) PHIN 167

- CALL TFREX g gy Mgl g3 o PMIN- 168
CALL GATIOLA N,Ny3y1) PMIN 169

. 00.32s KREA;NNgMOIM oot e PMIN.A70.
320 A(KR}=SATIABS(HIKRY D) PYIN 171
. MRITCONOTy 1530 {H (KR} y KR=1p Ny HIIM) PHIN.172-
SC=NCGF¥ ADIM PMIN 173
ARLITZUNOT 4560 . e e m—mimeme . PMIN A7 L.

CALw IFR(X;Z|NC’NC’1 3’ PHIN 175

e CALL GATIOWN NG NCy gL e PHIINLTG
00 330 K=1)KC)HyMODIM PMIN 177

L3300 2 (KRIESERTAABS (ZAKRLY) — - PHIN..LT8 ..
ARITZ{NUTy 123) (Z{KR) yKR=1,KC,NOIM) PHIN 179

— GO..TQ 35 o e e e PATN_130.
73 HRITZ(NOT, 345) PMIN 1814
90, IF(HALLNZLIY. GO TQ. A o e PR IN 182



IFI(K,LT.NS.OR+J.EQ.1) GO TO 99 PHMIN 183
~IE(NO. EQL.N3) 60 _T0_ 30 —_PHIN 184
WRITZINOT,915}) PHIN 189

-3 . CONT INUZ ——— - PHIN_186.
50 7O 1 PHMIN 187

- — SHIFT_FILZ HPU PAST D=-MATRIX_ELEMENTS I PMIN_1848.
92 X=NIN PMIN 139
_ HIN=NPUY PHIN 1910
CALL GATIO{Z,NC)Ny2,y1) PMIN 191

e CMITHENX L - PHIN_192
WRITZ RESTART H-MATRIX DN FILE NPU PMIN 193
Al=1+dt*(I=21). . o —_ PMIN_194

CALL TFR{H,PyMyLyi,4) PMIN 195

e B ALL  TFRASEIKI) . PypMalgl 3 PHMIN_ 136
CALL SATTID(SsHMsL 5,1 PMIN 137
REAIND NPU S - — - e e PHIN 194

GO TQ 8&& PMIN 199

100 FORMATH(Z(IL)d) oo . — PMIN. 290
131 FORMAT(6z11.4) PMIN 201%
L ALZ2 L EGRMAT (45X, LHHZ) PMIN 202
103 FURMAT (/5 X, 1HCA) PMIN 203
108 FORMAT /o X 0L PMIN 206
105 FORMAT (AHL,11X3LHSTZADY STAT_ F:EDBﬂuK GAIN FOR , PMIN 205
1#THL LINZAR REGULATORY/ . S — PHIN _206.
2’*X>3-1{JX/DT = A%X o+ 8%Y v H*dl PMIN 207

e 3 ZHATHY = CAXL PMIN_2048.
G 1. X*FDQ THE CONSTANT FtnDJAPK MATRIX H; S50 THAT THE CDNTROL‘I PHMIN 209

2 33X AdU o= o« HEYS . - e PHIN. 2L0

c 33 xngIJIMIZ‘S/ PMIN 211

£ O23X2uA2d = LIMIT & L R{*Q'R Y. oo e e e PHMIIN 222

R x:ﬂﬂ1-ﬂ;/31!13HQ = D*X + T*J/iGXbHHH:RE/ PMIN 213

e DRRXANRQAY - __PMIN 214
106 FUWAT(/5XLAD/} PMIN 215
107 FOMAT (/23X HPOINT 1w, 214 IN PROJABILITY SPACE/ 22X, . . .PHIN 2186
1 25HPXO3A8ILITY OF OCCURAMNGE =,F7.4/5X41HA/) PMIN 217

108 FOIMAT (/541HB ... . . .. . . __PHIN_ 218
139 FORMATA{/S3ALHT/) PHIN 219
_110 FGQRMATAZ3X23HSYSTISM NHOISZI_COVARIANCZIZ)Y PMIN_ 220
152 FOIMAT(/10X¥STEADY STATE COVARIANCE®/) PHIN 221
153 FORMATL/S5A*SIGHMASY/5X1C0(LiPEL2.4) , 6 (/17 X9(EL2.) 0 . . . BMIN 222
154 FORMAT(/11XA*RISPONSE COVARIANGCE®*/) PMIN 223
801 FORMAT(A/ 4 LOX,¥SYSTIM*I4,% PARTITIONED WITH NX =%,I4/,) _ __ __ __PMIN 224
303 FORMAT (Z12X34HINITIAL FIEDQACK MATRIX NOT STABLE/ PMIN 225
e AL USER MUST PROVIOE STAGLE INITIAL_FCZEDBAGK*) _PMIN 226
Sulk FORMAT(#/7,1CX,; 30HCOULONAT FIND STASBLE FEEOBACK HATRIX/I) PHIN 227
306 FO%MT(/N,le F*GRADIZNT. TRQUALES*®//Y o o e PMIN._ 2238
3G7 FORMAT (/723X 315HGRADI=NT MATRIX/Z/) PMIN 229
808 FOXRMATL///7 310X, 42HGRADIENT . SEARCH FAILED TO GCONJERGE WITHIN , .. __ PMIN 230
11P=11.3, 7H AFTcERy I6412H ITERATIONS/) PMIN 23%

-408  FORMAT (/A7 L0XK, 43HSUCCESSFUL GRADIENT _SEARCH ~=_MINIMUM _GOST ., PMIN 232
LiP211,3/7/10X,284A8TZA0Y STATE FEIDBACK HATRIX/Z /) PMIN 233

AL1  FORMAT LA/ 45X, *0OPTIMAL GAIN CALCULATION FOR_ SYSTEM ",ILk/7/) .  PHIN 234
MY FORMAT (/775X *0PTIMAL GATIN GALCULATION FOR ALL SYSTEMS */7) PMIN 235
919 FURMAT(//7 42X AT LEAST. OME SYSTEM _CANALT BE_ STABLIZED®*) .. _ __PHIN_ 238
ZNQa PMIN 237

e OVERLAYU(OINCFES,3,0) MODEL 2
IVIRLAY(OINMCFB,4;0) MODEL 3
PROGRAM MOOIL . _. . S MODEL __4
uOHﬂOJ/IVOUT/NOT,NIN NPU MODEL 5
CCOHAONZMAINL/HDIMaNDIHL,S(1E) . . MODEL. . 6
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OLMZNSION F(u).PFPX(lbI,A(i&l,PINV(i&) X14) MODEL 7

e DATA-LIMIT  CPSAZ Oy taindd - - HODEL—.3-
THIS PROGRAM COMPUT:S MODEL A-MATRIX TERHS FOR GLJEN MODEL MODEL 3

cee = POLRS (FREQey. DAMPING) 8Y MEWTON-RAPHSOMN ITERATION-—. oooee e MODEL -18
X = X - INVIPFPX) * F MIDEL 11

...... CDATA =~ IO LIMIT,IXgiPS / {XCIV,Isdgldoe - . .___ MODEL.12.
AND = BASIC A-MATRIX (5(2I2E12.0)) MOOEL 13

e JORZ — . i MOGEL-14.
NOLM=y MIDEL 15

: NDIM1=5 o . MODEL--16
100 READINAY, 101D IOI,ILIM,IX,:PSI,(X!I),I 1,4) MODEL L7
131 FORNMAT(SL5,51540/4E512,0) - - —— e e . _ .. MODEL 18
[F{X(i)elZeds) GO TO S0B MODEL 19

e IF(LP31.5Twus) EPSSEPSI_ . . - e _._ _HMODEL.22
IF(TOL.NZ,3) I0=10I MODEL 21
LFCILIAe3Tadd LIMITZILIN. -« o et o oo oo o e o . MODEL .22

CALL GATIO(A,bytyL0y1) MOGDEL 23

CSBLL FUNSTUASFsPEPX,X) - . . .. .. .. ... . . H4O0EL 24
IFCIXa5Te3) READ(NPU,102) (X{I}yI=1,4) MODEL 25

102 FORMATAGZ12400 o . . — e MOOEL_26
ITIR=2 MODEL 27

o200  [TIR=ITE+l . ... . MODEL 28
(FCITZR.3T.LIMIT) STOPL MODEL 29

GALL FXLAyFpPEPY X ers o o o o e e~ L M. .. MODEL 30

ERR=SQRT (00T thyF4F)) MOOEL 31t

e IFUCRRGLEEPSI GO TO_ SO0 . HOOEL._32
CALL DZRIVUA,FsPFPX,X) MODEL 33

SALL GMINJICaybyPFPX,PING MR, 0 o o L. _..  __MODEL 3%
IF(MR. NS a) STDP 2 MODEL 3%

CCALL AMIL{PLINV,F 4,41 ,PFPX) e .. MDDEL.3%

CALL ADD(Gs=1ey%X,PFPX) MDDEL 37

e B0 X 2B ... MDDSL_38.
500 WKITZ(5,501) ITER,ERRy (X(I1}151,4) MOOEL 33
501 FORMAT (/LX*[TER= #I15,5X*¥ERRUR= *1PE12.4/1XA(ELZ.4)// . HMODEL.40
- 1X%D-MATRIX TERMS#) MOOEL &1

, CALL OMATOA, B PFPXGXY o oo o o o e e et e e _ .. MOOEL. 42
350 CONTINUS MADEL 43
e EMD . . .. . MDOEL 44
SUBROJTING FUMGT (AyF,PFPXyX] FINCTL 2
SOAMOAZINGUT/MIT g HEN G HPY. . o e ... FUMNCTL.3.
JIMINSTON Alty2) o7 (1) s PFPX {hyl) y X (4) FUNCTL &

L. A(1)=OMEGP, XU2)=ZETAP, X(3}=OMEGSP, X(4)=ZETASP. _ .. _.... ... FUNCTL 5
IF(XI1)4LT 404} GO TD 10 FUNCTL 6

e e TZ0PE2 XL 1) EX(2) _ . e FUNCTL_Z.
DMPZ=X (1) **2 FUNGTL 8

50 TO 200 o o e el — . _ FUNCTL.9

10 OMPEZ=X{1)*X(2) FUNGTLLO
TZOP == (X QLI eX U2 ) e FUNCTLAL

28 IF(X(3)sLT.us) GO TO 30 FUNCTLLZ
e OM3P2zA13) X2 , . FUNCTLL3.
TZOSP=2.%%X (3)*X(4) FUNCTLLY
B0 TOLB o _.__.. . FUNCTLLS
30 OM3P2=X(3) %X (b) FUNCTLLG
e TZOSP={X{ 3 #XAI b A e FUNCTLAT
40  CUNTINUE FUNCTL13
e D1==p(2,23 =TZ0P=TZOSP. o . _ FUNCTL19.
D2=0MP2+0MSP2+TZ0OP*TZOSP FUNCTL2Q

e A A U e e et e e ... FUNCTL21.
D3=-A(2,3) *A{1,2) %A (3,10 ~A{1,4)*AL3,1) ~TZOSP*OHP2-TZOP*ONSP2 FUNCTLZ2

e . FUNCTL23.

e L HRL252) R A3
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4=~ 0HP2*ONSP2- A(1,2)*&(3,1)’A(2,u)+&(1,b1‘n(3,1)*&(2 2) FUNCTL24
A, 3) 21 FUNCTL 2%
X(1) =a(l,1} FUNCTL26
. XU2) =A(29 00 ——— - EUNCTL2T..
X{3) =A(3,2) FUNCTL28
e XY A3, 3D — — FUNCTL29 .
RETURN FUNCTL3O
e ENTRY_EX FUNCTL31
Fi1) =X{1) +X(4) -D1L FUNCTL32
FU2) =X (1) * (At2,2)#X (L) =A{1,2) %X (2)=A(2,3) %X (3) +A(2,2)%X (L) =02 ___ FUNCTL3II_
FO3)=h {1 *AL2,2) *X(4) - A {1,231 %X (2} *X{4) =X {1)*X(3)*A(2,3)-03 FUNCTL3h
- HXU3)IFAL2,4) . e e e FUNCTL3S
- ~X{1)%A(3,4) FUNCTL36
e ELAY EA L, 40 A X(2) MK 3 =X (PP A(2, 62X (3 -0 ——EUNCTLIZ
- +X(2)%4(3, 4)*&(1,2}+n(2,21*&(3,&)*X(1) FUNCTL3S
RETURN - . o . — e ~ FUNGTL39
INTRY DERIV FUNCTL40
PFAPULL L} =PFPX gt =0e . o . FUNCTLH1
PFPA (1,423 2PFPX(143)=PFPX(4,y4)=0, FUNCT L42
e L PEAX 24l A2, 20 £XAN) — —_— ——~FUNCTLA3.
PEPX(242)=~A1;2) FUNCT L4h
PFPALE 93 ==Al293) oo o e e FUNCTLGS.
PFPX (2,4)=X{1)+A(2,2) FUNCTLLE
PFPXA3, L1 =X{4) *A{2,2) X (33%A42,3) . . e . FUNCTLGZ_
- =A(344) FUUNCT L& 8
CPFRPX(352h==A(1,2) %X (4) _ -, — e FUNGILAS
PEPX (3,3) ==X (1) *A(253) +AL2,4) FUNCTLS0
PEPRU3,5) =AL2,2) * XU ~AL1,2)*X(2) . _ - e FUNCTLSL.
PFPX (4, =X (30 FA(2,4) +8(2,2)%A(3,4) FUNGTLS52
PFPX (L, 22K 03) *All,4) i} - - FUNCTLS3
- AT, R} FACL, ) FUNGTLS4
e PFPAA4s3YSXCRYFALL 4 o X ALY R A2y 8D - e FUNCTLSS5
RuTURN FUNGCTLSG
IHTRY DMAT.. _ S . i _.FUNCTL57.
X(1) =A(L,10-X(1) FUNCTLS38
X{2)=Al2:1)-%402) - U __FUNCTL59 |
K31 =2(3,2)=X(3) FUNCTLGO
e XAU) SAL3,3) =X)L . FUNGTLSL
Ridl 4 NPU FUNCTLH2
ARITSANP I, 191) CAUTVI=Ap). . e .. FUNCTLH3
WRITE(NP Y, 132} FUNCTLBY
102 FORMATLAD)Y . . . _ e _FUNCTLSES5_
RzWIND NPU FUNCTLES
e HRITELS,204) (X(LypI=La8). . e FUNCILAT.
131 FORMAT(® 1 1*1PCL2.4% 2 1%E12.4% 3 2¥Z12,4% 3 3%612.W) FUNCTLS4
. RETURN.. . et e et e e ——_ FUNCT LB
£Hi FUNCTLTO
- SUBROJTING FUNCST(ASFSPFPXe XY o i e e . FUNCTLO2.
COMMON/INOUT /HOT g NIN, NPU FUNCTLD3
e DIMZNSION ACHy L) yF{L) 2 PEPX(lol) o X () FUNCTLOR
IF(X(L)sLT.d4) GO TO 10 FUNCTLDS
TZoi1=2.% X4y ¥X02) N .. FUNCTLDG
OMLZ=X (L) **2 FUNGTLOD?
- GO TO 2G _ . e .. _FUNCTLDS_
10 OMiz=xX{1)*X(2} FUNCTLDY
e T20 2 (X1 £ X020 FUNCTLALO .
28 IF(X(3).LTad4) GO TO 30 FUNCTLLL
L OM22=X(3)**2 e FUNCTHL1Z2
TZOZ =2 %X (3) *X(4) FUNCTLL3
GO IO N0 . CFUNCTLLY
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30 OM22=X{(3)*X{W) FUNGTL1S
e 120222 (X (314X L) ) FUNCTL16-
40  CONTINUE FUNCTLLT
cmem —-D12A (3430 +T20LETZ02 — R FUNGTLL8-
322-A{1y2) *A (2,1 ) = (OM12+0H22+T201+TZ02) FUNCTL19
D3=A(1,2)%A12,1) #AL3,3) ~{TZ01*DH22+T202%0M82) — . _FUNCTLZ0-
D4=-0M12%*0M22 FUNCTL21
Ay L, FUNCTL22-
A1) 2A(1,1) FUNGCTL23

KD 2A (L S)eeme - — - FUNCT L2
X3)=A(2,2) FUNCTL25
LX) =2 (2, 3) _.FUNCTL26-
RETURN FUNGTL27

e ~GNTRYFX FUNCTL2S-
FOL) =X (1) +X(3) +D1 FUNCTL29

e FA2) 2X () +XCLI A3, 3) + X (L EXAB) 4K (I PA L3330 402 — oo oo FUNCT L3O
FU3) == XU1) #X k) $XU2) %A 125 1) =X i) *A(3y4) *A L4, 2} =X (1) * X (3} *A (3, 3) 42 SFUNCTLIL
e = =B (3, 2 FX(2). —— — o -FUNCTL32-
FUa)moAlls 2)A (35605 K (4D +X(30PAL3, 40 "X (204X (L) *X (4] A (3, &) %A (4y 2) ~FUNCTLIS
e XA2)RA(2, 30 FAL3 )R A (e 2) 40 - FUNCT L34
RETURN FUNGTL3S

e ENTRY DERLY—.— — — em FUNCTL36-
PFPX (1,1} =PFPX(1,3)=PFPX(2,4) =1, FUNGTL37

L PFPX(L,2) IPFPXLy4) SPFPX {2,200, —— — FUNGTL38
PFPXL2 11 =A(3,3) +X(3) FUNCTL39

...... o PEPXA2,53)2X{1) +A(343) e FUNCTL&0-
PFPX(3,1) ==X (4} ~X(3) %A (3,3) FUNCTLGL
CPEPXA3,2) 2412510 =AL34b)- o e e e FNGTL 2

PFAX (343)==X(1)*A(3,3) FUNCTL43

- PFPX{3,4) ==X (1) =AC34W)® A0, 2) o ... FUNCTL4%4-
PFAX (+y1) 2 X(4) %A (350) %A (4,2) FUNCT L45
e PEPK L9920 AXC3VRACS 40 =A L2, L0 BAL3 LIRALN,2) FUNCTL46.
PFPX (4330 =A03,04) *X(2) FUNCTLGZ

PEPX (4 5) 3=A(1,2) 2A L3, B) #XALIXA (3 R0 A (492) . FUNCTL48-
RZFURM FUNCT L9

e ENTRY QAT e FUNCTL5 -
X(1) =ACL, 1) =X{1) FUNCTL51
A (2)LFAA Ly 30=XA2) FUNCTL52-
X(3) =A(2,2)~X{3) FUNGTLS53

KC) 2AL2 30 =Xt oo . o e FUNCT LS

RZAIND NPU FUNCTLSS
ARITEUNPU, 1510 (XLT) oy I=dyl) . . . . _FUNCTLS6.
ARLTE(NPU, 102) FUNCTLS?
e REAIND DIPU FUMCTLS4..
Lu2 FORMAT(1H]) FUNGTL53
e WRITZE(Hs 101D XD g L2t g lhdm e o o o o e FUNGTLG0-
131 FORMAT (% 1 L¥1PE12.4% 1 3%E12.4% 2 2%212.4% 2 34E1244) FUNCTLS1
RETIRN. o oo e e e FUNGTLB2..

IND FUNCTLE3
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