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AUTOMATED LANDING, ROLLOUT, AND TURNOFF USING
MLS AND MAGNETIC CABLE SENSORS
S. Pines

S. F. Schmidt
F. Mann

Analytical Mechanics Associates, Inc.
SUMMARY

This report contains a description of the simula}tion program used to study the
landing approach, rollout and tuxﬁ';off of thé B737 —100 ;ircraft utilizing MLS and a buried
magnetic leader cable as navigation a_ids‘,v;, ~.’I‘ehe resplts of the simulation are contained in
the report and show the concept to bé both feasible and practical for commercial type

aircraft terminal area control.
INTRODUCTION

The use of inertial navigations in conjunction with navigation aids such as ILS,
MLS, TACAN, etc., in commercial aircraft is rapidly becoming a common state-of-
the-art technology. As part of the Terminal Configured Vehicle program (TCV),
sponsored jointly by NASA and FAA, this study was undertaken to: (1) investigate the
compatability of existing Autoland guidance laws utilizing a Microwave Landing System
(MLS) in place of the conventional ILS navigation aids during landing approach; and (2)
to extend the concept of automated flight to rollout and turnoff for reduced runway
occupancy during normal and adverse (CAT III) landing conditions. In order to achieve
acceptable tracking performance in dry and adverse weather conditions, a buried magne-

tic runway cable and an aircraft mounted three coil magnetic pickup were investigated.
For the purpose of the study, a dynamical model of the B737 was generated in

a computer program (ALERT) to simulate the aircraft forces and moments during land-

ing approach, rollout and turnoff. A simulation of the existing Autoland gﬁidance

ix



equations for the B737 was supplied by the Langley Research Center. Optimal Kalman
filtering, utilizing a square root formulation for onboard implementation, and a non-
optimal fixed gain complementary filter were studied. . A rollout and turnoff guidance
law was generated. Both Kalman type filtering and fixed gain complementary filtering
are shown to be useable with little change to conventlonal g'c.udance equations presently

in use in commerclal a1rcraft

Th1s report mcludes a smdy of the requ1rements for the Kalman ﬁlter and the

rollout and turnoff gu1dance laws.



R AIRCRAFT DYNAMICS - 1 "

... .+. This section contains the -derivation: of the equations.used in:the simulation. ..
. of the dynamic.model of the B-737 during.landing approach,:capture, decrab,. flare;:

. touchdown, rollout and.turnoff. ;... - . el

A. Choice of the Coordinate Systems

1t s I6 is customary Yo utilize linéarizéd ‘équatidis 'of mdtion ‘describing’ ©
the deviation of the aircraft from a constant-speed, fixed-flight path’ angle’ Wwingg=""
level equilibrium condition in the body-stability axis system. While this is suf-
ficient for the landing approach phase, it is inadequate for rollout a.r_1d turnoff due
to large deviations in air speed, flight path angle, and sizable changes in yaw
during turnoff. In order to accommodate the broad spectrum of conditions, it was
decided to use nonlinear equations of motion in a runway Cartesian coordinate
system to describe the linear acceleration of the aircraft and to use the body axes
and the Euler angles of roll, pitch, and yaw to describe the angular acceleration

equations.

Since the nonlinear variation of the aerodynamic coefficients is small
over the range of Mach numbers and aircraft altitudes in landing, and since the
aerodynamic forces during rollout and turnoff become relatively unimportant when
compared to the landing gear and thrust forces and moments, it was decided to
use a simplified form of constant lift, drag, and moment coefficients fitted to the
B-737 for the landing simulation. Numerical values of these aerodynamic coef-
ficients were obtained from NASA Langley Research Center and are given in

Appendix A.

The orientation and sign convention for the runway inertial Cartesian co-
ordinate system is given in Figure 1. The aircraft position vector, R(x,y,2z),
is measured relative to the origin fixed on the center line of the runway with the

positive x axis pointing forward along the runway center line. The z axis is
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Figure 1. Runway (Inertial) Coordinates and Aircraft Position, Velocity Vectors (R, R).



positive down, and the y axis is positive to the right in a right-handed orthogonal.

coordinate system.

The transformation from the body system to the inertial runway system is

given in terms of the Euler angles.

A vector in body system VB is transformed into a vector in runway inertial

system by the matrix LI’B .

Let
¢ = roll
6 = pitch ) _
¥ = yaw (measured from,m‘aénetié' north)
\IJR = runway yaw, (meésured from_'méénetic north)
Then, - | -
I ! 0. 0
T1(¢) = 0 »,_co's ¢ sing -
LO . -sin ¢ cos ¢
M cos 6 = 0 -sin@ ]
T,(6) = —‘0 1 0
| sin 8 0 cos 9 |
coso sing 0
T3(o) = |{-sing cosgo 0
0 0 1]
.:wherg
c = V¥-V¥

A(1a)

(1b)

(1c)

(1d)

(2)



where

-:--,.LIB="T3"""°"_T\2"'.6’ Tl“‘?’ T =2

It follows that ‘the three umt—body—axes vectors a a,, and a may be expressed

3
in the inertial system in terms of the Euler angles (¢, 6 0) See Flgs 2a and 2b

The a1 axis is along the aircraft center hne, posxtwe forward

cos 6 cos.o
a, = q.cos 6 s1n o (3a)

-sm 9 .

The 52 axis is the lateral aircraft axis, po'iﬁtihg 'positviv‘e along the right wing.

—sin o cos ® + coso sin ¢ sin 8

)y
]

cos LE cos ¢ + sing sin¢ sin O (3b)

sm ¢ cos 8

The 53 axis is the vertical body axis poiptgng positive downward:

sing sin¢ + coso cos ¢ sin@ |.«

8, = '¢'-cos 0 sin'p +siiG cos ¢ sin O (3¢)

cos ¢cos §"

B. The Aircraft Equations of Motion

The aircraft inertial velocity vector, R(x,y,z) isgivéed by the time
rate of change of the position vector
d

7 R =R 4)



71»0:\ %
~— _
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Figure é(a). Aircraft Body Coordinate System, Cont;'ol Surface Deflections, and.
~ Aerodynamic Angles. : ‘






The vector velocity of the aircraft relative to the atmosphere V(v1 2V, s v3) is—

given by the aircraft inertial velocity vector and the winds.

. V.= R-{W+G+8]} o > . (5)
‘where
W = cbfistant wind vector
G = gust vector
S =

wind shear vector

i
/
/

The simulation of wind, shear, and gust is not derived in this report and was

supplied by the NASA Langley Research Center. -

The aero;iynamic coefficients for liﬁ, drag, and side.'foré‘e dre obtained -
from wind tunnel data and relate to forces in the so-called aircraft stability axis
system. In this syét‘én{; the lift acts normal to the aircraft relative velocity

‘veétor, V, andinthe 4_,a plane and

1°%3 3
is perpendicular to the lift in the.direction negative to the relative velocity vec-

plane. The drag acts in the él ,a

tor, V -The 's‘ide:- force acts alohg the éiz axis. To express the stability axes

(§1, §é, §3) in the inertial runway system, we have the transformation

L= g h@ o (6)

where « is the angle of attack éf the aircraft

- a3'V
o = sm:
o - 2 N 2
»JQa “VY + (4, VY
1 3
. ; . (7) -
or -
-1 837V
tan Lk .
4"V



Thus the Tift acts along the negative &, axis .

~ =‘__'—. ~ 4 . A ~ - - ’
8= smoze.l._ c:oso.za3 IS ~(8a)

" ’_Ii_‘_he dreg actsalong ‘tl_‘fe negatlve sl ax1s S
§1 = _co's."-ét §1+ Slna 53 " - \. ‘. . (b
The.aer:odyna‘nll‘i"c si‘cfe“fo:rc‘e acts alorfgv thel;)ositive:‘ §2 ams : j PR
L g,=, 1_ B R
The total forces: actmg on the alrcraft ‘ expressed in. therunway referenced

frame are glven by t-‘

XG |
loyef.
“2G

M|

S

Cal
]
o

where

2 sz (dynamic_f pre'ssure)': Do

wing reference area B

‘om.ol
i

C ,C = effectlve drag,- S1de force, a.nd hft coefflcnents
Y’ L o
(see Appendix A) - : ~ (93)
) kFXG 3 Y.G,’;. 7G = landmg gear. forces expressed in the runway
Y - T system o S PR

thrust forces expressed lll the runway system,)-}-.} A



The time rate of change of the mertlal velocity-vector-in:the :runway-.:

frame is given by

d s as
a® At o o
HT10)

+ L."{.cos‘a:‘- i - sina_a_}
m. o 1. o 3i

where 0 fm v vl s e e e s e g e

>
]

0 (gravity vector)

o G (10a)

=
]

- magnitude of the thrust

PR 5 X . <angle in th 'A:-:!,'h"‘é'v."
o thrust offsetcangle in:the aiyay

rotation about the 52 axis. P T T

®
I

plane-.--- POSitive*aoviS & o

It is convement to mtegrate the angular, acceleratlons of the aircraft in
the body system since the mass moments of mertla do not change in that frame
The kinematic equatlons relatmg the Euler angles and the body angular rates

.: .L=

(P,q,r) are gnven by ’

@
I

cos$q - sing r

.e.-
]

(rcos'¢ + qsin @)/cos 6. v yowm - _ (11)

A p,,+ Slne\ll L A " cih :
PR T T UL

et
!

Neteae v e ol Y .- -t . .
R R e A T TR R R - e - sy
. . ' PR . . - - R

The differential equations for the angular accelerations in the bodysystem

are given by’ >wirris o L wrie cu

e {wl = -(IB)-I{wx(IB)w + TB} (12)
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where

IB = 0 A IYY 0 o U - (12a)
Tz 0 22
| P} | | ‘
w = ¢q N ¢ 1)
Us Rl P e
Ty = o) (Mgp ¢ Mg +g Moy 7 azo
Ng Na | Np

The aerodynamic momehts, L-s , MS , 'NS , in the stability frame are given in

Appendix A. The landing gear moments, LG , MG s NG » are in the body »fr;ime
and are derived in Section C. The moment due to thrust is given by ... ..
_ i ' _ R 12
MT . aTk . o . ':'.’::‘_",';CW;( d)
Np. 0 ‘

an is the moment arm of the'engine thrust and is:listed in Appendix A. ~

C. Landing Gear Dynamics

The landing gear is modeled as an airspring and damper. _ Strut com-%

pression is initiated whenever the strut load exceeds a pi'eSét preload, PL :
. S i



For loads less than the preload, tire compression provides a linear spring (initial
tire compression). Elastic deflection of the strut and inertial acceleration of the
,unsprung mass of the strut and tire are considered high frequency phenomena and

are neglected in the analysis.

In order to determine the forces and moments acting on the aircraft due

... to ground reactions in landing and braking, the locations of the main gear and

nose strut with respect to the center of gravity are re}qqir{ed. The locations of
the three extended, uncompressed gears of the B—737'are"given in Ref. 1 and
illustrated in Fig. 3. The positions of the three gears are measured from an

. origin at the leadihg edge of thejMAC.'

L -~ th ,
Let the coordinates of the i  -gear with respect to the leading edge of

the MAC be given by

. }

H e e L

1
<l
N

(see Table 1)

e

During landing, rollout, and turnoff, it is assumed that the aircraft experiences
small values of pitch and roll. Largé values of yaw are permitted. Thus, small
' angle theory is used t§ model. roll and pitch motions but the full nonlinear theory

holds in yaw.
. .th | c
The height of the :i: -gear above the runway is given by -

— — — %
hiG— _ZiG_ —z—¢yi+ e(xi+cg) (13)
where

*
‘g = center of.gravity expressed as the percentage of mean
~,aerodynamic chord

11
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'y 1.8288 m
|
]

CG AT
 LEADING
EDGE MAC

LANDING GEAR LOCATION
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\ Figure 3. Landing Gear Geometry
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TABLE 1

EXTENDED GEAR LOCATIONS

(Distances in meters from c.g:) -

X - y o 'z' Gear No. .
'Right Main Gear -1.8288  2.6152  2.9809 1
Left Main Gear -1.8288 . -2.6152  2.9808 . 2
Nose Gear 8.6258 0 2.6731 . 3

13
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Ground contact occurs whenever

4 hiG< 0 or  Z,s >0 (13a)

Since the strut is preloaded, no strut deflection occurs until zi exceeds the

G
preload tire deflection, 2, Thus, for

i lpL ’
< <

the strut load is.a.linear function of z,

iG’
. Z.
F, = _FiZlG (14)
P ipL
Once the preload has been exceeded, the strut begins to compress and the force
is given by the isothermal compression law -
:Fiv”——; _Fi 4 - A - (15)
P, %6 TipL ~
2,
l -
where {’i is the bottom-out maximum deflection permitted by the strut design.
Equation (15) holds for-all Z.G such that
< <
Z%ipL = %ic = 4 »  (152)
The strut deflection is given by
Z,.. = 2, -2 : } _ (15b)

iD iG ipL



The damping force is generated by the strut deﬂectién rate, ZiD ,
given by

. . — -— -_ %k
Zip= 2 * PY, - Q(Xi-’“ cg ) - : (16)

iD

The damping force of the ith strut is given'by

Fp = ~%p |%p] o a7
where c.lv is the damping coefficient, which is modeled as a function of the
strut deflection
c. = a 'z ‘+-:a zzl (17a)
iv 1i 'iD 2i 'iD
where ali,‘ a,. are strut damping design constants. Figures 4 and 5 illustrate
the strut compression curves for the main and nose gears.
The net vertical strut force in the body frame is given by
= + F 18
FNi Fi Di - (18)
The tire drag force may now be ‘computed as a function of the normal
strut force and the friction coefficient. The drag force acts in the plane of the
tire and in a direction opposite to the axle velocity. We have '
= - : 19
Fhi H lFNi | : : (13)

The tire friction coefficient, y, is the sum of the rolling friction coefficient, y R’
and the friction coefficient developed by brake application, T We have, for

dry runway conditions,

15
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b
= .5 P (20)
pmax :

g

where bp is the brake pressure and bpmax is the maximum pressure available.

For wet runways, we have (from Ref. 1)

Vg + 100 tip , : '
Hg = 10wy +.200 b (202)
U . pmax '

where VG is the ground speed in knots. The tire friction curves are given"'ini

Fig. 6.

s f
The guidance law for brake pressure application is given'in the Guidance

and Control Section of this report.

b e

Finally, we have e e L

b= opgtoup [ ¢3Y)
where i R lS the coefficient of rolling friction. Braking is.not ava'.ilable_.on.ﬂtﬁe-'.

nose wheel so that only rolling friction prevails.

The landing gear lateral forces and steering is taken from the theory
developed by W. B. Horne in Ref. 2. We first compute the tire compression -

coefficient mn;:

5| Bql

g
k)
(p;+.08p ;)W (W d;)

(22)

If

>
ni .09
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the tire.compression.is-givenby. ... . - & o e e, Y

b, = W, (.03+.427.)

If

N .
FERTILE

tire compression ig--ccoco o

27 9
boean o o M0 S m=— (Pt 44D )W L
o x YN 180( pl i 44 Pn_,), W
e .‘;:“:‘:l:!".;s :‘.""»'.;f‘:' LT i ceg e ':,' R R ‘ R '*.\\ "_I .‘ ‘ et

(The factor, .2, multlplymg 17 /180. represents the number of tlres per strut..

Thus,..for; a single tire strut, the factor would be 1.).. TR AP
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' The lateral tire’ cornermg force acts normal to:the plane of the txre

and is glven by

F = N(y+g-&) | |

By Mogra- ) )
where ei.--is the ground track angle

. — :'j/+_f[(.;i+"6g*)eos o-y sing) . P

-:ei = tap 1 — — L on ey i (25a)

(0= ¥- ¥p)

and v is the steermg angle of the wheel For the maln gear, I %= 0, and

forthe 'nose wheel 'y 1s supphed by the control 1oglc

The plane of the maln tlre 1s parallel to the a1 ,a body frame.. How- .-

, . 3
ever, the nose wheel develops a drag and cornermg force Wthh must be-re- .

solved mto the: body axes Let ‘y3 H3 Yy and’ F L3 . be, the riose wheel. Steering :&
o a.ngle and horlzontal forces developed in the plane of the nose wheel and perpen— o
dlcular to 1t Then we: have for the forces m the body system, »

5T fm e-'FNi’5"1"3.‘7’3'?}?1‘3'

w‘f‘?‘f
1]

s ,Y.i--' _FL1+ ¢F (26)

|

5 73 H3

PR

TZi T UTHL Lif 5 ”3(6 +¢FH3')

To obtain the mornents in the body __frarne:, we have -



The lateral tire cornering force acts normal to-the plane of the' tire

and is glven by

F = N(y+o-E¢ - 25
L~ Npro-§) - &9

where ei -is the ground track angle

— y+r[(x +cg )eos @ - ysmo] S
.'61 = tan » — ' T AT wie (253)
. ’ X

(.o = ¥ ;,\I/ll)

and 'yi is the steermg angle of the wheel. For the mam gear, -yl =0, and

for the nose ‘wheel, Y 1s supplled by the control loglc

The plane of the main tire is 'pe‘-rallél to the a a, ,-53 body frame. How-
ever, ‘the nose wheel develops a drag and cornering force whlch must be-re-

Fus® and Fp |
. angle and horizontal forces developed in the plane of the nosé wheel and perpen- o

sélvéd mto the body axes. Let - -y3 ‘be the- nose wheel steering "

dicular to it. Then we_- have, for the forces in the body system,

% T Tmim i 3% s
Fyi = FLi+ ¢FN'1+ .5i3 % FH3 (26)
F, = 6, - 0F. '+ By - o 3 %5(OFy* 9Fgy)

Zi-

To obtain the moments in the body frame, we have

4
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3
= _ o - kX
Y Z [Fyi 2ig ~ Fp(Xtcg))]
l: .

. -k =
N = 2 [Fyy(x*cg’) - By, v, )
i=1 :

To obtain the forces in the runway frame, we have )

3 .
e © ('73 Fs* Z FHi) cos 0 - 73 Fyyg *
-1
| 3
e = (”3 Fus ¥ ZIFLi Sing + |-y Fa+
l:
3
FZG = Z FNI
i1

"3

(27)

i=1 .

Z FLi) sm;c'

3

=1

z FH).) .cos..q ' (28)

afq
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where fSFB is the specific force measured in the body frame by the acceler-

ometers. Since the accelerometer and gyro data are sampled at 20 Hz, we

may integrate Eq. (30) with a simple Taylor series

= e = At2

R(t + At) = R(t) + R(t)At+ R(t) =~-

ﬁ(t + At) = ﬁ(t) + ﬁ(t)At A (31)
At = .05 sec. - o e

In the presence of:error sources cited earlier, 'the dead reckoning esti- E R
mates become useless after some time, and navigation aids and filter,technique:'s
are'required to correct for the errors. In the subsequent sections,‘we'de;s'oribe o
two euch filter systems. The first is the Kalman filter. This filter utilizles a ’ o
priori estimates of the uncertainty, in the érror states to be corrected and the S
expeoted variance in the observations, to obtain a minimum variance estimate
of th?e correction to the states as a linear function of the difference between the |
: observations and the expected value of the _observation.'

The second filter system is called a complementary fllter It uses flxed i &
galns to estlmate the correctlons to the position and veloc1ty of the aircraftas a
hnear functlon of the observation residual. Since it knows nothing about the a . i
M uncertalnty of the alrcraft errors or the observatlon noise, it depends
solely upon the concept of exponentially correlated random noise to smooth out
noise. As shown in the results of the study, the complementary fllter does as

well as the Kalman filter in landing approach, but does not do as well in turnoff

because of the effect of gyro misalignment biases.

25
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B. . Kalman Filter Implementation

... The optimal filter:algorgthm involves a very large number-of machine opera-
tions. - The basic algorithm separates into the.following: = ..

_ _1 Calculatlons assomated w1th a cha.nge in the tlme reference
of the fllter, and T T T L0 B R

2 Calculatlons of the mcremental state estlmate from the
‘measurement mformatlon ‘ Pt et

4

In order to keep the number of operations within the capabilities .of current air-

borne computers, the accelerometers. and gyros are sampled at.a rat_e of 20Hz,
jthe observations are sampled at a rate of 10Hz, and the.ﬁ;l‘.tq_r is;updated at a
rate of 1Hz. |

Past experienee has shown that fhe square root implementation of the opti-
mal filter algorithm (Ref. 3) can reduce the effects of numerical errors to insig-
nificant levels. The square root imﬁlementa;ion is therefore incorporated in the
broposed design. Modeling errors are compensated for by the appropriate use-
6f random forcing functions. , This technique ¢auses the more recent measurements

to be weighted higher than past measurements;. therefore, the estimate tends to

follow the more recent measurements.
fhe,'}jropdsed:filtei will dperate in'a manner illustrated in the sketch below:

i od
L] o

W ottty ottt ot ety ey
At the start of the Seciﬁence, V've assume th;at.the filter has its covariance

matrix referenced to time tk. At the times tk’ t,, ...... , t9 , measurements



are accepted and residual sums and partials are computed and saved in pre- .

processing routines. After accepting the measurement at time t the residual

sums and partials are transferred to arrays for processing by th: filter; and the
locations used for the pre—'processtng are cleared for use in pre-processing the -
k +1 and subsequent measurements The reSLdual sums are processed by. the
filter and the mcremental state change computed in lower prlorlty loglc When
"these lower prlorlty calculatlons have been completed ‘the logic sets markers
which cause the higher prlonty logic to ple up the state change and add it to the
system.- Meanwhile, the lower priority logic updates the covariance matrlx to
the time tk 1 and readies the filter for processing the residual sums in theﬁe"xt
interval. The onboard program Operatlons for executing such logic: w1Il be de- &

scribed in a'later report R S e oy
The error state is assumed to obey a linear differential equation

dx= Fdx + Fn- ' TR S TR N firii (32)
oo ,IX n -

where
dx’= the n-component error state vector (n=15)" © ... "
= an nxn matrix ' '

an nxm matrix

5 57 KM
0

= an m-vector of random forcing functions for
..compensation of error growth’ caused by unmodeled
error sources. :

" An approximate solution of Eq.  (32) is

Blin) = Sl i) Bxlh) * S lhegs b nih) @3

27



‘We assumé that u(t

where.

& = the transition matrix
¢, = “the forcing function sensitivity matrix
u( tk) '= "a constant’( in the interval tk to tk +1) vector

for approximating the effects of the noise vector,
n, of Eq. (32)

" The covariance matrix for the error state at time 't 'isgivenby

P(tk) = W(t ) W(t, ) = C[dx(tk) dx(tk) ] o (39)

where

the square réot covariance:’ (WT is calculatéd in
the proposed square root lmplementatlon of the
optimal filter) T

w(t

i)

el ]

]

the expected vqlqe operator.

k) is a ‘random independéiit vector such that "

& [u(t W) u(tk%)T ]

]
(=4

i#1
(35)
)T =

(t, ) Ut

~ where U(tk) is the square root of the process n01se variance.

The appropriate use of the expected value operator with Eq. (33) glves

the time update of the covariance matrix

Wt ), ®T

T-[¢W(t)q>U] K

k+1 - UT¢

) .= W(t

ep) WEE

Pt (36)

28



We see from Eq. (36) that we can form ~W(.t )_T in two steps as follows:

k+1

'T
T kl k
Wity " - TR e

The matrix, W(t of Eq. (37), has dimension (n+m)xn. The

k+1)
Householder algorlthm descnbed in Ref. 4 can be used to reduce this matrix to

an upper triangular form that is, all the terms below the diagonal are zero in
the reduced matru;. The matnx reduetlon‘a'lgorlthm leav.es the product w W
invariant. . . o
The meeSuremer;t residual, ‘Ay, .is defined by. .
CAYG =y -yE-t L o . (38)
where yi)y = measuredvalue -
y(%,t) = the computed valtie of the measurement based, , . . . -:

on the current estimate of state indicated by
the output of the nagvigatio,n -equations.

It is assumed _thatl‘the residual is related to the error state by

y(t) = de(t)+q 1)
Whe‘re . - -

q = the random error. in the measurement

Slnce we may have ‘an estimate of. dx gwen by dx from other measure-

ments, ‘we wrlte Eq (39) as

29
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Ay = y(t) - Hd%(t) = Hdx(t) +q (40)

= our best estimate of the residual including
any past measurements whose effect is not
yet included in the estimate of state carried
by the navigation equations

As was mentioned in the beginning of this section, the filter operates with

the reference time t _ for measurements in the interval t_to t _ This

: k k © k+l”
means that we estimate dx( tk) rather than dx(t). Hence we make the assump-
tion for tk <t< tk+1 that

dX(t) = &(t;t,) dx(t,) (41)
Equation (40) can then be written as

Ay = y(t) -H ¢(t';tk) dx(t, ) | (42)

One may note that Eqs. (41) and (33) are in disagreement since the in-
fluence of the random forcing function, u( tk) , is ignored in Eq. (41). The
effect of this simplification is that measurements are not quite optimally weighted.

Experience has shown that this simplification is justified if the batch interval

A=t -t is short compared to natural periods of INS error growth (e.g., the

"k k+l 'k
Schuler period).

We let
H = H&t;t)
T .. T T T
K= Wt ) W(t) H_ /(Hm Wit ) Wit ) H o +Q) (43
Q = 8[q2]_



Then the estimate of the error state following inclusion of the measurement is
d x( tk)a .d x( tk )b Km Ay (44)

In Eq. (44), the subscript notation ( )b ahd ( )a means before and after inclusion

of the measurement, respectively.

' ; . . T ' ; S
The square root covariance matrix, W( tk) , after inclusion of the

measurement is given by

W(tk);r = ‘W(tk)g - z;nT/ % (45)
where
n = Wt )¢
= @erafiv/eidtre )

- Equation (45) is referred to as Potter's algorithm (see Ref. 3).

~In order to minimize the number of measurement operations, we will use
accumulated residuals over about a one-second period. This means that the -
residual, Ay(t) of Eq. _(38) , is the accumulated residual for all the measurements
of the same type in a half-second interval. The partials of the observations with
respect to the error state, H of Eq. (43), are calculated and accumulated simul-

taneously with the residual accumulation,: The Q of Eq. (43) is the assumed

... variance of the random noise in the accumulated residual sum.



C. Error_ Model of the Estimated Variables‘

We choose for our aircraft error state a vector of 15 variables. These

are:

R jerror in'posifion (3)'»:1 o
4 ft ex error in velomtyA (3)
| ‘* (::ii-:_gyro drlft rate (3)
y _bias error in obseryables (3)
H .‘\é;art‘ical ac’cellérc').;-r%ljgte:a‘f scal§: _féétor ‘erro.r, 1y
Q ~error 1n the"-.h;n"izlor;tal w;llndh(z'): |

These prove sufﬁcnent to mamtam a stable contmuous estimate of the aircraft
state, and to prov1de the Autoland guldance equatxons and pllOt dlsplays ‘with

usable mformatlon over long tlme perlods (several hours)

T The tlme hlstory of the 15—d1mens1oned error vector is descrlbed by dif-
feréntlal equations. The derwatwe of the posmon error vector R(t) 1s gwen by
d =

xROSRO

" Let the specific force in the runway frame be {f ! which'is given by

"’{'f}'I"= INER ROSOS E -

SFB
“The .error. inthe ‘inertial specific force is given by . -
, 0
()= fwlx{f}+ Ly 0 (48)
' Z



The differential equation for the error velocity vector.is given by

%

=. {._~f~}-t+..{.a.}§‘ W e (49)

where {¢ ]ﬁ is white noise.

The three gyro drifts, the three sensor blases the hor:zontal wind com-
ponents, and the vertical accelerometer scale factor are descnbed as exponentially

correlated random variables, and their differential’ equations-'are"‘

1 i 1 1

doe o Lime o [E e
% 5ic Tl X, + 0, T £, (50)

i=7,15

.t .
R R - oL Lot T

where T is the correlation time constant, o, is the variance, and e, is
B R o B T T T PR e S S S Y T T

white noise.

The solutlon of the above equatlons, for the short tlme span of the fllter

update, 1s gwen by

R(t+At) = R(t) + R(t)At + {f L At
i_‘ﬁ(‘tjét), = R(t) + { f } At + {e }~ At ) -} R L (51)

- -(At/T)
{Xi(HAE)A;},A = _3{9.';_;, . x(t)} i" e /2At }

i=17, 15

Equation (51) provides the elements-for the state transmon matrices. <I>(tk+1 k)

and ¢ (t These are listed in Tables 2 and 3.

k+1’ k)
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1

1

1.

. .

1

1

-(ét/fw)
-.'(A-t/";&z)

=e
—(At/T)

=e

TABLE 2

STATE TRANSITION MATRIX

Nonzero Eie'ments

o - ¢ At
‘1’1,4“ at : ¢1,s' L=
2
- __¢ At
‘?2,5‘ At q’2,7 L=
g
L - ¢ At
y 6= Ot @ = 15
?4,8=_ Bt ®, 9= I At
@5’77-%& ®5 9= LAt
@6’7= fyAt ¢6,8=-fot
-(At/‘rw) , -(At/T)
(<) = e =e
8,8 9,9
. = -(At/TE L) o ) e-(At/TRG)
11,11 12,12
—(At/Ty) -(At/T)
¢ e ~ @15’ 15— e -

14,14

2
- At
q’l,s" fy 2
2
.Y
q’2,9" S
e g AL o AP
3,8 x 2 3,15 2
P 15" At



ge

o At
A"

TABLE 3

SQUARE ROOT PROCESS NOISE MATRIX .

Nonzero Elements =

N
D
-+
Do
=

w Tw - ug’G w Tw
[2At “ 2 At -
Q.. T %y . T %g TA '
11,8 E1 12,9 RG
2
@ w ZAt <IVu = Uwz 'rA
14 i WY R ‘ 15,12 2
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D. Kalman Filter Data Updates

The guidance and control functions require smooth and current data cor-
rected for the errors listed above. Since the Kalman filter updates the aircraft
corrections every second, ATS , and the dead reckoning estimates of Eq. (31)
are updated every .05 seconds, AT, the corrections to the dead reckoning

estimates are smoothed and updated as follows:

Let the Kalman correction vector of ﬁ(t) and ﬁ('t) be A‘x'('t-)'. We de-
fine an exponential smoother, a six-element vector function, CS(t), “to be 'g‘iv'en

by

—(AT/ATS) - )
CS(t+AT) = e [CS(t)—Ax(TS)]+ AX(T.)

with CS(0) =

The corrected, smoothed values of the ﬁ(t) and ﬁ(t) vectors are given by

R(t) R(t) + CSp(t)

R(t) R(t) + CSp(1)

~ To correct for the 'gyro drifts, we have the following:

Let Ap , Aq , and Ar be the current best estlmates of the gyro drlft
rates and let \Il 6 and ¢ be current readout of the uncorrected Euler angles

Then, to obtain the best estimates of the Euler angles, we have

(52)

(53)



$(t) = @(t)+ [cos ¥(t) Ap(t) + sin ¥(t) Aq(t))/cos B(t)
B(t) = B(t)+cos W(t) Aq(t) - sin ¥(t) Ap(t)

' (54)
T(t) = W(t)+ Ar+[d(t)-o(t)]sin B(t)
S(t) = W(t) - ¥

Flnally, to obtain the best estimate of acceleratlon vector m the runway
frame we have ' '
0 0

R(t) = Q0p + L (0,6,0) {f 1+ o (5)

G " - ) Az

where Az is the best estimate of the bias in the vertical accelerometer.

E. Complementary Filter

A complementary filter can be desigried to provide a set of nonvarying
gaine, without any relationship to the uncertainty in the aircraft state or the
biases in the INS and MLS measurements. By adjusting the complementary
filter gains to pass the relative low frequency of thé true aifcfaft acceleration,
it is pos51b1e to filter out the high frequency noise in the MLS measurements
The mam criterion for such a filter is to prov1de a stable estlmator one that
decays disturbances exponentially and lets the low frequency motlons persnst ’

A block dlagram of the complementary filter is shown in Fig. 8.

Let one of the coordinates of the R(t) vector be x, (t) The differential

equatxons of the complementary filter for the xl coordinate are given by

37



COMPLEMENTARY FILTER FOR NAVIGATION WITH
BODY MOUNTED ACCELEROMETERS

Figure 8. Compiementary Fiiter for Navigation With Body-Mounted Accelerometers Using MLS Measurements
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)

at (Y = Ky ["MLsi' 1+ Xiolt)

at o) = Kylx

wes,” Fu(®)+ Fig(t) + x(t) (56)

car St T Ka["MLsi.‘ Xl
where °

};(:i(t) = ith component of i;i-(t) [ Eq. (30)]

It is plam that if the residual xMLS - )'E (t) is zero, the complementary
filter w111 provxde the dead reckonmg solution of the aircraft motion in the runway
system, Moreover, the system is linear w1th constant coefficients K K2 , and

(the fllter gams), with nonhomogeneous forcmg functions due to the noisy MLS

measurements, and the aircraft measurement of acceleratxon obtained from the gyros

and accelerometers By choosing the values of K Kz s and K the solution

3 bl
can be deSLgned to be stable and to filter out the hlgh frequency noise.

" Sirice the MLS measurements are avaiiable only in a discrete form at
fixed intervals and the output of the accelerometers are available at fixed inter-
\‘ralvs'__', we__ may. produce a pseudo MLS measurement which~is.eontinuous and is
equal to'...;_the.' 5aetua1 MLS measurement at the discrete sampling'. time,

L We model X the pseudo MLS, to be:

- | (t—t )2 _
*mrs (H) MLS(t)+x2(t Me-t)+ [X(T) + Rig(1)) —2—  (57)

We choose ;MLS (to) so that at t = T, the observattoh tirr;e; the pseudo MLS

is the same as the observed MLS.
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Fiws, (b) = %bs (0~ F

(t )AT~ [X(T) +X (t )]

With this, definition of, the. MLS measurement, we can effect an exphclt solutxon

- of the system of dxfferentlal equatlons [ Egs. (56)] wh

ich has the requlred con-

dition of giving the dead reckoning solution if the residual is zero; and which

' corrects the state to match the MLS observations with

component. The solution is given by

out the high frequénéy,~ -

2 |

RT) = R (L) +% 2(t AT + [%.( T)+x3(t )] A +b [xMLS (t )= X(t)]
R (T) = R0t e <T>+x3<t )1aT+b [xMLS ()= l(to)] (58)
:‘cis(T) = §i3(td)+b3[xMLS (t)- % (b )]

where the constants bl’ bz, and b are ‘functions of K K K3, and AT.

2 -alAT
(44

T ﬁz—za.ﬁJe‘“T cos(wAT)

P T |  1

] 22
L o) - 8%+ w16 PAT sin AT @ ":‘."-“";Jf'i-"’-*ffﬁz“zo‘ﬁ
20’86 @AT e—BféT cos(wAT)] i
b, = . (59)
2 +[a(B w) (w+B ) ]eﬁ Tsin(_wAT)/w azfqu-_rﬁ ~2af
Ol[e_aAT- e_BAT cos"(wA‘_T)] _
- S 1.
Ps = %

40 - :

T gt ap1e P AT sinwan/w ! drufipizap



The constants, a, R, w are the roots of the charactenstlc equatlon of the

- system defined by Eqgs. (56)

(S+0)S+B-iw)SHA+iwW) = S3+Klsz-4"K2's-+’K5"é' 0

S 2B e e e R A v T

R
I

5 ‘_‘r_.”; e Y R [ -. I 5i'.-ii.;‘i:':a'."z;;=
2aB+ B +w o e e

~
"

N
Il

- (8% +u0) ’ ' ’ I

By ohoosing small positive values of o, 8, and w we can obtain a stable low

i pass ﬁfi-l\tei;. .~ We recommend values of

- (61)

B = w:

..To provide the best estlmates of the alrcraft posmon, velomty, and ac- .

'ucelet:atlon in the runway frame using the complementary ﬂlter output, we have

¢ o N\
xll(‘T) '
S .

21(T)

]
A
M

R(t) =

(62)

!
N\
>
Py
e
~—

ﬁ(t) '

' f{(t) = ¢ £)3(T) RO
x33(T)
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" error due to MLS blases.

It is to be noted that the complementary filter provides no: correctlon to -

" the errors in the estxmates of axrcraft attitude due to gyro drift or to the position

oo e e L

RTATE R



III. " THE MLS OBSERVABLES

AR

The characteristics of the MLS observables are described in documents
supplied by NASA Langley Research Center. The system used is for
conical coordinates of azimuth, B, elevation, «, and range. The range and
azimuth origin is at the center of azimuth antenna facing outward toward the ap-
proaching aircraft along the runway centerline. The elevation origin is> offset
from the runWay and is at the center of the elevation antenna. Thus, the Car-
tesian coordinate system for the MLS observable is the negative of the runway
inertial system in the 'x and z directions and in the same direction as the y

of the runway. We have, in the runway coordinate system

X ' X X

= - = + -
.y y : y (63)
Z MLS zZ Runway z Antenna

where the antenna vector specifies the azimuth antenna position in the runway system. '
The origin of the MLS system is at the azimuth antenna and the position of the

elevation antenna is measured relative to it. (See Fig. 9a)

Let the MLS coordinates of the aircraft be XM , YM , ZM . Then the

observables in the MLS coordinate system are

' 2 2 2
= +
RANGE /xM +Y Sy
g = sin‘l(-YM /RANGE) (64)
o ' “M ” %ok
o = sin

2 2 2
‘ﬂXM— XoE T Oy Yo' Ty ZoE
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Figure 9(a). The MLS Coordinate System.
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In the above, X OE and YOE are the coordmates of the elevatlon antenna from o

the azimuth origin, and Z OF is the coordinate of the elevation antenna in the

MLS system.

To invert the solution and obtain .XM s YM , -ZM from RANGE, . 8, and

o, we have

>
[

M g+yg"-h

- RANGE (sin 8) ‘ - - (69)

o
It

B JETE 2 .2 2
M «/_(.RA_NGEZ"—XM—YM .

N
1]

i —_— ‘ H 2
:g = XOE(sma)

2 2 2
(sina) +Y

= Xog * Yog! l\fe(RANGE)z"('cbs'a) BY, Y (sm a)

MOE

It should be noted that the above equations do not aCcount'foi‘ height diffex‘e’fi'ces of the
elevation antenna from the MLS origin which has been defined as the eoordinete Z oﬁ".

Finally, to obtain the aircraft coordinates in the runway'ineftial‘systefh, we: have

- - v . .. -.(66
y 1 A R4 +(66)
z. | . Runway z Azimuth Ant. - ZM :



A. MLS Noise Model

The noise characteristics are obtained from Ref. 5. For the exponential

correlafed noise of RANGE » B, and &, we have

nEL(t) = :OEL /l-AEL: u(t)+AEL nEL(t-l)
, _ |
Ny () = 0, /1-AAZ u(t)+A, N, (t-1) (67)
/1-A2 W) +A | t-1
R r Y RﬁAz( )

where u(t) is a random number of zero mean, o, is the standard deviation

ng(t)

of the ith measurement and

—(-AT/Ti) - o
A = e - - -~ (68a)

For initialization

n0) = u(0) | L (68h)

Table 4 cori';ains the values of the noise characteristics used in the MLS error

model. »

To simulate data dropdut, we use a random number with uniform distri-
bution from -1 to 1 and set thé observation equal to zero whenever the random
number exceeds .98. Thus, 2% of each 6bservatioh string is lost. Since there
are three observation types, 6% of the pséudo state observations are lost. This

percentage can be varied.
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TABLE 4

MLS ERROR MODELS

- Function 4 Model | A a(sec) ‘ . u(n)
_ | . ~oT . | -2
Elevation - ym)= T,/ 1-A" . u@n + Ayn-1) e © 19,100 7.01x10 Deg. IGRS
3 .. .'x ' . - . ’ -QT . . _3 R : .
Azimuth | y(n) = I"\ 1-A" - un)+Ay(n-1) e 0.971 5.10x10. Deg. IGRS
' ' -aT ” .. (1.1 FL)

ymy=T[1- +Ay@n-1) | e 1.013 o IGRS

Range y(n) 1 A u(n) + Ay (n-, ) |- e 6. 431 Meters G

Ly

_ Note: IGRS = Independent Gaussian'Raﬁdor’nSample ‘
Initialization is achieved by setting y(0) = u(0).

See Figures 9(c) and 9(d) for illustrations of MLS jitter in azimuth and

elevation.
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E still under study.

“f'jIB'.- ‘Radar Alt'imeter-'r‘;ff.

. To s1mulate bad data, a s1mllar random number with a umform dlstrlbu-

tnon is used and an average percentage of the observatlons is set equal to a

_large number ( 1000 tlmes the blas) even though the data. vahd flag 1s set true

Thus bad data enters the system marked good a small percentage ‘of the time. -

i

Bxases are lncluded in the 81mulatlon Values of the biases are 1mtlally ;f_.

chosen from a random number generator and retained for the s1mulat10n run.

The bias, values are also given in Table 4:

MLS "]ltter" or "stagger” 1s S1mulated to produce the data train sequence

' Aas shown on Flgs 9b, 9c, and 9d.

"To accommodate data dropout MLS 1nvahds and bad data generally,

'-the recommended course. of actlon 1s to replace the bad data type by the air--
raft estlmate of the data mlssmg (or ‘considered rejectable) by the best esti- -5

'mate of the data type based on the: current values of the vehtcle state Thus, if

data is mlssmg, we replace the bad data by range, azimuth, or elevatlon from

A

:'Eq (64), usmg X Y and 7 ~computed from Eq. (63). This mode is

M’ M

o

)

The radar altlmeter readout is activated when the aircraft estimate of -
altltude is below 150 ft The MLS elevation readout is SLmultaneously de-
actlvated For the purposes of this study, the error model of the radar al-
tlmeter lS descrlbed by an exponentlally correlated bias varlable drwen by

whlte n01se Thus ‘the radar SLgnal readout is glven by



[
S & S =4 &
(&) (*)
IS 5’ » 53 o £ S S £
N . & . Y S & . . <. s
2§ F § &5 ~§ I sof =F8
SEQ. see. | | sea SEa see. | [ sea || sew | sed | [ sea.
#1 #2 #1 #2 #1. ). ] #2 -3 I "YU B B R
[} L ] ] 1
100 | zno, 300 ' 400 500 [ 600 ms
64| 7 128 207 291 357 a1 511 878
65 - 143 221 293 mn . 447 - o §82:ms.-.
FULL CYCLE = 532 ms
0 52 102 26 31 362 48 533 500 64O ms
1 |
SUB-SEQUENCE # 1:. EL ]rumsl . AZIMUTH, - |FLARE EL .I_;,»aAcx,,Az, .GROWTH _,EL,-.-,FLAREI
' ‘ (
6- . § ‘10 15 .20 .25 - 30 .35 40 .45 :.50° 55,460 65 ms
52 102 26 31 362 386 538 590 640 ms
\ I i
SUB-SEQUENCE # 2: l EL Fume AZIMUTH FLARE| EL l ] GROWTH. l EL“lFLAREI
> e 2y o s
0 § 10 15 20 25 30 35 |4 45 S0 S5 60 65 ms
. “BASIC . .
_ OATA e
\WORD .
#1
LT : C
NOTES: (1) AUXILIARY DATA (1 WORD) OR BACK ELEVATION o
(2) 360° AZIMUTH A ;
"Figure 9(b). MLS Conical Scan Time Sequence. ‘
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- hit) = - z(t) + Sh(t')' S (g

where
b, (t) o
- d ~ ., _ _h [2
at 't~ T " %h T ‘b A (692)

C. MLS Partials

The Kalman filter requlres the partlal derlvatlves of the MLS observables

with respect to the 15 estimated vanables DU

We have, for the azi‘muth observabie’,

Moo TwmTm
x .. L —
' 2 {2 2
RANGE /xM+zM
o "9 . .
3 __.f-',“ . . R . ) Y .
By T - - (10
x2+z RANGE® [x.2+2.2
M M
BB Zm Y
2 2
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For the bias in azimuth, we have .

For the remaining 11 variables; we have

IY:
X,
i

The e_lév.ation observable is

PR

da
Ox

ba

M~ 2o Fu X

OE)~-

2
Rog ‘/&M OE) +(YM

(Y YOE)(ZM

OE)

ZoE)

2
RoE \ﬂ M‘ OE) +<YM

1

\[ XM XOE) * (%VI

where‘ :

ROE

2

- Ey~Xop) Y Oy Yor)

For the bias in elevations, we have

“y” %ok
-1+ -
ST TR 2
T OE
"'- .', 2
M OE)

“* (70a)

(70b)

(71)

(T1a)

(71b)
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For the remaining 11 variables, we have

dbaa : ,
ey = 0 (7lc)
i ,
The range observable is
DRANGE _ XM
Ox RANGE
, _
ORANGE _ YM ' _ ‘ ' (72)
by . RANGE
!.’ Z
. DRANGE . _ M
o dz RANGE
For the bigs in range, we have
ODRANGE ‘
3 ob_ ! S (722)

For the remaining 11 variables, we have.

ORANGE

o, 0. e e (72b)

For the radar alvtimeter, we have

!t! ' :
bgz =1 ~ " : R (73)

For the altimetér bias, we have

out) 1 | | ) - (73a)

bbh ‘



For the remaining 13 variables, we have

OB

. " (73b)
i
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IvV. MAGNETIC LEADER CABLE SENSOR

While the MLS sensor described in the previous section pro{res adequate
for landing approach through touchdown, problems in multipath distortion and
other biases create serious problems against relymg solely on the use of MLS

in rollout and,"t,urnoff In order to provide a navigation sensor aid with smaller

errors, the concept of a single magpetlc leader cable embedded along the center-

line of the runway and along the turnoff lane is recommended.
Initial studies of such devrces began in the 1960' s. Reference’6 contains
a description of a magnetic cable system and a three cml sensor developed in

England. A series of studies for use in automotwe steering along reinforced

concrete highway systems is presently:"sponso‘red by'DOT. Reference 7 contains - .

a description of such an automotive steering aid for lateral control.

i
For our purposes, the British system and experience seems to be more

applicable and is incorporated into this report.

A. Three-Coil Sensor

The magnetic field is generated by a single conductor set beneath the
nonconducting concrete and along the runway centerline. A detector, consisting

of three coils havmg an equal number of windings of conducting wire w1th iden-

tical characterlstlcs, is used to generate three voltages. The coils are mounted

about a spherical, nonconductive shell in three perpendicular planes. Figure 10 .

illustrates the leader cable and the three coils.



LEADER CABLE -

DES

LONGITUDINAL

AXIS OF AIRCRAFT

COIL 1

(Ref. 5)

Figure 10. Magnetic Leader Voltage Signals,
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Let the Cartesian components of the magnetic field be

as illustrated in Fig. 11. We have, for the three induced voltages,
\vl = Hz
v, == Hy cos (AY)

v, = “Hy sin (AY)

,For‘th‘c_é yaw deviation, we have

tan (A¥) = —
v,
2
and for the lateral displacement
Ad = Az — = Az
; H
y v, + V2
3

T_hé ef"ro'xg >i-r“1"yaw and the error in lateral displacement are directly ob-
fainable fror\n} the voltages. ‘To obtain.the time rates of these quantities, which
are required for damping stability ir}_ the Autgland guidance equations, we have
chosen not to rely on differe'rxt{ati.o‘n E)f ‘;hé r'r.llégneti‘c coi‘lvs.‘ignals, but to generate

the required information analytically. The equations for these functions are

gvive_n in the Guidance Section of this report.
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(714)

(75)

(76a)

(76b)



P
Detecto . :

Conductor

. Ground Plé;rié
0 _ ~ Ad

. (Ret.5)

Fiéure 11. Mégnetié Field ffquati‘on's'.
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B. Error Model of the Magnetic Coil Sensor -

)
The distortion in signal strength is due to several sources, as shown in

Refs, 6 and 7.

1. ground conduction ' Tl
2. nonlinearity
3. phase modulation
The effect of ground conductlon 1s descrlbed in Ref 6. The effect is es-
pecially serlous for concrete.runways contalmng steel remforcmg rods. Refer-
ence 6 recommends using a low carrier frequency (165 Hz) to minimize the

distortion effect due to ground conductivity.

Nonlinear effects are most troublesome in the lateral deviation equation
where the linear relationship between Ad and Az is relied upon in Eq. (76b).
By restricting the use of the detector to rollout and turnoff, we are assured of
operating within a narrow range of vertical displacement (+ 2 ft,) due to strut
compression and pitch oscillations. Thus, we can expect to operate in a linear

range during those phases of the flight where the magnetic cable is required.
Finally, phase modulation can be eliminated as a serious error source
by restricting the use of the detector to small range in Az. In general, none

of the references indicated any difficulty in obtaining a good AY¥ signal.

For the purposes of simulating the error sources, the following equa-

tions were used to generate realiétic magnetic measurements of A\PM and
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Ay = Bhruet Al

Ady, Ad, (1 -.1coswt)- rey
: ‘ nom :

.where
e _ N
Ad’ Eaw ;alfe “{hl:t? noise
w is the carrier fréquenc;y (165 Hz)

z is fhe ﬁémihél'heigﬁf of the detector above ?groui]d'

°™ and a fixed'cc'):h_fStar@t for the aircraft, -for all landings =~ = i~

(77)
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V. NONCRITICAL FLIGHT PHASE NAVIGATIONAL AIDS

In addition to the MLS Radar altimeter and the magnet;lc leadér cable,
which are required for the flight critical phases of landing approaéh, rollout,
and turnoff, we include VORTAC rangé and bearing devices and a baro—altimeter
as additional navigational aids for the. noncritical phases of the aircraft flight

regime. These instruments have relatively large bias errors. However, since

A they are used only for navigation between way points away from the terminal area,

they can provide adequate control for the gyro drift and accelerometer scale

factor error sources in conjunction with a Kalman filter.

A. VORTAC Range and Bearing

Let the VORTAC station coordinates be ’R’ s yV s zV in a level frame

at the VORTAC station. The axes are: ;(V due north; §IV due west; and iv

vertical, positive upward. Let the aircraft position in the VORTAC coordinate

system be X0 Yo 2, - In the measured VORTAC range, we have

2 2 :
I.V B J(xa—xV) +(ya_ yV) +(za- ZV)2 +br * Sr (78)

and for the measured VORTAC relative bearing

Y~ ¥
- 3. _ -1 "V "a .
;A\Il~\I/ \I/V_ta.n — +b\I/+8\I! (79)
a Vv

To complete the triad, we obtain the barometer measurement of altitude

hv= -za+b +& | : o (80)
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In the above, br , bq;’ and bh are biases modeled as exponentially cor-
related random errors and er,' C\P' and eh are white noise. The biases are
modeled as follows:

il_ b = - .bqr + _2._

dt r T T % NT Ty

r r
b

d 'y 2

—b_=-—+g — N (81)

dt .

' T\I/ R 4 T\Il v

_(_i_ b =~ _i + G i Tl

dt "'h Th h v ™ h
where e T\If’ and T, are the correlatilon times; o O’\I’, and o, are the
variances; and nr, n\I/, and T’h are white noise samples. (See Table 5)

To 'cc:>lmp'1e‘te the necessary equationé for the Kalman filtef, we derive the
partials of the three observables with respect to the 15-element state. For the *
range partials; we have

brV _ xa— Xy
bxa rV
brv ) y —yV
%Ya Ty
(82a)
brv ) za— zV
bza Iy
brv _
db
T
63...
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- - TABLE 5

VORTAC ERROR MODEL

Variable Time S Variances
Constant - = -+ bias observ.
Range 900 sec. . _ 300 meters | 40 meters
Bearing’wi' "900 seé'; N e '0.7'0' | 0; 7°
Baro-altimeter ~ 100 sec. | 40 meters | 40 meters




The other 11 partials are zero. For the bearing partials, we have

DAV ya- yV

OxX
a

2 T2
(xa- XV) F ;(fyéf‘ yv)

FR U “‘,"u.-..,';-'-"'::'-‘"r‘t : ‘
AV _ a (82b)

2 2
a (xa-xv) +(ya-yv)

. n
RS PR

o Tl_iél d_t:he'i' 12 partlals are zero. 'F'or‘t‘he :barometer pa%rtials, we have

' - 502 ..
a

(82¢)
oh

bbh

The remaining 13 partials are zero.
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Vl. . GUIDANCE AND CONTROL

The Langley TCV program utilizes a modified Boeing 737 aircraft for its
reeearch. It contains an automated guidance and control system for landing approach
and rollout. The simulation of the gmdance laws were supplied by the Langley
Research Center. These laws utilize ILS navigation aids. In adaptmg the B-737

5 a1rcraft for the Kalman filter and the complementary filter utilizing MLS navi-

gation a1ds and a magnetm cable for rollout and turnoff, certain changes had to

be made to the Boeing Autoland guidance laws. The changes are outlined below:

1. The Boemg complementary ﬁlters were removed from the

flight cr1t1ca1 ghdeslope and locahzer control laws. .

2. Since no requirement for turnoff guidance existed in the original
B-737 TCV aircraft, the Boeing rollout laws were modified
to permit a uniform guidance law to hold for both rollout and

turnoff.

In g"eneral, “excep‘t for the above changes, the ‘control laws, gains, etc. used in

~ the Boeing Autoland equations were maintained.

t

This section contains guidance -and control laws for the following phases:

1. Flight critical lateral control for oncourse landing approach.

2. TFlight critical vertical control in landing approach for capture

and flare.
3. Rudder control for landing and decrab.

- 4. Lateral control for noncritical level flight and coordinated

banked turns.



5. Vertical control for noncritical level flight and descent. .°.

6. Steering laws for rollout and turnoff.

A.  Flight Critical Lateral Control Guidance

Vi

The flight critical lateral gu;{déﬁée:éohtains"tWO control functions, localizer

engage and oncourse. Theése are triggered by deviation criteria computed from’

data ‘siipplied by the navigation filter ind the desired glide siope path.’

o

The 'cbﬁ;pu.taﬁon,s‘ required _fof thesé control mod-es.ar_'_e

nof=

* RANGE

SRTSEE IS Aol

~

M = " RANGE 1w

~ A

RANGE. - paNGE®

LR T L L BRI R

A S Y TR LT .';".‘-'
Ty P ET

Pdeg - p.T

where hGr is the extended landing gear height (see Fig. 3).

A7 meE e RO B9 R

T (89)
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The triggers for localizer engage and capture are

L.E. is TRUE -if |np|<2.5°

0/C is TRUE if |nl|<m .. |n|<.027%sec.,

- o
<
and | ¢deg |< 3
Two block diagrams describe the flight critical lateral control mode. - e

The first, Fig. 12, generates the aileron roll command signal as a function of
the lateral deviation from the glide slope descent path. The second, Fig. 13,1:‘

is the flight control lateral inner loop which generates the aileron command to

the aileron servo.

It should be noted that the inner loop logic contains an input from the rud-

der decrab command, 6R The guidance log‘ic for this input is given in

. DC”
Fig. 15 covering the rudder command signals.

s

B.  Flight Critical Vertical Control Guidance

The flight critical vertical control guidance covers three modes:: capture,};:;'jb_ w
capture plus 10 seconds, and flare. As in the case of the .ﬂigh'."c critical lateral
control guidance, the inputs for these modes are génerated by the navigation filter

equations to control the vertical deviation from the glide slope trajectory.

The equations for the required inputs are given below:
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L. .. O/C N ‘
2t T %
A B
N J A

LIM

Figure 12. Flight Critical Lateral Roll Command

RLIM

L.E. = 25.
o/c = 10.
Flare = 5.

c22
L.E. =.706
O/C =.988

C2=2.5

D1 = 25,
D3 =.16



0L

deg

wml-

V(M/S)

®RDC _ (=)

N *
 KPOTL |—> GACOM
; e
| LIM 5
¢ : c5 = 20. :
____LIM c6 = 1.775 - KPOTL . \
0/C = 4.%/sec . C55 =  1.183 | : —
L.E., not O/C=17. /sec - D4 = 5. VS

Figure 13. Flight Critical Lateral Inner Loop



Y = glide slope flight path angle (—3.0)

h = -2

RAN = >[(XG— P2 2 ]% (84)
g _ [ G x)sm-'y +Z cos y

"Gs

ngg = q 1%

‘where x ., is the glide slope intercept with the runway (x

G G= 304. 8 meters)

The triggers for capture, -captuf‘e plus ten seconds, and flare are given

below:

C _(__ﬂcapture)l is - TRUE if | < .1080.

CP10, (capture plus 10 seconds) is TRUE ten seconds

after C is actuated
F (flare) is' TRUE if .416(h_+15.) +26h < 0

The block diagram for the ﬂig‘ht critical vertical control guidaﬁce is

shown in Fig. 14. The output of this control law is the elevator command.

C. Rudder Control for Landing and Decrab

The rudder control guidance contains two functions: first, to provide

yaw damping during all phases of aircraft flight, including rollout and turnoff;
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Figure 14.° Flight Critical Elevator Command.
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secondly, to provide the rudder command for decrab immediately 'p‘ribr to

stouchdown in the event of a cross wind.

The mformatlon required by the rudder command guldance laws is pro-

: vxded by the navigation fllter

- o 180
Rdeg - T Tq
I - ¢ 180
deg ~ A
(85)
- 180
Yo = runway T

tdc

time of decrab initiation

The trigger for decrab is given by -

DC (decrab) is TRUE if O/C is true and hr < 45.7 meters

The block diagram for the rudder control command for yaw dampmg and
decrab is shown in Fig 15. '

P

it should be noted'that the rudder decrab command signal, 6RDC ,

required in the flight crltlca_l lateral control guidance loop is generated in thg 15
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t_ . =time of decrab initialization
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Figure 15.. .Rudder Yaw Damper and Decrab Command

Gl'= .1.493
- G2= .06403
“G3'=305.67

. “Ra.= © .34
--R3= 2 222 e



- D. Noncritical Aileron Command Guidance

Lateral guidance laws for trajectories between way points and for banked
turns are governed by noncritical aileron command guidance. For banked turns, :

the latei'al guii'd'ance reqhires tvhe following information: '

turn radius

RT =
_ [+l left turn
SIGN - { -1 right turn
X, »¥, = ¥ andy coordinates of the center of the - -

turn circle in runway inertial ¢oordinates-

CRTE (cross track error) = SIGN [R - J( £-x )-2 +(y-y ).2 ] :
s _ T , w ; w :
N O (86)

2 ) ‘ TANGE (trdck angle error) = - - —
* : - (R-x ) - (F-y )R

<
1l

" desired constant turn speed

O
1]
—
-+
5,
ok
~~
=
~— l
)
=
Ioo
=}

des

A

qiieg :

. The block diagram illustrating the noncritical flight aileron command is

shown in Fig. 16,
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deg 1
S
CRTE
TANGE @ Y I
o LIM [ ] =
+ 25,7 . D+ 4, ' - S
q’des
¢deg
. _ ']
Cl =40. 9 ‘ oz E A -
c2 = (C3)“/7.12 : : -« . LM QPOT
C3 = .68-(. 00107)(. 3048)[Airspeed (M/S)] ACOM +17° e
C4 = 5. S : _
C5 =1. 82 T

QPOT= .22 + 126. 5(. 3048)/AIRSPEED(M/S)

Figure 16. Noncritical Aileron Command.
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E. Noncritical Elevator Control Guidance

Vertical ¢ontrol during tne noncritical phases for trajectories between

way points and in banked turns is illustrated in Fig. 17 for the 'el-ev‘ator eommand..

The 1nformatlon needed to supply the control equatlons for a banked turn

along a descent trajectory for a fhght path angle of -3° is

h(t) = altitude at the start of the tur'n circle

x(t) g

S *w e W\ =
h, - h(t)-{R [l tan * \y(t)—_ )l— | tan ,(§‘Y“; /l]sm-y}
T T

— A-—l—gg( 3
Qdeg - 47

_ 5 180
®aeg ,_:"¢' m

F. Airborne Throttle Command

’

Thrust control is des1gned to mamtam a glven alrspeed and to compen-

sate for.the loss of hft during a banked turn

'‘The variables needed to operate the throttle command guidance are

given belew:
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© L%k S
o f(0)
) [
LIMIT 11 )
) : + 30.
> QLIM ———
+ 80 ECOM
Dl1= .16
| o _ | ' | D2= .6
| S TN D3 = .09
deg - 2 ‘ ' i : D5 = ,0625
—® ‘ ;»,’@. — * D6 = .25
e - - 10 D7 = 2.16
D8 = .004
*CHOP is TRUE if trimming and (¢ A > 0), otherwise it is false. D9 = 16.
‘ D10 = .8

#If L<0., fo)=1.

Figure 17. Noncritical Elevator Command.



1 ~

f(o) = —5(1—cos¢) '

V(m/s) = airspeed in meters per second obtained from

L the airspeed-indicator

AV(m/s) = V “Vies (88)
2 2 %

VG = (X7+3")

DTVG = (XX +y3y)/VG

The block diagram for the throttle command is shown in Fig. 18.

G. Rollout and Turnoff Guidance

i

Rollout and turnoff guidance encompasses rudder and/or nose wheel steering
comrriar'ids, thrust control -commands for speed acéeleration and taxiing, and finally,

brake pressure commands for speed deceleration and taxiing.

| Rollout guidance is activated as soon as the main gear preload is exceeded.
At tﬁis instant, two commandsb are initiated. TFirst, the throttle is manually set
into the idle positioh. -This action is ac,corhplished manuaily in o“rder to prevent
accidental actuation of 'the thrbtﬁe into idle deten"c prematurely. Secondly, a two-
second (2 sec.) slow-out and slow-in is ir_lii‘tiated. to bring the inflight, pre-touchdown
contxfol surface guidance cor'n'mands for thé aileron, elevator, and rudder to zero
"and to raise the post-touchdown rlfdder/nbsewheel steering commands to full signal

strength. The mixing takes place within two seconds and.is illu§tijated m Fig.i 19.
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- »,AV(M/S) ‘ ‘ivlr/s-

. V-.V,(M/'S)'., M/S |+

i)

wnij=

s el to -

.| FPS:
- conversion

..conversion

wir| .

DTVG M/S/S
_——’-—

wn|=

LIMIT| = [
£1,0 [ g

| . to -
F/S/S

conversion’ P

Al= . ,0625
Bl= .05 ‘"
K3 = 13711.4
K4=_ 5.
K5= .2 .
A= 1.5 -
Ky= 1.2

FX

If AP<0., FX=AP

1
3

T — _10; ' et e e e

KO = 9697

Figure 18. Throttle Control.

- IAP> 0., FX= % [MX-.1- (3 THRUST - KO)/K3]AP. .

-
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The rollout and turnoff control is unified into a single guidance law by
requiring the aircraft to follow a single magnetic cable. A three-coil magnetio
pickup, mounted below the aircraft fuselage generates two signals; one measures
the lateral deviation of the aircraft from the cable, and the other measures the
yaw deviation of the aircraft from the cable.; The signals necessary to provide
damping stability for the lateral and yaw deviati'ons are generated. analytically,
in a manner similar to the banked turn logic in the lateral noncritical flight

guidance equations. - By requiring that the m'fagnetic cable consist of a sequence

- of piecewise straight portions, connected with circular arc segments, we are

able to specify the desxred ground velocity vector and the deswed yaw rate for
both the straight line and circular segments By usmg the alrcraft estimates of
the ground velocity vector and yaw rate, we generate the deviations for use in

guidance equations.

In order to communicate the start of ea/eh straight line or circular seg-
ment, a radio signal is given to the aircraft at the beginning of each segment.

The information contains the following:

Circular Segment .

radius of turn 1(

) L
sign of turn (+1, right turn; -1, left turn)

xw nd Yo (coordmates of turn center)

B e

signal to start turn

Straight Line Segment

1. yaw angle of segment ,
2. X“o and Yy (coordmates of start of segment)

, .3.. “ sxgnal to start stralght hne guldance
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The varlables required to opérate the rollout and turnoff gmdance equatlons i

arehstedbelow-- A o D '

“For Circular Turn: -

el
|
P S
;<
L8
-
|
N

“des

(X=X )X+ (y-y )Y

Ay = -SIGN -
‘ Y 2 !

L S I 9 2] o
‘[(f‘xw)l:-(y-—yw): ];:.,

>

| _ g 180
deg R 7

N . : . . A,
iy S e T e e - .o A TR S A U e e ey i
‘For Straight Line: - CoL s

Il
(@]
@]
w
e

T

1
@
=
o
»

Ay

'Rde's’ = 0

The logic for theuAn’iAforml.roll.ou't'-th’r:noff':’g‘uidahce is illustrated in the block

diagram shown in Fig. 20,

g -
¥

Th‘e logic for the brake preSS‘l-lré control is designed to first ‘assist, the _

reverse thrust in deceleratmg the aircraft to ‘the coast speed (Vcoast

secondly, to mamtam a somewhat lower tax1 speed V xiv' During the flrst,'

phase, 80% of maximum brake pressure is avallable to the brake control loglc.

~ (892)

e ey o e s e B Py S e R BT LYS

n s o,



¥8

b4

deg

des

i~

{ Yaw Damper. Loop )ﬂC_H Ldl:]‘\;ll'l‘ ;

A¥ (mag. cable) >@

AY

n|=

~ AY (mag. cable) | ()

b i ‘s
- -y .

Figure 20. Rollout and Turnoff Steering Command.

LIMIT
+ 10.

" Bl = 10.
B2 = 4.

B4 =

=]

~3
]
N

v o o

6fféOM(Ro)



- A3

During the second phase, only 40% of maximum b_rake pressure is available
for. control. An anti-skid device maintains a modul'at_lng control to prevent

~3

u}heellloxck and skidding. N

The logic for the brake pressure is shown in Flg 21.

- “.'The rollout thrust 'command is illustrated .in'ﬂ_Fi'g.‘,’ 22. The throttle is
held in the idle detent for two seconds Following that; the thrust guidance

calls for the spec1f1ed reverse thrust When the aircra?ft reaches a grou‘hd speed

Qf Vco st’

the throttle control is once agam brought to the idle posmon a_nd
remams there throughout the taxi phase. T

l

K o b
i < . [ 4
i

’ H Requlrements for GE Whole-Word Computer to Execute Nav1gat10n and

\4

Kalma_n Flltermg During Rollout

¥ -
o i"\"

ThlS ‘section contams estlmates of the timing . ‘and storage requlrements
!

: for the General Electric MCP 701 computer to execute the navxgatlon and Kalman

” 4 flltermg tasks during the touchdown and rollout sequences Smce the navrgatlon .
and flltermg funct10ns are, programmable as separate and dlstmct modules estl—
mates of their timing and storage requlrements may be made separately, and

the resultmg estimates may be summed to obtaln total estimates for tlmlng and '

.,
H

storag.e-

B

Chyee

leferent methods were used in obtammg the’ estlmates for the navngatlon

functlon and for the Kalman filtering functlon

.

“ FORTRAN code of the rollout nav1gatlon algorlthm was used in maklng the

, storage and tmung estlmates . FORTRAN operatlons were translated into: equlvalent
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MCP-701 operations in estimating botn timing and the program'—instructtons' . '

component of storage.

A more direct approach was used for the bKalman filter. The Kalman filter
is already programmed and running in single prec'rsion on the.Sperry 1819A ‘com— .
puter at the Ames Research Center . Therefore, tne timing estimate is the actual
1819A runmng time scaled to reﬂect the relative performance of the MCP 701

The storage requirement for the ﬁlter is essentlally identical to that of the 1819A

Kalman Filter Requirementsg

i

¥

To give the estimates of the filter storage and timing requirements s'or'ne.

‘meaning, a brief description of the Kalman filter is in order. It is a three-axis’

'

Kalman filtéer with segregated horizontal and verti;c_al;channels, as depicted in . -
Fig. 23’(for' the Sperry 1819A computer). 'For' the application'}unde'r cohsideration :
the MODILS measurements would be replaced by the equwalent MLS measurements,

and the TACAN and MLS measurements would probably not be used sxmulta.neously

Attltude and headmg data and three body mounted accelerometers are used
to give the acceleratlon in runway reference - Existing 1819A software performs
these calculations at a- 20 Hz frequency. - Blases in the accelerations (estlmat_ed
by the x—y and z filters) are added to the accelerations and then integrated in;
double precision to give the three- —axis velomty vector, whlch is in turn integrated
in double precision to give the three—axls_posxtlo_n vector. ThlS is the only double-
precision logic and is performed in the block Navigation Equations in Fig. 23. ‘The.

estimated state vector com‘ing" from this'blook includes the following:

’3-component position vector with respect to runway
3JComponent velocity vector with respect to rnnWay

3-component acceleration bias vector
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Attitude and
heading data
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S T X-Y Filter
. TACAN range .
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Figure 23.

Block Diagram of Overall Filter Mechanization



2-component estimate of winds ((x and y)
1-component estimate of TACAN range bias
l-component estimate of TACAN bearing bias

1'—c'omponent estimate of baro-altimeter bias -

The position and velocity components of the estimated state are updated from the

acceleratlon data at the 20 Hz frequency “All components of the state are up-

' "dated from the x-y and z filtérs at . 667 Hz. This low frequency update causes

discrete changes in the estimated state Wthh are hkely to be ob]ectlonable if thls
estlmated state were used for guldance dlsplay and control purposes The block
'labeled Smoothmg Loglc in Fzg 23 fllters the dlscrete changes ‘from’ the estimated

state S0 that the smooth state estlmate output w1ll be free of obJectlonable ]umps.

The x-y filter accepts the true airspeed, TACAN range and bearinfg;- and

MODILS range and azimuth measurements. This filter has 10 states, as follows:

i

X . - positton along the runway |

: .y - position normal to the runway o
A x - velocity along the‘_runway_ .v _. - ) .
y - velocity normal to the, runway . ' |
| ax‘ - along runway component of acceleratlon bias
ay - no_nrnal to ,r'unway:.cor‘npon‘entof“acceleration lbia_s-_,l\
. ‘br < tbiasi in _'I:ACA‘N range ‘mea_.sure.ment; _
by~ bias in TACAN bearing measurement
w_ - wind along the runway

X A
wy - wind normal to the runway

A - ."The z filter accepts altltude measurements from the barometrlc altlmeter
. and radlo altlmeter and. altltude measurements calculated from the MODULS eleva-

tllon data. ' This fllter ‘has four states:



z - vertical component of position

z - vertical component of velocity
- vertical component of acceleration bias .

b, - bias in the barometric altitude

_ All raw measurements are accepted at a 10 Hz frequency Preprocessmg
algorlthms perform res1dual and partlal -derivative calculations as well as vahdlty
checks, and the resultant good data.is accumulated for a perlod of one- and -one-

.half seconds The accumulated mformatlon is then transferred to locatlons for '
’:processmg by the square-root Kalman fllter algorlthm Once the fllter has estl—
mated the error, state for this information, the loglc updates the estlmated state
land performs the smoothing. Thrs concludes the brief descrlptxon of the Kalman

. fllter.

'i‘he total storage’ .(instructions and common variableys) ot the filter','dv_vhi_ch
is mostly in single precision, is 2, 825 wcrds on the Spe'rry 1819A ccmputer. If
the filter were entirely in double“precisicn, it would re'qui're 3,053 words. ' These
storage requirements are essentially valid for any rn‘in-i—‘c'omput;er, since the
assembly-language instructions for various fm‘ini‘—computers' are very similar.

The filter consumes 18.3% of 1819A running time. The MCP-701 is felt
to be at least twice as fast as the 1819A. In part'icuIar;' ‘double-precision additions
are approximately twice as fast and single—precision rnult"ipl'icjat"ions are about four
times as fast. Therefore,_it is estimated that the filter will consume.ab_out 10%
or less of MCP-701 running time if implemented mostiy in single precision. A
consideration of the operations necessary to implement a double—precision multiply
function on the MCP-701 has yielded the conclusion that a worst-case"f-actor of 4
“would result if the filtér were programmed entirely in double 'préci‘sion It ts‘esti-
mated, therefore, that the filter would consume about' 40% or less of MCP 701

running time if implemented entirely in double precision.
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Navigation Requirements

‘-1 A detail’ed inve'stigatiOn of eachvphase of 'the rollout navigation algorithm

: lwas performed to determme the tlmmg and storage requirements.- FORTRAN
,operatlons were translated l.l'ltO equlvalent MCP 701 operations (or sets of opera-
a tlons) Tlmmg estlmates for. each phase of the rollout were then estimated by

? »dlrectly countmg the requlred equlvalent MCP-701 operat1ons and making use of

‘ the mformatlon in Table 6

The rollout sequence and tlmmg estlmates are presented in Fig. 24. The

¢ "times are gwen in- mlcroseconds and mclude a 50% "'safety factor" over the values
‘actually computed (i.e., ‘a multlphcatlve factor of 1 5).. Tlmlng estimates are

+ given for the assumptlons of. a11 smgle—premsxon and all- double ~precision coding,
j-»~--'and percentages of real-time consumed are- given in parentheses assuming a 20 Hz

frequency. Two situations may occur during rollout:

" a) ‘Abraking is completed before the turn begins:; : ;. . :

| b) "‘brak'ing continues into the turn

Thelatter ‘casel'reisu'lts m the’ ‘l'argest.?percen,tag;e-.:ti-,me Joad of the-rollout navigation

algorlthmonthe computer(25% in single precision and. 8.6% in double precision).

B s

. :'I_‘_he.rollout n_aVigation algorithm is estimated to require 702 MCP-701 in-

“‘stru-c'tions" - "The siz'e""'oqf COMMON (where variables and constants are stored) is

estlmated to be 146 words if single-precision codmg is sufﬁcxent .and 277 words

1f double premsnon is requlred These values. mclude a- 50% "safety factor" over

the values actually computed The total storage estlmate for rollout nav1gat10n is

) obtalned by summlng the mstruc‘uons and COMMON values In the smgle—premsmn
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:;mode, a total of 848 words are required, and in double premswn 979 words are

“required.



Memory Add ressable

Instruction
MEMORY ADDRESSABLE INSTRUCTION FORMAY . LOAD lNéTRUCTlONS ’ ASSEMBLER FORMAT 1 .
. MNE CODE ) SNSTRUCTION NAME  [TIME w sac)
) NODE Lov 08 Load Upper Register 2.2
Lot W0 . Load Lows Register L. 2.2
1 14 13 12 1110 9 817 6 8 3 ] LOxX - 18 Load index Register Y
Loo 20 Load Doubls 12
IREN IIHIHIT o | ® | teeoe
R I STORE INSTRUCTIONS
STU 30 Store Upper Reguter . 22
mnaucnou . ADDRESS . STL 38 Store Lower Ragister ) 2.2
sTX 40 Store Index Registar 22
- . .. . STO’ 48 Stors Double s 3.2
e . C . SPK 50 Store Packed . . 2.4
MODE VARIATION . ARITHMETIC INSTRUCTIONS
. . ] : A g
The morie variationa for memory addressable intructions :g: ‘ 852 A:: :: g:pn:’:q-m i;
dafine the method for genacating the effective sddrem ADD P ‘Add Doubls 12
locstion of dste within memory. SBU 70 Subwract from Uppar, A egister 22
’ s8D 78 Subtract Double 12
. . Mey 80, Mulply .4
* MODE EFFECTIVE ADDRESS | ATIME ow | ® Divice hud
: GENERATION lu we) LOGIC INSTRUCTIONS
10.] 91 8 - - " T . T =
ANU 80 And to Upper Register . 2.2
g g "’ c“"':' Page o ORU 8 O to Upper Hegister 2.2
: 2oro Page L EXU A0 Exclusive Or 1 Upper Register 22
ol1}o Indirect 1 = A8 Conpars to Upper Register - | - 2.2
3 {1 1 Zero F-olllndwm 1
A index ) 0z. BRANCH INSTRUCTIONS ]
- 1 -+ Zaro Page/index - 0z mp 8O 2ump Unconditionaily 1 ta
1 0 Indirect/index ) MS B8 | Jumgp 10 Subrouting 22
1 1 2eio Page/indirect/Index 1 © MCS co Memory Decrement and Skip 32
NOI’\ Memory Addressable , BRANCH INSTRUCTIONS
|nSthCfIOl‘l C . . ’ : MNE [CODE[  INSTHMUCTIUN Na2E T} 1 I:‘::,
o RASN| € [Hepmier Aco 8 S1 4 un ey Heguter | Cometera 1.6
.. - ' REGH| CA [Hepoie Subiract & Sk on Neg]  Hepriw Conslant 16
B . T aasP] cC [Regies Avd & Shp on Pou Hepuer Conerart ..
RSSP | CE |Hegisiwr Subitrect & Ship on Pos Repisiar Conetant 1.6
SFI L0 [Sip Forwara on ind . inowaror Coneant 1.4
Sai Ot [Skip Bacawerd on lod Indicator Conatant 14
- . . . SFIA | 03 [Skip Forwad on ind & Aeet Indicotor | Constame | . 1.4
NON-MEMORY ADDRESSABLE INSTRUCTION FORMAT s g :: :::‘;t",z‘l": Romt:] Iodiooer Pstmmet bt
. . B . SBN | 08 [Skip Bachward on No ind Ingxetor Conatari¢ 1.4
.o moot | F2 IR Lt B T
. ’ - SET/CLEAR INSTRUCTIONS
1 14 13 12 1110 9 B j7 6 5 4({3 2 1 0O se7 | o8 | 5ot incs g T vor Uwa e
lA ] I J ] l Ll J [ r l I CLk [ 00 | Clear Inaearer l Inoiator |~o« Used 14 j
— —r : . REGISTER INSTRUCTIONS . ,
. ATF | EO | Regisrar Transler :‘ovwn Reyater :a :-wn- |,:
it Used ° 1.
INSTRUCTION ) . gl ISR Pl [Fran Rogrrtar {10 Rosnar] 18
. ; . . vl I ““'m""",. e * [From Regesm [To Reginar| 1.4
AaS | €4 | Absoivte vu..nl Regirmr F rom Regestar fTo Regustar 1.8

A - - i<

LT s+ 7 INPUT/OUTPUT INSTRUCTIONS - - - %~

REGISTER CODES

g ENBL| €8 | Enable interupts Not Umd 1.8
MNE | COOE |- - _REGISTER . Jinne.{ €8 {1anibitinteruot from Devic NotUsd .. 18
- RST | £A | Avmt Sowctsd Dovice Not Usd 18
UR ' . Upper Registar . Take| €C | Tue Oata to Upow Regicear Nat Und N T
LR -2 Lower Register SNG | €0 | Senes Oevic Not Ued .
xR 3 Index’ Register ’ PUT | EE ]Put Dats from Upper R-pmr Not Usd 18
SR 4 Suatus Regivtar . ' L | €F | Ssiact Devies Device Code "

uL ‘e

Upper and Lower Registar

INDICATOR. CODES SHIFT INSTRUCTIONS o

SRZ | FO [ Snift Right, Entwr Zerom Shift Count | Regrcer [1.2¢0.2n
MNE | COOE INDICATOR Stz | £1 | Snim teve Envar Zovons St Coun | Regmir [1.2+ 820
; Adder SRS | F2 | Shiti Rignt Repsat Sign Shitt Count | Regester 1.2+ 0..
sa -0 Sign of e SRC | F3 | Snifte Right Circular Shift Count | Regestar 1.2 Q.20
ZA ! Zaro Adder . . wiw | £9 | Wormauze NotUmwa | NotUmd [26+ 02 in1)
AF -2 Arithmetic Fault SAX | FA | Shitt Richt by Indes Not Used - | Not Umg [1.6¢40 20
CF 3 Computar Fauit Qisable . . . <
DR L] Device Ready
A s ooy Outoas Dissble CONTROL INSTRUCTIONS A
LA ¢ Logic Indicatar A | oy i NotUmg |Naums]
L8 7 Logic Indicator 8 m u. o;-.-m - . . 12

Table 6. GE MCP-701 Computer Instruction Execution Times,
' A - 93



| Time in Y sec \/
% for 20 Hz Touchdown TA
' S 837 (1.7%)
. e B P L] , . L Lo
_ S=Single rec.1s1on 2 Second Phase D 2477 (5. 0%)
D=Double Precision : TB
.8 677 (1.4%)
Braking Phase D 1815 (3. 6%)
+C
Taxi-Before- S 642 (1.3%)
Turn Phase - D 1766 (3. 5%)
+p e .
Taxi-Before-~
Turn Phase Absent
S 1229 (2.5%)

D 4287 (8. 6%)

S 1148 (2.3%)
D 4172 (8.4%)

Turmn Phase

Taxi- After-
Turn Phase S . 764 (1.5%)
s D 2207 (4. 4%)

rd

Figure 24. Rollout Navigation Timing Estimates for the MCP-701 Computer



Total Requirements

The total Kalman filter and rollout navigation requirements (with a 50%
safety factor included in the navigation component) are obtained by Asumming the

_separate requirements discussed above, assuming the worst case for the rollout

timing estimate. In single precision, the total requirements are 3,673 words

of sforage and 12.5% of real time; in double precision, the total requirements

are 4,032 words of storage and 48.6% of real time.
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APPENDIX A -

'B-737
Aerodynamic Force and Moment Coefficients '
~ and

- Dynamic Response - . ..



I. AERODYNAMIC COEFFICIENTS

The aerodynamic coefficients are functions of the velocity of the aircraft
relative to the airstream, control surface deflections, altitude and altitude rates

of the aircraft.

We define the following quantities:

c = mean aerodynamic chord
b =  wing span

S -= - wing reference area .. - -
P = air density

GE = elevator deﬂ:_e(v:.tion

éa = aileron deflsction

GSTAB =  stabilizer deflection

ﬁR = rudder deflection

6SP = aileron spoiler deflection
GSPSUM = symmetric spoiler deflection
a, =  fuselage offset angle

The velocity vector of the aircraft relative to the airstream in the runway

coordinate system is given by
V =R-{W+G+8 ]

The relative velocity vector in the body system is given by

V1B

VoB [ ~ LBI{V 1

V3B

(A-1)

(A-2)
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The airspeed is the magnitude of the vector .V .

v = |V]| (A-3)
The dynamic pressure is given by
— 2
q= 2pv | (A-4)
The angle of attack is given by
v
e | 3B
o =sin
> 2192
L A + v
1B 3B
o 1 '3B (8-9)
o =tan
: v

1B.

The aerodynamic coefficients are functions of the angle of attack relative

to the mean chord line

o = ot o (A-6)
Thg side force angle of attack is given by .
g =V‘2,_B . o BTN
The effecﬁve drag coefficiént is given:by
Cp = Cpy* Cpp @+ (Cpg+ Cpy Mbspeyy * Cpg
(A-8)

+C ]3]+c |6, 1+ (Cig* Cryyn @ bop + C
D7 D8 ' “R D9 “D107SP " Dip,n



The effective lift coefficient is given by .

_ 5 . T _
= — - +: —
Cp = Crit Cra@+Crg 59 (@~ Ypuet) "Cpy 5y (37 Gyt
+ o .
*CrsfraB ™ Cre gt (Crr* CLs ¥ fspsum
+C + C
L9 Liear

The effective side force coefficient is given by

PR

= —(p ... .+p. +
C C,, R+ CY2 v (pgii"st p.cos o +r sin q)

Y Y1
+C —B—- r - sina+1".'c‘os o)
Y3 2v ( gust p
- F(Cyq* CysMsp* Cygir

The aerodynamic roll moment coefficient is given by

/
—_— R N o N ‘o + r'si :
CSlﬁ+CSZ 2v(pguSt pcosa+ r'sin o)

= q b -+ —
L q5b CS3 2v I'gust

¥ Cgg 8, * (Cgp * Cgg )by

L

b - psina+.rcos o)+ (Cs4f

(A;9)

(A-10)

CVSS ) ﬁSP > (A-11
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The pitch moment coefficient is given hy

rc +C, .oa+C

M1 M2

+C. . & C.,, 6.+C

+
M6 °staB T “m7 OF +C

MlO‘ﬂ| Ml11

+(Ch1a* Crrs®Ospsum * a0 1

+C +(g¥-.25)C
MGEAR L

c - e - ,
M3 2v (@7 9gust) * Cma 27 (97 Ggygt)

N

’ (A-12)

In order to compute the yaw moment coefficient, we require the lateral

acceleration in the body reference frame. We have
U |
v = Ip { R }
w

The yaw moment coefficient is given by

( bV b
CN1B*Cn2 2v v T Cns 2v (Pgust
N. = qSb J+C' i.;'—(r -psina+rcosa)+C._.6
s N4 2v {Tgust. N6
+(C.. +C.. a)s +C.__ & +§( *_ 25)C
(Cyrt Ong @18, + Cyg g ¥ 2 (8 —-29)Cy

\ b

The numerical values of the coefficients for the 737 aircraft were fur-

nished by NASA Langley Research Center and are listed below:

100

SP

+pcosa+rsina)

(A-13)

> (A-14)




AIRCRAFT AERODYNAMIC COEFFICIENTS

Drag Coefficients

Cyy = .185
Cpp = .9225
Chy = .0329
¢, = 1087
Cps = O
Cps = . 0075
Cp = 0513
Cg = .019
Cpy  * 043
Cprp = 308

Side Force Coefficients

Cyy =  -l.564
C’Yz = . 4871 ‘
CY3 = . 18?
CY4 = -.0487
CY5 = -.1067
CY6 = .4383 -

Lift Co‘efficients -

Ll
12
L3
14
L5

aQ O Q O O

16
L7
L8
L9
L10

a O a a @

CL11
CL12
_CL13

i

. 464
.4584
.0258
-.058

' 93.

.008
~.625
71735

Roll Moment Coefficients

Q

-.3152

-. 645
.395
. 0967
. 0817
.0816

.06
-.1899



ML= s
,CMz = 147z
CMa 5 -2, 375
CM4 = .ag 29
CMS = - 0064
s - .
,c M7 = L6545
s = 100,
CM9 = . 4845
CMM < L
CMll = . 003
CMlz = 02
CMl:;» = -85
CM14 =
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The geometric parameters for the 737 aircraft are listed below:

¢ = 3.41376 meters (11.2 ft.)

b = 28.3464 meters (93 ft.)

S = 91.045 'metersz (980 ft.2)

an = 1.524 ipeters (5 ft.) ,

Mass = 36287.5 kg (80,000, 1b.)

I = 142572 newton meters® (345, 000. Ib. ft2)
IY‘Y""'= 328148 newton metersz (794,062, 5 1b, ft.Z)
IZZ = 490738 newton meters2 (1,187,500. 1.b. ft2 )
IX’Z' = 21351 newton meters ( 51,667, 1b,ft.") .
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II. DYNAMIC STABILITY COMPARISON

In order to check the accuracy of the dynamic model of the aircraff the |

response of the plane to an elevator impulse and a rudder 1mpu1se was tested. .

'The response curves are.shown in Flgs Al and A2 These runs wére made wuth '
the automatlc control equations inoperative in order to obtam the perlod dampmg,' : L

and the decay time to one-half amplitude of the plane for the short perlod phu— . o

goid, and dutch roll motions, at an airspeed of 66. 88 m/sec (130. knots) and
an altitude of 426.7 meters (1400 ft.)

| A comparison of these results was made with 737 aircraft characterist'i_'é'sf
supplied by Langley Research Center. The results, shown in Table 7, are -‘in’

good agreement.
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Phugoid
Short Period
Dutch Roll

Phugoid

Short Period

Dutch Roll

TABLE 7

DYNAMIC RESPONSE COMPARISON — B-737

Simulation Model

~‘Period .~ . . . 'Daippjng .
“(sec. Coefficient

39.0 ' .. 098
5.0 .25
5.0 . 055

. B-737 Data

34.0 . 084
5.39 o4l

T2

(seci): ‘

43.7

. 4.84

9.99

43.7
5.39

R I AT ( :'i; S
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APPENDIX B

'Computer Simulation Results for

Rollout and Turnoff
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I. DESCRIPTION OF TEST DATA

This section contains the results of computer runs of the ALERT program
in the form of plots. Although the B—'f37 aircraft simulation program is capable
of executing auto“n?ﬁm‘tarhs and landing approaches including capture,
oncourse, ﬂére, and decrab, the main pufpose of this study was to develop and
test a guldance law for rollout and turnoff. The computer plots contained in this
section illustrate the termlnalgortlon of each landing from touchdown to the end
of turnoff. Turnoff, in the context of thls study, lS deﬁned to be completed when
the alrcraft is at a fixed desired tax1 speed at a flxed constant heading (30 yaw
relative to the landing runway cgzgte;l_@e_), and at a distance of 91.44 meters

(300 ft.) from the runway centerline.

In order to reduce the computer run time to complete the study for a
range of wind conditions, runway conditio’ﬁs, and taxi speeds, the entire air-
borne program was run for different wind coﬁditions. The aircraft v-ariables
at touchdown were stored, . and a set of rollout and turnoff runs were made
at different taxi speeds and runway conditions (dry and wet) for each fixed landing

condition.

A description of the plot variables and units is given. Each landing case
contains eleven plots. The horizontal variable is always time from toucﬁdown
in seconds. The first plot is the aircraft thrust in néwtons. (One pound of force
is equal to 4.4482216 newtons.) The specified reverse thrust for this aircraft is
62275. newtons (14,000.#) The steady state idle thrust is 6672. newtons (1500. #)
The thrust is manually set at idle and, after a two-second slowout, the thrust
logic calls for maximum retro thrust which continues until the aircraft reaches the

required V speed, at which time the thrust logic calls for idle thrust through-

coast
out the taxi period.
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The second plot is the autoinatic_braking pressure plotted in percent of
maximum allowed pressure. 100% of maximum alléwed bréking pressure
corresponds to a _friction coefficient, y, of .4. Thus, the automatic braking
logic is not designed to command the full capabilities of the ti‘re on a good dry
runway. Zero brake pressure corresponds to the condition where only rolling
friction is operative. Maximum brake pressuré is available during deceleration

to Vco Following that, only medium brake pressure (pu=.2) is available

ast’
- to the automatic braking logic. During landings on wet runways, the anti-skid

device moderates the preésure to that allowable to forestall wheel lock.

- The third plot is the forward acceleration in the body System, . u. The
units are in meters/sec.2 . 1.0g is 9.817 m/sec.2 . For rapid turnoffs, a
maximum deceleration of 5 m/sec.2 is considered within the limits of passenger

comfort,

The fourth and sixth plots are the x and y components of the winds plus

shear and gust. These are measured in meters/sec.

' The fifth plot is the aircraft ground speed. This is measured in meters/sec.
The flat portion after the linear deceleration illustrates how well the aircraft keeps

the desired V. . speed.
taxi

The seventh plot is the first plot on the second page of each case. The
variable CRTE. is the cross track error, or the lateral deviation from the

buried magnetic cable. It is measured in meters.

The eighth plot is the lateral acceleration in body system. It is measured
in meters/sec. Passenger comfort requires that this variable not exceed an ab-
solute value of .15g's or 1,472 m/sec.2 (4. 83 ft. /sec.z). This limits the maxi-

mum taxi speed if fast turnoff times are required.
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The ninth plot is the aircraft yaw angle.
The tenth plot is the nose wheel steeﬁng angle.

The final plot is the difference between the magnetlc cable yaw angle and

‘the alrcraft yaw angle.

For the purpo.ses of this simulation, the magnetic cable is laid out in three
segments: first, a straight segmént along the runway centerline to the turnoff
position; secondly, a turn with a fixed input radius makmg a change in yaw of

30 headmg, fmally, a stralght line segment at a flxed yaw headmg of 30

» Follbvsiing the plot of the elevehtl\l variable is a short data set giving the’

wind condition, the V ‘and V. . inputs, and the runway condition. -
coast taxi
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II. SIMULATION RESULTS AND DISCUSSION

' Figures Bl, B2, "B3, ahd"-'B4“ere"'a:ceept‘ztble fast turnoffs on good dry -
runways. Figure B5_is a repeat of Run_B3 for a wet runway. For this case,ﬁ '
because of the inability to apply braking at high speeds, the desirable taxi Speed '
of 50 knots was not achieved and high lateral acceleration resulted. In ord'er' R
to produce acceptable turns at high speeds on wet runways, it was found neces—
sary to lower_the Vco

ast
to idle) to exceed the desired V axi speed by 5 knots. . With this change, ac-

" - ceptable fast turns are ach\eved on, wet runways Flgure B6.- lS an xllustratlon

of a good 6.0 knot turn on a wet runway.

" Figures B7 through B14 are all dcceptable high-speed turns on wef run-.

ways for different wind conditions.

Figure B15 is an illustration of high-speed turnoff on a good.d’ry run'v"(fey,

replacmg the Kalman filter with the complementary filter in the navigation loop.

' Exammatlon of the- cross track error m Flg B15 shows+that the complementary_,

filter does a good job until the turn is con_lpleted, -at-which time it ends up.w1th_ ,'
an error in lateral deviation of 5 meters as compared with the Kalman filter

deviat’ion of only 2 meters.
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Complementary filter used
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