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CHAPTER '1

INTRODUCTION AND SUMMARY

1.1 Study Objectives

This report is concerned with the steering of the
shuttle vehicle in the final several hundred miles prior
to landing. The steering starts just prior tc the
transition maneuver from high to low angle-of-attack and
ends with the touch-down of the vehicle on the landing
strip.

The objective of this study is to extend and complete
the analytic design that was made as part of the Phase B
effort {1]. Here simple formulae were used to represent
the vehicle performance characteristics. These formulae
were used in a guidance scheme that is characterised by a
spiral turn to dissipate the excess potential energy
{altitude) prior to a ctandard straight-in final approach
That study was fairly complete but several issues that
were not resolved due to lack of time are the -subject
of this report. ‘

Most important of these improvements and extensions
are:

1. Tailor the steering with a view to pilot desires
and capabilities

2. add a flare maneuver logic
3. Design steering logic for transitidn phase
4. Incorporate phugoid damping

5. Decouple the center-of-curvature control from
ranging control

6. Incorporate the use of drag brakes

As a second part of this study, this improved logic is
to be used to define targeting procedures for the nominal
Shuttle trajectory.

Thirdly, the logic is to be stressed by both variation

%n key parameters and by realistic system errors. These
include:

-1-
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1. Aerodynamic parameters
2. Atmospheric variations
3. Winds (both steady and gusts)
4. 1Initial condition variations

.The error performance is to be characteristic of a navigation

system which includes an inertial measurement unit and an
on-board navigation computer. This on-board system is to
be updated by both conventional landing aids, i.e.,

1. barometric and radar .altimeters

2, VOR and DME of a TACAN type system

3, ILS system, both glide slope and localizer
and also precision DME equipment as characterized by

the Cubic CR 100.

1.2 ZXey Design Considerations

Several design considerations were listed at the
start of the study. They are for the most part met
naturally by the analytic nature of the guidance design.
These considerations as numerated by the contract monitor
are:

1. Must be capable of using all the vehicle
ranging ability

2. Compatible with manual procedures

3. Compatible with ground control procedures and
monitoring

4. Capable of converging in final approach target

5. Maintain an energy reserve for the nominal case
6. Maintain the ability to compensate for winds

7. Use minimum navigation aids in contingency cases.

8. Targeting flexible to permit landing at alternate
runways

-
ITEDL ICTDNE INCORPARATEN - 701 CONCORD AVENUE - CAMBRIDGE, MASSACHUSETTS 02138 + (617) 661-1840



9, Capable of performing category III landings
10. Maintain subsonic velocities
1l. Constrained to alleviate over-pressure during

transitions

1.3 Background, Other Design Approaches
]

There have been a large number of guidance schemes
proposed for approach and landing phase of the Space
Shuttle, and for all other guidance phases for that
matter. In fact, there are so many that it will be
difficult to select the primary system from all the
candidates. On the other hand, this decision may not be
too difficult because all the guidance schemes "work™ and
any one that is used will do the job. It is only in the
way the different schemes will handle the many contraints
and adapt to system errors that one system may show
superior performance over the others.

The many schemes are roughly divided into two
categories; non-turning and turning approach patterns.
The Bell system [2] is characterized by a single turn
on to final approach. Detailed calculations based on
poorly defined system parameters are characteristic of
this system. The Draper Lab {3] defines a system with no
turns relying on drag brakes to dissipate the .excess enexrgy.
If the drag brakes do not have sufficient power such a mode
is not possible., But direct control of the kinetic
plus potential energy as proposed in this system seems to
have some merit, particularly in ‘the presence of large
disturbing winds.

The turning approach can further be divided into
three categories. There is a two-turn or so called
"racetrack" system as proposed by several investigators
at MSC [4,5]. Here there is a turn on to a down-wind
leg away from the runway until sufficient altitude is
lost so that the second turn on to final approach is
appropriate. Then there is the so called cone cylinder
approach of MACDAC [6], in which the vehicle dissipates the
energy by first flying about a large radius circle,
then at the appropriate time changes the flight to a small
circle tangent to the final approach path.

Finally, there is the spiral descent path which is
the subject of this report and also of earlier work by
Sperry Rand [7]}. The difference in the two spiral guidance
techniques is that this approach is characterized by
simple analytic formulae which are used to represent the
vehicle characteristics and the guidance loop is then
closed using these formulae. It is of interest to note

-3
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that the first flight tests of the Sperry Rand system look
very similar to the two-turn system [8]. It is also
significant to note that this system has demonstrated
automatic landings to touchdown on a real airxcraft

{a CV 990 modified to fly like the Space Shuttle} using

real equipment (an inertial measurement unit (IMU), an
airborne computer, a radar altimeter, and other conventional
landing aids}).

~ In the original work for this study [1], the North
American.vehicle had a much lower wing loading. With the
resultant lower velocity at altitude, sometimes up to 5
turns would be reguired. Here, as with similar studies
on the Grumman Phase B wvehicle, no more than two turns
is observed and it is usually one. But should this capability
return (it never does as projects evolve) the present logic
as developed in this report will call for a many turn spiral
approach.

1.4 Importance of Analytic Approach

This system has as its central feature a turn
capability prediction based on a simple analytic
formula. That is, based on the present state of the
vehicle and an estimate of the vehicle lift-to-drag
ratio, L/D, a turn capability of say 2 1/2 revolutions
is predicted at the start of circling flight. The guidance
will then choose a commanded bank angle based on the nominal
value such that desired number of, say two, revolutions
result; and this computation is repeated every cycle.
Subsequent analysis will show quite close agreement between
the actual and predicted turn capability.

This analytic type approach is important for several
reasons. First, a natural type trajectory results., That
is, the vehicle is not commanded into any extreme maneuvers
by the very fact that the guidance is based on its predicted
capability. Second, the simple nature of this approach
allows a flexibility to adapt to changing constraints that
always appear as the program matures. This is particularly
important in the early stages of the program. Third, the
simple nature of the program accelerates the check-out
and debugging time and alsoc does not over-tax the airborne
computer storage or duty cycle. This last feature is of
course quite secondary in view of the vast computer capability
proposed for the Space Shuttle,

It will be demonstrated in section 4 the analytic
techniques are possible for both the transition and flare
maneuvers as well as the energy dissipating turn. Further,
it will be shown that several approcach geometrics are
possible with this analytic technique even though it was

iy -
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primarily designed for circling flight.

1.5 Important Conclusions

The most important lesson that will be demonstrated
in subsequent chapters is that simple analytic formulae
will meet all mission requirements. Moreover, this type-
approach is highly desirable since new requirements can
be easily adapted by the analytic nature as they may
arise. The guidance permits ranging to all points
within the vehicle capability. Since important
disturbances such as winds are compensated directly,
there is a high tolerance to disturbances.

. Key vehicle parameters such' as L/D need not be
estimated in flight except perhaps for the final flare
maneuver. Since this estimation is an easy task, there
is little reason for not doing it.

The large initial navigation errors are resolved
within the first few measurements and there is weak
coupling between the navigation errors and the steering.
However, large cross-track errors can lead to navigation
filter divergence if measurements are not available to
resolve these type difficulties. That is, there is a
real danger of underspecifying the navigation equipment
to the point of failing the mission.

Preceding page biank



—6—

NTERMETRICS INCORPORATED + 701 CONCORD AVENUE « CAMBRIDGE, MASSACHUSETTS 02138 + (617) 661-1840



PRECKDING PAGE BLANK NOT FILMED

CHAPTER 2

VEHICLE CHARACTERISTICS AND CAPABILITY

2.1 The 040a Vehicle

The Shuttle vehicle for this study is the 040a
model which was the baseline model for many MSC
studies in this period. The aerodynamic characteristics
are defined in ref.[L01 . The computer model based on
this reference is found in Appendix D. Typical L/D values
are shown in Figure 2.1 and more detailed characteristics
(C, Cp & L/D) for the subsonic flight are shown in
Appendix F,

It is seen that the "clean" vehicle has a maximum
L/D of 7.6 occurring at an angle-of-attack of 8 degrees.
Note also that the speed brake has a profound effect
decreasing the L/D almost in half when fully deflected.

The nominal vehicle has these other significant

characteristics:
WT 140000 1b.
Ref Area 3130 f£t2
Mean Chord 51 ft.

The ground effect from ref. [10lis also simulated.

-
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Fig. 2-1:040a L/D Characteristics at Mach .5



2.2 Footprints

The subsonic ranging capability has been defined
in Ref. [1}. This capability is shown in the form of
the: footprints in Fig. 2.2. Here are shown range capability
for a vehicle with L/D=8, starting at various initial
altitudes. The negative down range direction is smaller
because two 180 degree turns are required to attain this
point. The first changes the heading to the negative
direction. The second changes the heading back to aline
with the runway direction. It is seen that near 80 nm
are possible in the forward direction, with 50 nm in the
negative direction if one starts at a nominal 60,000 ft.

The supersonic ranging capability is considerably
less because the maximum L/D is only 2. That is to say
variations in range are less pronounced because there is
less possible variation in L/D. It is oE interest that
the glide slope is not even close to 1/(3x) at this low
L/D. The altitude rate can be found_ by utsing the results
of Appendix A by first noting that V7B is much greater than

2g

1 in Eq. (A.13) so that assuming ¢ = 0, we have

av __ g (2.1)
ETE
D
Then Egq. (A.4) gives for dH
dt
dH _ 2g
de =~ L (2.2)
(VB

Altitude rate thus varies from -120 fps when V = 6000 fps
to -720 fps when V = 1000 £fps.

The constant deceleration Eg. (2.1) of about 1/2 g is
appropriate to generate the supersonic range as has been done
in the transition ranging logic (Section 3.2, Eg. 3.2).
Applying Eg. (2.1) into Eq. (3.2), gives a mayimum range of
180 nm for the supersonic phase, assuming an 5 of 2.

No supersonic footprints have been generated here.

This footprint capability ig rather shown in the performance
data of Section 4.3, where the guidance achieves edges of the
footprint by flying at maximum L/D.

-9-
INTERMETRICS INCORPORATED + 701 CONCORD AVENUE + CAMBRIDGE, MASSACHUSETTS 02138 + (617) 661-1840



-'0 '[_

(N Mi)

CROSS RANGE

80
Hg = 60,000 FEET

50 Hg = 50,000 FEET

40

20 —

Ho = 40,000 FEET \\/2/

Hg = 30,000 FEET"
Hg = 20,000 FEET
Hp = 10,000 FEET

-50

-80 | !

- 80 - 50 =~ 4]

rig. 2.2: Subsonic Range Capability of Shuttle Orbiter (L/D=8)

-20

0
DOWN RANGE

20 40
(N M)




CHAPTER 3

GUIDANCE DESIGN

3.1 Guidance Phases

The guidance designed here was essentially completed
as part of the Phase B effort [1 ]. Several improvements
and additions were made since that time including transition
logic, improved targeting, damping terms added and flare
logic. Also, a major effort was made in testing the guidance
in a realistic navigation environment. Foxr sake of completeness,
the total guidance logic is described here.

The trajectory starts at about 150,000 feet with the
vehicle at Mach 6, having just emerged from radio black-
out. There is then a transition maneuver from high angle-
of-attack of 30 degrees to a low value of about 8 degrees.
During this transition maneuver, there is some ranging also
performed though only a limited amount is possible. Next
there is a glide to the pre aim-point before the runway,
performed at maximum L/D. Circling flight is next
initiated with one or two revolutions possible. The next
phase is the final approach starting at 10,000 feet
altitude and ten miles before the runway threshold. A
first flare maneuver starts at roughly 700 feet altitude
to reduce the glide slope from 10 to 3 degrees., Finally,
a second flare is initiated at about 50 feet altitude to
reduce to sink rate to a nominal 4 feet/sec.

3.2 Transition Logic

There are two functions accomplished during the
transition phase: 1) a change in angle-of-attack,
2) ranging to an aim point near the landing site.

The change in angle-of-attack can be accomplished
with a pitch over rate of between .05 and .2 deg/sec
without either exceeding the g limits on one hand and not
accomplishing the maneuver in time on the other. There is
therefore, established a velocity at which to start the
maneuver, designated VIM2. There after, the angle-of-attack
is commanded as a function of velocity by:

o= o, = KTR (VLM2-VR) (3.1)

where

2
il

angle-of-attack
-11-~-
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o = initial value
KTR = Pitch over gain nominally .0075
= velocity relative to the ground

5
|

The ranging portion of the transition maneuver is
targeted to a point 30 nm before the runway with an arrival
velocity of 1000 ft/sec. This point is roughly centered
within the remaining ranging capability of the vehicle.

The roll angle is commanded to accomplish this ranging

by first calculating a nominal range based on an assumed

" constant rate of change of velocity. This constant
deceleration has been observed over a large class of
transition maneuvers and leads to a simple range calculation:

RTOGON = (VAZ - VFZ)/2ACTR (3.2)
where
RTOGON = nominal range
VF = final velocity = 1000 fps
ACTR = nominal deceleration
= 15 ft/sec?

The roll angle is then commanded by

¢ = cos ¥ (RTOGO/RTOGON) (3.3)

where

RTOGO = range to initial target from Eg. (3.6)
¢ = commanded magnitude of roll angle

The roll command is modified with a lateral logic which
will allow only one roll reversal and turn-rate limiter which
limits the azimuth rate so as not to aggravate the
effect on the sonic over pressure ("sonic boom"). The roll
angle is initially commanded in the direction so as to
decrease the heading error. {Or it would be initially
commanded in the same direction as in the previous entry
guidance phase). This roll direction is maintained until
the heading error, DEL, exceeds a threshold value, DELTR.
Then, the opposite direction of roll is commanded.

The turn rate limiting is not started until velocity
is less than 3000 f£ps, (VLM3). E=xcessive turn rates are
not possible at higher velocities. At this time, the turn
rate at nominal roll &ngle is calculated by:

— RLB,’
Q = g tan(vg— (3.4)

-12-
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where

Q = turn rate
RLB = nominal bank angle
g = 32.2 ft/sec:2

Tf the turn rate exceeds the limit value, OMLM, the roll.
is commanded to achieve this limited value by:

¢ = tan™t (95%?—25) (3.5)
Also, the roll angle is commanded to drive the heading angle
to zero in the next interval if this is possible and no

limits are exceeded.

3.3 ILanding Pattern Targeting

When the velocity is less than VIM1 (1200 fps), the
start of the circling flight mode is initiated. An aim-
point is selected to start the turning flight so as to
arrive at the final approach with no lateral offset by
the following two step procedure: First, the target vector,
URT, located at the edge of the landing field is projected
backward a fixed bias distance, to URT2, Figure 3-1 is
appropriate. Ten miles has been selected for this bias
distance in the initial studies. This bias corresponds to
an altitude of 10,000 feet at the start of the final glide
and a nominal L/D of 5 for the final glide. Then using the
heading of the vehicle to this initial aim point, an offset
aim point is calculated, see Figure 3-2. Two circles are
calculated. The circle of radius R corresponds to circling
flight at the velocity V) which is the arrival velocity
at URT2. The circle of radius r corresponds to circling
flight at Vp, the equilibrium velocity at the final altitude,
Heg. The calculation follows. First calculate the range
from the wvehicle to URT2:

RTOGO = cos t (UR.URT2)SF - (3.6)
where
RTOGO = range to offset target, feet
UR = unit vector at present position
URT2 = initial target unit vector

SF = gca%e Eactor converting earth central angle
o fee

Then calculating the altitude loss 6H in this segment assuming
f;ight at a known maximum L/D, (L/D)m

¢H = RTOGO/(L/D)m {(3.7)

-13-
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Fig. 3-2 Final Target Calculation
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The velocity at URT2, Vi, is then assuming equilibrium at
both the initial and final points.

v, = VAl e~ (B 6H/2) (3.8)

where

VAl = present velocity corrected for roll angle
VA \ g/AMAG cos (¢)

It

B = reciprocal of atmospheric scale height
= 1/25000
AMAG = total acceleration, fpss

Similarly the.vélocity at the start of the final glide, V5,
is related to the altitude at the start of final glide, Hg,

by
v, = VAL e~ B (H-Hg) /2 (3.9)
The initial and final turn radii (R,r) are then
calculatgd using the commanded bank angle ¢.
R = V1%/(g tan ¢ ) (3.10)
r =V,%/(g tan ¢.) (3.11)
where 2
g = gravitational acceleration = 32.2 ft/sec
4 = ¢n initially, then defined by Eq.(3.22)

¢n = nominal bank angle, 30 deg.
The final offset wvecteor is then seen to be
R sin 6

)} URT1l + __ﬁﬁ___'UF {3.12)

r-R cos 8

URT3 RE

ORT2 +(
where

URT3 = final offset unit target vector
URT1 = UF x URT
URT = unit target vector at edge of runway
UF = unit vector in direction of runway
The radius of the earth, RE, is used to convert the offset’

distance into angles. The angle 8 is not calculated explicitly,
but the cosine and sine of € are calculated by the vector

relations .
cos 8 = UNI1 . URT1 (3.13)
sin 8 = -1 - cos? 8 SIGN(GNIL-.TF) (3.14)
where
-15-
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UNI1 = UNIT(URT2 x OR), for initial calculation;

UNIT(URT3 x UR), subseguently

it

The appropriate vectors are shown in Figure 3-1 and SIGN
is the sign function.

The above calculations are used for the initial
-calculation of the offset target vector, URT3. A precise
calculation would involve an iteration since the target
vector is a function of the range-to-go, which is in turn
a function of the target vector. This iteration is avoided
by repeating the calculation of the offset target vector
on subsequent guidance cycles replacing URT2 with URT3 in
Eg. (3.6). The offset target calculation stops when the
heading error, Del, is less than .01 radians.

3.4 Initial Turn

The initial turn is accomplished by banking at the
nominal bank angle to drive the heading error toward zero
until a calculated reduced bank angle will drive the error
to zero in the next time interval.

The heading error Del is ]
pel = cos™t (Gwri - ONI) (3.15)
where
UNI = UNIT (V x DR)
The bank angle command is

¢ én SIGN (UNI3 -+ UNI)* (3.16)

where
UNI3 = UR x UNIL1

If 2dt is less than DEL, the turning rate @ is calculated
by

8 = g tan ¢n/vV (3.17)

and dt is the sampling interval. Five seconds are used in
the simulations.

If fidt is greater than Del, the bank angle is commanded by

. -1 Del V

$ =" tan (—E—EE)SIGN(UNIB . ONI) (3.18)

* YNote that positive bank directs a component of lift along UNI.
-16- '
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Throughout the initial heading change the angle-of-attack
is kept fixed near the value for maximum L/D.

The above steering logic neglects the dynamic response
of the vehicle to the roll commands and no dynamic lag has
been included ‘in the simulations thus far. It is expected
that the "dead beat" response described above can be extended
to include these dynamics and would be superioxr to a constant
gain feedback system type design. This is because more
information is available on the vehicle characteristics
and the implementation is more suited to the digital
computer needed for guidance and navigation calculations.

3.5 @Glide to First Aim Point

The glide to the pre-aim point is accomplished at
maximum L/D. During this interval a calculation is made
of the turn to lose altitude required during Phase 3. This
turn angle is

1
vy?
+ (L/D)_ sin ¢n (H-Hg)RTD/2HS

DO = (L/D)_ sin ¢n g HS( - —L)Rm (3.20)
Vi

This result is derived in Appendix A. Somewhere between
1 and 2 revolutions will be required depending on the range
+o the pre-aim point.

The next phase is entered when the vehicle arrives at

ORT3. This is detected when the dot product, UNI1 - UNI,
is negative.

3.6 Circling Descent

3.6.1 Turn Angle Contrcl

The nominal circling descent is at constant bank
angle ¢n. This angle has been set to 30 degrees for
initial studies. The turn angle is calculated using
Eq. (3.20) with V used in place of V1. The required turn
angle is then calculated as

Dol = n 360 + Daz (3.21)

where

Daz Az - Azx

Az = Azimuth = cos L (T - UNI)RTD
if V.UE is negative, Az = 360-Az
-17-"
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Azr = Azimuth of runway
n, chosen so that |D8 - D61|<180
RTD = factor to convert radians to degrees

UE = unit vector in easterly ‘direction

An option to the logic allows n to be an input variable
if desired. With this option, one can select the desired
number of turns but only, of course, before the actual turn
has started.

The number of revolutions, n, is further modified so
that the value of D81 does not differ by more than the 180
degrees from that of the previous computation cycle.
Without this feature, an induced oscillation is possible
as the desired turn angle changes back and forth to values
near ¥ 180 degrees from the predicted turn angle, The
bank angle is then

¢ = sin™t (235 sin ¢n) (3.22)

and the bank angle is limited to values less than ¢max'
now chosen at 45°.

Thus, we see that the bank angle 1is continually
adjusted so that the heading is the correct value at the
final altitude. The initial targeting assured that the
position relative to the runway is correct when this final
heading is achieved.

A further modification of the turn logic allows for
straight f£light segment when the desired turn angle is 180
degrees. This logic is normally disabled because improved
jinitial targeting does not require it. But it is included
here to allow trajectory shaping as has been done in Chapter 4.
This is done so that the predicted turn angle can decrease
to the desired value. For example, the situation could arise
where the desired turn angle was 180 degrees and the
predicted turn angle, 360°. In this case the commanded
bank angle would be 14,5 degrees and a much larger than
nominal turn radius would result. The altitude loss during
this straight flight segment is added to the final altitude,

He. This is done to allow for the additional range needed

in the final phase. Typically, one or two nautical miles

will be flown in the straight-flight portion and correspondingly
about 1,000 feet will be added to the final approach altitude, Hf.
Tn this situation, however, the improved targeting would allow

a 14.5 bank angle turn and no straight segment would be reguired.
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3,6.2 Trajectory Damping
In the transition, the turn and the glide to the
initial aim point, the phugoid motion is damped by
commanding an incremental angle-of-attack.
Da = XDMP {(Rref-R)

wvhere

Do = incremental angle-of-attack

KDMP = constant damping gain
R = altitude rate
Rref = reference altitude rate

= - 250 fps in transition
= -VA/(L/D)m, before turn

= ~VA/«L/D)m cos ¢), during turn

The angle-of-attack is further modified to

anticipate the transient caused by changing angle-of-attack
commands by

= {cos ¢}
cos ¢
where
{cos ¢)0 = cos ¢ from last computation cycle

3.7 Center of Curvature Control

To make a positive control of position relative to
the landing field during the turn, logic is written to
control a specified center of curvature. This logic
would be appropriate for the case of disturbances such
as wind, improper navigation and unknown vehicle variations
since the initial targeting assured proper positioning in the
no disturbance case. The logic adds an incremental roll angle
to the commanded roll angle so as to decrease distance
between the instantaneous and desired center of curvature.
Referring to Figure 3-3 a unit vector at the desired center
of curvature, Uc, is described by

r

Uc = UNIT (URT2 + R JRT1) (3.23)

where r is defined by eg. (3.6)}.

The instantaneous center of curvature, ﬁbl, assumes turn
at nominal bank angle

Ucl = UNIT{UR + RL ONI) {3.24)
RE
where
Rl = V%/(g tan ¢)
~19-
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The distance, Delec, between the desired and instantaneous
centers of curvature is then

Delec = cos"l(ﬁb - Uel)sF (3.25)

The incremental roll angle, DRL, driving Ucl toward Uc
is commanded by
DRL = -KCN Delc SIGN (CTEST) (3.26)

where KCN = constant gain = .0003
CTEST = UNI - Uc2
Uc2 = UNIT(Uc x Ucl)
= normal to plane containing Uc and Ucl
Note that this incremental roll angle has the_effect of
increasing the turn radius if Uc is ahead of Ucl (As in
Figure 3-3), and decreasing the turn radius of Uc is behind

Ucl. 1In both cases, the 1nstantaneous center is driven
toward the desired center.

3.8 Final Glide

The final glide starts when the indicated altitude
is less than Hg. At this point the target is repositioned
at the edge of the runway, at URT. Heading corrections
are then made with logic identical to Egs. (3.10, 3.11,
3.12) replacing only URT3 with URT.

An "s-turn" logic is exercied so that the lateral
position as well as the heading is contreolled. The lateral
displacement accrued, 4, in correcting the heading error
is calculated by L

d = 2 Rl sin? 925) SIGN WIAT) (3.27)

where

Rl = turn radius at nominal bank angle

= v?/(g tan ¢n)

d = lateral displacement during turn
(positive if along URT1)

VILAT = V . URT1
The lateral error, D1, is calculated by
Dl = (DR - ORTL)SF " (3.28)

If the total lateral error, D1 + d, is greater than a
threshold value, the heading error is modified by

Del = Del - Dei3 SIGN (d) (3.29)
where
Del3 = 45 degrees nominally, but is varied by Eq.
{(3.32) to account for long range cases.
_20_.
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This logic has the effect of heading so as to close the
lateral error and then reversing the bank angle to correct
the heading error at a time when the lateral error will '
be zero when the heading is correct. Only one "s turn"

is allowed in final glide. A standard linear feedback
control on heading error and lateral displacement is then
initiated after the initial "s-turn."

... __The law commands..the bank-angle by terms—proportional—
to the lateral displacement and lateral velocity

$ = KDD D1 + RKVV VLAT (3.30)
where
KDD = ~,07 = pbsition gain
KVV = ~,36 = damping gain

The gains have been chosen to provide a closed loop natural
frequency of one minute and a damping ratioc of .7.

At this point the angle-of-attack is modulated so
that flight path intersects URT. This logic will be made
with modulation on the "front-side" of the L/D curve. The
angle of attack is commanded by the following equation:

K(L/Dc - L/DO)

a = o, + ST/5Y 753 + KDMP (Rref~-R) (3.31)
where T
o, = 6 degrees
‘ L/DO =5 —l
3({L/D)sa = 1,4 deg
K=2
¢ is limited between 4 and 15 degrees
L/DC = (RTOGO-BIAS1 6080)/H
Bi§sl = Bias on final phase range = 1.8 n.m.
Rref = Reference altitude rate = -VA/{L/D).
KDMP = damping gain = .01

3.8.1 Variable Lead Angle in S-Turn

Should the range to the landing site be so long
that no turn is possible, special logic is in order,
Because the conditions can arise that one turn is too much
and a striaght-in approach is too little, an overshoot
may result. In this case, the final phase is entered directly

; ~22-
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if the predicted turn angle is less than 180 degrees, and
the excess energy between one half turn and straight-in is
dissipated by varying the lead angle DTH1 in the s turn logic,

L/D, = L/D,
5 )

Del3 = Del (1 ~ (3.32)

30

where

Del

30 .75 rad.

i

3.8.2 Speed Brake Law

The Speed brake is needed mainly to decrease the
reference I/D during the final approach while still retaining
a reasonable lift coefficient. Refering to Fig. 2-l, we see
that L/D of (the reference value) 5 for the clean vehicle is
at a 3 degree angle-of-attack. This low angle-of-attack
would result in a high velocity to maintain equilibrium because
the 1ift coefficient is so low, While a speed brake deflection
of 25% doubles the anlge-of-attack for the reference L/D of 5.

The speed brake is used primarily to control velocity
by defining a reference velocity as a function of altitude

VRSB = VRO + KSBH H (3.33)

where

VR reference velocity at zero altitude
l 425 fps ’

speed brake gain = .003

e

(!

KSBH

1

The speed brake is then deflected to achieve this
velocity by

SB = KSB(VA-VRSB} + SBO (3.34)
where

SB = gpeed deflection in per cent
KSB = speed brake gain = .5

SBO = bias setting = 20%

A limited amount of testing of an additional term to range with
the speed brake showed little improvement and was discarded.
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3.9 Flare Control

The flare maneuver is composed of two segments.
The first flare reduces the flight path angle from about
10 to about 3 degrees. The second reduces the sink rate
to a nominal 4 ft/sec. This logic commands a constant
incremental normal acceleration to accomplish both flare
maneuvers, The first flare is with an incremental g of
nominally 0.3 ginitiated so as to be completed at an
altitutde of HF2 normally 600 feet. To do this, a
threshold altitude is calculated at which to start the
maneuver so as to be complete at HF2.

HTT = HF2 + (R® - R22)/2 GF2 (3.35)
where
HTT = threshold altitude to start maneuver
R2 = final altitude rate = 18 fps
GF2 = incremental g = 10 £fpss

HF2 = altitude at end of flare

) When the altitude is less than HTT an incremental
g is commanded by increasing the angle-of-attack

o = o (GFl + G8)/AMAG (3.36)

where

i

GF1l (-R + Rz)/dt, limited to GF2

When H is less than the flare altitude, HF2, ranging is
accomplished by commanding the altitude rate by

R2 = - VA H/(RTOGO -~ BIASFL) (3.37)

where

BIASFL = aim point before runway
= 2200 feet

Then angle-~of-attack is commanded by Eg. (3.36).

The second flare is started when the altitude is
less than the threshold value (HTT2 = 50 ft) and is accomplished
by commanding angle-of-attack with Eq. {(3.36) replacing the
limit incremental g with GF3 = 6 fpss.
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3.10 Left Hand Turn Logic

Originally, left hand turns were desired to possibly
handle the long-range cases where no full turn was possible.
But these possibilities were handled by the variable lead- 9
angle logic of Section 3.7.1. However, other constraints
may require this type turn so the modifications to the above
logic are described here. There are four,

First, re-target the offset vector by modifying

Eq. (3.12}

o= = _ r - R cos B, = R sin 8 =

URT3 = URTZ + E RE ) URT1 + —RE UE]
(3.12%)

Second, change the sign of the azimuth error

Daz = T (Az - Azr) {(3.124%)

Third, command the opposite signs bank angle

_ . ...-l DOl, _.

¢ = ¥ sin _ﬁﬁ) sin ¢n} {3.22%)

Finally, redefine the unit vector Uc by

Uc = UNIT (ORT2 - == GRT1) (3.232)

TRE

3.11 Concluding Remarks

The above guidance scheme can be found twice more
in this report in increasing levels of detail. First,
detailed flow graphs are presented in Appendix B, Second,
a Fortran listing of this program is found in Appendix D.

~25-

INTERMETRICS INCORPORATED - 701 CONCORD AVENUE - CAMBRIDGE, MASSACHUSETTS 02138 - (617) 661-1840



26~

iITERMETRICS INCORPORATED - 701 CONCORD AVENUE - CAMBRIDGE, MASSACHUSETTS 02138 - (617) 661-1840



L1 CEDING PAGE BLANK NOT FILMED

CHAPTER 4

GUIDANCE PERFORMANCE

4.1 Nominal Case

The logic was tested with a variety of initial
conditions and landing sites. The nominal trajectory
is described first. This trajectory starts near
150,000 feet just prior to the transition maneuver.
THe landing site is chosen to be centered within the
vehicle capability from this point. The vehicle
initial state is summarized in Table 4-1.

Y = 6055 fps
H = 143020 ft.
Y = -1.9 deg
azimuth = 45°

Mach = 5,71

o = 29°
latitude =0
longitude = 0

Runway latitude = 2.4 deg
Runway longitude = 2.4 deg
Runway azimuth = 75 deg

Table 4~1: Vehicle Initial State and Nominal Runway

The ground track for this trajctory is shown in
Fig. 4.1. On this trajectory are shown tick marks for
each minute of flight. Almost 17 1/2 minutes elapse
{1040 sec). Shown also are the initial pre-aim, and the
target for transition maneuver, as described in Section 3.2.
The transition maneuver starts at about 90 seconds.and ends
at the six minute point. In this trajectory, a one-turn
circling flight before the runway is performed.

-27-
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An expanded view of the ground track and an
elevation view of the last 10 minutes of flight
are shown in Fig. 4.2. Shown here is the offset
target and desired center of curvature.

In FPig. 4.3 are the altitude, velocity and
altitude rate time histories. Altitude rate is seen
to be about -250 feet/sec during the transition
maneuver and shows small peaks at the start of both
the turn and the final approach. Steps in altitude
rate are also seen for each of the flare maneuvers.
The altitude here shows a 2 Slope character: Steeper
for the first 400 seconds due to the supersonic L/D
or 2, and later shallower with the subsoniec L/D of 7.
The velocity decreases in a monotone fashion with the
sharp decrease at 1000 seconds accompanying the flare
maneuver.

The control variables in Fig. 4.4 show the roll
angle, angle-of-attack and speed brake deflections.
The roll angle shows the reversal at 150 seconds as
part of the transition ranging. At 360 seconds there
is an impulse of roll angle as the vehicle heads toward
target 2. Circling flight begins at about 600 seconds
with a near constant bank angle of 20 degrees. At 900
seconds the turn is complete and the final approach begins.

The angle-of-attack starts at 26 degrees (not 29)
due to the phugoid damping which attempts to maintain an
altitude rate of -250 ft/sec. At 90 seconds the pitch over
is begun, though this is partially masked by the damper
actions. The transition is complete at about 400 seconds
arriving at an angle-of-attack of 7 degrees. The final
approach shows an alpha of 6 1/2 degrees starting at about
900 seconds. PFinally, the flare maneuvers show the double
pulse character for the first and second flares and charac-
teristic rise needed to maintain "equilibrium“ as the vehicle
slows down.

The speed brake shows a pulse to about 40% at the start
of the final approach finally settling to a 20% deflection.

Not shown is the landing gear deflection which
occurs at the start of the final approach.
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The dynamic pressure in Fig. 4.5 is not constant
during the turn as the turn angle prediction implicitly
assumes, This is because of the model of the 040a wvehicle
which shows a slow decrease of Cy, with Mach number. Dynamic
pressure must therefore increase to maintain eguilibrium.
The characteric drop as seen in dynamic pressure at the end
as the vehicle is pitched up on the flare maneuver. .

The total acceleration, also in Fig. 4.5, does not
stray far from the one g level. The peak is 1.25 g. The
double pulse corresponding to the two flares is also seen in
the acceleration trace as it was in the angle-of-attack trace.

) The predicted and desired turn angles are shown in
Fig. 4.6, It is seen that these two angles converge as
driven by the 20 degree bank angle. A nonlinearity has been
noted in the turn angle to bank angle. Namely, increasing
the bank angle from the nominal 30 degree bank angle shows
less cf a change in turn angle than does decreasing the
bank angle.

Details of the flare maneuver are seen in Fig. 4.6
showing altitude, altitude rate, velocity and angle-of-
attack as a function of range-to-go to the landing site.

The first flare shows an step in alpha of about 2 degrees
lasting about 2 seconds., The second flare lasts only

about 3 seconds. There is a characteristic drop in alpha
just before touchdown as the ground-effect becomes effective.

The touch down velocity of 261 fps is low. This is
made possible by using the ground effect which allows an early
flare. This should probably be increased by delaying the first
flare (decreasing HTT) and at the same time decreasing the
bias on the final phase (BIASl).
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4.2 Variations on Nominal Case

4,2.1 Two Turn Case

A two turn case for the nominal target is shown
in Figs. 4.8 = 4,11. This is the more natural mode for
the nominal target centered in the footprint. It was
generated by setting the angle-of-attack afier transition
to the max L/D value of 8 degrees and letting the steering
equations choose the desired number of turns. Only the
final part of the trajectory starting at 400 seconds is
shown.

The ground track is in Fig. 4.8, There is a
characteristic drift toward the landing site from the
desired turn center. This is due in part to the
increasing roll angle during the turn, but more directly
it is caused by the fact that a higher velocity and slower
turn rate at the start of the turn would naturally
contribute to such a drift,

Lltitvude, altitude rate and velocity traces
in Fig. 4.9 are very similar to the nominal case
transients marking the beginnings and end of the turn
segment are seen in altitude rate. Small transients at
700 and 750 seconds also mark the step changes in roll &as
the center control is exercised.

The control variables in Fig. 4,10 are also similar
to the nominal case. Angle-of-attack is near constant near
8 degrees until the start of the final phase.

Roll angle starts near the nominal value of 30 degrees,
but increases slowly as the initial turn angle predictions
overpredicted the turn capability. a step down, then up, then
down is seen in the roll angle as controlled by the center
of curvature control logic.

The speed brake shows a nearly constant 30% deflection
starting at 850 seconds, the beginning of the final phase.

The dynamic pressure in Fig., 4.11 again shows its
characteristic rise, this time partly in response to the ever-

increasing roll angle. The acceleration does not wander
far from the 1 g level.
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4.2f2 “Race Track"

In response to the discussion with pllots [ 5]
and the results of other MSC investigations (4], a two
turn trajectory was generated with this logic by changing
certain control parameters. This would appear to be a
back-up mode for this guidance should the pilot have to
take-over from a primary system failure. The roll angle
was constrained to 30 degrees and the target point was set
at 5 nm before the runway and the corresponding final
approach altitude set to 5000 feet. 1In this way, the vehicle
would pass over the runway on the first turn.

The resulting trajectory is shown in Figs. (4.12)
through (4.15). The ground track in Fig. (4.12) shows
the characteristic down wind leg away from the runway. Though
the runway is only about 20 nm away at most, this may not
be desirable for the nominal landing. Note that the initial
targeting provided an initial turn radius of the right value.

The altitude rate in Fig. (4.13) is "busier" in this
trajectory as turns start and end. But this is not particularly
objectionable,

The contrcl variables shown in Fig. (4.13) show
slightly more variation in angle-of-attack. The constant
roll angle segments might be easier for a nominal mode.

The acceleration and dynamic pressure in Fig. 4.15
also show more variation than do the other two cases.

4.2.3 Left Turn Case

A left turn nominal case is illustrated in Fig. 4.15a.
This is in response to the guidance changes described in
Section 3.9, It is expected that right hand turns would be
used universally. This would make the pilot monitor task
easier. Only would an unusual mission constraint, not yet
defined, call ‘for a left hand turn.
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4.3 Different Landing Sites

Landing sites other than nominal were tested to see
"the capability of the guidancé to range to ‘the capability
1imits of the vehicle. This of course is the same as varying
the initial position of the vehicle relative to a fixed
landing site. Such variations might occur due to faulty nav-
igation during the preceding trajectory segments. A once
around abort mission with no navigation update has been seen
to give particularly large initial errors. In this case,
errors on the order of 30 nm are possible.

Ten different landing sites are shown in this section.
Tn all cases, the vehicle starts in the same state as
described in Table 4.1. The landing sites are in the order
of decreasing range with two large cross range sites
listed last. '

Landing Site Location
Latitude Longitude
Case (deqg) {(deqg) Comment
1 3.3 3.3 -
2 2.6 2,6 -
3 2.4 2.4 -
4 2.2 2.2 -
5 2.0 2.0 ' -
6 1.5 1.5 -
7 1.0 1.0 azimuth rate
limit off
8 +5 .5 missed
3.5 large crossway
10 3.5 1.5 large crossway

Table 4.2 Landing Site Locations

Runway azimuth = 75°
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In most cases, a two turn trajectory results because
at this point a one turn trajectory had not been selected
as nominal and a two turn trajectory was within the vehicle
capability. "

Case one, target at (3.3,3.3), shown in Fig. 4.16,
represents the extreme long range case. An early transi-
tion starting point was even required to squeeze out the
extra 10 nm that this allows.

The circles increase slightly in diameter as the
range to target decreases from case to case until we
come to the target at (1.5, 1.5). 1In this case, the
guidance must try hard to get back to the final approach
path and only a half turn on to final approach is possible.

The next case, target at (1.0,1.0) Fig. 4.22, is not
possible with the azimuth limiter on. For that matter, it
is near the minimum possible range. An approach from the
other runway directions should be considered in this case.
The effect of the variable lead angle logic, Section 3.8.1,
is seen starting at 1.5 degrees latitude,

The landing site at (.5,.5), Fig., 4.23, is not attainable
with this logic., It appears to be outside the vehicle
capability.

The two large cross track landing sites are shown in
Figs. 4.24 and 4.25. They are % 85 nm from initial
trajectory plane. Somewhat greater lateral range is
possible but was not tested.

In all, landings are demonstrated within a band
195 nm in the down range direction and 170 nm in the
cross range direction.
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4.4 Wind Performance

4.4.1 Seni Stéady Winds

That the design wind for Shuttle [ 15] is an
extreme test, is shown in Fig. 4.26. Here the Shuttle
attempts to land into a head wind with no compensations.
The profile of this wind is also shown in Fig. 4.26.

The guidance described in Section 3 cannot
compensate for thig wind as shown. Successful landings
with winds of 1/2 this magnitude have been made, however.
The center-of-curvature control is the reason for this
capability. The vehicle is blown off course and the center-

of-curvature control brings it back.

_ Three additions to the logic will allow this capability
however. They all involve knowledge of the vehicle air speed.
Heretofore we steer using fround speed as inferred from the
inertial measurement unit.

The first is to replace VA with VAIR, the air speed
in the steering equations. Second change the bias on the
landing field at the start of the offset target calculations

by
BIAS = BIAS + KBIAST (VA-VAIR) (4.1)

where
KBIAST = .03 nm/fps

Note that .a head wind will decrease the bias while a tail wind
will increase it.

Third, modify the commanded angle-of-attack in the
final phase by using this difference by an amount Doa.
Do = KWF (VA-VAIR) (4.2)

where

KWF = .01 deg/fps

_With these modifications, the traject

head wind and cross wind result as shownjin gigsfoi.ga and
4,35, of most interest is the extreme action of the roll
ang}e in Fig. 4.30 and 4.34, in compensating for the wind
action. Note also that air speed not ground speed is
displayed in the velocity plots.
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4.4,.2 Gusts

Only limited testing with gusts was made. A gust
of the l-cosine form was introduced during the final
approach phase where the gust effect 'is most pronounced.

These tests are illustrated for a downward gust
and a cross wind gust introduced at 950 secs and lasting for
30 seconds. The peak value of the gust is 40 ft/sec. The
down wind gust effect on the nominal trajectory is
in Fig. 4.35 and the cross wind gust is in Fig. 4.36.

- 62—

NTERMETRICS INCORPORATED « 701 CONCORD AVENUE « CAMBRIDGE, MASSACHUSETTS 02138 - {617) 661-1840



Altitude (1000 £t.)

Latitude (deqg.)

Longgtude (deg.)

Figure #4,27iGround Track & Elevation Views for

- g Y-

60 T
' \\\\
““ .
40 T RN
.\‘h
\\u_
20 T D
< )
0 = N l' .\\'-N-—u
2.0 2.1 2.2 2.3 2.4
2.5 <4
2.4 & TN
e
. \.
2.3 +
2.2 +
2.1 | 1 f }
2.0 2.1 2,2 2. 2.4

WIND

Haadwind Case

2/10/73



Velocity (100 fps)

12

10

Altitude (1000 £t.)

1
L]

60

50

-
(=]

w
o

(3
&)
o

10

“~ 300
i
1
+ 250
/A’,fAltitude
1 » -
T ‘280
Velocity
—tt _150
Altitude 1 100
\\
N
.
x / AN 1
’ \\ L\_Ll
L I 1 " g SN -
* T T T 1 o 0

Fig.

5 6 . 7 8 9 10
Time (100 sec.)

Altitude Rate (fps) Positive Down

4.28: Altitude Velocity & Altitude Rate Time Histories for Headwind Case

2/10/73



($) uoTadarFeq exyead paads

o o < o
¥ v N —
¥ T ¥
0]
~
@
M
m o
4~
P o
— :
/ \_&
\_ o
)

b
..... .
f//
o
Ko
2
o
A//I 1
A
.A -
-
!
3 ] ¥ i e ]
T T 1 T 1 i
[ [ ] L] o [ase] [o=] o
o~ o @ w < ™~
— —
(*bop) TTOH
m L y 1 f f F
™~ o ) o < ™~
~ —

(- bap)

¥DeIIY JO 21buy

-65-

Time (L00 sec.)

Figure 4.29:Roll, Alpha, Spced Brake Time Histories for Headwind Case



“~9G--

Dynamic Pressure (fps)

250 1 1004 ™\

[N
i A
11 \‘ f’//" ‘\
200+ 8ot / VS \
Dynamic Pressure ... \J/ 1
[’_J,/ *.
150 4+ @ 60y i
n
[« PR
ot
o
e //\
100+ § 40t //Acceleration j | ﬂ \
o
~ ; " "‘\ l
: A N
<
50 + 20+

o-l- 0 — ; :

4 5 6 7 8 9

Time (100 sec.) -

..*,........ P,

10

v

Fig. 4.30: Acceleration and Dynamic Pressure Time Histories for Headwind Case

i

‘2/14/73



Latitude (deg.)

Altitude (1000 ft.)

60 A

40

20

2.3 1

-+

-
-
-

2.1 2.2 2.3 2.4 2.5

WIND

% 1 4 1
¥ 1 1

2.1 2.2 2,3 2.4 2.5
Longitude {(deg.)

—en

Figure 4.31: Ground Track & Elevation Views for .Crasg Wind
' Case

-67-
2/14/73



Altitude {1000 ft.)

Latitude (deg.)

40

20

2.2

2.1

WIND

) i
1

—

2.1

Figure 4.31:

f t }
2.2 2.3 2.4 2.5
Longitude (deg.)

Ground Track & Elevation Views for .Crass Wind
Case

-67-
2/14/73



%"

Velocity (100 fps)

10

Altitude (1000 ft.}

50

40

30

20

10

/mlﬁltitude

=

A/yelocity

Altitude Rate

-t

} t -
4 5 6 1 8 9 10
Time (100 sec.)

-
-

Figure 4.32: Altitude Velocity & Altitude Rate Time Histories for

~250
=)
=
o]
, a]
1 o
=
<4200 L‘
.ed
w
o}
P
)
] ()
150 ¢
Q
]
ol
19
.
~100 'g
{ 4;" ‘
-
—
<%

l
|
+ 50
{
|
-+ 0
Cross. Wind

2/14,



_Eg-

Ahgle of Attack (deq.)

12 7

1207 |
100

1 +80
80 Alpha Iﬂv

~60 T *
81 —
o ! T
z S 9
- H D
: | 3
240t P +40
g
Q
M
(]
b
280 1 -+20 .
f @
[N}
’ )

0 AT i t i =t £ + 0

4 5 5 7 8 9 10

Time {100 sec.)

Figure 4:33: Roll, Alpha, Speed Brake Time Histories for Cross Wind Case
2714777



_Oz_-
Dyanmic Pressure (fps)

250

200

150

100

50

i
T

Acceleration (fpss)

100 4

80 4

60 +

40 4

204

ynamic Pressur,

Acceéleration

-+
-4
-+

| L] ¥

5 6 7 8 9 10

Time (100 sec.)

Fig. 4.34: Acceleration and Dynamic Pressure Time Histories for Cross wind Case



~LL-

Latitude (degq.)

l"/
//l.,
/l
’f
l"
/
J/
/
I"
!
// : Landing Statistics
/ T
/ t Vel.| Sink Rate down range
/! sec. fps fps Azimuth | miss (ft.)
/
/ : ~ 1036 | 264 ~2.9% 74.9 -1249
.

: 1 ! ! T
.5 1.0 1.5 2.0 2.5
Longitude (degqg.)

Fig. 4.35: Ground Track for Down Gust During Final Approach




A A

2.5

ang

/
/
/
/f
. 4
¥
,f
/
// Landing Statistics
/
/ t Vel. { Sink Rate down range
sec.| £fps fps Azimuth |miss (ft.)
4 1037 258 -3.14 74.9 -600
1 ) I . — ]
T ¥ 1 T f
0 .5 1.0 1.5 2.0 2.5

Longitude (deg.)

Ground Track for Cross Wind Gust During Final Approach




4.% Vehicle Parameter Variations

In this section the vehicle mass and the vehicle
L/D are each varied £ 20% for the nominal trajectory.
Satisfactory performance is seen in all cases except
that more information is needed in the flare logic in
the low L/D case. ;

The heavier vehicle ground track is shown in
Fig. 4.37. A higher velocity corresponding to the
higher wing loading is seen. Also a tighter than
nominal radius turn is made.

The lighter vehicle ground track is in Fig. 4.38.
A higher than nominal turn radius is seen as is a lower
than nominal landing velocity.

The high L/D vehicle ground track is shown in Fig. 4.39.
A larger swing than nominal results from the transition
ranging guidance responding to the higher ranging
capability. Also a high landing velocity, 345 fps, shows
that the flare logic could be improved with increased
knowledge of L/D.

The low L/D case, Fig. 4.40 shows almost a direct
path to the runway with no turn possible. The trajectory
was nominal up until the flare. There the vehicle fell
7700 feet short of the runway as the range capability did
not exist in the flare. ILogic to allow for this possibility
should be an easy addition. This logic would vary
BIASL and HF2 as a function of the estimated maximumn
L/D.
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4.6 Atmospheric Variations

Variatiohs were madé of % 20% dénsity about the
nominal density as defined by the 1962 U.S. Standard
Atmosphere.

The 20% decrease in density ground track is shown
in Fig. 4.41. It is very similar to the low welght
case, Fig. 4.37, as one might expect. Even the landing
velocities of the two cases compare closely, 306 fps
versus 299 fps.

The 20% increased case, Fig. 4.42 is very similar
to the high mass case. Again, the landing velocities
of the two cases compare very closely.
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4,7 Navigation Performance

The effect of navigation errors was determined by a
simulation combining the steering equations in a closed
loop manner with an aided inertial navigation system.
The navigation system is essentially that of ref. [12]
although reasonably close agreement has been obtained
with results of ref. [14].

The system details are in Appendix E.

The component parts are:
1. Kearfott KT70 Inertial Navigation Unit
2. Navigation Filter of ref. [12]

+ with 13 states (2 DME bias estimates)
+ sqguare root formulation
-  non-linear Pompensation

3. Six measurements to update navigation

1,2 DME 1 & 2
3. Barometric altimeters
4. Radar altimeter

5. ILS localizer

6. ILS glide slope

4. A second case using 3 Cubic CR100 type precision
DME's was considered.

In the first case, attention was turned to the landing
site at Cape Kennedy. This landing site and vehicle initial

conditions are in Table 4-=3.

v = 6055 fps
H = 143020 £t
Y =-1.9 deg
azimuth = 115 deg
Mach = 5,77

o = 29°
latitude = 29.43
longitude = 275.45
runway latitude = 28.55 deg
runway longitude = 279.39 deg
runway azimuth = 150 deg

Table 4-3: Vehicle Initial State and Runway for Cape Kennedy
Landing -81-
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The initial errors are summarized in Table 4-4.
These are from Ref. [11] as typical of a once-around
aport mission using Kearfott equipment. The navigation
update time was 5 sec. initially, and 1 sec, on final
approach. A table of significant navigation events is
given in Table 4-5.

The ground track for this trajectory is shown in
Fig. 4.43. The similarity to -the nominal trajectory,
Fig. 4.1, is by design. The trajectory parameters are
shown in Fig. 4.44 through 4, 46.

The altitude error time history is shown in Fig. 4.47.
Both the actual error and computer one sigma estimate is
shown. It is seen that there is little improvement .
in this altitude error until the barometric altimeter comes
on at 215 seconds. A second improvement comes at 940 seconds
under the action of the radar altimeter. See the expanded
scale Fig. 4.48. There is but 40 seconds of good altitude
information before touchdown. But it is enough.

The East position error time history is shown-in
Fig. 4.49. The initial value of 40000 meter is reduced
to about 1000 meters within the first several measurements,
A second improvement comes with the barometric altimeter event.
And another improvement comes with the action of the ILS
localizer, on at 900 sec, Fig. 4.50. Finally, the improvements
effected by the radar altimeter show their effect in the East
channel at about 980 sec.

The North channel errors, Fig. 4.51, are slower to converge
That is because this is the largely unobservable cross track
direction. But again, the barometric altimeter helps convergenc
at about 200 seconds. An expanded view of this channel is in
Fig. 4.52.

The only real effect of these errors is seen in the
commanded roll angle, Fig, 4.44, where excursions (noise) of
about 2 degrees is seen. The initial transient as the large
initial errors are solved is the step from -29 to =15 degrees.

That the cross track error can be a problem is illustrated
in Table 4-6. Here are one minute summaries of actual errors
for the largest allowable initial cross track error (8N=32000).
Larger errors cause filter divergence. This is illustrated
in a failed case, Table 4-7, (6N = -64000). Here, the filter
settled on a false solution displaced in track because there
was no information to the contrary.
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The condition was easily fixed by using the VOR portion
of the DME for the first 200 seconds. Even though the VOR
"had a bias of 1 degree, this was enough to resolve the
problem. No amount non-linear filtering will solve this problem.
More information must be added. An alternate solution would
be to place the two DME's further apart, thus, decreasing the
geometric dilution,.

4,7.1 Precision DME Navigation

Still another solution would be tc use more precise
DME equipment. Such is the Cubic CR100 equipment with a bias
of 1 meter.

A ground track of trajectory guided with this eguipment
is shown in Fig. 4.53. The equipment is described in Ref. [12].
The three transponders are placed 3 Km to the side 3 Km in front
and 15 Km in front of the runway. A 30 sec. update is initially
made with a 5 sec. update on final approach. As can be seen
from Fig. 4.54 to 4.56, a much lower level of errors results
than in the preceding case. Were other considerations not
overriding, such as the cost of equiping alternate runways,
this equipment would certainly be preferred.
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i Position Velocity Error
error std dev erroyxr s5td dev
Direction (m} {m) (m/sec) (m/sec)
East 40,000 38692 .43 ‘ 42,80
North -8,000 12975 0 42,8
Up 3,000 3000 .7 13.41
Tilts
erroxr std dev
Direction (urad) {urad)
about E ~680 685
about N 390 396
Azimuth 590 594

Table 4-4: Initial Errors
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Time
{sec) Event
0 Start DME measurements (2)
215 Start Baro altimeter (H = 30Km)
9435 Start localizer (H = 2.84m)
8945 +tart radar altimeter (H = 800m)
960 Start fast time update (H < 400m)
975 Closest approach to DMEL (H = 10l1.6m)
981 bDrop DME2 (elevation less than 1°)
939 Drop DMEl (elevation less than 1°)
1001 Touch down

Table 4-5: Time History of Measurement Events
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2/10/73



Altitude Error {(m)

120 4

801
401 ) . --~one sigma
1 } _A\J‘L~(>W“"‘ "“——m-—-#. -
f350 920 940 960 98 1000
A
Est errors [

Time {sec.)

Fig.4.48:Altitude Estimation Error & Computed One Sigma Uncertainties

2/10/73



.»26..-

East Position Errors {1000m)

/pw/ One Sigma

1
]

2 4 6 8 10
Time (100 sec.)

Fig.4149:East Position Estimation Errors &Computed One Sigma Uncertainties

2/10/73



~£6="

East Position Error (m)

160 T
130+
e -1
80 +
/ﬂ/pne Sigma
40 +
Est Error
0 } rm’-! —Tr— H Tﬁ b Y
\ ' ) J ] =3 —
900 920 L] 940 980 1000

Time (sec.)

Fig. 4.50Fast Position Estimation Errors & Computed One Sigma Uncertainties

2/10/73



_76_

North Position Errors (1000m)

\ One Sigma

r

Est Error

[
T

2 4 6 8 10

|
1
|
|
u Time (100 sec.)

Fig.d4.51: North Position Errors & Computed One Sigma Uncertainties

2/10/73


http:Fig.4.51

-~ tG6-

North Position Error (m)

1207

One Sigma

o

; o

1™y

01
900

[ . ..l. ) 1 [ iy’ -
q 920 J 940 WLIIJIJ 980 oo
- 6

Time {sec.)

Fig.4,52:North Position Errors & Computed Oné Sigma Uncertainties



Velocity error (m/s) Position error (m)

ﬁi‘;rgi ) Vo VN Vup 8 E :SN § up

0 .43 0.0 0.7 40000 -32000 3000

60 23.87 .11 1.66 2655.6 -22241 3167.3
120 20.75 - 9.98 6.20 1096.4 ~20858 4265.3
180 16.13 -38.71 2.02 886.91 -25689 980.50
240 7.13 18.10 44.72 1519.3 -11268 B31.%0
300 - 1.04 45.27 32.10 1726.8 - 6024.6 1528.6
360 -11.28 28.31 11.52 2810.1 - 4925.0 819.98
420 - 8.30 11,11 1.90 3261.0 - 3812.5 108.69
480 - 8.63 3.14 0.72 3434.0 - 3149.4 - 50,58
540 - .05 3.79 .83 2144.2 - 1338.1 - 17.09
600 5.56. - 2.78 A2 1186.6 - 672.51 - 25.12
660 4.26 -10.05 1.83 274,68 - 725,72 - 29.47
720 - 3.59 - 7,13 -1.95 469,15 - 900.88 - 58l1.75
780 . - .31 1.56 1.26 500.86 - 468.48 - 25.20
840 7.10 .81 .64 185.32 - 104.97 - 13.76
200 2.75° .21 «75 353.80 - 269.73° - 1.24
960 2.05 .98 .72 33.98 B.60 - 4,97
1014 - 1.25 - .23 .04 9.05 - 1.72 .69

Table 4-6: r7Time History of Position and Velocity Errors with
Large Initial Latitude Exror ’
2/6/73
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Velocity Error (m/s) Position error (m)
?222) Vo VN Vup 6E GN Gup
0 0.43 0.0 0.7 "40000 ~-64000 3000
60 105.16 4,99 1.48 - 3476 -76296 2808
120 106.09 2,83 5.85 2949 ~76522 3122.8
180 96.59 - 22,40 2.84 7418 ~75163 -~ 550,27
240 93.51 - 88.94 - 893,85 14687 -88546 -10745
300 19.82 -202.97 206.95 4240.9 ~80166 10284
360 17.58 -573.22 19.21 . 13699 -132520 10417
420 113.37 -472.61 19.77 20136 -161300 4435.9
480 371.52 7.22 57.60 37796 -163280 2186.9
540 417,00 199,29 - 34.83 78504 -161940 1288.7
600 773.33 120.09 32.85 136140 -156420 534.57
660 638.78 503.49 23,07 162840 -134580 904,24
720 426.3) 528.02 - 6.11 181350 ~102590 258.17
780 284.50 693.54 -36.43 180770 =-76417 816.73
B40 7.92 626.86 - 13.03 186200 ~41012 587.43
500 -189.56 656.10 32.77 177700 -13577 8B84.22
860 ~-340.,35 521.03 - 19.25 159880 10274 - 40,25
Table 4-7: Ajded Inertial Navigation with Large Initial Latitude
Errox
2/1/73

Q]

NTERIMETRICS INCORPORATED « 701 CONCORD AVENUE - CAMBRIDGE, MASSACHUSETTS 02138 + (617} 661-1840




Velocity error (m/s) Position error (m)
Time Vg Yy Vup GE . 5up
{sec) _ . _
0 .43 0.0 0.7 40000 -64000.0 3000
60 3.0L -7.12 1.93 56.45 - 2533.1 2994.3
120 1.35 -7.63 -0.93 47.09 - 2245.5 1889.2
180 3.14 -1.88 3.72 443,97 - 1922.9 2884.3
249 .34 1.81 -1.09 33.43 - 244,72 301,10
300 - .61 2.15 -4,03 10.44 63.91 122,18
360 - .83 .87 -3.03 51.15 46.94 228.06
420 - .24 - .08 -1.,50 83.55 - 23.85 148.73
480 - | - .88 - .39 -~ .68 97.34 | - 30.65| - 134.40
540 - .26 - .20 - .08 1.83 45,08 105.66
600 - ,15 - .12 17 11.55 50.99 73.59
660 - .06 - .005 44 17.28 37.67 48.31
720. .48 . 006 .67 19.02 33,20 30.83
780 .60 - .05 .64 47.64 44.50 24,31
840 .70 .000 .52 80.06 54.45 19.12
800 - .33 - .40 .50 45,55 - 43,42 13.79
960 .48 27 .61 12.28 - 3.60 15.84
.1007 - .01 .38 .02 .41 11.59% 17
Table 4-8:Time Hiséory of Position and Velocity Errors with

Large Initial Latitude Error Using VOR/DME.
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CHAPTER 5
CONCLUSIONS

Satisfactory performance has been demonstrated for
this steering over a large spectrum of conditions. This
leads to the main conclusion of this report that analytic
techniques can lead to an effective and flexible Shuttle
guidance system. The spiral mode may not be most desirable.
But the spiral approach does put one in the vicinity of
the airport at maximum altitude, a desirable feature. And
the circling descent keeps the vehicle in close contact
with landing strip, also desirable. The near constant
bank angle mode provides a relatively smoother ride than
other guidance modes, Wind compensation through center-
of-curvature control has shown dramatic performance. But
all these features are away from the main point, which is
whatever scheme is selected, it should be analytic in
nature. Each of the flight segments of any of the methods
studied can be represented by simple formulae. By repre-
senting the vehicle capabilities with simple formulae and
then closing guidance loops around these representations,
a smooth natural type trajectory is almost certain to evolve.
And new mission constraints will not be precluded as they
might in some rigid type approach.

A combined guidance and navigation study has been
accomplished. These studies showed that satisfactory
performance is possible with conventional landing aids.
The convergence of the large initial errors to low
values is within several time steps and the noise in the
navigation is seen as small one or two degree roll angle
excursions.

But there is a real danger in the use of the navigation
aids proposed as the standard for this study. Navigation
divergence can result from large initial errors which push
the navigation filter into the non-linear and unobservable
regions.

In particular, large cross-track errors can cause filter
divergence. The fixes are obvious, but the trend has appeared.
Namely, the proposed navigation eguipment seems to be tending
to a bare minimum type system. If this is true, careful attention
must be given to extreme cases such as the non-linear problem
that arose in this study.

A much happier solution to the navigation problems is
the precision ranging equipment. It is too bad that this

type system has lost favor because of such things as cost
and availability at alternate landing sites,
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CHAPTER 6

SUGGESTIONS FOR FURTHER WORK

Some areas of the guidance system were not
exhaustively studies. The navigation ranging is
one. The flare logic in the presence of large vehicle
variations is another. The pilot-guidance system
interface is another. These as well as all the phases
can benefit from more work. But in all these cases,
only minor improvements will possibly result.

Some larger areas that need work are:

1. Develop criteria by which to judge the many
candidate systems.

2. Use the closed loop guidance system in a
failure analysis to determine what critical
parts need be protected and what others to be
self corrected by the navigation system. For
example, where would an undetected accelerometer
failure cause navigation errors that the Kalman
filter could not correct?

3. Add the inner loop rotational freedoms. The
commanded rates are not large but this should
be checked out. The supersonic and transonic
lateral stability is always a problem for these
delta wing gliders.

4. Perform man-in-the-loop simulations to further
determine pilot capabilities and desires.

It appears that this solution to the Shuttle approach
and landing problem is fundamentally a good one, It has
been my experience that the early stages of a program show
large variations in vehicle parameters, mostly in the adverse
direction. The latest baseline Shuttle vehicle has considerably
less flying ability than the 040a. Another large area of work
would therefore be to:

1. Adapt thé design to these changes or verify“that
these changes are within the guidance capability.

2. Define performance limits below which the Shuttle
vehicle may not go.
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APPENDIX A

DERIVATION OF TURN ANGLE AS A FUNCTION OF
INITIAL AND FINAL VELOCITY

This derivation is essentially the same as that
of ref. [1]. An additional term has been added as
suggested in ref., [ 9] to allow for a non negligible

av in the equilibrium altitude rate term. Ref, [g9 ]

ggsumed constant dynamic pressure and the dynamic
pressure appears explicitly. Here, constant dynamic
pressure is implied with assumed constant CL & CD and
assumed equilibrium.

If we assume equilibrium flight, the centrifugal
acceleration is g tan ¢ so that the rate of turn is

ae _ tan ¢
= L1E (a.1)

We can differentiate the equation for 1lift to
solve for the rate of change of velocity

aL 1
at = 3 5L

av
at

2 dp

&E’+ 2p V (A.2)

Since in equilibrium the 1ift is constant, this
derivative is equal to zero so we can solve for rate
of change of velocity

av _ v de (2.3)
dt = 2¢ dt
In an exponential atmosphere, p = p e BH , SO
we have . °
ap _ _ dH
gt - " P&k (a.4)
and
av _ VB8 dH .
aE = 2 at .3)
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The particle equations are

av . D

=Y . - = A.6
aE g sin ¥ - — (A.6)
V% = % cos ¢ - g cos Y {(Ar.7)

In equilibrium, Vy in eg. (A.7) is negligibly small,
s0 we can write

0 = cos ¢ ~ g Cos ¥

g

or
I .
o cos =g (Ar.8)

since cos v = 1,
We can solve for tan yusing Egq. (A.6) & (A.8)
1+ gg/%
tan Y = = ———— (A.9)
(5) cos ¢

We assume tan vy = sin ¥ so we can write

g% =V sin vy =V tan v
av, b
v (a'E)/ﬁ)
- L (A.10)
(ﬁ)cos )
'Using Eg. (A.8) we can write for D/m
L, L
m D (%_) cos ¢ {(A.11)
Substitute Eq. (A.10) & (A.l11) into Eg. (A.5)
av v2g (Floos o 4y
- T T (1l + ————m ag) {A.12)
2(2)cos ¢ g
av
Solve for TS
av v2g - 1
2(glcos ¢ 1+ Y B)
2g
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Use Egq. (A.13) to eliminate time from Eq. (A.1)

. 2
as _ _ L sin ¢ VA
_ L, gin ¢ _ L, sin ¢
\Y
Integrate Eg. (A.14)
= L,sin ¢ 1 _ 1
8y, = 8, = 9@ (Vz vz)
‘ 2 1
\Y
+@)sin ¢ In (55) (A.15)
Vo
Note that constant dynamic pressure is implied so that
i 2 _ 1 2
T PV = 3PV,
and
v o)
I, _ 1 2 _1 -
ln(vgo = 3 in b, =3 B(hl hz)____ (a.186)

by using the exponential atmosphere property. Finally we
can rewrite Eq. (A.1l5) by substituting Eg. (A.l6) into
Egqg. (A.15)

6, -6, =g( e (1 1

D

(A.17)

+ 1e & sing (h, - h)

The first term in Eq. (A.l17) was the form used in

ref. | 1)J. The second term is the correction due to non
negligible g%_and can account for 15% of the turn angle as

described in ref, [ 9 ].
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' APPENDIX B
BETATLED FLOW GRAPHS
The succeeding pages show the detailed flow
graphs for the steering logic. This is for the
steering program, LNDSTR3 shown in Appendix D.

The nomenclature and list of computer constraints
for this program are in Appendix C.
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P + KpMPL( RLML! - RLT)
APH = ALG: e Bl
- " Rl ML N VN Y N ST E

PAST RONWAY!

FLARC LA

ROTL> =VAR .~
WX ~1AG

LM BED £ ROTHU RETMA

ROT2 = EDT3
Gt = qF3

GF4 = (- RoTe 23T DT
o0 = 4

Y GR{=6F2L

> 6r
{

N *
AP+ M (65L+ GS)/AVE]

el fodE) = 70

veo- Lez(1y3)z 4257
Sul= Lee(lin) = 003

r'-" = e ()7 F

MR = for(49) = &
OV = Laf145) = L&
KarFE = Leefad)= 2
Kort > Lre Qas) 02

A “\=+ g
ALTHIN ® .lor_u’-é..}' 15

MR Lee(P7)} 72280
ROTHN = Lor (99) = =25
ROTME = foc.(38) = -1

ROTZ = Loz {10} = ~4
&F1- Lz (io5)= 6

wrie= la (lnf’).: 76

Gre= fee ()= tO



ouTPUT ¢ RETURN

RoLL »(R2+ DRLYIAT

i

y

| > 3
1

| RO L3 signdpow)

s

!
!

AW ALFT + KDMP (RUTREF -ROT]
ALPH = MLPR COZALD/ to5(Retr)
CCSRLD = CofRelL)

|

Cenreo. O

INT- IND , SEAs fin
HFL * HE 5 AL ALPH

AL - AR

1€6 Dy ToRN

-LTIT~

TEST= xR} 5 OT RDAA

PELYL = DM/ R -T
row= Aman ((bELd YA)/(5s 1))

LiMIT Rou, T RLL

L= ELPTOL CoM TROL.

KDME = Lye(55)= ol

TCST= TURN MIGE m 550,

"

N4 = 5, I mp-3

HL = B

HF 5 HF +Hi~H
HL<=

@

WRITE ' Lakp nig ©1TE ByaD
VERIOWE CAPABALITY"




Appendix C: Nomenclature for Computer Listings
VARTIABLES FOR STE-RING PROGRAM
NAME UNITS DESCRIPTION
AMAG FPsS- TOTAL ACrELFRATION
ALPH NEG COoM- .ANDED ANGLE OF AT ACK
AlLFOLD DEG OLD COM® ANDE? ANGLE OF AT ACK
A2 IM- DEG AZIMHTH
CAZR N.D. CcOoS OF RUNWAY AZIMUTH
SAZR NeD. SIN OF RUNWAY AZIMUTH
CTH NeDa COS TURN ANGLE
5TH N.D. SIN OF TURN ANGLE
Cril NeD. COS OF RL2
CTEST N.D. INDICATOR OF CENTER CONTROL
NALF DEG CHANGE IN ALPHA
DAZ NDES AZIMUTH ER '0O°
n FT LATERAL DISPLACEMENT
D EL FT CALCULATED LEAD ANGLE IN S-TURN
DRL NEG ROL ANGLE INCREMFNT
DEI1 RAD TURN ER-0+ FOR 180 DEG CASE
NEL2 FT DISTANCE BETWE. N DESIRERD AND TRUE CENTER
DEL3 RAD LFEAD ANGLE IN S-TURN
DH1 FT CALCULATED ALTITUDE LOS . IN TURN
DRL DEG ROL® ANGLE INCREMENT
DT SEC TIME INCREMFNT
nT T NEG TURN AWNGLE (DTHO-DTHI1)
DTH NEG PREDICTED TURN ANGLE
DTH1 DEG NESIRED TURN ANGLE
NTHO DEG PREVIOUS VALUE OF DTH1
D2 FT LATERAL DISPLACEMINT FROM RUJNWAY
n3 FT LATERAL DISP WITH NOMINAL ROL.
FCTRI1 ND FACTOR IN TURN AMGLE CALC
65 FPS . CONVERSION FROM G'S TO FPS
H FT ALTITUDE
Hil FT ALTITUDE IN TURN ANGLE CALC
HT FT ALTITUDE TO START FIRST FLARE
HS FT SCALE HEIGHT
H1 FT ALTITUDE IN 180 DEG TURN CALC
IND NoDe INDICATOR FOR MODE
IND2 NoD. INDICATOR TO RETARGET FINAL PHASE
IND3 NeD. INDICATOR TO START S TURN
INDY NaD. INDICATOR FOR S TURN .
IND1O NeD. INDICATOR FOR FLARE
TNDT NeDe INDICATOR FOR ROL.. REVERSAL IN TRANSIT:LON
INDT1 N D INDICATOR FOR RETARGET AFTER TPANSITION
I NeDe GELFCTED MODE
DEL QAD AZIMIITH ER-O=
1+ NeD. INDEX IN DTH1 CALC
LG NeD. LANDING GEAR INDICATOR
LAT DEG TARGET LATIVUDE
LNGT NDEG TARGET LONGITHDE
Lhe NsDa COM IANDED L/D
A RAD/SEC TURN RATE ~118- _

St

T AT



RTOGY FT RANGE-TO-5N

RTOGNN FT NOMT JAL R&NGE TN GO

RNTIEF Frg REF RTNCY ALTT 'IDE RATE

DT Fpg ALTI 1IDE wATE

(2R RS} DEG CONVERYT "AD] NS Ty DEGRE S
i FT FARTH ¢ADRTIS

[ DEG CNYM ANDE » M&NL

84 FT FINAL TH=RM P ADT IS

R FT INTT AL T'IRW  ADIUS

QT DEG COM ANNE , ROL  IN TRANSTITON
DLz NDEG CoM atioF:, rROL (VnsSTIGIED)
LA FT DISTANCE B3FTax N DSSIRED AND ACTHAL CENT .,
or FT/RAD CONWERT *AD TO +T

SH3 % QPT D BRAKE T . ¢

15 % COM ANDE ; SPE 13 HRAKE
TANRLL N TAN(RLL)

TANRL NaDe TAN(RLZ)

TANRLS N.D. TAN{2LD)

TEST Nefla fI-TRED SI6GN QF R

TESYVL MDD NEQIRMY STGN OF w70

Vb Feg JEENCTITY MAGNITIINE

VAY Fog DFLATIYE ¢ ILODITY MAGNTTHIDE
vl Fog SELNCTITY AT IRN STA S

vAal FPg FanTituny v R NCTITY AT L2
HIY £pg TNFRTTAL, veEInCITY MAGNTIT IR
vl =pg 1IN R can ¢
JILAT £0g LATFRAL WOLOCTITY

y2 P IELNCTTY A7 END OF T IR

vZ2 Feg V2 IN R CALC

vass Foq VELNDCITY iy SH CAL’.

¥1 - DM Y JARTARLE

¥2 - Diim vy ART BLE

VECTOR VARTABLES

R FT OOSITIIN VECTOR

\; FPY VELNCITY VECTOR .

URT2 Nolds PROJECTFD TARGE T UNTT JECTOR

ucl Nel)a HUNIT VECTAR AT DESIRY) C-IMTIR

UNIL N.D. UNIT NORMAL TO PLANE IF VEHICLYS AND TARGEY
1 NeDe HNIT 9ODSIT ON VECTOR

yc2 NalDa NI T NORMAL TO PLANE 0F 11C anND 1301
E tNeD. UNIT VECTOR EAST

UEQ NeD. INTTTAL UNIT VECTOR EAST

LET N.D. UNIT VECTNR EAST 4. 46T

UNI3 N.D. DR X UNI1 (CROS DPRODICT)

RT3 NeD. IN"T AL RYASED NINIT  ARGET yrCTOR
18 NeJ. GONIT 9PMAL TH PLANE OF 2 AND v

1INT N.D. UNIT VECTOR NOrTH Al . ARGET

URT1 HNelda HF ¥ URT (CROS  2R0DUCT)

UF NeDo UNIT VECTOR ALONG FIE€ID

uc NeD. UNIT VECTIR AT IMNSTA '+ 0SS CENTER
1z MNeD. PINIT VECTOR HORTH '

E4N OF DATA

-119~



INDEX FOR CONTRUL VARIABLES FOR LNDSTS - 1731773

VAR UNITS VALUE DESCRIPTION

w9 ALFC DEG 6 NOM ALPH - FINAL PHASE

Hi) = 1A% NeMe 10 BIAS ON TARBET - HEFORE FINAL PHASE

74 LT NeDo 1. INDICATOR FOR LEFT TURN LOGIC

i T F FPS -250 REF RDOT DURING TRANSITION

ey <MD T Nelle 2 DAMPING + AIN DUREING TRANSITION

1 IND2.2 NeDo 1. IND. FOR COMPENSATING ROLL TRANSIEGT 174 ALSA
n? x3IAGT  NeDe O GAIN TO BIAS FINAL PHASE ALPH:1 FOr &INU
54 KHATAGA  WNeble Oe GAIN TO BIAS TARGET COMPENSATI w FuJrt =15
4 FE Nel)o O. INDTCATOR FOR USING RELATIVE (LOCLVY
s 1 NeDo 0 TURN COUNTER )

My IMU1S Mella 1., INDLCATOR FOx CENTER OF CURVAT < CoONT Il
B naLy 4 DEG D LIMT ALPHA RATE (SIMULATING vJT0~2FL 07}
) =CT1 DEG 45 LIM:T R0L° IN TRANSITION

" N GS NeMa 30 HIAS ON TARGET BEFORE FINAL wrast

oy 4L <A/S 01" MAX A2IMUTH RATE SUPERSONICAL ¥

Y1 WLH DEG 30 MAX ROL:. IN TRANSIT:ION

92 . =L7Tmt DEG o) MIN ROL _ IN TRANSITION

33 ACTR FPS . 1% NOM ACCEL DURING TRANSIT'O™

Yt vF Fs 10 FINAL VEL FOR TRANSITION RA «f 22cDILT 0N
I DELTR <Al ) LIMIT HEADING ER O~ IN TRAUSLS O

Yh VM3 FPS 30 : VELOCITY TO START AZIMUTH RATH LIM ¥

9/ SIASFL  FT 120 ¢ BIAS ON TARGET DURING FIRGT rLA=E

‘g8 ROTMX FPS -15 MAX ALT RATE IN FLARE

9 RDTMN  FPS -25 MIN ALT RATE IN FLARE

1U KSB1 NeDo 0 NOT USED

12'  HSB FT 1200 MAX ALT FOR SPEED BRAKE

102 RLZMN  DEG 15 MIN VALUE OF RL2

103 «CN N.D. 003 GAIN FOR CURVATHURE CONTROL

104 KHLND Weida 0 BLENDIIG GAIN FOR ALPHA

105 Hs51 FT 310 e SCALE HEIGHT IN TURN CALC

106 FCTR2 N.D. 1. FACTOR IN R CALC.

107 KCL NeDs 1. FACTOR IN DTH CALC.

1UB HT 2 FT . 70 ALT THRESH FOR 2ND FLARE

109 GFS Frs - 6 INCREMENTAL G FOR 2ND FLARE

1 0 RDTS FPS -4 ALT RATE AFTER 2ND FLARE

11 KSB NeDo ) SPEFD BRAKE GAIN

112 KSBH 1/SEC 003 FACTOR IN NMOM VEL FOR S.B.

113 VRO FPS 425 NOM VEL IN S.B. CALC

1°4 KV NeDe -l GAIN IN FINAL PHASE LAT CONTROL

1 KD* NeDe -.017 GAIN IN FINAL PHASE LAT CONTROL

16 VLG FPS 50 VEL TO DEPLOY LANDING GEAR

117 ILG NeDs 1 IN FOR LANDING GEAR

118 sB PERCENT 20 SPEFD BRAKE SETTING

1:9 1581 NeDs 1 IND FOR SPEED BRAKE

120 ALF7 DEG 7 ALPHA AT END OF PITCH OVER

121 KTR DEG/FPS 40075  PITCH QVER RATE

12> vim2 FPS 40U VELOCITY TO START PITCH OVER
- 143 vimy FPS 120 ¢ VELOCITY TO END PITCH OVER

124 KTURN Ne D)o 1 GAIN ON DTH-DTH1

179 IND12  NeD. 1 IND OF TANRLL IN R CALC -120-



126
12/
i28
129
130

150
152
15
1 54
15

156
157
138
L &3
P

iu
142
143
1

14D

1445
147
a8
14
1hU

15:
is2
155
154
1o

1b6
157
158
159
160

161
162
163
164
165

END

=OL &
It
INDS
IRLN

H1AS1

GF2
T2
HE2
Alr
o g

DTHL M1
IuuA
W7

Wiyl

ALFMN
ALFMX
RT6LM
1THC

o - A

KALF
L.Do
=HLb
NTHIAS
DELS

D2LIM
DEL-.IM
LMz
DTHLM
KDMP

AL PH
TMAG
MDOT
M

LOD

AZR
RL1

-

FTR
HF

OF DATA

BEG

Nalle
NeDo
N.D.

‘NaMa

FPS,
FPS
FT
DEG
UEG

OEG
NelUa
NeDe

DEG
DEG
FT
DEG
1/VEG

MeDe
NeDe
DEG
DEG
HAD

FT
FT
NeDe
DEG
N.D.

DEG

SLUGS
NeDe

DES
DEG
NeDe
FT

50
45
99
1,
.02
15
by

20 -
l.4

30
20
7D

20U
20

30
«01

29

4350

75

30

e
100

LIMIT ROL TO CHANGE ALPH LN Fi Al PHASE
NOT USED

INDICATOR FO= 1JSING <UL 4

LIMIT ER O. ON € COMI=IL

BIAYS ON TARGET IN F1 lalL PrtaSz

INCREMENTAL G FoR FLA=E

NOMINAL SINK RATE AFT.Iw rLAJE

FLARE ALTITUDE AFTER LA

NOM ALPHA IF 24ST

BIAS TURN ANGLE -f0 &A™ FINAL WHASE

HBIAS TO STARY SAIGHT SEGMENT
NOT USED IMUiCATOR F DICECT O rINAL
INDICATOR Fu: BIASING alLPH2—F INAL 2l SE

DAMPING #AIN=F)-iaL PHASE

MIN ALPHA

MAX ALPHA

RANGE TO END NF SET "ARGET CALC
MIN TuRJ ANGLE FOR C LONTR0L
CHANGE OF L/U #1TH ALPHA

GAIN O¢ DELTA L/U-FINAL PHASE
NORMINAL L/D-FINAL PHASE
NOMINAL L/D-FINAL PHASE

BIAS ON PREDICTTED TURN A :GLc
NOMIMNAL ROL. IN 5-TURN LOGIC

MIN ER::0- FOR S=TURN

MIN ERCO~ FOR C.. CONTROL
LIMIT ER-0- FOR CC TONTROL
BIAS TO END STRAIGHT SEGMaNT
DAMPING GAIN-PHASE 3

NOMINAL ALPHA-BEFORE FINAL PHASE
NOT USED

NOT USED

VEHICLE MAST-

NOMINAL L/D=-BEFORE FINAL PHASE

RUNWAY AZIMUTH
NOMINAL ROLL

FACTOR IN DTH CALCULATION
ALTITUDE TO START FINAL PHASE



APPENDIX D

COMPUTER LISTINGS

The Fortran computer listings by which these
trajectories were generated are included here. The
main program is EQMOT1. It calls in turn:

INIT The
A The
ATMOS The
LNDSTR The
AERO The

initialization program

input data file

1962 U.S. Standard Atmosphere
steering program

aerodynamic subroutine

AERDY4 contains the 040a vehicle

Sub. Fort contains the following subroutines:

DIFEQ 4th Order Range Kutta Gill integratter
ATMOS The 1962 U.S., Standard Atmosphere

A¥XB Vector cross product routine

UNITV Routine to unitizing a vector

VSUB, VAD Vector subtraction and addition
VECSCL Vector times scalar routine

Subl. Fort contains these subroutines:

SIND, COSD sine cosine of angles in deg.

LALONG converts unit vector to latitude &
longitude

DANG calculates angle between two vectors

by cross product

-122-
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g XA Re

2.1069C5&F €7 0.0
“pLQ
1.9CC00C0E CC 2.0
2.5972724E~05 2.0Q0000NCF
te.CSCCOG0E CC 1.GI00VCOE
1.5000000F 00 5.00000COE
0.0 1.0000000%
QLG e - —1.50000CCF
4.CCCO000F 0QC 2.2799945%
1.2C200C0E €4 0.0

SL.QC00000E Q1 2.0000000F-

2.C0000C0E G2 2.CNC0UCCE
2.3090000F 04 2.250000C¢C

3.459C6905~02=5.55090645~
-2.371654%E-C1~3.30455956 -

<2,02C89G0F QC-3.252G4382%
1.0C0CACEL C0G 0.0

0.0

0.0
nNo 0.0
06 N0
0 3.0C00000c
N0 1.2C0C000E
NQ - 6.2CC00ULE
) 2.3(r0NuuE
T.5CCODJVE
02 0.9
03 1.0CC0G%0uc
04 3.5C00000E
N2-9.N23CAHyE
31-3,6C459y0k
a0 1,.C0000uux
0.0

1.0000000E OC 5.0000000F-01 4.500NCA0E

2.000C000F GL 1.5000000%
3.0000000F Q3 -1.200000GE
1.2000C00L G4 1.5060000%
1.0C0N0C0F 0C 1.60QUL00F

|

H.00C00C0E-01 2.99L5550T~

$.5000CC0F 02 1.0000G00F
T.40485606E-03 4.0000000F
2.A00GNYR0E 32-1.C00000500°
1.0200307F 01-1.e00000CF
G.OCHANN0VE €1 1.GIC007QF
4 ,0CL0LCCE Q- 1.500090CE
2.0C000CCF CO 5.0000000%
2.000Q000F 03 0.0

2. 9CC00CCE- QL--Cul--
7.5C0CCO0F C1 3.0000J0CF

01 1.3C000N00VE
03-1.50C0NJ0E
0L 2.965GY )0k
00 7.0CC000uE
33 4.250000L
00 2.0CCO000UL
03 1.2L{CON0uL
A0 NN
Nl 5. 0000000k
00 1.0CCHCILL
11 5.0C0C000U:
00 3.0°0CCNAVE
2.0C70000E

...............2..0.0 - e s

Nl 0.0

File A:

~2.0JU0000E 02 0.00147502 03

=00 T T T T O MNCATTE-0L 1.0 TI00TIE-0L T 1. 00000000 DU

Yewozardoto—U]l DaYlvolUic—-J2
100600 ULE YU @.200J0d0c Ol
Z2.Uvuuluul Ul pl.JddudoIdol Ui
01 L.200000uE 03 1.0000009=z 30
J3 1.ud030uuE 00 l.0ulvadsus 30

DO=-2byyiyol.

-yl >.0000000E

00 1.0:300009% OV
VO Z2auudIddus 29

Ol ©.0uQuuuidl Ju 1.U00 odus JL

U.o

LeOUuoUuuE Vo

Ju L.DJ0000CE 30 2.054900U% J%

O‘l‘ d-\)

0.1

0l = U9Vl E=OL =1 O TTIV2TE~I]L
Ul =S ey by Y -0l -0ed el o —01

VO=2.0uUud T 02 2.J03) 1008 -02
LeUdudOUGE wo 1a00JdJdusd JV

J1 3.90000000
Ol l.dovudvur

01 1.0042020F 09
03 5.900udduE-Jd1

Ji-2.30090008 91 0.9

-u+ Ued

Sel0UJJIUuE U

Ol 0.0UJIUUUL OU=4.udJuitdlc vl
Ue=3.9%uys to=dl=leob l Y sdie—-02
Ul 1.0000000c QU T.0003uwai OY
J3 1.00000uuc J0 1.09200002 J0

=l UaJuiuus QU
O w.Sud dugun i

Ve SaddJddadec

1a79999d32 WY

VU Delbidduwut U3 LaCudddous—uld
O Z.JU0J0uuL ve ladsiguuoilc I

Ul ZIU\JU\JUJ'J'\:

Ul 7.500J00uui-ul

VY 3.0U0030U0E 03 va9vyduagl—Q3

Fo3000UNUE U TL.I0Iululs

Q0

8.5995%90e-01 laguududdz Ja

Input Data for Nominal Case

000309035
CoNTINLD
Y1) YILS
U020
FEA TS NS I
00 JI0050
gauduias
OD33004)
QU N0 +o
QU200
D2I3UUL s
(SR IS R IV HYY
00213I55
1 LN TR Y
ST IS IR I I
UM )
AV I IS
004330099
DUJIGUIS
JICT2I0N
DXadelua
S IS IR S
SUUNSL Ly
NIV TVINE ERe)
00220125
S IEED AR RN ED
AR B I
LYl
JUdddleo
). Yilon
BISTAI I BT RY
RIS T
ISR IR R FFR



Foratlan 'y G OLEVEL 2% LNUSTR DATE = 73078 15755744 PaALE 0O0O0L

RRAPY SURTEGT TN LMUSTR AV UcOy VAR ViXe AL 1M, W o ROLL» ALPH, AYAG, )
VL V2D TE G OTHL o533 1 INLyLATT oL UNST pAZML p 3 TUSU s {EL e ALFL DT 4L Gy SB )

coo IMPLICIY acal {I-n) . . .
P03 T T OVINTEGRE T Thy 1l llvus ISTART )

0CC4 CATA TSTAST,MAL/O40./7

nNeas CTYeMSIrn U3V s AL ob) yUEOU3) oL {3) pAL{3 ), TEM{3) ,UNLLL3)
TRoné TTLIVERSTAM LET{3),0ct0) sURT{3) yULT{3) sUF{3)sURT2(3), UR{3ILUNE3Y —— " T T
0007 CIMEMSITN URTI{3),uC{3) 4UL L334 UC2¢3) ,UnTais),8(12)

0008 DIYFASION LIL{3),JEMLLS},UEL3)
gLos T TTEQUTVALENGS {AGL) e URTI, (ACZ) 2UL) y LAL20) ¢ HL3) ¢ LAL28)PLAYy — 7~ 7 ——— = == === oo -

(AISD ) KR TASHI, [A{oc) e KolAST Y LALTE) 1T,y
(ACBO) oKDYETY g (AL TY) JRDTRFT ), (A{OL), IND22),
TLA(S5),NELYRY, {Alv»:,vF).(Az931 ACTRY g4 {92} ¢RLTANYy & 7777 7m7 T s s s e
(A(ﬂ?).ﬁ\lF!V:,lAluo),IHblj).(n(uJi.Iﬂl).(\lda) IrEL Y,
(AL9L)yFLEYsiA{YU}sCMLA) s [ALoY Y ;ulAS Ty talds)enLTE), ’
LACOG Y ¢ ODTWNY L (A(98) shDTMA) o LALOT) +BIASFLY s {A{ 0] ,VLM3}, oo e -
FALTO3)oKCA) o LALLUZ) (HLZMND o {ALLOL Yo HOB) 3 [ALLOOIKSBL)
(A0107) o XCL) 4 AT RULY o FLTR2) {ATLUDI 4 HE L) ¢ LA LO4) s KBLND},
TTUATTII T KSAY AL LI0) WROTA) 3 LALL09) »GF3) [A{LUS) 1TT2), ~ o s o s = =
(ACLLE) WKDT hp {AL L) ol CACL Y vk 0, LALLLL) phodHY,
(A{11S), TSP pdntlia) syl o dALLLT) T u) e (ALLLID) WVLE)
TTUACL22aVAVL) s LALLe2) s VLMZ) » LATL21 ) KTES 2 LALL200  ALFT), romnrT o T
CAL1261 4R LAl LALLB) o LUND) o LALLZ5) 2 INDL2) (AL L2 ) + KTURND,
(A{I3C)  RIASLI CAEL2Y) L A3) s LALL28), INDS),(A(L27),INDD),
TTLA{TZAY S AT FRY L (ALL33),HF2) y{ATL32),ROTZ2),LAL1310,GF2), T T T T T e e
FALIRT) o IATAY b lATL38)y INOT )y (ALL300ITHLML o {ALL135),0T4N),
CALLI61) 4 AZR)y(ALLO2 ) yn L)y (A o0l s LOU) 3 {ALLO4) o FTR) s LALLOG) yHF ),
E— TUACI9 1 PUTPE {ALZL) s PCTRI S LA a9) s ALEC o {ALDD) 43 1AS) oo T ) T
0010 EQUIVALENCE (ALLbob) 4 ALFCLY,
*  {ACLSA) o NTELM) o LALLDD) pKUMPY 9 LALL153) ,LM2) 4 (ATLL2) 4 DELLIYY, )
*LALLSN),DELIN) o (AL15L) 2 52LIM) 2 (A{L4Y 1, OTBIAS s LALL148),8LG); ~—— ~—— —— — == — === — ==&
O {ACL44) fNTRCY pLALLeS) 2 DLUUAY s LALL40) KALE Sy (A{L4T),LDO),
* (A(l#?).°TfL"),tA(14z)|AL+MXl.(AlluquALFMNl'(AlLQOJ'KDMPI)

!**ﬂ-i****

-vci-
R R R

* ¥ %

TOOITTTTTTTT T T T T DATA LA/ L e 3044047 mem e e
0912 IF (TSTART.EALL) sU TO 111
0013 DTH=3E1. .
—Oolq -DTHl:g(,?.- A RN T A Al ek b e . - — - gt ey —— o — g ———— ¥ w— e — LR B L BT R
0015 CTHP=CTHY
ccle 1START=]
0017 == — e — JANT= 0. e e e e o O e i e ..
ools P1=3.141592€5
0019 PTD=180./PT
- 0020 65=32.2 e e o e . - - s e e
a6 AYARE
0922 FS=25C09,
- 0623 — - CnshLpa 1. e e e e e e e e e ]
0024 SF=2TL*60.*%6050. .
0025 RF=2050290C./6080.
-—-00 )& - x\:“:l R TN EERE L LR bk et M e me e = s tm—e A a— ey Fre e wETETT ¢ S e MR U b P R ¢ - - sama

cecav FCTO1=1,


http:T5TA0T.Fq.1I
http:AI8J).KA
http:nIAS1j,(Altv),L.43

FOGRTRAN IV G LEVEL 21

LNUS TR

DATE

= T30738 1545

5l a4

PAGE 0OQLZ2

cong RFAD ' (7'1;211 A
og2s CALL AXBILZWUn1,TEm)
6030 CALL LHITY(TEM,uelyaleXl)
Q0 3L e CALL BXD{LE T, URTUNT )
no32 TANRL 1=STNL(2L4) /CO50LRLY)
0C33 TAMD ] 1=T AN
2434 TAM2LE=4[RR(ELS) JCOSDIRLS) -
00353 SAZP=SINMN(A22)
03¢ CPLL=C0SD(RLA)
- === Q037 ChzP=CrsSDeze; - e
0028 ASSIGM 1 Tr 1 .
003% IF{H.LLT.HE} ASSIGN & TO [I
m—— Q340 IE(HLLTFFY THD=g —sewm =— o e —
orul Lo 11 T=1,2
6042 " 131 UFG*)—(LNT(‘)*CA&R*UtTll)*SALR)
- == QAR e m e e CALL AXDUIUFURT,URTL)
0044 D L1116 1=1,43
0045 1118 TEM{[}=USTIT)I=JF (I} * 0l AS/RE
0044 SCALL LNETVITEMpURT3p AL g ALY = =ormmm vm =
CCAT 21 FOPMAT (5T 14.T)
0048 oM 1119 1=1,3
2049: 1119 ——y2T2{TI=U"T2(]) - -
0050 IE{VIX.LT.VLML) GU JD 111
0051 Or 12272 I=1,3
5a52 1222 TEV{1)=URT{{)-ur{ I}xBlAST/RE
ans3 CALL LNITVETEM,URTZy XL eX1)
OC%4 111 CALL AXRLV,®,TEN)
~gd—-ocss CALL- UNITVETEM UL oL g XLY e = - = s
o Qcse CALL UNTTVI(R,UA,XLyX1)
vt 0CST CALL BXBIUZ.UR,TEM)
-1 poss CALL LNTTYITEMUE gAL pAL ) —mmmemm o
065¢ CALL ACTTR{ULF,UL s X2)
0%0¢ VA=V X
- Q261 IFLTRELLENALs) VASVAX - ---  -reer =
0062 VAl=VA
06e3 AZTHM=ACOSIXPI#RI1D
D004 CAl L ABCTALV UL ALY - - -
LT TFIN1.LT.0.) ALlM=sb0a—ALIN
0eLL IF{INCLFQ.a. nnu.xﬁua.ue.x LU TO 4«49
e §O6T —— e {4 4B C AL AABLUET? gyl + am e
0668 catL LMITV(Tcm.uNIL,xi,xLz
0CeS CALL 4XSIU?,Unil,UNL3)
0019 CALL . 2CPTR{UM] 3, UL, ARG) .-
co? , TFST =$1aM(1.,anC1
00/2 CALL 8RFTa(V,Jh,hUT}
eeme B0} 3 e v CALL AXA(LET2 G, TEM) - e e e
0074 ... CALL UNITVITEM,UNIL+AL,21)
0075 CAtL MPCTE(UMEL,ULyXL}
8076 TFIXIfTeled XiZlote oo eememmemees -
cert CEL = AICCS{XLY
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~rrY T T e AR ocANCuR, CRIZ AsE T T T TT T T T T
0 g G2 TP 114 {1+2,3,4)
e0se IF(VIXLATLVLML) L0 TU 5558 e
20481 IF{INCTLLMGL10) 5O TU 504 ‘ T Tt T T T
onaz DO 5553 1=1,3
eoa2 5553 TEMLT)=UP T T)-(RSLAST*IVIX-VAXI/RE}PUFLTD
DR AT T TSI CALL LNTTV{YRLL,URTZ e KL, XLD T
oL S CALL UNTTYILT TeyURTS ALy ALY
0C™ & 1nrr=t.,
0037 °7 T T T T GD TN hhkE T T - ) T TmTm Tt T
0088 * 5554 ROLL=PLI*TEST
0€39 [% = CSASTAD(KLLI/{CUSDIRLLI*VAY
fep T T T T TTTOIRUIAVALTILATLOEL)  ROLL=ATAN2{(DELAVA) [GSEDTTI#RTDHTEST
¢aL TFINFLLLT .00} AsSELN & T I
ory2 IFINELAT..01} Ihu = 2
50493 T2 TTTTTCALL ANTTAMUNILLULeAL) . TTroTTem ot T e e e
e TFATATLEQ.2 JANU-RTUGDLLESRTGLM) IND3=E.
£a45 IFOIACLERLTL) LU BU 225
OnBE T T ST S IRIOTEA TLIAOL L ARD. IO .Ede ko) IND=4 T ST T T
£%7 TFCIALLFRLAY AsaluN 4 H0 T
N~y IF{TACLTR.4) Gu TU “swu
T 0CH9 T T T T PMIL=ATAR2{(DEL#VA) ( (GS¥DT ) #RTDRTESTT 1 T T T Tt o -
01co IF{ARS{PLLLYLLTLALL) RULL=SIGN(RLLLROLL)
oicy ' IF{X1..T.0.) [nU=3
Oing™m Tt T T IR(R TOGMLLLL (DIAVAL ) IND= 30T -
nin3 IF(TALLER.3) ASSIGe 3 Tu L
01c4 IF (IACLEC.) Gu TO 3
C1C5 " TTTTZ25TTTT TDML=RINGL/LIR SO ST T T T
0106 IF{INCO.FQLle} VAL=VASSUKTIGS/{CRLL®AMAG) }
o1n7 FHI=H=0H1
0135 T TVLEYAINEXP(=DHL/ (Za%hd} ) 0 T oo e e
nIey VIL=V14FC Y22
0110 RNT2F E==YA/1NY )
DLLY™™" —7T 22377 VIsVAIREXD (=(H-nF)/{2.%H§) )" m7 "T c o mTwmemeee oo e -
0112 VZ2=VALRFXO {~(H~HF )/ (4. %H51))
0113 224 RR=V11#52/{GS*IANRLLI* 20902000, )
A1 - o TRRPSV22E%I/{BL0 L AdRLL%¥20902000.)7" . —
elle DY 11y 1=1.3
0116 1115 TEMLT =10 T Ty bnRnSURTLOE L EILT .
CL17 == -mwwm o= == CALL LNTTVITEM,UL, AL A1) e e e s m s e e i e
o118 TFUINCI.FRala) Gu Ty 1114
0119 CALL ACOTE(UPTL,UNIL,CTH)
" 012N s SIE(CTR.ATLLL) CIHsL. ot : -
oLl STH=-SNRT (1.-Cinx¥g)
622 CAIL ARFTRIUNLL UF s ARG)
0123 = —memmotm [E(ARCLLTLCL) sin==5TH e - s em e — i
0124 ' 07 1113 1=1,3 '
0L25 1113 TEMUT)=UR TTUT)+ 4 (RRK-RIFCTH)URTL (L HRRESTHEUF L1 ) RILT
0126 == == == == CALL UNITVITER URTZ RA,XL) =7 oo == - e =

c1z27 1114 IF{V2.0T.v1) ou U >
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FORTRAN

Iv e

LEVEL

21 LNDSTR ' UATE = 13078 15755744 PAGE 000w

— 0130

TIZE

01?29

CTHIUTOOS INTD{RLL 2GS *HSHFTR* [ 1 /VZtk 2-T0 JVI¥#Z V*RTD*FLTRE
+XCLALCCASTAD{RL L) # {HHL-HF)%RTD/ L2 .%HS)
IF(INC.NELD)} DTH=LIH~ OTuIAS

0131
0132

DAZ=(AZr=AZIM =T e . T e i e R T

D 222 IH=1,10
IF((IP*BéO +DAL) GTLUTH) GO TO 2222

0133
0134
0135

222

2222

CONT ThUE - - _— ———e - e
DTHI=[TH-1)1%30l. +DAL
FF{{DTH-CTF1=-160.)-0T.0.) DTHL=DTH1+3a0.

013&
0137
olL38

IF{IRCLNE 2 iAW IHE.NEL QW) DTHISIHL*360.+0AL~ - ——— il s oot v o
IFLINCL.EN.LY Gu TO 2227
CTRIF=DTHC-CTHL

0139
0140
Clal

2227

FF{{ABS{NTNIF) )46l alo0.t DYHLeOTHI+SIGNL 300.,0TLIFR} setmenn
DTHI=NTHL .
IF{IAC AR LY UTHI=UTIHL

0l4a2
0143
0l4a4
Q145

APG=APSIDTHI®SINDIKLL)/DTHY s are e 4 e e - e -
TF (APG.GT.1.) ARG=1.
RL2=ARSIN{APG) *RIV

0146
0147

IFIPL2.GT.PL3) RLZ=RLY
IF{EL2.LT 220N} RLZ=KLZMN

QLe8
0149
0150
4151

TE(INC12.5C1.) FANRLE=SIND{RL2I/CUSDIRLZ) - mrme e s m i e e o e
IF{INTI2.EC.14) CKL1=LDSDIRL2)
IF{INC12.6C.1a) FCTRIZCUSUIRLLI/COSDIRLL)

FL25P 14K TUSNR(RLZ=RLL) = roe e = — e et e e et 4

G 118 ¥T=143e e v = omme — -

Glbv2
0153

1118
2228

1}

- 0154
N oiss
I o156

0157

TEM{ T IR LT debkon¥uL i 1)
CAl L LNITVITFMeULLyX1leX1l)

S CALL BXPLUC,ICLy 1EA) - G T LA

K3I=DANG(UP LUCYI*>F
DR =—KCKN% {RI-An%aF)

o158
G159
—— 01le0

CALL 2DPTRIUL sULesLIESTY
Dre?=CANG{LC,UCL)*5F

0161
0162

IF(CTEST.EC.OL) D TO LLLY
DRPL == KONACEL 225 1UN{ 1+ CTEST)

0163
01564
Clas

—— (106 —

0167
oloa
0169

1117

IF(DTRLLLT.CT} wu 10 1117
CALL 2DCTR{UL ,uF yaL)

CALL ~UNTTVLTEM ULy AL g XL} mommwmm ome - —_ i w e pmem e e ane
IFCINCEALMELLL) U TQ LLLT - L A I

TFLCIFSTLLTLZY LG O LLLT. - e et om s = e —————— — —

CTFCABSIXI ) olTolid} b0 fU LLLTe = o me e mms v e e aaan oo < x = i e s e s e

IF{NEL2.GY.DFLLIM) RLz=0.
IF(ICTF-DTELM) JLFeleva) GD TA 4441)

0170
Q171

4441

IFANTEL.LT. 2604+ ANU L (D TH=OT L =DTHLML) « 6T~ 04 —G0-T-0-6 -
JRFOIRDLERL Y)Y rOLL={RL2+URCI*]LY ’
IFLARSIPPLL Yaul JRL3) AGLL=SEUN{AL3 ROLL)

———0172
0173
0i14
017%

IF{INC27.F0.1a) ALPH=ALPH*COSRLD/CCSDIROLL)
CNSLC=CCSC{ROLL)

Q176

GO TN 444

ALPH= ALFT#&DMF*(RUTREF-RDT) . e S mmmmmine s s e s s e e

AFCINCLEQL) -ALPH=ALPACKBLND® [ 1. ~DTHL/DTHI ) *(ALFC~ALFT .. rm—— wwen e
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RN . T RO TONE) Thp=s ™ &~ 0 T TTTITTT O

0118 TF{OTEL.LTCTrHn) INU=4

0119 TR{INELFR.4) ASSIun » TO I1 o . - - . . .-
0120 ST T IFUINTLER ) LU TY 4ave a ' ’ ’

0181 HH]=H

ny1ez VA‘-V5*50R1(GallLRLl*AMAGI)

"[-‘_'3' BesmmE mEm e e A v1-—\,,AI ot leeen  memess e e —— - -

Dtey vil=vag

01?5 ROTAC Fa=yA/ (LODSCKLL) o
Q196" == em=— = @n [ 223 . et e e e+ om o n ht ——— o oo e o 2 e

NN A 4 CALL ACCTRIUP, URILrAKLI

o108 Gl1=AD CXSF i

Q136 T Tt T i nA={YAnn2 JIGSETANRLD ) ) #2. A [STN(DEL/2 T RRZ T -

oL9n CALL ARFTA{V,UAT Ly VLAL)

c191 03=5T0A (DT, VLAY

o192 R o TR TAE T : : ' T mmm T omemm s mmmm s men
0173 TF{CARSENZIILLT.UZLEIM) [Nus=b.

G154 ) LRrC=(ATPEr-RIASL¥oUaU. } /H

TOVGS T T o IELEAESLENL5.) Bd T 4] RS SS SIS mmmmanm e n s —

156 CELA=CALICH(La—(LOCL~-LDU)IS2.)

0197 IFLNEU Y.L TaCuy LeLid=u,

0158 = T v IR(NELALGTLIPI/cl)}) UEL3=PI/Z. T eI aTm oS n m mm T osomsomemmsmen o T m s
199 COEL==SIRNIITL3,D0)

0z00 \ CEL=DELATEST+UBEL

nzny = SoommmeTTs 2 TEST = 1. T orrme T e o

orc2 41 P L= ATAN’((FtLvUA).(bb*dT)l*RTDﬂTEST

0233 ' IF{KNC.RF .0 enils INUY EuaS e} ROLLEADDALU FKVVAVLAT

0204 "= TS TT U IE{{ABSU{RCLLYI)LGTLALY) KOLL=STGN(RLS,ROLL} o T T mmermmommsems mm s omm e -
020% IF(ILC.FR.laARNDVALLT o VLY LG=1.

02Ce LECC=(CTrCr-8lAS t*0Udd. ) /H
L DRCTT T T T IR ILNCELLEL 0] Luct=Lo0 S emmemenm emms o e s e
PR POTREF==VA/LDO

0209 IFLINFINLFCalad BY TU 440l .

D210 === mmm s RTTERRZ4(ROTHw2-ROTIH*%2) f{2.8GF2Y -~~~ —°*+ -~ et sl
0211 IFIHLGUELHTTY GU Tu w+ol

0212 IF(HLETLHER) G0 TU 4403

Q213 o e e = R ST YU 0 ST R TR ene s e cmsuass e e s e e

0214 SH=R SR {VA=VP ) pOBL+KSB L (LLO-LDCC)

0215 TRESHLATLINNL Y 8u=100.

C216~"" === = “TIF(SH. T.C.) 5L=0. o tommr o TETmm e sme e T T T e

0217 4463 ALPH=ALFC +KALF{ LuLC~LDO}/OLDDA+KOMP L* (RDTREF-ROT)

0218 ALPH=ALPH4KRT Abax { V] A-VAX}

QP e e IR IR RC .} ALPR=ALPH/LOSDIRULLY T e

npan TF(*ACH BN laanNUaublRULL) GTJRULLA)Y ALPH=ALFF

0221 TFIINTAL R leebide L e NEe Do) ALPH= ALFF

' mmmmressemefTt 7 STRINLATE ALTORILUT LN ALPHA - -7 - T T T T e e Smm e
0222 DALF =ALPH= A FULY

0223 CIF(ABS{NALF) 4. JALFL‘H ALPH= ALFULL*’)].G'\HDALFLM'DALF]

0224~ T s ALFALTEALRE
0225 4462 TFEALFF.GTLALENRD ALPH=ALFMA
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21 LNUSTR DATE » 3010 Fh/ b0l un

PALE 0000

T2 2 G

FFORUPH.UTLALFAND ALPH=ALFMN — =77 7= ===

0227 CALL ARCTPIUMILyURT L ARG)

o228 [F{ARC.LT.0.) ROLL=O.
cmre D229 == 444 == [NT=TAD -

023¢ 445 hE1=HF

0231 AZMI=AZIM

0232 ALF L= AL PH == «-ms smerms ¢t ¢ e o - ns

0213 S83=5§P

0234 IFLINC.GTL2) GU TO 440>

- 0235 s n = == sme——e- CALL LALOASLUKTZ UL+ UEQ RTDLUNOy LATTLUNGT) I -

0236 GO TN 446

0237 4465 CALL LAthriuc.UL,ueo,hrD,Lovo LATT s LGNGT )

0238 drirly RETIRN o= - e

0239 44461 TECH LT oHEZ o AND RUTFINLNE-04) RDT2==VA%H/ (ATOGI-31ASFL)

0240 JFIRDT?LT.FRIMN] kulfl=nDTHA
e s Q24 - e tmmim e —— = TF{RDT2.6T.RAIMR) RDIZSROTHMX - - .- - R

0242 IF(H.LELHTT2) ROTZ=ROTS

0243 IF{H.LF.HTT2) GF2sGF3

0244 GF1={~RCT+3INT2}/OT ~ - ——+ —~— ———

0245 TFIAF1.GT.CF2) LEL=uvFz

0246 b!PH-ﬂl°H¢GGFl+bSJ/AMAb
—_ 0747 - — e TMDLO=1. - . - e e [ T, -

0248 G TH 4462

0249 5 WPITE (6,555}

0250 555. EORMAT(Y - LANDING- SETE-BEYONU - VEAIGLE-CAPAGILITY )

0251 ASSICN & T7 TI
1 0252 MRz 4
:; —— 0253 G TO A44E R - -
o 0254 & IF((nTnl—Ps*SINU(hLzlvnT*RTDJ(cusO(RLzJ*VAJJ.or 180.) GO ru Gah )
I 0255 DEL1=CTHL/QTD-P)

0256 AOLL=ATANZ{ {DELL#VA v {GSHDT} ) %RTD-—- —— - -

0257 1F(ABS{POLL Yulanll) RULL=SIGN{RLIL.ROLL)

0253 IF {IND4.ECL3.) GO lU 60
— - 0256 -HlzH e e e e e - PN -

0260 IF(TNEC.ERLD) INu&-J- ~

0261 Gl TN 444

0262 —b6 HF=HF 41 =H-.-

0263 L

0264 GN TC 444
e 1 0265 - ety iy —— DM 4447 12143 .- e T AT - -

0266 4447 TEM{T)I=URT{I)

0267 CALL ULNTTV{TEM,UxT2yXL X1}

0268 TNRZ=lam e o eemms

0269 ALFOLC=ALPE

© 0270 G TN 444F
e 927 e a5 55 8 ALPHSALFC LHKNMPISIRDTHFT=RET) o wm oo i m e e cees = me o ommmene

0272 .uw IFIVIXLGTVIMZY 60 Tu 5257

0273 ALPH=ALECL=KTR*{VLM2 =VIX) '

0274 ALPH=ALPHKCMPT e LU IRF T-KDT [

02735

TF{ALPHLLTLALFT) ALPH=ALFT
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TISAN
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2ITS
0279y
0230
024l
nzaz -
AR
Q7244
[P ]
02R6
g N

co49
02%0
0291
0242
0253

21 LNDSTR DATE = 73078

e e wmmm i —

Iv ¢ 1rvFL

bun? T TIEfVIXLLELVLMS) GJ TO BL50 -
IECINFTLEC.N.) TESTL=IEST
nT=1.
TF{NEL.GELCFLTR) TuaTl=TEST

o RTAAAAE (VI XEE2-VFE22) /7 (2.#ACTR)
A2G=RTCAC/RTOGLN

15755/ 4%

PAGE 0007

P = IR AN CLPFL.) ARGS=L.
L‘LT:A'?('PS{FDG}"E-\]U
IFGE T.ETaPLTMn) KLI=ALTMN
s s == RGO T,L,GTLPLTEY ALT=KLTL
ROLL=RL T*TESTL
G TN 446

'O?HB'_“""”5556“—"DﬂﬁﬁqﬂSTVr(Dld)/(LOSD(RLE}VVIX)__

IEQAM ST CMLY ) LHSUMLY

TF(LPMEPTY L ATauEL) UH=DEL/DT
o= m RO L=ATAN2{LONNYV IR $55) R TESTHRTD

GO TM 444

EMD
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Lvuol
LJo02
0d0ul3
CJ 0~
culs
Quuvé
QuorT
occa
vl 0%
a1y
ULl
Qull
0013
Uol4
DJL5
Ouls
qul?
Odls
CcCls
uJ2e
Quzl
0022
0Je3
Q24
va25
CU20
027
028
UJeyw
ou3Q
Quzl
[SVEYS
a3l
[HV Y
0338
Lo36
0037
0J38
09239
UJd 4y
0d4l
0042
VU4
0044
ST
0U4s
0041
[ VER )
0049
0C5h0

Il
21

22

12
600

100

200

101

20 INIT

SUBROUTINE INIT
I&PLICLT wEEL (I-N)
INTEGER L1aMyJds1AS55,C

DIMENSION KU3JeVI3),UZU33,URIBILUNIL3}sUVI3) AL165)+B(5)

DIMENSICN UE{31,URZI(3),URT(3)

EQUIVALENCE (RyA) p(VeAL4) Y LULLALTI) 2 (UZTA(L0))

DATE = 72158

10/55/38

EQUIVALENCE (UR, ACL11)) 4 (URT,ALL4} ) (URTTACLTI){ILON,ALLE))

DATA YES/Z4HYES /
LFE{M.EJL L) GO TO 11

M=1

R1=20%26043.

HP=2C455d73.

ATR=L /60
KH=L.={RL/RP) **2
WRITE{by 211}

FURMAT{* NEw ENTRY FILE? 1}
READ(b5,22) C

FURMAT(A3)

I+ {C.EC.YES) GC TO 12
DEFInNE FILE 7(33,8C,E41ASS)
REAC (7" l,s60) A
WRITEL(6+600)

FOLKMAT(* INPUT:zY)
REAU(5,100) I

FURMATI{I4)

[F{l.cu.0} GO TC 2
IF(I1.GE.D) GO TO 101
READ({S 2003 B8(1}
FORMAT(GLO.2)

GU TO 5

READ[5,200) (BLJ)d=1.5)
uwd 4 J=145

AtJel=-1}=B(J)

GU Tu 12

A{-1)=8L1)

G0 TO 12

CALL UNITV(R,UR.RL,RLSG}
If (KL.GTWRP) GO TO 7

IF (J2T.EC.0Q.) R{2)=U2(1}
R1I1=R{LII4AL/SURTO . —KHRSIND(R(2 )} }¥u2)
R{l)=R11

R{2}=0.

Ri3)=0,.

IFIV{L).LT.90000.) GO TO 8
VELY=v{2)*SINDivi3))
VI2i=vi2)%CUs0ivid))
vi3)=0.

IF(ULT.EQsLa) GC TO 4
CALL AXBIV: R, TEMP )

CALL UNITVITERPLNIsXLyXL)

PAGE 0001
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Q0L
Dub2
qQus 3
0054
Uus5
Udbe
voL7?
UdsY
o0ss
QLo
Yol
00462
Q043
[$JEETEYS
OuLs
IV
0007
0048
Q69
Qgotu
0011
yore
ouT3
004
Do7S
[HV O
077
Guly
0015
go80
LUusl
0oy
00b3
0084
0085
o0Bs
0087

Y

31

33

490
60

CALL AXB{UR,UNI UV}

CL=COSD{UZ{1}) *

SL=SINDI{UZ(1))

Cazl=CusSuiuiizl)

SaL=SInNDlUZLZ])
UZI11=CL*(UVILIACAZ=UNT{ L }#SAZ F+UR{ 1)*5L
ULL2)=CLalUVI2 I *CAZ=UNT{Z)*SAL+UR(2I45L
UZL3ISCL 2l UV I)RCAL-UNT {3 %SALY+#UR(D )& SL
UlT=l.

IF{LRTT.EYala} GG TC 31

FF{UKTT.EN.24) GO TO 40

CALL AXBIVR,TEKP)

CALL UNITVITENP,UNI 4X1yX1)

CaLL AXB{UR)URTUV)

CUR=CLSUIURT (L) ATKY}
SUR=SINOCUKT{ 11 7ATK}
CCR=CUSDIURT{ 2}/ ATK)
SCH=SINDLURT(2)/ATK)

DO 32 1=1.+3

UKT {1 3=UR{1IMCCR+SCR*(UNTL T I*SCR+UVLTIHCCR) .
URTT=2.

60 Tu 40

CALL AXBIUZsUR+TEMP)

CALL UNITV{TEMPsLE X1 X1)

CALL AXB{UEs+UZ,URZI)

CLAT=COSO{URT(2})

SLAT=SINDIURT(2})

CLUN=CUSDIURTE3)~1LUN}
SLON=SIND{URT {3}~ 1LCN}

Lo 33 I1=1,3

URTLLI=UZL BI%SLATHCLAT*{URZ(II*CLONSUECT )% SLON)
URTT=2.

WRITE (7' 1,6) A

FURAMAT (5E14.7]}

FUORMAT (1P5tl4.7)

RETURN

END

10/55/38
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21 MA TN UDATE = T30/ | BRI VEY

0001 JIMPLICIT REAL {I<N) . . - e aam—n
QocC2 INTEGER T,11,0L41N
goe3 CIMEMSTIN WiId) ) {3) ¢ V{3),VAIZ) Jn {3} DL3),Li3),5%(3),
—— O * TEMP (3], TENPLL3Y UL L3 2 UVALZ) yHAL3) L ULL(3) sht3) e L08)
* G208} A0165),UnU{3}yUCRI3)UELL3),UEQ(S)
0004 DIMENSINN CCl8) ¢ X (o) s THRUST ()
0005 EQUIVALENCE (UL ALTHI(UUTP,ALL9)) e e e = e e e
0C06 ENUIVALENCE (PCIrtrAtel) bo (NMAL,ALZ2) ) {HAINGALZI) ),
% {2000 G A(2A) Y (nbCOAAL2S) by dllorallo) ) lOTLAL21))  (LONDsALLE)) Y
—_ e B (TMAX L A{29) ) pivustding AC3U) ) o (NUSThp A(40 ] LALIL) o NOPLT )
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co2e RE=20925738.
op27 KH=1 .={R1/RP)%R2
0028 AREE=T3200 i e e e e e
0029 pC=1
0030 RTD=183.7 2414155203
O, . ATK=bQ.%RID, . . _ .
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11741737

PAGE 0002

rm— s um———

ROLL


http:IFtOC.FQ

FORTRAN 1V G LEVEL

21 MAIN UATE ‘= T3067

11741737

o m waan = e me Geeiemmar (W EwAAT e e = A mm o AT S 1 M A kM W
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0129 303 BC=1
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o133__ _IF{HGGEHMAX) ENURSLe | L ieiiiecs e oo e e
0134 IF{H.LELHMIN] chur=L.
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APPENDIX E

NAVIGATION FILTER CHARACTERISTICS

The navigation filter of Ref. [12] was used to generate
the precision DME results. This is shown in Table E-1.
The Triangular Formulation of a Square Root Kalman Filter
{16] was used to generate the low precision DME results.
This is illustrated in Table E-2, A dramatic increase in
computer speed (nearly 4 to 1) resulted in using the Sguare
Root formulation., A nearly 2 to 1 increase in precision
characteristic of the sguare root formulation also resulted.

A thirteen state filter was used., Two states were
added to the filter of ref. [12] to estimate the 90 m bias
of the low precision DME's. These states are illustrated
in Table E~3. The corresponding state transition matrix
is in Table E-4, and the driving noise elements are in Table
E-5.

The landing aids are located in Fig. E.l1, The two
DMEs are rather close to the runway and probably should
be moved out., But this baseline was chosen to provide
results comparable to those of ref. [14].

The DME model, Table E-6, is from both ref, [12] and [14].
The 90 m bias reguired the addition of two filter states to
estimate thig bias. Without the estimate, divergence
resulted and even with the positive definite guarantee
of the Joseph formulation, which was used in early tests,
the covariance matrix became negative!

The barometric altimeter model, Table E-7, is from
ref, [14]. No bias proporticnal to altitude is present
(scale factor error) and probably should be corrected.

The radar altimeter model is in Table E-8, and
the ILS model is in Table E-3,.

As in all these studies, correct modelling of the
navigation is vital. This is true both in the filter
equations and in the error driving model. For example,
the filter will drive the altitude close to the .61 m
value of the radar altimeter near landing. If terrain
effects are greater than this value, the simulation will be
over optimistic in the altitude performance near landing.

Finally, the IMU characteristics from ref. [13] as
summarized in Table E-10. THe 2/3 meru gyre in this unit is
a high guality unit placing this system near the front in
the state of the art.
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e T = o T T
Pi = (I = kghy) By (I - kjh)" + kyryky

(See Ref. [12] for notation)

Table E-1: Kalman Estimator (Joseph Form)
Used in Precision DME Work
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s's = P (8 = upper triangular root of P}

£ =5h
o =xr + g? £
ot = s[Ivg_g?/ajl/z

where [I-E_E?/a}lfz is upper triangular root
of | ], derived by Cholesky
. decomposition,

% + sf Az/o

i
n

Table E-2; Triangular Formulation of Square Root
Kalman Estimator Used For Low Precision
Navigation Study
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Variable

Sign Counwvention

%, Error in east position

X, Error in north position

X3 Error in altitude
X, Error in east velocity
Xz Error in north velocity’

x6 Brror in altitude rate

X5 Platform tip about east
axis

Mg Platform tip about north
axis

x9 Platform azimuth error

Vertical acceleration

error

%10

%51 Altimeter error

e o DMEl Bias

12

?xla DMEZlBias

. Positive

if indicated position

is east of actual.

Positive
ig north

Positive

if indicated position
of actual.

if INS indicated alti-

tude is above actual,

Positive
velocity

Positive
velocity

Positive
velocity

Positive
positive

Positive
positive

Positive
positive

Pogitive
positive

Positive

if indicated east
ozceeds actual.

if indicated north
exceeds actual,

if indicated up
exceeds actual.

if platform is rotated
about the east axis.

if platform is rotated
about the north a:is,

if platform is rotated
about the up axis.

if it induces a
altitude-rate error.

if measured altitude

exceeds actual,

Positive if bias exceeds actual

Positive if bias exceeds actual

* New

Table E-3:
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State Variables Estimated by the Kalman Filter




¢ 1= 1 0 47T
9] , = 1, ¢2'5 = T
&3,3 = 1+ - 83,6 T
by 4= Lo
¢4,8 = ~ BV,
®4,9 = Avn
by g = 1o
4:5'.] = sz
<I>5'9 = - Ave
%6 = 1 6,3 = 2(9/RIT 5
®6,7 = - bvn
¢6,8 = Ave
®6,10 = T
‘5’7’7 = 1, @7'5 = - (1/R)T
&y,9 = "08,
8, 3 = = 88 /R
2,5 = s ¢ 4 = (L/RIT
b o = 80,
by 5 = - 88 /R
25,9 = s ¢g 4 = (tan L/R)T
by o = 40,
(139’7 = A.en ,
¢9,3 = - (v, tan L/R)T
:10,19 =1 - (v/8 )T :¢12’12 = 1 - /400
11,1 = 1 - (v/da1&)T ¢l3,13 =1 - T/400
- * New

TABLE E-4: NON-ZERO ELEMENTS OF THE STATE TRANSITION
MATRIX
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— 2 2
Q,4 7 lav ] v oopgp + [avpl Voo
_ 2 .2
Q5 5 = lov | v Oorgp * lav ] v ozg
_ 2 2 2
Qg, ¢ = 218V [VI2056% (Opp7ag/9) " + 5]
_ 2 2 2 2
Qy 7 = bt T3 (%cp1as *apsra 9 ) + lav, | v ooupra
+ |ae_| 46 6 4 at(2v/d, )o>
e total “GSF dn’ 8n
_ 2 2 2 2
Qg g = At T3 (9gp1as * Iapsra 9 )+ lave ] vooana
+ [a8_] ae o2+ dt(2v/a, )02
n total “GSF Se’ fe
_ 2 2 2, 2
Qg g = At TplOapiag * Iapra 97 ° lavo | v 93psra
0 = At(2v/d_ )02
10,10 gz’ gz
_ 2 2 2,2 2
Q31,11 = At (2v/8 1,051 ¥ |ak{n eemp * fa vy | vy 9p
2
* = =
015,12 = 2 GBIASD AT/400 = Q
* —
3,13 T 92,12
* New

Table E-5: Non~Zero Elements of the Noise Covariance
Matrix
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§ DME 2

s 3Kp ———

Y
- . 3 [T T 777 @

VA * Localizer
- 153m

Station (4)

ADPDPROACH Runwa
DIRECTION Y

GLIDE SLOPE
STATION (6)

Fig. E.l: Landing Aid Locations
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The measurement variance is assumcd to be I12]

o2 = ab2 +3:20P2f2(h) + Umzcoé% + 0r2

g(h) = (1- e P/Rs h/h.)

coszE = (ZL-—bzz)l/2
Gb = transponder bias S0m
o, = propagation error 50x107°
-Gm = multipath error < Om
Qr = random error I4m
hg = scale height 6900m

90 bias is added to DMEl, measured range -90 is
added to DME2 and a random error of 7m is also added.

The filter estimates these biases in states 12 and 13
assuming an exponentially correlated random variable

0 = 90m
Tc 400 sec

(Ref. 14)

I

Compensation for non-linear elongation of the measured
range are made to the actual measurement and assumed
variance as in ref.,[1l2].

Table E-~6: DME Model
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The altimeter has both a bias and a correlated

error. The bias variance is:

2 _ 4 4 2
g” = th + KZVR + 40
- -12
Kl = ,43 x 10 |
-6
K2 = ,25 x 10

No bias term proportion to altitude (scale factor) is
presently added.

The uncorrelated error is also added as:

o = K3h2 + 32

Ry = 6.25 x 10”8

This bias and uncorrelated error are added to the measurement.

The filter assumes a measurement noise of the
uncorrelated value.

Table E-7: Barometric Altimeter Model Ref. [14]
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The radar altimeter error is altitude dependent
as shown below.

h (m) . 0 {m)
h > 152.4 ¢ = .05h
30.48 < h < 152.4 ¢ = ,02h
. h < 30.48 o= .6lm

At present this is added to the measurement as
an uncorrelated error.

The filter assumes a measurement noise of this
value plus an additional 1 m, additive value.

Table E-8: Radar Altimeter Model Ref, [14)]
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The localizer (azimuth) error is range dependent
as showvm below:

range p (meters)

o azimuth {(mr)

1067

8330

< p < 1067
< p < 8330

<P

1.4
1,4+4.2(p-1067) /7263

5.6

The range dependence of the glide slope is shown
below:

range P (m) o elevation {(mr)

0< p< 1067 - 1.4

1067 .2 p < 8330 1.4+1.,1(p~1067) /7263

8330 < p 2,5

Uncorrelated random numbers of this magnitude are added to
the measurement.

The filter alsc assumes a measurement noise of this value.
If measurement is not within 2 degrees of the runway azimuth
or elevation angle it is rejected.

Pable E-~9: ILS Model Ref. [14]-
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Source Units Value
ros
Bias deg/hr .010
g sensitive deg/hx/qg .015
IA Misalignment sec 60
Scale factor pPpm 50
Accelerometer
Bias . ug 60
Scale Factor . PPL 34
IA Misalignment éEE 40

Table E-10: Inertial Measurement Unit Model,
Kearfott KT70 Ref. [11]
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MACH

£} e 30INN0
0.3009N0
0.30099
0430000
U« 30000
030509
0 A0
0.30000
U 3043130
030300
{1 300100
0. {30
0.5H0000
0.L03060
- 0.50000
D.HUJL0
0.5003400
0.50090
050009
0.50000
0eH013J)
0H0UaY
-0.700U0
0.70029
0.70090
0.70000
0.700080
0.70000
0. 70001
0.70000
P.70090
0.70(G)
G.70000
0.90000
0.900u0
020000
0.20080
0.90000
0.90090
0.,90000
0.904G00
000008
0.90009
0.%0000

Table

F-1:

ALPHA

0.0
2.00:0:430
4,000
5. 00U30
H,00000
100000
12,09400
10,0000
16.,00000
14.00000
20.00000
0.0
2,00000
4,00000
b 00000
B. 00000
1,0000U
12.00000
14,00000
16,0000N0
18,0000
20. 0000
0.0
2.00000
4,00000
6.,00N00
8.00000
10.,00000
12.00000
14.80000
16.000600
i3.00000
20.00009
0.0
2.00000
4.0000140
6.000900
8,00000
10.00000
12.00000
14030000
16,00000
16.06000
20.00000

APPENDIX F
Aerodynamic Characteristics for the 040a Vehicle

CL

002200
DB 102
N,18075
(.20350
ﬂ - 2(’){5125
0.32875
.39120H
N.19502
0.92000
1158200
008000
0.01550
0087
0,15425
D.22200
0.29075
039725
D JU23T5
U.09187
N,56000
062600
H.by200
0.01633
0.09087
D.16500
U - 2576)7
0.351033
1.,38150
fN.u5267

0.52033

0.52600
0.6633%3
0.73067
N.02500
0.,094300
0.17300
0.24900
032500
0.49150
D.47800
0.53300
N.628010
0.A9400
N 76000

CD

0.09000
D.N210&
f1.12701
005880
0.N302
NL.00582
D.N6T713
10 N:3560
11198
0.13$ﬂ4
0. 03u00
0.02347
U.20895
i}e ')j”b?
N.N3870
00892
0.0ALG5H0
. 08R56
De11n17
0.152%90
0.21292
0.02649
0. 02600
Ua.N28Y1
0.03638
0.08787
0.N6254
G.08509
Ne11568&
0.1%5698
0.27156
0.27230
0.03333
D.03143
0.03604
0.0u842
D07343
0.100848
0413580
0.17839
0.22836
2.79857
De03778
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/D

N a7 i)
Jatsion
022750
737030
T eadTH0
758750
{2030
~ -'-”37‘..10
e 0 /DN

B, 19750

3.95000
N.H130
Sa.h2b1Y
613750
Te2W00N
T.512H0
7400250
457090
Sa 7132_50
1 ,20%00
4.09250
H5.25000
UVehlb&7
3438333
B.T0HNT
A a 53:)‘53
648333

5.107300

5.52000
4,53333
3,7960567
244267
2.68353
0.75000
3.15000
4,80000
$.10000
4,55000
3,98000
352000
3410000
2.75000
0.258800
225009

S.B(%)

g0
”1”
40
U.t]
0.0
et}
0.0
el
0.0
3.0
0.0
N0
0,1
N4
0.1
U0
D0
D.0
1.0
0,0
.10
el
V.0
0.0
N.4{
0.0
0.0
0.0
0.0
.0
0.0
0.0

COoCOCo
s & » 5 & & »

o oo ocCocooO

—
—

O
.0
0.0
0.0
0.0

040a Aerodynamic Characteristics, Clean vehicle
No Landing Gear, No Speed Brake
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el
s
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Ja1)
al)
2.0
U.0
Qa0
.0
O.0
0.U
0.0
0.0
0.0
D0
1,0
0.0}
{ietd
Uelil
sl
U li
{114
it

"nooL
iTa st



MACH ALPHA CL - CD L/D 5.B(%) L.G,

0.30000 0.0 8.,02200 0,09380 0.23987 Q. 1.0U500
U« 3500010 2.0N0000 U.08162 0.024868 3.2827Y9 0. 1000850
0.30000 4,.,009000 0,144075 0.02640 5.33116 0. 1.00280
0.30000 b. 03000 0.20350 0.03141% 6.47543 O« 1.034810
0.30000 8.00000 020020 0.0386» 6.88641 G 1.080i40
0.300000  10.0€000 0.32875 0.04713 H.97571 De 1.0
1. 30000 1z2.0u000 039125 005762 £ 79052 s 100050
0.30000 14.00000 Beubbe2 NNT093 6. 423513 e 10810

B.30000 16.00000 052000 0, 08940 5.81677 O 1. 0030
050008 18,00000 0.548200 0.1157% 5.02691 De 1.,0-1! 0
0.30000 20.00000 0.64:0U 0,16684% 3.80005 D 1. 000
0450000 0.0 0.01550 D.03824 080929 O, L. 0850

C 0e50000 2,00000 0.08487 0.02721 3.11852 D 1. 004 1)
0.50000 4,00000 0.15425 0.0287Y9 5e36532 0 1.00830
0.50000 6.00000 0.22250 0.03432 6. 48285 0. 1.00%39

CoOCCCOCOCOCODLOCIoIOoLODCOCoCC

D.50000 8.00000 0.29075 0.08250 A.BONBS 0. 1.00050
0.50000 10.00004 035725 0.05272 G TT7T610 0. 1.0496510
0.50000 12.00000 N.142375 D. 0608356 G.20U40 De 1:002130
0.20000 14.00000 0.491827 0.08916 5.51690 0. 10006030
N0.50000 16.00C00 055000 0.11797 474700 0 1.00853
00O IH-DUUDU Ueb2Z2000 001507’3 3.‘7‘9350 e 1.”;33-’6
D.50uUC) 20.00600 0.6%200 N.21672 3.19302 0. 1.00 2%
0,.70000 0.0 0.01635 0.03029 0.53929 0. 1.00,.0%
0.70000 2.00000 g0.09067 0.03060 2:96315 O TL.006:330
0.70000 4,00000 0.16500 0.03271 5.04378 0.0 1. 00000
G.70000 .00000 0.23707 0.040148 9.91501 0.0 1000
0.70000 8.00000 051033 G.N5107 6.,00649 (1) 1.00930
0.7000  10.00000 0.38150 0065354 5.75061 0.0 100001
D.70C000 12.00000 D.45207 0.0R539 5,09257 0.0 1.00879
0.70000 14.009200 0.52433 0.11946 4.30913 0.0 100008
0.70000 16.000093 (0.59600 0«10073 3.70693 0«0 100203
0.70000 18.00000 DeG:333 0.27536 2. 408960 0.0 1 . Qi
0.70000 20.090000 D.735167 0.27610 2.64640 0.0 L. 0000
0.99000 0.0 0.02500 N.,03713 N.&T7325 0.0 1. 000)
0.90000 2.09000 0.09300 N 03523 2.81022 0.0 1.0
0.490000 4.,00900 0.17300 N.0528u 4,30214 .0 el i
0.9¥0000  6.00000  0.28900  0.05%262  H.731.72 0.0 100680
0.90u000 8.00000 N.32500 0.07923 H.32017 0+0 1. 087)
0.90000 10.00000 0.40150  0.10468  3.835532 0.0 1o0uwd 30
0.90000 12.00000 0.47800 0.13900  3.42418 0.0 1.00000
0.90000 1u0.00000 0.55300 0D.18219 Z.03534 0.0 1.0 u
0.°300048  16.00000 0.02800 0.23215 2,7049Y 0.0 e Nt
04906500 18.000600  0.64400  2.80217  0.28765 0.0 y R VEEREN
0.90000 20.00000 076000 De34153  2.22897 0.0 102

Table F-~-2

040a Aerodynamic Characteristics, Speed Brake = 0%
Landing Gear Extended

ITEm -"155-

PHETRICR INCABRDADATEN - 704 AANMAADN AVERIIE o FAMABRINGEE MASSACHIIGETTS N211R + (617) Gi31 “77



MACH

0.30000
0.30000
0.30000
0.350000
0.30000
0.30000
0.30000
0.30000
0.30000
0.300010)
0.30000
D.50000
0.H0000
0.50000
0.50000
0.50000
G.50000
g.50000
0.50000
050000
0.50000
0.50000
0.70000
0.7000G:
0.70000
0.70000
0.70080
0.70800
0.70000
0.70000
0. 70000
0.70000
0.70000
0.90000
0.90000
0,90000
0.90000
0.94000
0.90080
0.90000
0.90000
0.90000
0.90000
0.90000

Table
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ALPHA

., 0.0
2,00000
4,0000C
.6.00000
8.00000
10,00000
12.030900
14,00000
16,00000
183,00000
20.00000
0.0
2.,00000
4,03000
6.00000
8,00000
10,00090
12.08000
14,00000
15.00000
13.00090
20.,00030
0.0
2.00000
4,.,00000
£.00000
8,00000
10.00000
12.00000
14.00000
15.00000
18,.00000
20.00000
0.0
2,00000
4,00000
4.00000
8.00620
10.00000
12.00000
14,00000
15.00000
18.00000
20.00000

F=-3:

CL

0.,00375
0.06287
D,12200
0,18475
N.24750
0G.31000
N.37250)
D.u3687
0.50125
N.50325
0.02525
~0,0n325
0.06H12
0.135%0
0.20375
0.27200
0.35850
0.40500
N 847312
80.54125
0.60725
0.67325
-0000242
.07192
0.,14625
0.21892
0.29158
0.36275
0.43392
0.50558
0.57725
0.64u58
0.71192
0,00625
0.08025
0.15425
D.23025
0.,305625
0.,38275
0.45925
0.53425
0.60925
.07D25H
0.78125

CD

0.09630

Ns02736

0.02890
0.03391
0.08116
0. 04963
3.00012
., 07343
0.,091310
0.1182¢

0.1H954
1.00074
0.02971
0.03125
0.03682
0,0u500
0.05522
n.07080
13 09 16.‘)
0.12007
0.159206
0.,21922
D.032749
0.03310
0.03521
0.04268
0.05417
0.06880
0.09139
0.12196
0.16328
O 2778(‘)
0.27860
0.03963
B.03773
C.0u234
0.05512
0.07773
0.10718
0.14210
0.,18486%
0254656
2aBULED f
0.34408

L/D

. 034894

2.,29768

H,22125
HBed 7335
6H,.0129Y
().24()'4-9
6419624
3,914978
H.u45450
76213
B0 3257
~30NTITT
2422510
4. 55()07
H,534u4
608415
s 12905
B.T2053
5161806
I I2H5
3.81260
3.07107
-0.07371
2,17204
4,.,15323
5.12900
$5.38311
5o 26939
4,74809
4.14543
2453534
2.31981
2.53335H
D.15B770
2.12703
3 .f)'—l-298
1, 17698
3.93999
3.57112
3.23198
2.89275
2.hY027
0.20070
2.10431

040a Aerodynamic Characteristics,

Landing Gear Extended
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5.B (%)

245, 000490
2%, 00001
25.,00000
2L QuuNn
25, 000unN
2h.00N00
25.00000
253 . Uq'JU

25H. 09000
25,0009
2500000
25.00030
25,0.3000
25,0030
2500000
25. 0000
25. 00000
25, 00J04
25. 00000
25, 03000
2500005
25,1005
25.001000
25, U500
25,0000
25, 00001
25, 0001
25. 00000
25. 00000
25 . 00001
25, 00099
2%, 00000
25. 000G
25.00000
25.0000
2500038
25. 000010
25. 04062340
25,0003
25,0004
25 G040
25.00000
2hH DL

Speed Brake

L.Go

' 1.00070
1,00000
1.00030
1000030
1.000800
100045
1 . 00 {1130)
1.03000
1 » ﬂ(]!i{)'J
1., 0680
1.000:0
1400300
100000
1.00300
1.00830
1.00N040
1.00000
1.0800:30
100000
1.00040
1.00000
1.00008

ey Iy g
1 slITUY

1.00000
1.000008
1.006000
1.00000
1.00000
1.00090
1.00000
1.00000
1.80000
1.0006G0
1.00000
1.00000
1.006000
1.0C09

1!0:}'\]\:".)
lcUU'}“U
1.03000
1. 0060
1 . 0004
1.00C650

= 25%


http:2.b(14r.f1
http:5.b'y92.52

MACH

030100
0..50000
0.30990
0.30990
0.30004
0D.30.3210
0.30107
0,.,30094
Qe S0
0350010
0. 350818
D.50420
0.HB020
0.50000
0.50009
0.50904
- U -bCﬂ']'J
0.500040
0.50040
0,500
0.500U00
0. 5Hu00
0.70300
0.78000
0.70000
g.700010
00?[3(180
0.700un
0.70009
070000
0.7045:0%
0.738008
0.70900
0.90504
0.90.00
T 0.90000
0.90004H
0.90000
0.90030
0.90000
0.906C0
0.9J4500
0.900U0
0.90530

Table F-4:
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ALPHA

0.0
2.00000
4,019
SPSIDHILE,
8,0u090
16,0900
12.000010)
14,0073
16)000”:)“
183.00009730
20,06 190
U.D
2.,004600
4,00u04
G.0UNN0
2.0000
10.00u00
12.0006490
14.00000
16.00000
18.00000
20.04009
DID
2.07¢00
4,0000C9
6 Y
8.007140
10.00000
12.03230
14.00000
16.099450
168.,000600
20.00000
0.0
2.00300
4,.05030
6092350
8.03090
10.00100
12.0u0090
14,0500
i6.006G020
18,.000U00
20.00050

CL

=D.01%00
D.0N12
0.107325
0' l(“‘ ‘-r]O
G.27075
V291725
0«3N379
N,4h18212
D.t4hrznhi
D.Hatn
0. {50
-0.322013
0.04737
D11675
0.18500
0.2532%
0.31972
0 . -‘5’;‘“25
0455457
092250
058350
0654850
~-0.02117
0.05317
0.127480
0.20017
0.27283
034400
D.21517
N.45-85
U [ '.)5::)0
0.02583
0.0Y9317
-0.01250
0.061%0
0.135%0
N.21150
0.28750
0,306400
0, )50
0.51550
0.59050
N.65050
0.72200

CcD

0, 0950
0.0290
N.0s100
0.05m481
U.H'{»én')
D0.08213
B.0R2%2
0070935
U090y
De12078
D.17150
0.043%20
B.03221
D.137H
0.039%2
0.0%75(0}
0.057172
0075350
0,09416
0.12:97
D.160175
D.,22172
N.03529
DL 03950
0.03771
00045316
0.05"3 \7
0.0715:
0,095139
Uul:’iﬂ'—ih
1. 16978
N280350
N.7233110
0.084213
0.008023
0.04m84
0.057¢2
0.08023
0.10960
Qe L 50
Del1b71Y
D.23716
2.830717

0.354658"

vL/D

—Ne 1132
107750
325007
G, Iyaiuy
De2.5924
B.0HT720
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