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RICEDING PAGE BLANK NOT FILMED
FOREWORD

This second publication of the Space Shuttle GN&C Design Equation Document
contains baseline equations for approximately fifty perceant of the GN&C
computation requiremsnts as spacified in the GN%C S/W Functional Requirements
Document (MSC-03690 Rev., B). This document supercedes the original MSC-04217
and the subsequently published revision, Additions or corrections to this
document since its original publication .are indicated in the Table of Contents
by asterisks in the margin.

It is planned to republish this document in a new revision in approximately
four months time, At that time it is anticipated that equations will be
available for virtually all requirements. The new revision will be issued
with format changes intended to stress iaterdependency of related submittals
and to eliminate duplication to the greatest degree practicable.

This issue has been modified to reflect the shuttle-structure and avionics-
configuration changes which have occurred subsequent to the first issue. A
significant change is that orbiter control of the booster has been added as

a requirement. Decentralization of the computations and &llocation to sub-
systems is the current trend with the MARK I & MARK II shuttle configuraticns.
The computation requirements for shuttle vehicles and missions may be much less
than those allowed for in this document. However, since the configurations are
very fluid at this state in the shuttle development, the approach adopted in
this document is to include as camplete a set of design equations as possible
to cover reasonable possibilities. Therefore, subsets of equations may be ex~
tracted from this document to form specifications for specific vehicles, com-
puters and miss.ons.

The GN&C Design Equations document is the result of the efforts of many people
from NASA and support contractors. The list is too long to credit all con-
tributors; however, contractors which made direct contributions to the document
are as follows: ‘

a. TRW Systems Group, Iuc., Houston Operations

b. MIT/Charles Stark Draper Laboratory

c. Lockheed Electronics Co., Inc., Houston Aerospace Systems Division
d. The Boeing Co., Houston, Texas '

The equations are reviewed by the GN&C Formulation and Implementation Panel

and their comments included on submittal forms where appropriate. The names

of equation submitters are included on the submittal sheet in each section.
Comments on the submittals should be referred to the individual submitter or

to the responsible NASA engineer. General comments on the document or proposed
submittals should be referred to the System Analysis Branch, Guidance and Control
Division.
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l. PURPOSE

The purpose of this document is to specify the equations
necessary to perform the guidance, navigation and control onboard
compute tion functions for the space shuttie orbiter vehicle. This
equations document willi provide as comprehensive a set of equations
as possible from which modules may be chosen to develop Part I
Specifications for particular vehicles, computers and missions.’
-This document is expected to be the source of any equations used
to develop software for hardware/software feasibility testing, for
ground-based simulations or flight test demonstrations,
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This document defines a baseline set of equations whiza
fulfill the computation requirements for guidance, navigatiouw
and control of the space shuttle orbiter vehicle., All shuttle
mission phases are covered from Prelaunch through Landing/Rcliout.
The spacecraft flight mode and the aircraft flight mods are ad-
dressed. Equations / *e included for the Mark I systems and Mark II
systems through the all-up shuttle configuation. Control of the
booster during launch is covered. The baseline equations may ble
 implemented in a single GN&C computer or may be distributed among
several subsystem computers, depending upon the outcome of cen~
tralization/decentralization deliberations currently in progress.
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3. APPLICABILITY

Tnis document is applicable to the guidance, navigation sand
control (GN&C) computation functions for the space shutle orbiter
vehicle. It specifies a set of baseline design equations which
may be uséd for the shuttle prograﬁ suftware specification and
hardware sizing. It defines the baseline equations for MSC G&CD

hardwarc/software simulation.

3-1



9. DESCRIPTIONS OF EQUATIONS

The detailed equations for the GN&C function. are defined in this
section. The organization of this section is tentative and will be
modified so as to present the equations as they are designed in as clear
a fashion as possible. As an introduction toc each major subsection
(usually a mission phase), the general GN&C software functions to be
implemented will be identified and, where appropriate, a conceptual
discussion and top level flow of the computations, inputs and outputs
will be included in order to understand and summarize what is to be
covered. This should be an order of magnitude less detailed than the
flow diagrams of the equations which come later.

A GN&C Equation Submittal sheet will introduce each of the GN&C
equation submittals and summarize the GN&C functions, and identify the

source and NASA contact for each.

The detailed data to be presented for each GN&C function within each
of the major subsections (usually a mission phase) is summarized below.
Although items 6 through 10 are to be referenced only in the equations
document, they are required submittals before the equations can be
approved and finalized for flight software development.

1. Functional Requirements

The specific functional requirements (from tne GN&C
Software Functional Requirements Document) which are
satisfied by the equations should be identified.

2. Functional Diagram

A brief functional explanation and description cof the
overall concept and approach. A functional block
diagram should be used where clarity is enhanced.
Inputs, outputs, and interfaces will be providéd.

3. Equations and Flows

Detailed equations and a descriptive text which guides
the reader through the flows of Sectiom 10 should be
provided. The minimum frequency ¢f the computations
shall be specified and rationale given or referenced.

9-1



4. Coordinate Syctem

The coordinate systems used shall be defined.

5. C(onstants/Variables Summary

Constants and variables shall be summarized in tabular
form with the following information:

a. Variables/constants symbols and definitions
b. Units

c. Allowable quantization

d. Range of values

6. FORTRAN Coding

The FORTRAN coding of the function for verification using
the Space Shuttle Flight Simulation (SSFS) will be
referenced.

7. Simulation

The SSFS specifications, description and user's guide
used to verify each GN&C function will be referenced.

8. Testing
Test plans and test results will be referenced.
9. Derivation

The mathematical derivation of the equations including
all mathematical assumptions snall be referenced.

10. Assumptions

The following will be referenced:

a. Avionics baseline system assumed
b. Reference missions assumed

c. Vehicle mass properties assumed
d. Propulsion models assumed

e. Environment models assumed

f. Error models assumed

The major subsections of this section are identified and partially
expanded in the following.



9.12 DEORBIT AND ENTRY

The Deorbit and Entry phase of the Shuttle mission begins with
the Shuttle performing the Deorbit Targeting for the Deorbit (or Deorbit
phasing, if required) burn and terminates at the beginning of tramnsition
to low angle of attack. The primary landing point and the required orbit
maneuvers have been determined from pre-phase planning computations. The

GN&C Software functions to be performed during this phase are:

1. Deorbit Targeting will be performed in the coast
period prior to the deorbit burn(s). Targeting
outputs (for a specified landing site input) will
include parameters as time(s) of ignition, initial
attitude for the burn(s), burn time, total AV
for each burn, IMU realignment schedule, time of
reentry, transition time, cross and downrange re-
quired, jet engines ignition time, and time of
touchdown. .

2. Orbital navigation using ground beacon or star/
horizon measurements as required to update Shuttle
. State prior to thrusting maneuvers and aerodynamic
entry augmented by available external measurements.

3. Powered Flight guidance resulting in commands to
autopilot (attitude), thrust vector controls, or
thrust throttle commands to achieve desired con-
ditions (state and attitude) for transition and
limit entry g-loading and heating.

4. Autopilot computations to compute reaction control
' system commarnds to achieve the proper attitude.

Figuie 1 displays a functional'flow diagram of the Deorbit and Entry
Software Functions.

9 012-1
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9.12.1 Debrbit Targeting

SPACE SHUTTLE
GN&C SOFTWARE EQUATION SUBMITTAL

Software Equation Section _ Deorbit Targeting Submittal No. _ 28

Function To determine the deorbit manuever as a function of entry range
and flight path angle,

Moduls No. __0G-5 Function No. _ 1,2.4.5 (MSC-03690 Rev, A)
Submitted by: Brand & Brennan Co. MIT No, 14
name
Date: 24 August 1971
NASA Contact C, Lively Organization EG2
Approved by Panel III KJ.Gx Date A4 [
(chairman)

Summary Description:_ This routine has been designed to step through
succegsive gsolutions (valid opportunities to fulfill entry condjtions
withidncongtraints), allowing the crew to make selection based on entry
cpossrange, time-to ignition, required velockty change, 1.8. lighting
conditions, urgency of return, etc,

Shuttle Configuration: (Vehicle, Aero Data, Sensor, Et Cetera)

This software is independent of shuttle configuration, Its utility
requires sigificant cross- bility,

Comments:

(Design Status)

(Verification Status)

Panel Comments:

9.12.3



9.12,1 Deutwbhbt Targeting (contdil)

1. INTRODUCTION

The large entry crossrange capability of the shuttle permits deorbit to a
specified landing site to be accomplished with a single maneuver. Since the re-
quired velocity change is smallest when no plane change is made, the equations
presented here are designed to target the Powered Flight Guidance Routines (Ref-
erence 3) for an in-plane maneuver. The ignition time for this maneuver is se-
lected to satisfy entry interface and landing site constraints with minimum fuel

expenditure.

If the shuttle had no crossrange capability, then an in-plane deorbit maneu-
ver to a specified landing site could only occur when that landing site, which ro-
tates with the earth, intersects the orbital plane of the vehicle. Assuming the
landing site latitude is less than the orbital inclination angle, and neglecting the
effects of precession, the landing site will intersect the orbital plane twice every
twenty-four hours. However, the time difference between these two intersections
is in general not twelve hours. In the case when the landing site latitude is equal
to the orbital inclination there will be only one intersection every twenty-four

hours.

Since the shuttle has a high crossrange capability, deorbit does not require
intersection of the landing site vector and the orbital plane. It is possible when-
ever the angle between the landing site vector and the orbital plane is less than
approximafely 20 deg. In general, there will be two sets of opportunities
every twenty-four hours. Within each set, there may be several deorbit oppor-
tunities occurring on consecutive orbits with varying crossrange requirements.
When the latitude of the landing site approaches the inclination of the orbit, these
two sets merge to become one. It should be noted, in addition, that if the landing
site latitude is greater than the orbital inclination, the landing site may still fall
within the crossrange ca;.ability of the vehicle. With these facts in mind, this
routine has been designed to continue stepping through successive solutions, allow-
ing the crew to select a particular deerbit opportunity based upon entry crossrange,
time-to-ignition, requir-1 velocity change, landing site lighting conditions, urgency

of the return, etc.

The desired entry range and flight path angle will be considered inputs to this
routine, since availatle data relating tn footprint size and shape, entry heating at
various ranges. and optimal entry flight path angle are only preliminary. In future
revisions, consideration should t 2 given to computing the optimum values of these
quantities for the particular situation.

9. 124



9.12,1 Deorbit. Targeting (cont'd)

NOMENCLATURE
a Semimajor axis
a, Alarm code~—failure in Av minimization loop
aq Alarm code—failure in Precision Required Ve-

locity Determination Routine

ap Semimajor axis of Fischer Ellipsoid

ar Estimated magnitude of the thrust acceleration
b Semiminor axis cf Fischer Ellipsoid

d Number of columns of navigation filter weighting

matrix {(set to 0 in this routine since the matrix

is not required)

d2cR Maximum acceptable crossrange distance of Orbiter
dCR Estimated entry crossrange distance

dDR Entry downrange distance

f Magnitude of the engine thrust

f ACS Magnitude of the attitude control system

translational thrust

fOMS Magnitude of the orbital maneuvering
system engine thrust

El Entry interface altitude (400, 000 ft)

9.12.5



9.12.1 Deorbit Targeting (cont'd)

Unit vector formed by the cross product of the
angular momentum and the landing site vectors

o

Unit vector in the direction. of el

1EI

\ . . .

kI First estimate of gy

. _ . . s

UEL 2 Z-component of the unit vector g (z -axis
assumed North)

i h Unit vector in the direction of the angular momentum

i LSP Unit vector in the direction of the landing site
projection into the orbital plane

in Unit normal to the trajectory plane (in the direction
of the angular momentum at ignition)

k " Sensitivity coefficient used tc compute adjustment
to time-of-arrival at entry interface

m Estimated vehicle mass

n Iteration counter

N ax Iteration limit

ey Integral number of complete revolutions to be made in
the transfer (set to zero in this routine)

Pp Semilatus rectum of deorbit trajectory

Py Secant squared of the desired entry flight path angle

P pFy Secant squared of the offset entry angle used by the
Powered Flight Guidance Routine '

To Precision position vector

9.12+6
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9.12.1 Deorbit Targeting (cont'd)

|+

ks ]
O

-El

Eig

{hg]

LS

TPFT
eng

‘B tail

Entry interfacz position from Precision Required
Velocity Determination Routine

Position of the impulsive deorbit maneuver
Entry interface position

Position vector at ignition

Estimated landing site position at the time of
landing

Powered flight offset target vector
Engine select switch

Switch set to indicate non-convergence of Pre-
cision Required Velocity Determination Routine

Switch set equal to one after the first pass through step one
Switch indicating which perturbations are. to be
included in the Precision State and Filter Weighting

Matrix Extrapolation Routine (See Reference 5)

Switch set when the target vector must be projected
into the plane defined by { N

Precision state vector time

Time of impulsive deorbit maneuver
Time-of-arrival at entry interface

Estimated time at which in-orbit position vector is

coincident with the landing site projection into the
orbital plane

9.18-2
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9.1@.L Deorbit Targeting (cont'd )

Desired earliest time-of-landing

ETL

t ig Ignition time

ty, Estimated time-of-landing

tiTL Desired latest time-of-landing

Yo Precision velocity vector

!'é Entry interface velocity from Precision Requi:fed
Velocity Determination Routine

YD Pre-impulse velocity

YEr Entry interface velocity

v ig Ignition velocity vector

YPFT Velocity associated with the powered flight
offset target vector

VRD Post-impulse radial component of velocity

v req Required velocity

-Y'req Required velocity on the coasting trajectory

VHD Post-impulse horizontal component of
velocity

6t nl Adjustment t) At ol

Ad ACR Increment added to the acceptable crossrange,
used in rough crossrange check

Ap v Difference between the predicted and désired py

9.12+8



9.12.1 Deorbit Targeting (cont'd)

Ar proj

at 12

at

At DE

At IP

Al

a0

€ .
PY

Out-of-plane target miss due to the projection
of the target vector

Transfer time (t, - to)

Transfer time (t, - t,)

Transfer time (t 3" t 2)

Estimated duration of the powered maneuver
Time-of-fligi.t difference between (1) the interval
from deorbit through entry to landing, and (2) the
time spent in orbit over the same total central

angle

Time-of-flight required to transfer through the
central angle 6 . '

Required velocity change

Previous value ofl Av l

Increment ip in-plane angle op
Initial increment in in-plane angle OD

Convergence criterion on A p_y

Convergence criterion on angte A8

Post-impulse flight path angle

Desired entry flight path angle measured
from the horizontal

Landing site longitude

In-plane angle between precision state vector
and entry interface

9.12-9
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9.12.1 Deorbit Targeting (cont'd)

LS

In-plane angle between precision state vector and
deorbit position

In-plane angle over which search is made to
find minimum deorbit Av

In-plane central angle traversed during entry
Angle between precision state vector and the
projection of the landing site into the orbital
plane

Previous value of QD

Gravitational parameter of the earth (product of
the earth's mass and universal gravitation con-
stant)

Landing site latitude

Orbital period

9.12-10



7.12.1 Deorbit Targeting (cont'd)

2. FUNCTIONAL FLOW DIAGRAM

A functional flow diagram presenting the basic approcach to the deorbit target-
ing problem can be found in Figure 3. In addition to the state vector, the primary
inputs to the routine are the landing site location (latitude and longitude), the entry
downrange distance, the entry angle (at 400, 000 ft) and the earliest desired time of
landing. Since the high crossrange capability may make deorbit possible on two or
more consecutive orbits, after each solution the crew has the option to recycle
the program to determine the next possible deorbit opportunity. To give the crew
the flexibility to evaluate solutions in the future without stepping through all earlier
opportunities, the earliest desired time-of-landing is included as an input. How-
ever, the vehicle is assumed to be in coasting flight until the deorbit maneuver,

and therefore the effects of any maneuvers prior to deorbit are not accounted for.

After the vehicle state vector is extrapolated forward to the earliest desired
time-of-landing, the solution process is initiated. This consists of three major
steps. During the first step the vehicl=2 state is further advanced until the landing
site, which rotates with the earth, lies sufficiently near the orbital plane so that it
‘is within the crossrange (or out->f-plane) capability of the entry phase. During the
next step an iterative process is used to select the ignition time for this aeorbit
opportunity which requires the smallest velocity change, thus minimizing the fuel
expenditure. Since the first two steps involve several conic approximations to
minimize the computer time used, the third step fine tunes the solution by gener-
ating 2 precision trajectory which satisfies the constraint on the desired entry angle
while accounting for gravitational perturbations and the non-impulsive nature of the
deorbit maneuver. After completion of this step the results are displayed to the
crew. They may then elect to accept tue solution, recycie the routine to solve for
the next deorbit opportunity, or exit. If they accept the solution, a few minor
computations are required to initialize the Powered Flight Guidance Routines for a
modified Lambert aimpoint maneuver.

To aid the reader in understanding the functional flow diagram, each of the
three major steps in the solution process is discussed in more detail below.

2.1 Determination of the Next Deorbit Opportunity (Step 1)

To determine the next possible deorbit opportunity, it is necessary to calcu-
late the inertial location of the landing site (which rotates with the earth) at the
time-of-landing. Then the angle between the orbital plane and the landing site can
be used to estimate the crossrange required during entry. To aciomplish this, an
estimate of the time-of-flight difference A tpE between (1) the interval from de-
orbit through entry to landing, and (2) the time spent in orbit over the same toia:

9012-11



9.12.1 Deorbit Targeting (cont'd)

central angle is used. Analysis has shown that a constant is probably adequate to
represent this difference since more p.ecise calculations in the following step will

compensate for any error.

Upon completion of the initialization process, the state vector is extra-
poiated forward to ihe earliest desired time-of-landing. Then the inertial location
of the landing site at the present state vector time, biased by the time difference
"‘tDE , 1s computed. This landing site vector is projected into the orbital plane,
allowing the in-plane central angle 91? between the vehicle position and the pro-
jectior: of the landing site 10 be Jdetermined.

ANGULAR MOMENTUM PROJEZTION OF THE

/ LANDING SITE INTO
THE ORBITAL PLANE

VEHICLE
POSITION

Figure 1. Out-of-plane Geometry

The conic routines can now be used to determine the time-of-flight Atlp
required to coast in orbit through the central angle elP . If the state was then
propagated through this central angle, its position vector would be aligned with the
previously determined projection of the landing site vector. Unfortunately, the
landing site will move slightly due to earth rotation while the vehicle transfers
through the central angle. Therefore, the inertial location of the landing site must
be recomputed, accounting for the time difference At DE explained previously.
Thus, an iterative process is required to precisely determine the location of the
landing site at the axpected time-of-landing. During the first pass through the de-
orbit targeting routine, the previously described steps are repeated once to insure
convergence. However, on subsequent passes no iteration is required, since the
initial guess achieved by extrapolating the state vector one orbit beyond the previ-
ous solution guarantees a small value for the time-of-flight correction At IP-

Assuming the deorbit maneuver is in-plane, the angle between the orbital
plane and the landing site location at the estimated time-of-landing can »e used tc
measure the crossrange required during the entry phase. If the crossrange is
within the capability cof the vehicle, the solution process continues on to the next
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9.,12.1 Deorbit T t (cont'd)

step. If not, the vehicle state is extrapolated forward one revolution to the next

potential deorbit opportunity and the process of estimating the crossrange is re-
peated,

It should be noted that the process used to determine the crossrange require-
ment is only approximate, and therefore a small increment is added to the tolerance
used in the crossrange check to allow for this. A small aumber of cases which
pass this check will actually lie outside the vehicle crossrange capability, how-
ever, a more precise check later will screen these out.

2.2 Ignition Time Selection (Step 2)

During this step in the solution process, an ignition time is selected which
minimizes the impulsive velocity change required. For these computations the
projection of the landing site into the orbital plane is assumed to be the real landing
site. Then, based upon the desired entry downrange distance, a target position at
entry interface which also lies in the orbital plane can be defined. This target
position is set 400, 000 ft above the Fischer ellipsoid.

DEORB!IT POSITION

'ENTRY INTERFACE
TARGET POSITION

ENTRY RANGE
LANDING SITE PROJECTION

Figure 2. In-plane Geometry

Using this entry interface target, and the desired entry flight path angle, a
search i8 made on the central angle 8p traversed between the deorbit maneuver and

entry interface to locate the position and time of the minimum Av maneuver.

9.12-13
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9.12.1 Deorbit Targeting (con'td)

Then the time-of-flight required for the deorbit and entry phases can be accurately
determined. Using this time-of-flight, an accurate calculation of the inertial loca-
tion of the landing site at the time-of-landing can be made, and the entry interface
target can also be updated. Tc preserve the central angle of the deorbit phase, the
impulsive maneuver time is adjusted. Then the ignition time is biased from the
impulsive time by half the expected length of the maneuver and the state vector is

extrapolated to this time.

Since the location of the landing site at the time-of-landing is now known
accurately, the angle between the ¢ bital plane and the landing site is recomputed
to precisely measure the entry crossrange required. Then a precision check is
made, and any solution exceeding the crossrange capability is rejected, thus
returning the routine to step one to search for the next opportunity.

2.3 Precision Solution (Step 3)

During this step a precision integrated trajectory from deorbit to entry inter-
face is generated which accounts for both the finite length of the thrusting maneuver
and the cffects of gravitational perturbations. Since the time-of-flight from de-
orbit to entry interface is known, the Precision Required Velocity Determination
Routine can be used to generate this trajectory. However, the effects of conic ap-
proximations in the previous steps and the finite length of the maneuver can cause
significant error in the reentry angle. Therefore, the resulting entry angle is
checked and if it is in error, a slight modification is made in the time-of-flight
from the deorbit maneuver to entry interface to adjust the entry angle. Then the
precision trajectory is recomputed. After satisfying the flight path angle constraint,
pertinent data relating to the maneuver can be displayed to the crew or transferred

to the Mission Planning Module.
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9.12.1 Deorbit T t (conttd)

Input state vector, target location, entr{ range, entry |
angle, earliest time-of-landing, acceptable crossrange| . ]

I
‘ INITIALIZATION
® (Calculate the orbital period

® Set t, equal to the earliest time-of-landing

Increment t, by the , ___-.._____-_____X_-

r orbital perio%.

® Extrapolate state vector ahead to t3

® Use At . (the approximate time-of-flight
differempe between the sum of the deorbit and entry
times-of-flight and the time spent in orbit over the
same central angle) to calculate the inertial landing
site vector at the estimated time-of-landing t g tat DE

) -

® Calculate in-plane central angle 6 between ve-
hicle position vector and the projeggon of the

landing site vector into the orbital plane

® Find the conic propagation time AtIP correspond-
ing to this central angle

Calculate inerfial land-
ing site vector at time Yes First
t3 + AtIP + AtDE Piss

No

t3 = t3 + Atlp

'

|

|

|

|

|

|

|

|

|

|
P

4

1

|

I

]

|

!

!

'® Recalculate inertial landing site vector at time |

t3 * Atpg !

I

i

|

|

|

I

{

!

|

|

i

® Fstimate entry crossrange by calculating the
.ngle between the landing site vector and the
orbital plane

No

Crossrang
acceptable
?

(rough check)

Figure 3a. Functional Flow Diagram
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9.12.1 Deorbit Targeting (cont'd)

Calculate the entry interface target position based on the
projection of the landing site vector into the orbital plane,
the entry range angle 8., the radius of the Fischer El-
lipsoid and the orbital pEme

® Search on 8p (the central angle traversed between the
deorbit maneuver and entry interface) to find the minimum
fuel deorbit maneuver

® Estimate entry time-of-flight based on entry interface STEP 2
conditions

¢ Update the estimated time-of-landing based on deorbit
and entry times -of-flight

® Recalculate the inertial landing site vector at the time-of-
landing and its projection into the orbital plane

® Recalculate the entry interface target position

® Update the time of the impulsive deorbit maneuver
to preserve the central angle of the deorbit phase

maneuver

e Extrapolate the state vector to the ignition time

® Recalculate the entry crossrange

Ng~ Crossrang

l
I
|
l
|
I
|
!
® Bias ignition time by half the expected length of the |
I
l
I
|
I
I
I
I

et acceptable (precision check)
0,
Nes_ o ______ 3
Use Precision Required Velocity Determination Routine to 4
compute a precision trajectory from deorbit to entry interface
_ Adjust entry inter- :
rCalculate entry angle y oy face time-of-arrival |
to give desired y El |
P
No STEP 3
I
I
t
FINAL
CALCULATIONS
i Yes |
~ept target- ’i |
i ?
Initialize Powered :
Flight Guidance |
+ 1
I
- EXIT |
|

Figure 3b. Functional Flow Diagram



9.12.1 Deorbit Iargeting (cont'd)

3. INPUT AND OUTPUT VARIABLES

ACR

t.
1g

Input Variables

Time associated with the vehicle state vector
State vector

Earliest desired time-of-landing

Latest desired time-of-landing
Current estimated vehicle mass
Engine select switch

Landing site latitude

Landing site longitude

Desired | inertial entry angle

Desired entry downrange distance

Maximum acceptable crossrange distance

Output Variables

Ignition time

Time of arrival at entry interface and time associated
with offset target

Offset target vector
Parameter defining the desired conic entry aigle

Integral number of complete 360° revolutions

(nr ev - 0 for deorbit)

Unit normal to transfer plane in direction of
angular momentum vector

Switch indicating whether the initial and target
vectors are to be projected into the plane defined

by the unit normal i N
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9.12.1 Deorbit Targeting (cont'd)

4. DESCRIPTION OF EQUATIONS

To minimize the size of the Deorbit Targeting Routine, extensgive use is
made of othar routines. Therefore, this routine consists primarily of simple equa-
tions, logical operations, and calls to other routines. Since most of the complicated
equatious requiring detailed explanation are contained in the description of the
other routinec, this section will be limited to a list of items not covered in the text
describing the functional flow diagram. These items will te listed in their order
of occurence, and are intended tn supplement the detailed flow diagram in sub-
section 5.

4.1 Selection of Perturbing Acceleration during
Precision State Extrapolation

During the first step in the solution process, which may require long term
state vector extrapolation, it is desirable to maximize accuracy by including all
significant perturbing accelerations in the extrapolation process. Therefore, the
switch Spert » which controls the selection of perturbing accelerations in the
Precision State Extrapolation Routine, is set to 2. During the later portion of the
routine, referred to as step three, the switch is reset to 1, thus limiting the dis-
turbing acceleration to the J2 term, the second harmonic of the earth's gravita-
tional potential function. Since extrapolation during step three is limited to the
interval from the deorbit maneuver to entry interface, the effects of smaller
perturbing accelerations are not significant. In addition, extrapolation over this
interval lies within an iterative loop, and thus may be repeated several times.
The simplified model can therefore significantly reduce the running time of this
step.

4.2 Selection of @ P Quadrant

During the discussion of the functional flow diagram, it was mentioned that
successive solutious to the deorbit problem (when successive solutions exist) are
about one revolution apart. To find succeeding solutions to the problem, the state
vector is extrapolated forward one revolution and then the in-plane central angle
f1p between the state vector and the projection of the landing site into the orbital
plane is computed. Analysis has shown that for some selections of orbital inclina-
tion and landing site, the correction to the assumption of one revolution may be as
large as 29°. A lower limit on OIP of -30° was chosen, thus allowing a small
margin from the empirically determined limit of -29° . The upper limit on OIP
is +330° . Large positive values for OIP only occur in situations where no solu-

tion existed on the previous revolution.

To determine O1p the following equation is used,

-1
6p = €O [unit(go)- i'LSP] sign [(_l:ox_i_'LSp) . -i-h]
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9.12.1 Deorbit Targeting (cont'd)

where
o ° vehicle position vector
. . . . ,
I gp unit vector in the direction ¢f the
landing site projection
i, = unit angular momentum vector

This places OIP between -180° and +180° and therefore an additional test, shown

in Figure 4b, is made to force OIP between -30° and +330° .

In order to make the first entry into step one compatible with subsequent
entries, the state vector is initially extrapolated forward beyond the earliest desired
time-of-landing tETL by one-twelfth of the orbital period, to the time t 3 where

tg = tpmp * 7/12
One-twelfth of the period is nearly equivalent to a central angle of 30° for typical
(near circular) orbits, and hence makes the first entry into step one compatible
with later entries.

4.3 Effect of Approximate Entry and Deorbit Times-
of-Flight on Fntry Crossrange Calculation

During the first step in the solution process, an estimate of the time of
landing is necessary to compute the inertial location of the landing site and the
associated entry crossrange. Since the parameters of the deorbit trajectory have not
been computed, the deorbit and entry times-of-flight are not known. To estimate

the landing time, a constant At is used to approximately represent the differ-

ence between the sum of the deorl?tﬁt and entry times-of-flight and the time spent
in orbit over the same total central angle. Preliminary analysis has shown that
if an average value is selected for this time difference, the maximum error will
be about 6 minutes. This analysis, described in Reference 7, did not include

- ariations in entry time-of-flight for the particular entry range, but further

analysis is ex ected to show this effect is small.

During the first step in the solution, this error will affect the calculation
of the inertial landing site vector and subsequent entry crossrange computation.
This effect on the crossrange estimate will be largest for deorbit from a polar
orbit, and result in a maximum error of less than 90 n.mi. To insure that potenti-
ally acceptable solutions are not rejected due to errors in the initial crossrange
estimate, the rough check on crossrange during the first step uses a test criterion
90 n.mi. larger than the acceptable crossrange input to the routine. In step two,
after the time-of-landing has been refined, the crossrange is recomputed and a
precision check is made. Thus a few cases which pass the first test will be re-
jected later.
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9.12.1 Deorbit Targeting (coat!d)

4.4 Velocity Change Minimization Method

Step two of the routine includes an iterative search to determine the location
of the impulsive maneuver which minimizes the velocity change Av. As shown in
Figure 4d,this iteration uses OD' the nentral angle traversed between the impul-
sive maneuver and entry interface, as the inaependent variable. A very simple
halving step iterator is used to search for the minitnum. Although this does not
converge quickly, it is safe and reliable. The more efficient technique of using a
slope iteration was not selected because analysis has shown that inflection points
exist in the relationship of Av and OD. Thesa~ inflection points would greatly
complicate any iteration designed to determine the minimum by driving *he slope
to zero.

4.5 Required Velocity Equations

The equations used in the previously described iterative locp to determine
the required velocity can be found in Reference 2. These equations, shown in
Figure 4d of the detailed flow diagram, use the initial vehicle position r D’ the
entry interface position r El’ and the desired entrv angle yEI as follows. First

the tangent of tie initial (post-impulse) flight path angle Y, is computed by
tany, = (1- rD/rEI) cot (9 D/2) - rD/rEI tan(‘YEI)
where op is the central angle between r D and Trr and also the independent

variable in the search. The semilatus rectum p ,, of the deorbit trajectory can
then be determined from

?rD(rD/rEI -1)

Pp 2 2
(rD/rEI) Py -(1+tany %)

The parameter p., . the secant squared of the desired entry angle, is computed
once during initialization of the routine.

The horizontal and radial components of the required velocity are then

Vgp * V“pn/’n

v

obtained from

RD v HD tan ‘,V1

The required velocity is then formed and differenced with the premaneuver velocity
to obtain the impulsive Av.

Xreq = YRD unit (ED)+VHD unit [(_r_'DXgD)XgD]
Av =

zreq b



9.12.1 Deorbit Targeting (cont'd)

4.6 Entry Time-of-Flight Computation (TBD)

In Figure 4e of the detailed flow diagram, the time-of-flight At 23 from
entry interface to landing is shown as a function of entry velocity, flight path angle,
and range. Functionalization of this time-of-flight will be included later when entry
guidance analysis is complete. '

4,17 In-Dlane Effect of Approximate Deorbit
and Entry Thres-ol-Fiight

As discussed in subsection 4. 3, the first estimate of the inertial location of
the landing site is dependent upon an estimate of the time-of-landing. A constant
time differer.ce At DE’ used to estimate the landing time, may be in error by as
much as £ minutes. This led to a significant error in the crossrange estimate for
a high inclination orbit. For orbits of lower inclination, where the movement of
the landing site can be neariy parallel tc the orbital plane, this same error can
affect the definition of the entry interface location used in the Av minimization
iteration.

The entry interface location, computed early in step two, is based upon the
projection of the landinz site vector into the orbital plane and the desired entry
‘range. After the minimization process is complete, the deorbit and entry times-
of-flight can be accurately calculated, As shown in Figure 4e, another calculation
of the inertial landing site position is made, thus removing the error due to the
A tDE approximation. To maintain the desired entry range input to the routine,
the entry interface position is recalculated. This new position will be, at most,
1.5° (equivalent to 6 minutes of earth rotation) from the entry interface us.d in the
A v minimization. To maintain the geometry of the deorbit phase, the time of the de-
orbit maneuver is adjusted accordingly so that the central angle from deorbit to
entry interface is preserved. This adjustment in deorbit time 6t ol is computed
from the following equation

6ty * [(—i'EIx—iEI)' -i-h]_zl;r—

where i'EI is a unit vector in the direction of the entry interface position used

during minimization, i El

tor, and 7/2n is the inverse of the mean orbital rate. The cross product of the

is the new value, ih is a unit angular momentum vec-

unit vectors is nearly equivalent to the angle between them, and the dot product
gives the proper sign. The mean orbital rate is used to calculate the deorbit time
adjustment from the angular adjustment. Following this adjustment to the impulsive
deorbit time, the ignition time for the maneuver is biased from the impulsive time
by one-half the expected length of the maneuver, thus ceatering the finite thrust
maneuver about the impulsive maneuver.
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9.12.1 Deorbit Targeting (cont'd)

4.8 Compensation for Oblateness and Finite
Maneuver Length

Step three of the solution process contains calculations which account for
the finite length of the thrusting maneuver on the required velocity change, and
cempensate ior the effects of the J, gravitational perturbation on the deorbit
trajectory. The Precision Required Velocity Det:rmination Routine is used to
accomplish these objectives, and the reader should refer to Reference 1 for a
description of the technique. That routine, however, is designed to maintain the
termiinal (entry inierface) time-of-arrival, and this ~an cause changes in the entry
angle, Preliminary analysis, described in Reference 7, has shown that the nomi-
nal entry flight path angle error resulting from the oblateness and linite maneuver
length is about 3. 2°, but can be as large as 0. 6° in extreme cases. Therefore,
to preserve the desired entry angle, the time-of-arrival at entry interface is ad-
justed slightly. Delaying the time-of-arrival tends to loft the trajectory and thus
increase the entry angle. An earlier time-of-arrival will depress the trajectory
and result in a shallower flight path angle.

To determine the time-of-arrival adjustment, the approximate senr -ivity
of changes in time-of-flight to changes in entry angle is used. Analysis has shown
that this sensitivity varies by a factor of about 13, depending on the characteristics
of the pre-maneuver trajectory. However, tle sensitivity uivided by the Jdeorbit
time-of-flight varies by a factor of less than 3. This variation is sufficiently smali
such that a constant can be used as the sensitivity coefficient for all cases.

To reduce the computations required to constrain entry angle, both here
and in the Powered Fiight Guidance Routines®, the secant squared of the entry angle
Py is used rather than the actual angle. In particular, no inverse trigonometric
function evaluations are required.

The sequence of calculations designed to reduce the entry angle error are
shown in Figures 4f and 4g. First the error Ap,y in the secarnt squared of the entry
flight path angle is comouted from the following equation:

L 12 —P
- w!! . . " 2 ‘y
1 [unit(._2 ) umt(v2 )]

Ap.y =

where E'é and z"z are the terminal position and velocity determined by the
Precision Required Velocity Determination Routine and py is the desired value.
If the error is too large, the entry interface time-of-arrival  t 9 is adjusted as
follows:

ty = ty -k, At;, ap,

*The Powered Flight Guidance Routines, gescribed in Reference 3,
use the same basic technique described here to maintain entry
angle in the event of off-nominal thrusting conditions.
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9.12.1 Deorbit Targeting (cont'd)

where k, is the sensitivity coefficient described earlier and At 12 18 the time-of -
flight from deorbit to entry interface. After adjusting the time-of-arrival, the
Precision Required Velocity Determination Routine is recalled with the adjusted
time-of-arrival and the results are checked.

4.9 Offset Entry Angle

In the process of computing a required velocity, the Precision Required
Velocity Determination Routine computes an offset target for use during the
powered flight. For the deorbit maneuver, the powered flight guidance also
requires an offset entry angle. This offset entry angle, actually the secant squared
of the angle, is computed from the following equation

- 1
- . . 2
1 'runlt (EPF'T) - unit (YPFT) ]

Ppry

where r PFT is the oifset target for the powered flight guidance and
the associated velocity.

PFT 18
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9.12.1 Decrbit Targeting (cont'd)

5. DETA:LED FLOW DIAGRAM

This section contains detailed flow diagrams of the Deorbit Targeting Rou-
tine.

Each input and output variable in the routine and subroutine call statements
can be followed by a symbol in brackets. This symbol identifies the notation for
the corresponding variable in th: detailed description and flow diagrams of the
called routine. When identical notation i3 used, the bracketed symbol is omitted.
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9.12.1 Deorbit Targeting (cont'd)

D__.. ta=ty+ T

Call Precision State Extrapolation Routine
(Ref. 5) I

Tor Yo' to- '3 _tF]’ 4 Spert
ro [zr)- %o [v]

UNIVERSAL PROGRAM
CONSTANTS CONSTANTS INPUT VARIABLES
Y.hpp 3ap. by M max’ €9 400" Yo' Yo' to’ ETL"
foms: facs 8dpacr: Spy” tLTL' ™ Seng’®Ls’
‘ AtDE. k‘.y ALS'yf"fI' dDR' dACR
—t————— e
Set f according to s eng T
a . L I
T m |
tan¥Y o = tan (‘YEI) |
2
P, sec (‘YEI) |
spert = 2 |
d = 0 |
INITIALIZATION
AtIP = 0 |
S,sp - O |
nrev * 0 ‘
rg = | Zof |
KTo | -
a =
T s 2 t/\lﬂ/as |

Input:
Output;

Figure 4a. Detailed Flow Diagram
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9.12.1 Deorbit Targeting (cont'd)

Y

' SV atp

L LT 7 '
No
Solution
]
FXIT

Call Geodetic to Reference
Coordinates Routine (TBD)

Input: L[] *1s [’] "Ls[ ]
)

Output: r LS [

iy, = v tlrgxvy)
»i'LSP' unit [(i LS)Xih]
op = cos umt(r ) - slgn [(r oXi'Lsp)- —h}

o oo O STEP 1
0p = Opp + 27

Call Conic State Extrapola-
tion (Theta) Routine (Ref. 4)

Output: At |At,

Figure 4b. Detailed Flow Diagram



9.12.1 Deorbit Targeting (cont'd)

tp, = tzgt Atppt Aty
ty = tytaty
Atip = 0

[]

‘ Coordinates Routine (TBD)

Call Geodetic to Reference

Input: tL[t "L’S[’]"‘Ls["]
r

LS,_

Output: r
|
ts = | Zrs |

_ -1
dCR = Ty sin " (i

1p Ips/TLs!

<~

(Figure 4a )

i = unit(ih XELS)
rsp = 1Xi,
) -1, [ . .

Aérp = cos ‘lLsp'-"Lsp)s‘g“[‘l'LsplesP’ lh]

bp = Op * %p

% = dpp/rig
BmOE= sm(OE)
cos 0 =  cos ( OE)

i'gr = ipgpcosép -,-:) sin 8

r = +h

EI N FI

1L~ (bp/ag) JO- g, )

Figure 4c. Detailed Flow Diagram
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9,12.1 Deorbit Targeting (cont'd)

6 = O'P. - OE
n =

OD =

ae = AOO

|

Call Conic State Extrapola-
tion (Theta) Routine (Ref. 4)

Input: o' Yo 601 6
Output: r [_!_jJ. YD [y_ aty [Atc

STEP 2

"
"

ED'

a.;
=
-

Yt

L]

(1- rD/rEI) cot (OD/Z) - rD/rEI tan ¥ oy

2 rll(rD/rEI -1)
Pp ~ (r/r )2 -(1+tan‘YT)_
D'TEl’ Py 1

~ / 2
VHD upPp/rp

VRD = VHD tan‘)'l
Veeq - VYRD “nu(ED)+VHDumt[(£DxY-D)x£DJq
A! = !req - !D
av_ = fav |

oy =0y +a9

- n =n+1
b =%
AVP = AV

Figure 4d. Detailed Flow Diagram
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9.12.1 Deorbit Targeting (cont'd)

Set Alarm
Code al

EXIT

A

No
Yes
Av< AVP
o
A6=-A0 /2
Y
—— - g 0| €,

No

Call Conic State Extrapolation (Theta) Routine (Ref. 4)

Input:  Lp [-‘Zo * Y reg [Y-o]' D [9]

At23 = f(‘YEI. Ve dDR)

tL = to*' Atol+At12+At23

Call Geodetic to Reference Coordinate Routine (TBD)

Input: t [t] ’Ls‘ [¢],ALS[A]

Output: LS [£
= umit (1, X1, g)
lpgp = iXiy
ipp = i, gp©co8 6 -1isinbg,
et * TEI ipr
- ; . -
sto = [Wpp X dpp iy 1=
Aty = At * Sty
t, Tty Aty
Atp = av/ ax
tg Tt atg /2
Figure 4e. Detailed Flow Diagram
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5:13:1 Deorbit Targeting (cont'd)
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(Figure 4a)
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Figure 4f. Detailed Flow Diagram
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p
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Y
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Figure 4g.

Detailed Flow Diagram
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6. SUPPLEMENTARY INFORMATION

As mentioned in Subsection 4.6, the equation necessary to determine entry
time-of-flight is not specified. This must necessarily be postponed until further
entry guidance design and analysis makes functionalization of this parameter pos-
sible.

The effect of different azimuths on the entry phase has not be considered in
this design. Since the crossrange capability of the vehicle is dependent on azimuth,
and thus may be larger in one direction than the other, this siould be considered in the
acceptable crossrange criterion. I addition, varying entry azimuths also effect
the required inertial flight path ingle, and hence it may be more desirable to con-
strain the relative flight patn angle at entry interface.

The deorbit target..:g technique presented here requires long term state
vector extrapolation to select a deorbit opportunity several revolutions later. The
accuracy of tt_3 ext spolation is dependent upon accurate knowledge of the current
state vector. Any errors due to imperfect navigation will tend to be magnified by
the long term extrapolation. Fortunately, the out-of-plane component of error
tends to oscillate, and thus can be expected to remain below about 1 n.mi. Con-
sequently, the prediction of crossrange for a deorbit opportunity several revolutions
later is not significantly affected by the expected state vector error. Mission
planning functions, which are sensitive to crossrange requirements, can be carried
out without being significantly affected by the navigation error,

The in-plane component of state vector error does increase during long term
extrapolation, at a rate of about 1 n.mi. per revolution. Therefore the targeting
should be repeated during the revolution prior to the deorbit maneuver, taking ad-
vantage of more precise knowledge of the vehicle state vector.

‘The deorbit targeting equations presented here are designed to target a
single minimum fuel maneuver which satisfies entry interface and landing site con-
straints. Since deorbit is the final major maneuver, it may be logical to use
all the remaining fuel to either effect a faster return or to reduce the entry cross-
range requirement. This could be accompl‘shed by (1) thrusting out-of-plane or
(2) using multiple maneuvers to place the vehicle in a phasing orbit prior to landing.
The first alternative could easily be added to the deéign presented here. The second
alternative, using phasing orbits to adjust the timing and hence inertial landing site loca-
tion, would require an additional logical structure to select the proper phasing
orbit; however, targeting for the final deorbit maneu—-er could still be accomplished
with the equations presented here.
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9.12.1 Deorbit Targeting (cort'd)
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.12 EntryGuidefics. | -

1. INTRODUC™ "ON

The fast-time integration (FTI) guidance approach was
originally developed for the MSC straight-wing orbiter reentry
vehicle as a candid-te guidance logic. The background study
leading to the development of the original FTI subroutine was
documented in reference 3. The details of the guidance
algorithm as it applied to the single-control variable
straight-wing orbiter appear in references 4 and 5. Exten-
sions and significant modifications to the original rcutine
have followed the decision to apply the method to the high-
crossrange vehicle designs. These modifications incluce the
‘addition of a second control variable with the resulting
capability of controlling not only range but also any other
parameter which depends only on the trajectory state varia-
bles. This report is intended to provide current documenta-
tion of the prediction, the sensitivity, and the guidance
equations. Also included are a functional flow cnart of the
logic and a listing of the current FTI subroutine. Prelimi-
nary simulation results appear in reference 7 which is a
collection of viewgraphs used for an oral presentation of
the method. Additional simulation results will appear in
future memoranda. A discussion of the relationship of the
FTI guidance approach to onboard optimization and to
parametric guidance methods is provided in reference 6.

The prediction and sensitivity equations :re presented in
Section 2. Seciion 3 discusses the control eﬁuations.
Thecnnnndxxxnxwideezxfnnctknmﬂ.flowcﬂuut'of‘ﬁnguhhuum com-
putational procedure and a listing of the current FTI subroutines.
(The listing is supplied for defimition of factors used, but not -
otherwise defined in the text.)
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9.12.3 Entry Guidance (cont'd,

SYMBOL

a

0

DEFINITION OR DESCRIPTION

Break fr:juency in damping filter.

Control variable used to shift the angle of
sttack profile.

Weighting factor used in minimum effort control

logic to scale relative magnitudes of Aa and
A¢

Drag coefficient.

Lift coefficient.

Constant in damping logic equal to e2T

Aerodynamic drag.
Determinant of ( ).

Surface gravitational cornstant used in
predictions.

Impulse response of the damping-loop transfer
function.

Altitude.
Instantaneous orbit inclination.

Constant used to define the range (heating
rate) error when minimum effort heating rate
(range) control is desired. See Section 3.

Gain in altitude rate damping logic.

Great circle crossrange distance.
Lift to drag ratio.

Vehicle mass.
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9.12.3 Enfry Guidance (cont'd)

SYMBOL DEFINITION OR DESCRIPTION

? Guidance sensitivity matrix defined by equation 3,1,

Pij Element from row i and column j of the P
matrix,

Q Reference convective heating rate at the stag-

nation point of a unit sphere;

3.15
q = 17600(?‘3/2('\7"')
B s

R Predicted downrange distance at the cutoff
condition; i.e., R = xf

L Earth radius.
S Reference area.
s Laplace transform variable.
T Guidance cycle time.
u Nondimensional horizontal velocity;
T . vV _Ccos Y
V.
v Total vehicle velority relative to a rotating
earth and atmosphere.
Ve Circular satellite velocity at 400,000 feet
altitude.
X Great circle downrange distance.
a Angle of attack.
a Specified angle of attack profile used in

guidance predictions and sensitivicy calculations.
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9.12.3 Entry Guidance (cont'd)

SYMBOL

")

DEFINITION OR DESCRIPTION

Reciprocal of atmospheric scale height in
exponential atmosphere used in guidance
predictions.

Flight path angle.
Sampled flight path angle.
Damping correction to bank angle.

Bank angle; vehicle rotation about the velocity
vector.

Assumed sea-level density in exponential
atmosphere model used in the guidance
predictions.

Instantaneous latitude.

Heading with respect to the original downrange
direction.

Earti spin rate.

Nondimensional ( ).
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9.12.3 Entry Guidance (cont'd)

2. PREDICTION AND SENSITIVITY EQUATIONS

The equations of motion which form the basis of the

guidance predictions and the sensitivity calculations are the

following.

L ] - r 2
vV = -%ﬁ Poe BhVZSCD - sin vy go(;-—§—5) - (rp ¢ h)w: cos? i
E
(2.1)
. 1 -B8h_2
Y ® 7av Po® VvV SC, cos ¢
g T, 2 (rx + h)w: cos2 i v

-cos vy |5 }‘;ﬁ; i} v (rg + h)

+ 2w cos i (2.2)
h = v siny (2.3)
. rE
X = T Vv Ccos y cos | (2.4)
¢ 1 -Bh ) : . . .
b = 3= p,e  vSC (L/D sin ¢) + 2w, sin i sin u (2.5)
£ - v sin ¢ cos ¥y < (2.6)
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9.12.3 Entry Guidance (cont'd)

Note that these equations include rotating earth effects but
are based on an exponential atmosphere. Computationally the
atmosphere consists of two separate exponential fits with a
contiwu s junction at an altitude of 140,000 feet.

The eqaations actually integrated by the guidance are exactly
equivalent to those above but have been transformed sub-
stantially to permit rapid and efficient integration. The
algebra of these transformations is tedious but straight-
forward and therefore is not included here. However, the
transformation procedure is itemized as follows:

1. Convert the dimensional equations to non-dimensional equa-
tions using the vehicle mass, the circular satellite
velocity at 400,000 feet altitude and the circular orbit

radius at 400,000 feet altitude as non-dimensionalizing
factors.

2. Change the independent variable from time to non-
dimensional horizontal velocity u by dividing equations

(2.1) through (2.6) by equation (2.1) and multiplying
the resulting equations by

dv 1
— = - ~ L | [ (2.7)
du cos y[i - Vv tan y g%]
() 4a
i.e. a() ., d& ° 7 dv (2.8)
' du dv/dt du :
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9.12.3 Entry Guidance (cont'd)

3. Factor the resulting equations extensively so that quan-
tities appearing frequently in the equations are evaluated
only once for each derivative evaluation. Although this
factorization renders thc equations almost unrecognizable
in the guidance routine, it is perhaps the most imporcant
coding detail to permit rapid integration.

In the guidance subroutine, the equations of motion appear
as follows:

D(1) = (TS6)[(T27)(LOD) - (TS5)(T26) + 2(T2)] (2.9)
D(2) = (TS6)[(VN)(T10)] (2.10)
D(3) = (TS56)[(T25)(T5)(T99)]} (2.11)

D(4) = (T56)[((T27)/(T7)) SIN(PPHI)(LOD)
+ 2(OMEGA) SIN (ANGLEI) SIN (XMU)] (2.12)

D(5) (TS6) [(VN) (T8)(TS)) . (2.13)

The factored "T" quantities are defined by the code itself
which appea- in the Appendix of this report.

Ao
The perturbation equations integrated by the guidance result
from taking partial derivatives of equations (2.1) to
(2.4) with respect to the quantities (L/D <os ¢) and CD .
These quantitizs are used instead of o nd ¢ directly t)
avoid algebraic sign reversals in the sensitivities as the
bank angle goes through zero degrees. The sensitivities to
(L/D cos ¢) and .0 C are related to the sensitivities to

D
o« and ¢ by simple chain rule differentiation; i.e.,
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9.12.3 Entry Guidance(cont'd)

3 ( 3( ) d(L/D cos ¢) 3( )
_rla = ’aTL/I% cos 3) 3a 5TC/D cos &) €°5 ¢

s (2.14)

(@

A e
C; )

2
D

) . d d(L/D cos ¢) _ 3( ) (L _.
‘5u'¢ WULL‘T\ cos ¢ T3 3TL/D cos ¢y (D 17 “’)

(2.15)
In the guidance subroutine, the perturbation equations
for (L/D cos ¢) take the form:
D(6) = (A11)(Y(6)) + (A12)(Y(7)) + PFLOD1 (2.16)
D(7) + (A21)(Y(6)) + (A22)(Y(7)) + PFLOD2 (2.17)
D(8) = (A31)(Y(6)) + (A32)(Y(7)) + PFLOD3 . (2.18)
The perturbation equations for CD appear as
D(9) = (A11)(Y(9)) + (A12)(Y(10)) + PFCD1 (2.19)
D(10) = (A21)(Y(9)) + (A22)(Y(10)) + PFCD2 (2.20)
D(11) = (A31)(Y(9)) + (A32)(Y(10)) + PFCD3 . (2.21)

The values of the aerodynamic coefficients CL and CD and

and CD ) are
‘ o ]
included in ti:e predictior and sensitivity integrations using

cubic spline approximations freference 2). Interpolation using

their derivatives with respect to a (CL
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9.12.3 Entry Guidance (cont'd)

splines is very nearly as efficient as using linear inter-
polation and provides accurate derivative information at no
cost. It was found that very simple polynomial approximations
for angle of attack dependence were too inaccurate to produce

a net gain in guidance efficiency. Mach number effects are
included using linear interpolation.

The crossrange equations (2.12) and (2.13) are integrated by
the guidance with the bank angle profile multiplied by -1 to
predict the crossrange capability that remains if the bank
angle were reversed at the current time. The crossrange
logic commands reversals when the reversed-bank crossrange
equations predict termination inside a shrinking interval
about the target. As a result of using -¢ in equations
(2.12) and (2.18), the value of ¢ from the crossrange inte-
gration is not fed into the downrange equation. Instead,

the value of ¢ wused in equation (2.11) is obtained as
foilows: '

D

v = a7 (L/D sin ¢) (2.22)
v = ~D/m (2.23)
g% ~ -1/v (L/D sin ¢) (2.24)

Assuming that L/D sin ¢ is constant over each increment of
velocity corresponding tc a single integration step

oo =% - (L/D sin ¢) 2n(Vi+1/Vi) . (2.25)

i+vi
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9.12.3 Entry Guidance (cont'd)

This simple integration provides a ¢ value of sufficient
accuracy to use in the downrange equation (2.11).

The value of the latitude used in equation (2.5) is calcu-
lated as in Figure 1.

A predictor-corrector integration method is used in the
current FTI guidance routine to perform the numerical inte-
gration. Four steps of a fourth-order Runge-Kutta method
are used to start the integration. The predictor is the
fourth-order Adams Bashforth formula and the corrector is
the fourth-order Adams-Moulton formula. Stepsizes are fixed
at 50 feet per second. The integration code appears as an
integral part of the guidance routine to avoid calls to
external and overgeneralized integration subroutines.

To date, no attempt has been made to strip down either the
equations of motion or the integration. The synthesis
philosophy has been to build from formulae that are unques-
tionably accurate enough and to do so with as much efficiency
as possible. Complete trajectory integrations are currently
being performed in approximately 2 seconds of UNIVAC 1108
execution time. It is probable that an investigation of the
following items would lead to a substantial reduction in
computation time:

1. Simplification of the prediction and/or the sensitivity

equations based on an order of magnitude examination of
the terms.

2. Increase of the integration stepsize.
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9.12.3 Entry Guidance (cont'd)

3. Alteration of the order of the integration formulae.
For example, with current stepsizes, fourth-order formulae
are probably not necessary., Elimination of the corrector
alone would almost halve the integration time. Other
investigators have recently recommended the use of
higher-order integrators with very large stepsizes to
improve efficiency. 7hese suggestions should be investi-
gated. It is anticipated that by using state-of-the-art
integration methods the integration efficiency could be
improved by at least a factor of two,
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9.12.3 Eatry Guidance (cont'd)

g9Q° 90 -H

// 90°-u°

c
g}ﬁg& % = CROSSRANGE
o>

A.H * 3 \ Bl
RANGE
90°-0_ A - SLANT
Al
u
Uo uo
= EQUATOR

9% INITIAL

INCLINATION

‘o INITIAL LATITUDE

u  LATITUDE AT
POINT B'

Figure 1. — Computation of latitude at point B'.
(1 of 2)
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9.12.3 Entry Cuidance (cont'd)

cran0 _ -~ ~
Sin A SIH\UG UOJ CCS ¢

sin 90° sin(90°-u°) cos u,

cos ¢ = cos X cos 2

A" = (180°-A) + A

cos (90°-u) = sinuy = cos c cos(QCo-uo)
+ sin ¢ sin(90°-u°)cos A"
s cos ¢ sin u, + sin ¢ cos u, cos A"

Figure 1. - Computation of latitude at point B'.

(2 of 2)
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9.12.3 Entry Guidance (cont'd)

3. GUIDANCE EQUATIONS

As currently coded, the FTI subroutine issues angle of
attack and bank angle commands based on the reference unit
sphere convective heating rate at a future point and the
downrange distance traveled when the vehicle reaches a speci-
fied cutoff altitude. It is apparent f. 1 reference 1 that
approximate temperature control can be maintained by speci-
fying an appropriate reference sphere heating rate profile
for the nose panel of the orbiter. The guidance algorithm
attempts to make the predicted reference heating rate at a
future point on the trajectory equal to a desired value
obtained from a specified profile. The prediction point is
determined by subtracting a fixed velocity decrement from
the current velocity. For example, suppose the specified
velocity decrement is 400 feet per second. At a guidance
computation which begins at a velocity of 23,000 feet per
second, the heating rate at 22,600 feet per second is
predicted. Also calculated are the sensitivities of the
heating rate at 22,600 feet per second to the current con-
trol values. Similarly, when the vehicle is traveling at
22,400 feet per second the predicted heating rate at

22,000 f=et per second is being controlled. Simultaneously,
the predicted range at the cutoff altitude is being calcu-
lated along with its sensitivities to the current control
values.

The guidance computes the elements of the sensitivity matrix
P , where
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9.12.3 Entry Guidance (cont'd)

3R 3R

P . 3@ W (3.1)
40 3
3

The sensitivities of R are evaluated at the cutoff condi-
tion and the sensitivities of 6 are evalu:ted at the

prediction time appropriate for the current guidance call.
Linear analysis leads to

g-E e

where AR and AQ are determined by differencing the predicted
and desired values of R and Q , respectively. The con-
trol commands are obtained by solving this simple linear
system simultaneously; i.e.,

s P . (3. 3)
Ad A

To first order, the above control law finds the control

pair which eliminates the range error and the heating rate
error simultaneously.

it is easily seen from equations (2.14) and (2.15) that P
is singular when 4 = 0 or ¢ = 90° . In the subroutine,
the magnitude of the determinant of P is calculated and
if necessary limited to a value greater than a preset
minimum. In addition, if the determinant of P gets small
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9.12.3 Entry Guidance (cont'd)

causing large control changes to result from 3.3, these
changes are limited so that |Aa] < 3° and [A¢]| < 10° .
This allows the ccntroller to make the next prediction with
a value of ¢ for which P 1s non-singular.

Since it is necessary to provide for upper and lower limits
on both angle of attack and bank angle, special control
saturation logic is used. Each forward integration is per-
formed with control limicing logic. For example, if the
controller has shifted the angle of attack profile so that
in some segment of the trajectory o exceeds its maximum
allowable value, the trajectory prediction and the sensi-
tivity calculation are made using the maximum allowable

value in that segment of the trajectory. Thus, all pre-
dicticns and sensitivity calculations are based on perturbing
the control only in regions where perturbations can be
tolerated. This represents another major advantage of
onboard sensitivity calculation. Other perturbation guidance
schemes, such as the adjoint variable methods, cannot easily
adapt to control saturation and therefore provide inaccurate
sensitivities in those regions. If a control is saturated
and if the change given by (3.3) does not cause the control
to leave the control boundary, the FTI control law recomputes
the other control variable change based on the proper
single-controi variable sensitivity. An examplec .ould help
clarify this simple saturation procedure. Suppose

@ =a  and Aa computed from (3.3) is positive. The com-
manded change in ¢ is then recomputed as either

A¢ = —?JB—— = A. or A¢ = AR = AR—
3/36 F% oR73¢ P

(3.4)
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9.12,3 Entry Guidance (cont'd)

depending on the control segment in which the guidance is
operating. Similarly, suppose ¢ is saturated and A¢
computed from (3.3) does not bring ¢ off its limit. The
Aa command issued by the guidance is then recomputed as

AC AQ . AR AR
Ao = -—ll—— = or aa = =
3Q/3a 21 5R/%a

(3.5)

Again the equation chosen depends on the current control
segment. Nocte that the recomputation of the commands during
regions of control saturation requires only an additional
division since the single-control gains are elements c. the
sensitivity matrix P which is already computed.

The control segments referred to in the previous paragraph
are defined as follows:

Segment 1 ~ From guidance startup at .05 g's deceleration to
a fixed velocity point. The controls in this
segment are calculated to eliminate the é
error with minimum control effort.

Segment 2 — From the end of Segment 1 to the point on the
trajectory where the predicted maximum heating
rate first becomes less than a threshold value.

The controls in this segment are calculated to
eliminate the é error and the R error simul-
taneously. If a control saturates in this seg-
ment, range control is dropped temporarily and

the Q error is used to compute the other control.
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9.12.3 Zntry Guidance (coat'd)

Segment 3 — From the =nd of Segment 2 to cutoff altitude.
The controls in this segment :zre caiculated to
eliminate the R error with minimum cortrol
effort.

The minimum effort criterion is used in regions where the
control of one parameter takes high priority over the otner.
In Segment 1, the objective of getting onto a desirable
temperature profile takes priority over range considerations.
Therefore, the quantity AR is computed as a scalar constant
times the required AQ and the constant is determined to
minimize the control change. For example, let the measure
of control change be given by

J = Aa? + cap? (3.6)

where C 1is an arbitrary weighting constant. Assuming that
range control is to be temporarily ignored, let

AR = KaQ (3.7)
Then
b - el
= p i . (3.8)
Ad %
or
ba = gerplP,, 83 - P K Q] (3.9)
s = pErpl-P,y 8Q + P K Q] (3.10)
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9.12.3 Entry Guidance (cont'd)

where DET P is the determinant of P .

Substituting these expressions for Aa and A¢ into J and
setting 3J/3K = » results in

¢ o F12Pa2 * PPy

!
.y 3 3.11)
12 11

+ ¢cP

It is easily shown that this value of K represents a rela-
tive minimum of J . A similar result follows if AQ is
specified as a constant times AR.

It has been found in simulation results that the minimum
effort criterion to specify the "uncontrolled'" parameter
results in excellent targeting in Segment 3 where heating
problems are no longer of consequence. Although extensive
simulation verification has not yet resolved the proposition,
it appears that Segment 1 may not be necessary. The advan-
tage of Segment 2 cannot be overemphasized. In that segment,
a desired heating rate profile (and therefore an approximate
panel #1 temperature profile) can be tracked while the
guidance is simultaneously solving the range problem.

Typically, Segment 2 covers from 5 to 10 minutes of trajectory
time during which heating considerations are important.
Neglect of direct range control for this length of time and

at the high-energy end of the trajectory causes a con-
siderable loss in targeting ability. Simultaneous control

of range and heating rate in Segment 2 is overridden only in
regions where the control saturates. These regions can be
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9.,12.3 Entry Guidance (coat'd)

minimized or eliminated by choosing realistic cont>ol pro-
files for the prediction integrations. The result is that
Segment 2 provides both path-type and terminal-type control
and appears to increase substantially the guidance footprint
areas over that obtained with a temperature-only control
segment followed by a range-only control segment.

One of the principal advantages of integrated predictions
lies in the fact that completely arbitrary contrcl profiles
can be assumed in the prediction. Currently the program
uses a constant bank angle profile and a variable angle of
attack profile of the form

a = b+ ap(ﬁ) (3.12)

wherte

a, () 50° U > 0.8

= 50° - 20° sin (75 (0.8 - 'ﬁ)) 0.2 < U < 0.8

L—

= 30° u < 0.2 (3.13)

The guidance adjusts the constant b to increase or decrease
the entire profile by the amount necessary to null the gui-
dance errors. The a profile choice was made to allow the
guidance to stabilize and still permit the pitchover maneuver
necessary to leave the vehicle at a small angle of attack at
guidance cutoff. The best choice of prediction profiles has
not been studied to date but it is anticipated that such a
study could produce improvements such as enlarged target
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9.12.3 Entry Guidance (cont'd)

areas, more nearly optimal trajectories, and reduced sensi-
tivities to navigation errors. The possibility of using
several parameters to specify the prediction control profiles
and of using the guidance tc adjust these parameters in flight
is discussed briefly in references 3 and 6.

In the FTI guidance routine, both the prediction bank angle
and the commanded bank angle are modified, if necessary, to
provide trajectcry damping., It has been found that at lower
angles of attack the delta-wing configurations have a tendency
to show altitude oscillations that are undesirable. These
oscillations can be overcome by using a simple flight path
anglc feedback. Since low frequency flight path angle

changes must be permitted, a simple high-pass filter in the
feedback loop is suggested. The bank angle command is used
for damping. The feedback loop has the structure

¢

guidance ¢commahd

*‘Q HOLD ...lm'm\m cs |

](05 ZERC—-
te—| ORDER
S+a HOLD
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9.12.3 Entry Guidance (conu'd)

bk
The transfer function from the sampled flight puth angle

y* to the bank angle correction 6¢ must include the dynamics
of the hold and is therefore given by

K.s|
G(Z) = fTSL - 1 Z [gggzj (3.14)
Z -1
- K, &3 (3.15)

where d = e*T ; T is the sample period, and Z represents
the Z-transform. The inverse of G(Z) is

Ko for n=(
g(nT) = n-1 (3.16)
Ko d (d - 1) for n>1

Using the convolution summation, the correcticn 8¢ (nT) is
obtained as

s6(aT) = D y*[(m - m)TIg*(a) (3.17)

n=0

The choice of an appropriate value for the filter break
frequency, as based on the frequency of the undesirable alti-
tude dynamics, results in a rapidly converging series. The
guidance uses four terms of the series with approximately a
3% error due to truncation; i.e.,

60(t) = Y*(t)Ky + Y*(t - At)gR(t - 2 At)

 yR(t - 2 At)gh(t - At) +y *(t - 3 At)gh(t) .
(3.18)
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9.12.3 Entry Guidance (cont'd)

This simple damping logic using three backpoints from pre-
vious guidance passes has proven very effective in smoothing
the altitude-velocity profiles. Since the damping is incor-
porated into the prediction and sensitivity calculations as
well as the commands, no degradation of the targeting accu-
racy is produced.
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9.12.3 Entry Guidance (cont'd)
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9.,12.3 Entry Guidance (cont'd)

FUNCTIONAL FLOWCHART

START

YAS

DEFINE DOWNRANGE DIREC-
TION USING CURRBNT R-V
PLANE

IS
DECELERATION
Surs [CIBNTLY
HIGH

'

INITIALIZE STATE
VARIABLES FOR IN-
TEGRATION

[ _sex comrmor wone |

TAKE RUNCE-KUTTA INTE-
GRATION STRP

18
VELOCITY AT A POINT
WHERE CONTROL
SENSITIVITIAS

SAVE APPROPRIATE
SENSITIVITIES FOR
CONTROL CALCULATIONS

HAS CUTOFF BEEN
REACHED

TAKE PREDICTOR-
CORRECTOR INTEGRATION
STEP

INTRERPOLATR STATES AND
SENSITIVITIES TO EXACT
CUTOPF

COMPUTE LINEAR SENSITIV-
ITY MATRIX 'U UsInNG

SENSITIVITIES SAVED
DURING INTEGRATION

SET AR = u'&um
COMPUTE K MINI-
MIZING , 2 | o002

:

SET 4Q > KoR AND
COMPUTE K FOR WIN-
INIZING 4,2 o caq?

90 1 2"60

SUBROUTINE FTI

LIMIT CONTROL CHAMGES
KEEPING TMEIR RATIO
F1XBD

SET 4s =
1P MODE

“e o

T

1F NODE =~

ng =

u‘: v :“5‘

~

IS ¢ SATURATED
AND
A& WRONG SI1GH

18
PREDICTED CROSSRANGE
LESS THAN SWITTH
VALUE

N



SUBROLTINE FTP
INTEGER STYPCNT

INTEGER OER1lV , ENDPY , GUIDE T T

REAL X2(12),K2012),K2(12),K4(12) _ o _ o . e
RERL 40 « LOO ~

REAL wSAV o
T DYMERSYON DUI2V,Y(12), YHAT (I27,BKPY1(12Y "

DIMENSION BKDRVO(12) ,BkDRV1(12),BKORV2(12),BKNRVI(12).RKORY&(T2Y

ASSIGr &3 TN “FP1lV

T DIMENSTION YSAV(IL2)
OXMINSION SA 111,551 , o .
BIWENSYON SPI cND (301, vENN(S)
DIMEMSION vaTI:3)» RYV(R), DDRLHT(N) ) e o i - e
CURON/ENVC W/ 680}
COMﬂONIACY%ECIlCY(szj_“wﬂ‘_ﬂ_““_Mv*nnw“__ﬂ_“_ﬂw_“__ o o e
 COMMON/LECCOM/XLEC(smy0Y e e .
COR/FTIO0D)
COMMON/ENTCST/ENTL10) e i
TEWJIVALENCE (GaMN& , Y({))
L EQUIVALENCE (WN_ o, Y(2Y L . L o o
TESUIVALENCE (PsY y Yia))
EMUIVALENCE (CL s ENT( 3)) . o o e e
- VALENCE y ENTU 207
- E‘"lVALE“CE_LS"___h_,__J ENY S 3 e el . I o . .
TEMIVILENCE (w y FNTC &))
o EQUIVALENCE (LND o ONTC S8)Y o L o
w0 EQUIVALENCE (VaTi(1) ’ lT( 3))
W ____r_ggg*m;sg;x;'n - ACT(84)) ——— -
~ VALENCE (DORLDY (1) » ACT(1g0)) -
L EQUIVALENCE (ALTUDE =, AT( &)) i e
& EDUTVALENCE (TT™EX » XLECC 1))
EOU’JVDLENCEH {Pria ’ F(921}) e _ ~ o o .
EQUIVALENCE {ACCYN » FL93))
EQUIVALENCE (PQDOT v F(94)) _
LFNC n ' P )
) ___‘E,ill‘l,*v_ag_t_gﬂgg (TN ' F(9¢)) . e - —
1PasS/0/
) _ DATA DLTV/400,/ e ) o o - L
CATA (SA(T)rI=1s11)
- 1 ,!%g_1_322%%46%%299&%§22ﬂ94i1§§29p-'lauoon-lxqbnO”-9?5“an11 L
2 (1.1 2 .o 350000,/
DATA (55{1),131011) L e
1 71116,,1020.,965,,9¢5, 11080,0108(,,1088,,904, "ise,.ony..lnss /
__ ___ _GATA (SPLSNDIT),i=1,%0) B o L e e o
17 7-96,, «1%,3307, +15,3307,
2 =87.3917, 435,9846, ~3,59284,
t -36‘?‘?1““733755F3. 23732627?‘ - -
[ 67,2686, 147,372, «99,6370, e
T8 3%,Y9Ay, <37, B8E7, -i.7ur35. T ) T T e T
6 ~30,8163, -u.??saa. -, 809804,
T T Y04, %89, =iN0. 2044, 36,.Y10Y, T T ) T T e T
8 «70,0276, 32,4503, 1.57732,
9 - V. Xa8120, 29.2089, 6-11!!"
* 104,927, 92,38%Q, 46,1730/ L e L
DATA NSND/11/ ) ) - T I -
OATA MENS /117 ) L B L _ i



ASSIGN 300 TO FNCPY
ASSIeN 800 YO sUIOE
Co00es30000e0000a00s80 0 s edtn S0 00 Rt st Rnae ettt geddtgatsatgteny

-

c INITIALTZ2ATIOY FOR INYFEEAYIO "~ — 7~ 7 -
C - vt o ot s [P
C FINU NORWMAL YO CURBENY Rey FLANF e T T
c - [
| TTTORLL CEASSIRIV VAT Fadyy T T T T e

IF _(1IPASS NE, 0) 60 710 20

Tt T T FWZNYY 3 8., Ty T B

29-2L6

-
C ERECT UNIT VECTOR THROUGH NORYTH PoOLF
Fiag) = 0,

__Flag) = 1,

c

- TOMPUTE INITIM, INCLINATION

S180 = ACOS( NOTIF(an),Fing))/aABVAL(F(83)))
WoE = 0
S2agxe

$ 3 0,
_.C_COWPUTE INJYIAL LATITUDE

XMUG = 1.5707963 = ACNS( DOTIF(RE).F(86)) 7 (ARVALIE(SE))))

. BIaA= ASIN( €OSISIEO)/CAStxm®0yY }
PN!S‘N s 3.

IPASS = )
€ VOp AND SyTvA@ ARE CROSSRANGE CONTRoL CONSTANTS,

SWTMAG = 1000.
vOn S 1,0 e
C C1 AMD €2 ARE INTEARRATION CONSTANTS,

!

—§— 5102
H l./l.‘oo

’ NoN=D T TINALTZING COMETANTS,
_R0=2,1326428E407

Vos 2,.869006£400

oS 009.,028/32,174

vEL DEnSITY ] ToMaLTIEY,

N
TRHONO = (,07647eR0ens) / (32,1748M0

¢ ALPM A T T lluﬂlViE%!_Fﬁ%'lNOLt oFf ATYAcKk,

C THE PROGRAM ADJUSTS THIC VALUE BAGED ni¢ THE PREDICTEN MAX HEATING

Te TRAYE, YTRiI§ 15 AN INITIAL TzING VLT, Tt T
ALPMIN = &%,.7%7,.3
PHIM D= F( ) -

Co98008000090¢08490080088 400, 0g00y 800, 90u00q0a00000000000,800,0000090080

_. € DEFINE DESIRED RAMGES NETWEFN THESE STATEWFNTS
c
DESANG = 7000, +6076,097/R0O

DSABCA = 1200, ® 507¢,097/R -
c B N e e - — e
T CTOTFINE DESIAED RANGES BET.FEN THESE STATEWNTS
¢

COP0000000800e00.80200¢0 00800080 s, BeS 80400 et+0taonenetPuenttoattatotions

g

AR

i

ShushTAD AHAd

(blﬁﬁoob

|



C PXR IS THE CROSSRNG VALUE FRNW YHE PREVINUS CALL,
C PRNG IS THE DOWNRNG VALUE FROM THE PREVINUG CALL,
T PXRz0, T T T T T e
PRNG=0,

e —_e
C

SN= g /R0en2 I
I0VPTH = 20

OMEGAN = 7,29211808E<~S » Ry / VO
REN RE /R0

D KITE €216

“REGULAR PASS L06TC

N
>
(2]
Q
¥4
-t
-
&
b |

-

(2]

_TWO PIECE EYRONENTIAL ATOSPHESE NATA”

BETA 1,/26200,

|

|

|

i
Bouw

RHOND +0010848 ¢ ROSeY / MO

180000,

|
|

___ATMOSH
m l. ; 213“.

RNONO 2003346 ¢ ROe®*3 7/ mO _
PHY=PHIHLD
ACATK = F(88)

t

(F13400

¢

"CPYIY 1S THE VALUE oF DV/DT ON THE PoEVIOUS CALL NONDYWENSTANAL TZE0, —

C COMPUTE CURRENT INCLINATINN
TFLAE =0

sle = ACOS( DOV(F(u3)sF(ub)) / ARVAL(F(4®)))

PTi9 =0
"_—Fﬂlgii'E"—#Tﬁi'""’"'v_'“"' - T/

INITIALIZATION KEY
SYXRA = SIN( CﬂO§§RANOE ANGLE )

GAMMA = CURRENT FLIGHY PATH ANGLE

ALY = CURFENT ALTITUDF (NONaDIMFNGIONAL)
XRA = CROSSOANGE ANGLE

xR CROSSrAMGE (NONNIMENSTONAL Y

SDRA_ = SIN( DOWNRANGE ANGLE )
BSA u OOWNRANGE AnGLE

RNG_ = DOWNRANGE (NON=NIMENSIONAL )
MDA = TROSS RANGF DEVYATION ANGLF
Flae)

ABS(F(23))

ﬂﬂlﬂﬁv‘)ﬂﬂﬂﬂﬂﬂ

CoS(1.5707983.5rA) » cOS(1.5707963=Hra)
ASIN(SXRA}

AT TAN(XRAYT & YAN(1,5707963=HDA)
DRA = ASIN(SDRA)

IF(SRA,GE,1,5707963)1rRA=3, 1815026=DRA
PNG = RF « NRA / RO

XR = AF & XRA / RO = §GuU{F(25T)
CALL UNIT(RIV,F(ST))

‘‘‘‘ CRLL UNIT(VAYY,FT8dYY
Yi1)= ASIN( DOT(F(57),F(60)))

YU2Yz ALTUDE « 3,2808% 7/ RO ’ T o
Y(37= RNS

YIXY= Xn -
PYazy(n)

YIS)V=ATAN{ (XR=PXR)/(RNG=PrRNG) )
IF( ANS LE, PRNE ) v(a) = (3,141%026<ATAN(ARS((XR.PXR)/(ANG=PRNG
1 ))))asas (¥)



PYXR=XR
PRNG=ZANG
Yisi= o,
Ytme= o,
vin¥z o,
Y(91=0,
Y130)=0,
Yi11)=0, .
MMA
PE23GAMMA

,ﬁ‘ €216

3 A
APRXHD = Yis) ~ A
RLMD = APRXHO

792 = cOS{ APRXWOD)

T YA = ABVALIVATYV & §,28083 /7 Vo o

|
!
|

_ € DESE0 IS THE DESIRED HEATING RATE _
' DESG0zel, + 7100,8(n,980=VN)

) 1 d 207, 65, ) DESQD = 35, ——
MY. o dSOF = 110,08V = 12,

IFL YN 6T, ,865) MoDE = 3

st o vt e = e e . A SRS,

|
|
|

TP WN LE. .868) MOPE = 2

I

CUTOPF = 100006, .
X "= vnecOoS(Y (1))
_REN_» WN

(p|yugo) TOWEPLLD

|
|
792

_ € LOAQ VARIABLES FOR PRINT aND PLY
[

2 32,178 ¢ ‘ATN/R)ee2 & RO / VOse?

Tiwgx s vO /7 RO

TI%EX

e

> RNG & RO / 6076,097

FI65; = XR ® RO / 6076097
F166) = VN

- FL6T) = ALTUCE & 3,28n83
F(67) .67, ATHOSM) ¢0 To 30

BEYA 3 =a%ht o
. N

30 CONTIMUF
FLe8) = ABVALIVATI) & 3,28083

".’! 3 ABV%&(DORLD?) s 3,28083 /7 32,178
2 Y(1) o +29%79%

_ FU73) 3 Y(8) & 87,29879s
FUTE) = F(9) »

s s 37,298748
FL75) 2 F(8) & 57,29579%

FlTs) = BIA
FITS) = PHISEN

tF {E(62) LT, U, 0%) 0 TO «60
__ 1F _(Y(2)%R0 ,LT. CUTOFF) 60 TO &80
=0

€ PQDOT IS THE VALUE OF THE vax, HEATING PATE ON THE PRFVIOIUS CALL

TT 7T IPT PGAY 6T, BESAE +15,) ALPHIN = ALPMTN & 2,.757.%

IF{ PANOT LT, PESQD+S,)ALPMEN = ALPVIN = &,/87,%
TFU ALPWIN LT, 20,7<7,3) aLPWIN = 29,/%57 ¢
IF(ALPYIN .GY, 80,/57,21 ALPUI-z4n,/57,3

PODOTRO0 .-

Cot0eette000uettatttsts®eitntatnn 808,800040¢008000032+880g80nyatsatpgians

ps hat.

LS

. i wﬂ"j




g RUNGE KUTTA LnoP

COBRP #0000 et st 0att 4ttt tits 088,000 0asalingttusttPasttagsttadgdnnt
S0 y=1

|
|
|
|
t
|
|

F2L6

~° € THE PURPDSE OF IDRVCY 15 v0 PRAVINDE A FLAG TC SROWIBIY vH¥ CALTULATION
C OF SOME QUANTITIFS IN TUE OERIVATIVE SECTION oN ALL FuALuATIONS

€ EXCEPYT THE F1AST ——
IDRVCT = 0

T T TTTTTeo Yo beRIV.T T T T T "_
68 DO 65 JKW=1/NEQS

JXw) = Bl Kw)
IFL STPCNTY ,GF. 1) AN TO 67 L
COOT =17600, * SGRY(TZeRHONO/TRH 10) ¢ yNee3, 15

wepinDl AL{ud| €

_ uﬂ!TanoSOOO) ¢0007Y .
3000 FORMAT (1N o 13W~TMRENT @DOTx,E20,6)
Fla9) = copoT

1
|

"7 67 CONYINUE ‘“
SS@N = 119/ARS(Y19)

“‘""-50 JUO%SSGN
= X + 0,58H

| (piaudo) |33

UF 70 JKW=1sNEQS
70 5ﬁJ1U) 2 YIJXW) > 0,S«Hex](JKWw)

=2
G0 YO DERIV

T80 DO 85 UKw=1,NENS

O uth(!t- (W)

v -~ S0 Y5 BERIV
éE 90 DO 98 JXWELNEQS

T KIS e) = DKW -

a5 YIUXW) = Y(JIKW) = 0,5+HeN2( KW} + HeK3(JIKW)

* "X + 0,5eH el o

8

- T ——GU_TE—UENIV
109 DO 193 JKwm).NESS
TTKETRwI s B

W= JXW)
105 YIJKW) = Y(JKW) = HeKI(UKW) ¢ Heo 166666668 (¥11IXW)I 47, ,3K2(IKK) 42,9

1 ”"uatauw’iiutauu»»
PNR X/COSGANMAY

V = yNsVO
C 4PRXMD IS THE MEADING USEN YO MoDIFY THE DOWNRANGE PREDYCTION
T RPRXHD = APAXWO

X = + LONaTEeALO0GT (Vesn,)/V)
i o IF(ABS( APRXMD®S7 .;) 67,8%,) APRXHD=S, /57, 38SGNIAPRXHN)

T Y99 = coS( APRX:
IF( v(2)s20 7T, ssoooo.) eo Yo 860

IFT (F(66) - WNJ .67, TY/Vn) 60 VYO 110
- ca;guthtxou OF SENSITIVITIES | ron PATH CONTROL, - L
SENSL, = V(& _

SENS2 = \ %A

SENS3 = v(8y T T
SENSa= Y(9)

3 |
SENSG6= Y(11)

= 17600, » SORT(TYeRNONG,TRUONG) & Viiee3, 1%
SENSAN= «1760N.8(BFT1/2,)+cART (TISRHOND/TRLONN) SVNea S, 15ePA
SNSINEz  SENS-MeSEMNSH




SNSQD2= scusan.sn Se
SVeD = Q007 o e
110 Cﬂﬂ‘!wt
P63=P62 il e o o
‘Pe22P6l
PO1=GAMMA o . s i
ALT = HN s RO
IF ( ALY LT, CUTOFF} GO TO ENDPT . _ e
I¥ hu 26T, ATWOSH) 50 TO 318
__ __ BETA__ =z BETA2 . i —
WHONG = RMONO2
115 CONTINUE B
™ = IN ¢ H/T19
CPALYT = ALY
T T STRORT T STRONY ¢ T
) IF {719 ,8E., PY19) 60 TO 120
’ PYI9 =719
ACCYN = VN
130 ODOY = 17600, ¢ SORT{TIsANOND,TRHONO) ® VNee3 18
____1F (QDOTY LLE, | pooon 60 T0 325 o
POOOT = cpof
QDTYN g VN o
- - *“IW—_

__. IF ISTPCNTY ,EQ, 47 GO YO 3%g ) N
00 &0 Jxv-t.nres
— e . BKPTL(.JKW) = Y(JxW) . . . e . e
almvu.un- Bxbﬂvouvn

)

|

|
|
|
|
|
I
i
|

|
I
\
]

l
|
|

o) | SowepfnD Axjugl €°ZL'6

|
(pj3ud

N UY') umvzw«u) = )1 (JKw)
= *_f__g,ruo_._ﬁ

™ 38 00 158 Uxw. 1 NFOS

g RKPTL (uxw) = yviJIKW)

155 HKDRVI{IKW) = K1(UKW) o o T T -
C99030500089858048 8208008000908 ,982,08400205000200090%0,80028004090g0n _
c
¢ PREDICYO®
[

_CO00astRes28.22a 840208000 0e 0P 092,000 000 00880 t000 ettt Rttty tgsane _ ~ B ) ‘ B o

160 J 8

!MVCT =0

1v
17 CM!M
TSN 3 719 7 ARS(T19)
__ H=80,/y0eSS3N o L
DU 380 UXw=1,Ng0S
YHAT(UKw) = YU IXW) o utcuuvol SO (JIKW) =277, 8BKDRV) (JXW) 426164
1 PCORV2 (JKaT=10Tueecu~0y 281 . (YRITI)
180 BRDRVO(JUKN) = NiMW) L L _ o -
C'o‘i‘a'oat’i'-iiii'.'ioi‘tiii’fo“?"i;ﬁft};t?’ttiiniiizci-ﬁa;a.iiﬁitc---to-ti?;‘ia
C
o T €nRRECTOR T - -

T S 00a 8P a0 s e Bt RNt SRR 00000 . 000 . AP e Ng Bt et Pn e 00t atanE
X=X eH S el -
IF .67, 1.5) sTop
N0 190 JXwW=1,Nr0S R —_—
YSAVIUK ) = YL )

-



190 Yiuxw) = YHAT{JKY)
J

= 6
GO Yo OFRIV T
200 DO 205 UKw=1,NFOS

205 Yi{Jkw) = YSAVIJURWY & viaCle¢{uT8.,+01IKW) ¢ 1057, «BRPRYO(UNY) - 796,23
1 UKDRVL(JKW) ¢ 882,4BDRV2(JKW) = 173,¢BKNPYI(JKY) & 27,9

i
|
|
|
|

2 BXDRvVa (UMW)
VNS X/COS(GAMMA)

KUy | €°21°6

i
|
L

V3 ¥N e VO

ian)

APRXMD = APRXHD ¢ LONST6eALO0GL  (¥eS0,)/V)
YFTARS | APRIWHSSTY . 3) ,67.50, ) APRXHOESN , /57, 38SaN T APRXHT)

S o
Y99 = COS({ APRXHD) o _ B |

IF (v(2)sR0O .67. 350000,) GO TO as0 g

( _ I Y
Cot000000000003038 880800008008 E8 g, 800 S0 ARBL PN ndntPuan e e ity tgBads —

—— (4 . — N o 1

- T TTIPU(FT8EY = VNY &Y, DLYV/Va) €0 YO 21n S
€ CMCULATION OF SENSITIVITIES FOR PAYM CONTPOL, o =
1 =z Y(6) iy

... SENS2 =W(m} ) -~ e ~—

SENSS = Y(8)
SENSy= YI9)

SENSS= Y(10. — -
NS6=_YI(11)

... __ SENSpz= Y ——— SN
o GDOT = 17600, ¢ SERTITIsRMHOND,/TRHONO) * Viaal, 18
SENSQD= =17600.2(BETA/2,)*SORT (TISRHONC/TRHONO)SVNgs 3, 15RO

U $Vao = oooOT

- S s NSQD&SENS 2

v = SE! NSS

45§____u_219 CONT INUE S
4 = WN & RO

IF (T19 .6E, PT19) 60 To 220
PY19 = T19
ACCYN = VN

220 ?gﬁf’ 2 17600, * SGRY(T3sRHOND,/TRHONO) * VN2e3,15
_ to00 E, PADOT) 60 TO 230 .
— TEDeY g‘booi

QDTYN = VN

230 CONTINUE

1
_ _PegzeAmma

C
€ CHECK FOR SIMULATION TERMINATION _

IF (ALY .LT. CUTOFF) 0 TO gMNDFY

7 TF (ALT LAY, ATPASUY 70 VO 280
BETA = BETA2

77T 7T RRONO = RMONO2 o T
200 CONTVINUE

TTTTTTT YN T = TN e w789
co.oooo‘t.oao..o.oon--".nngc.to..-et,!t.OOQO.ct'a-ott“a.octg.t-ttttat-

.%-929!7?.5!08!95-

D0 250 UXw=1.NEGS

PALTY = AT




BRORVu{JXW) = RKDRVI( jKu)
____ BEDRVI(JK¥) = AKCRV2( Kuw) o S
BXORAY2 (JXW) = AKLRVY( IKv)

O
HKORVL(JKW) = AKDP' J(uKv ) S o _ . I L *
280 BKPT (Unw) = viJkw) ~
STPCNT = STPCNY + 3 L N N

60 T0 160
___C'ff:g“tﬁgoo.ggsgztycof!po,o-f}g,::o.‘toanga.c..-o...ot-.ct:.-cgyt.t.-: - =t
¢ )
[ INTERPCLATION FOR CUTOFF L ct
—F f<:
Ctttntt‘ooo.o.‘t.at-.t"oon.o..t.,"ctffng.!zfzgcnncot-..-'.,.--.ogo... . - S S
300 F’*Ac = {CUTOEF = v v 2y /7 (ALY = PALT) &
s IN & FFACOHIILQ o . _ Lk
S R T it g
_ 336 _Y(JKW) = BKPYI(JKN) ¢ FRAC & (Y (JKWI=BKPTY(JKW)} B
"lii(‘vg 07 5v00e VN &
$00T FORMAT (IM oSHSVOD™,E2n,#sBHAT VYNSyFR0,6) = = _ o B o e —
“FU83) = SvalD S
o 60 TO QuUIDE V_A%
C.“.ﬂ.“.....““.““"l.‘t.'*mgt“..‘.“‘.“‘tt.t‘n‘ﬁ....‘.t“"t‘..t o+
. € -
R EVALUATINN OF DERIVATIVES 2
C L

T 88080088 8430880080080%000001244,008,000088g0 088y Anasttasttgasttntotgnn
3%0 CONTINUF I e

IORVCT = IDRVCT + j o T

e A APRXHD | P - I XHO 3
¥ ¢ au:ﬁ%inon OF SOUND SPEED, WACH WO,s AND AERONYNAMTC CAFFEICIFNTS
- YN = X/COS{VE5} ) - _

SNO(1) = Y(2) * RO

T

CALL SPLN2INSND,SA,$c, SPLSND,VEND)

IZ( PHACH (LT, 2. ) PMACH =
0 7873

PMAC 4 = VN®VO/VSND(2) o S T T

PAOAYX = & o20,/57.308IN( 3,1815926/1,2¢(0,A=VN)}
IFt wN ,0T, 0,8 ) PAOATK = 350,/57,3

T T IR WN LY, 0.2 ) PanaATk = 30,/%7,.3
PAQATK = PAOATK + ALPIAS

T IFlU PAOATK ,6T. 60,./%7,3) PAOATK = ¢0./87.,%

____IF{ PAOATK LY, 20,/57,3)  PAOATK = 20,/%7,3
TALL ARGDYN(PMACR, PAGATX )

T TalCULATION OF LATITUDE )

AOO
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365 CONTINUE

, e ——




gozl6

c
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TTTTTTTTTTYEY Tz Ta e 12 ﬁi
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- TS s COS( 6AMM) ) o
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369 CONTINME
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€0 10 390
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uoo CONTINUF L e ~ o
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CRSANG = Y(5) = RO"/ ~076,097

VN = ABVAL(VATI) s 3,2%083 / VO SR _ -
OLTR = 0ESRNG - Y (3I)
DLYQD = DESED = sven

TTTTC EVALUAYION OF THE PARTIALS OF THE AFRO WITH RFGPECT TO ALPMA
CALL ARODYN(MGAV:, F (7))
APRXCL = ENT(1)

APRXCD = ENT(2) e . o
T PCLA Z ENTL M)
PCDA = ENT! A7 . o _ o o
" PLODAZ ~ {APRXcDS ~ ~ BC .A = (APRYCLePCNA) )/ (ADRY(CPeu?)
NSR Y

_‘YFTIIB]DLroéi 6T. 3,1 DLTD=3,eSEN(NLTAD)
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T "”"Fllii2"§ﬁ%iﬂth2Eéo-gINtpux))

S "Ml 2 PARIL & SCLCST

PiR12 = PAR1Z '» SCLCST
. . PARy NSP & COS(PHT) o PLODA ¢+ Y(11) e PCDA
PAR22 = SENSR * (=L9D * SIN(PHIN)
® PAR22 = PARSY = PAR]2

—
A __g_gi%u_‘s_n_o,_ AND, MODE ,EQ, 2) CONST=,008 ] -~ e
;3 (CONSTSPAR114PARDL ¢ PAR124PAR2D 1/ (PAR12¢924CONSTS

1 PAR13*e2 ) L . e o
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EO.Z’ UCTOD°0ETi0!p%ilao?%itzeéﬁﬂsvo’u!l1opli:1)/(
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DALPHA = (3,/DET) » tpAnzz- eSCLECST=PAR]2¢NLTR)
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TTOPHT = -
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OPMI=PRP2DPH!
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- __DPHI=PRPsOPHI
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T T eg2 TONYINGE T oo T T O
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80 10 w28 L o e
T NLPHK SATURATION UaBIT T E?
825 CONTINUE ) A o _ o o o e
IF{M0DE FG. 1} DaALPHAS P TR0, PARY 3
IFIXODT ,EQ. 2) DALPHAZ N TR/PAR2% o o . . — - oy
TTITTTTT O YRUABS (DALPHA) LGY, 3,/57,3) DALPHA = 3,/7%7,3«56N(NALPH) E
828 CONTINVE . B e
T TTPAY = PRI+ NPHY g
ALBIAS = ALDIAS ¢ OALPHA e i e . 18
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e 3F{ ALBIAS ,GY., 6N,/57,% = TAOATK ) ALBIAS= §0,/%7,3=T80ATK e e
IFU ALBIAG LT, ALPMIN = TRO0ATW ) ALPYIAS = ALPMI. =T80ATk
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1F [SwTvwAgeRA/4076,097 ,LE, 0,5) SWTHAG=Z0,%446076.097/R0
60 TO ann
44 PRISG = «uYsH
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88y CONTINUE
IFLAPS(RLHD) GV, @&%,/57,3) PHISANZ «5EN(RLHN)

C T PH? = ABS(PHIY & PuTSaN — ———
PHIHLD=PH]
T T TTPRITTEPHY § PETTLY @ SENTRNYY -
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77T 60 70 300
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T T DO K90 J214%
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It ¢ [ ST o e
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SUBROg?!NE PRESID
ON RIV(I3), DRIV(DY)

TTOMNR </ aCTVECTATTED) T omem T T o O
CO"HON/LFCCO“IHUOOD) o o e e o .

T CTUMMOR 7FSTOMZF (1007.) o T T T e T I~
EQUIVALFNCE (RIVI(1) v AL BH)) o o o . .

EQUIVILENCE (DRIVI(1) o A(ENHY — -7 T T W

EQL VALENCE (AOATK » F(OR) ) L o . e

“TT T TORYR IPASS/87 T T T T T gﬂ
o DATA JCOUNT/Z0/ o . =Y
IF (IPASS .EA. O} GO YO 1n , L L ,“'1

TCTALL CALENYVY e T o TToTTme o T ()
o CALL ROLDAP N o N L I
[o N
DO 15 1:1,3 e L I e 15

FTUT = AIVID) o
18 Fil1+3) = ORIVII) o o -, e
- [ C¢ALL GUTFANCF ¢VERY JFREQG PAcSFc —
o ___XSKIP = JCOUNT/JFREQ L i i B —_ 8.
"IFIRSKIP ¢ JFREQ = JCOUNT ,NE, 0) 60 TH 20 =

I .~ .. .3 S — <
< " GEY CURWFNT VENICLF ALPHA,» PuY Qo

Fi9) = A(110)

F(s8)= A(30)
__ . CALL FYP . e e I N o
20 JCOUNT & JCOUNT + 1
c. s .I_*!E!E.l'_g[!_:un_ N_ALPHA AP,
4 SET ALPuA = ALPHA COMMAND AND
v _c . FILE THF ALPHA COMMAND, —— —
N Fiss) = FL(T)
n CALL CVOFIL(1Nn1,0,A0TK) - » L -
3, 1Pass = 1
E LGt o — -
END
RETURN L o 3 R
END



0

SUBROYTINE FTPPRN N

~_COMMON/FSCOM/F(1000) = =~ o o . o —-
FOUTVALENCE (PYI9 o F(92))

EQUIVALENCE (ACCVN s F(93H L o o L L e

T T 7 EQUIVALENCE tPaDOT v F(9a)) 5

_ EQUIVALENCE (OnTVN e FU9S) ) e _ prs

EMIVALFENCE (TN v F(96)) g

L DATA RO /2+1326%28F+07/ L o 7 S o )

ORYA' VO /72.569006E+na/ lep)

N CH80020%0084840008880808 00008 202,808, 0R 000000000 et e yttny st intntsns - S _,_-ﬁ-,___‘fi..

C

c PRINT SECTION e o o o o «1§

c - . ccvion 8

C LOAD PREDICTED RAWGES FOR PRINT AND PLOT RN b

__c T~

comonttauo‘ao.oo..to‘..t_._o_,go- 088, 00480 400054 uNa st P ugitngeabatnns N _ . ,__m-__.e_o

B E(6.5030) (FiJ),J=63,78) 3

S¢ FOln&t Ho SXDU"TIHEoQX E15.8 6HDW RN E15:80 72X AHCRSRNG» 84X U .

E15.8, BNIELS, s./.ex.s AL 1x.51§f%.§x.5anwas.gx.ris.l.$x Q.

4_§_%=E£§£!!G'."El5’GLZ"6HREL!A!l!!LElﬁJ!_ZL_!LlHPqI 17X, E15.8,7X, - U

06x0515.607106HROLC"D|Qx.Els B, TXIuHAIAS ,6X,FLIS Ke /16X,

» rAXeEISo 8, 7X, SHENTCHSX EL15, 8, TX, 6HPREDDR, uXsE15,8,7X, . B L
1 B8Xet 15,8 )

T = /N & RO / VO e o e

WRITE(6,5080) T
O — S680 FORMAT(3F (2IHESTIMATED FINAL VIWMER L EAV.6) e
. ACATKD = F(7) = 57,3
o——- 5088) AOA¥KD
1 50 MAT(1H o 26FCOMMANDFD ANGLE OF ATTACKZ,F2n.8)
N Fi9y) = Aoutnn ) o - L
e T PYILI® = PY19 = VOec2Z / (ROe32.178)

HIXtE(s.Soso) oT19, AcCVN, PODOT, QDYYN -~
5060 FORMAT(1H ,20HOREDICTFD MAY ACC ISoF20.6¢10Y,1aH0CC)RING AT VN2
0E20,69/91X0214PREDICTED MAX QDOT JS,E20.6,9X,18HOCAYRING AT VYN=
2 220,647/}
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SUBROLTINE “ANGLE
COMMON/LECCOM/NL10ND)

COMMON/ACTVEC/A(162)
COMMON/ATMOSC/AT(B0) .
T T FSTOM/F (1000 T
_ EGUIVALENCE (TT™E v NL M) e ~ o
OIMENSINN RIVIS) » VATI(3)
EQUIVALENCE (RIV(1) o A( B6)) e o o
EQUIVALENCE (VATI(1) e ATT AY)
e ___ _EQUIVALENCE (SLTRNG =~ , F{ 83))
i N “ORYA 1PASS/07

omEeA = 7 292!1508!-0%

T TTTT T IR [1PASS WEQ. 10 60 TO 10 T o T

TE T T T TTUB,Y CINTYVRAL BASITIAN VEGTOR In FEAAN LACKT {ONS BG-%6,

C
I - I T -
5 File83) = RIVIT)

CAMPUYE nORVAL TO INITTAL R=V PLANF ANN STARE IN

—_— FSCOM LOCATIONG 27,28, ANP 29,
CALL CROSS(F(S8) ¢VATI(1),F(27))
o 1Pass = 1 o L L
a‘t?unu
. ¢ _ o HOTATE INITIAL R_AND NORMAL TO INITIAL R-y PLANE THRY =
c OMEGASTIVE, STORE ROTATED INTTIAL R IN PFSCoM LOCATIONS
R .. .. 3031, AND W2,
¢ STORE POTATED NORMAL TO INITYAL R-V PLANE IN FSCOM
- ..-L . _LOCATIONS 33,34, AND 38,
T10 FU30) = F(S4) «COS(OMEGASTIME) = F(58) #SIN(OMEGAST tWF)
Fi31) = F(58) oSINIOMFGASTIME) ¢ F(S%5) sCOS(OMFGASTIME)

F(32) = F(s8)

INITIAL » AND STORE IN FSCOM { ACATIONS 36,37,34,

© . Fisy = F‘gT__QOSJogggA.Txmg) = F(28)eSIN(OMEGASTINE)

. TFUNR) = F(2T)1oSINTOVECARTINE) & F(2R)eCOS(AVEGAST INN)

o FU3S) = F(29)

2& c CAMPUTF ~ORPYAL TN PLANE OF CLIPEENT R AsD THF ROTATED
Fay

C
TTTTTTTT TERL CROBS (F(S0) RIVIL) F(36))

2 Wm_mmwu_mu ROYATED INITIAL
N FSCOM LOCAYIONS 39,840,822,

CALL CROSS{F(331,F(30),F(39))

N - “CoOMPUTE cROSSRANGE DEVIATION A*GLY AND §TARE IN
. - FSCOM o5

KR = DOT( Fi!l)oFCSQ)) 7 (ABVAL (F (3&))eABVAL (F (29,
IF lADS(AR.) 08T+ 31,) ARG=SEN(ARG)

FTE8) 3 ASINIARS) - T
c COMPUTE <LANTRANGE ANGLE, STORE 1N FSCoM ?s.

AR DOY(RIVITYF{30)) 7 (aBVAC(RIV(1) I sABVAL(FISO1YY
IF (ABS(ARG) 8T, 1,) ARGZSGN(ARE)

F126) = ACOS(ARG)
ANGL = F(25) * 5743

NE = 20926428, & F(26! , 076,097

RETURN
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COMMON/ENTCST/K110) - o L o o K‘)
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9.12.4 A PRELLMINARY DESIGN FOR A BLENDELD ENTRY DFCS

INTRODUCTION

This chapter presents a preliminary design for SSV attitude
control during entry, using both the ACPS and ACS (zerodynamic
contrcl surfece) torques in an integrated or "blended" approach,
In addition to providing a means of minimizing‘ACPS Tuel expen-
ditures (by blending with the ACS torques), & prime objective of
the design epproach is to minimize variations in the closed-loop
attitude dynamics due to variations in the open-locp airframe

dynamics.,
The material presented here is a summary of the design synthe-

sis and gain computation documented in references 1 through 4.
Current changes to the lates® documented désign (given in refer:nce

1) have been impiemented in this work.

This chapter is organized intc three sectioas: Section 1 de-
scribes the trajectory parameters defining the entry operational
environment of the NR 161C vehicle used for controller design;
section 2 describes the longitudinalcontrol channel; while section

3 describes the lateral control channel.

1. Traiectory Parameters

The trajectory parameters presented here were geneiated by the
Statistical Analysis Section (EGR), using a point mass simulaticn
with pitch and bank angle modulation tc control heati:g, loads, and
targeting. Given in Table I are the initial entry .orditions for
two NR 161C vehicle trajectories: A .ow cross-raige, low down-range
entry (CR: 370 mi: DR 4000 mi), and a high cross-range, high down-
range entry CR 1150 mi: DR: 64Q0 mi), herein designated as trajec-~
tories A and B respectively. (Initial conditions are identical.)



9.12.4 Entry DFCS (cont'd)

Table I. - ENTRY TRAJECTORY INITIAL

CONDITIONS
Paramcter Value
. 'V;. 24,409 ft/sec
oy >3 d=g
o -0.9 deg
h 395,052 ft
*’ 90 deg
Lat O deg
Long 81.53 deg

Showa in figures 1 through 5 are the pertinent entry trajec-
tory parameters, for both trajectories. Plotted agai:st Mach
numbe> M in the %}fst three figures are: Trim angle of attack ey,
dynamic pressure §. , and flight path angle ¥o . Plotted against
tize from entry interface t in the last two figures are: Mach
aumber M and total reiative velocity‘l} . It should be noted that
in addition to a large parametric variation alcng a particuler
trajectory, there is also & significant variaticn between trajec-

tories.

2. Longitudinal Control

This sectior presents the comntrol block diagrams and as-
sociated gains for .ongitudinal control, or eyuivaiently, control
of the vehicle's angle of attack ®€ ., The basic design procedure,
described in reference 2, involves a separation of the ACS and ACPS
control loop synthesis, with the addition of an interface logic to
define the operational region in which the two control torque
systems operate simultaneously. Further, the design of the ACS
control loop is predicated on closed-loop dynamic insensitivity

to variations in the airframe cnaracteristics.
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©9.12.4 Entry BFCS (conit'd)
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9.12.4 Entry DFCS (cont'd)
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9.12.4 Entry DFCS (cont'c¢)

Section 2.1 and ?2,. present the block diagrams defining the
aerodynamic surfe:e (i.e., elevator) control logi~ and the ACPS
(i.e., pitch jets) control logic, while Sections 2.3 and 2.4 pre-
sent the fixed and scheduled gain perameters appropriate to these
controllers. Finally Section 2.5 discuss the inputs, outputs and

sample rates of the longitudinal control channel.

2.1 Elevator Control

Shown in figure 6 is the block diagram for elevator control,
adaptedfrom reference 1. Basically, contre! consists of attaek
angle error and rate feedback to appropriat-ly position the elevator
actuator. Use is made of both fixed and trajectory dependent gains
for transient pitch control, in parallel with a clamped integrator

to assure a trim capability.

2.2 Pitch ACPS Control

Shewn in figure 7 is the block diagram for pitch ACPS control,
taken from reference 1. As with the previous logic, attitude con-
trol is achieved through the use of pitch rate damping, and the
appropriate torque signal is sent to the jet select logic.

The interface logic between the ACS and ACPS subsystems is
also shown in figure 7. The approach taken here is to inhibit firing
of the pitch ACPS when there is "sufficient” pitch control acceler-
ation available from the elevator. This determination of suffi-
ciency is obtained from the commanded elevator deflection (J:?) and

hence, is a closed-loop index of elevator effectiveness.

2.3 Fixed Longitudinal Gains

Given below are values for the fixed longitudinal gain (and
limit) parameters, which, from present simulation efforts, result
in reasonable closed-loop vehicle response throughout the entry
flight envelope.

9.12-88
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9.12.4 Entry DFCS (cont'd)
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9.12.4 Entry DFCS (cont'd)

Table 1I: Fixed Longitudinal Gain

Paremeter Values imension
Wy Q.7 sec”!
Al o.é -
ond /0 dey
L, -4S dey
£y +IS &y
e | S ) oy /oec

02 d
oldp - cd
1)5 o'} d!*é"t
4 08 -
f, 0.6 -

It should be nnted t-ut the above gains are applicable to the NR
161C vehicle,

2.4 Schedule Longitudinal Gsing

As shown in figure 6, there are three variable gain parameters
in the longitudingl control channel:§, , fa andq. This section
presents gain slchedules‘ for the first two parameters and a simple
limiting logic for the third.

As discussed in reference 4, the gain parameters f , and f a
may be plotted ageinst Mach number and angle of attack, respect-
ively. By comparing the values for two different entry traject~
ories (described in section 1), a piecewise linear approximation
may be made for mach parameter, so that trajectory independent
gain scheduling« is possible. The pesulis are shdwn in figures 8
and 9, with §, a function of Mach number andf’.a function of angle
of attack.,

90 1 2-91
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9.12.4 Entry DFCS (cont'd)

In order to avoid ccwputational overtlow problems due to div-
ision by the dynamic pressuie Q , & simple 1imiting logic is used

to set a lower bound on this parameter, and is . own below:

31 /
/U ity slope

il
o (W)

cd

Limiting Logic for Dynamic Pressure
A

In the above diagram " is the dynamic pressure obtained from the

ALl
air data compiter, whicl is lower limited to become the dymamic

pressure 'q\ used in the controller logic of figure 6.

2.5 Longitudinal Channel. Irpputs, Outputs, and Sample Rates

The inputs for ‘he longitudinal controller fall into two cat-
egories: those pertainiug to the inrer "control" loop, and those
pertaining to the outer "gain" loop. These two sets of inputs,

end their corresponding origins, ere tabulated below:

TableQ¥: Iongitudinal Imputs

9012"ql&
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9.12.4 Ensry DFCS (cont'd)

The outputs for the longitudinal controller are commanded elevator
deflection,{:, and command:d pitch ACPS acceleration,ug. To
obtein ele.on commandg,the elevator and aileron commends (the latter
from the lateral iogic) must be differenced in an elevon logic es
shown in figure 10. In a similar manner, commanded ACPS acceler-
ations must mzke use of an appropriate jet select logic, which wilZ

be the subject of a future memorandum.

% o~ (&)

& ¢ ()

Big. 10: Elevon Logic

Nl-

There are twc sample rates presently in use for DFCS simulation
efrorts: a high-frequency control loop rate of 8hz, and a low-
frequency gain loop rate of O.4hz. It should be noted that this

implies gain updating every 20 control cycles, and may thus prove

to be coneervative.

3.0 Lateral Control

This section presents the control block diagrams and as-
soclated gains for iateral control, or, equivalently, coantrol of
the vehicles sideslip and bank angles. As with the longitudinal
controller, the basic design procedurs, described in reference 2,

involves a separation of ACS and ACPS control, with the addition of

9 0J2-95



9.12.4 Entry DFCS (cont'l)

-

an interface logic. Further, the AC® contpoller utilizes an
analogous procedure of gain :zcheduling to minimize sensitivity to

open-ioop ~ehicle parameter chasges,

Sections 3.1 and 3.2 present the block diagrams defining the
aerodynamic surface /i.e., rudder and aileron) control logic and
the ACPS (i.e., yaw and roll jets.) contrcl logic, while sections
3.3 and 3.4 present the fixed and scheduled gain parameters ap-
propriate to tliese cuutrnllers. Finally section 3.5 discusses the

inputs, outputs and sample rates of the iateral control channels.

5.7 Rudder and Aileron Control

Shown in figure 11 is the block diagram for rudder and aileron
controi, adapte’ from reference 1. Basically, controi consists b
of sideslip and bank angle attitude and rate feedback to approp-
riately position the rudder and aileron actuators, with the gains
chosen so as to minimize lateral coupiing and simultaneously
provide adequate dynamic response with sufficient damping. The
synthe sis procedure is described in reference 2; as can be seen,
the design incorporates both fixed and scheduled gains for lateral

control with the ACS.
3.2 Roll and Yaw ACPS Control

Shown in figure 12 is the block diagram for roll and yaw ACPS
control, taken from reference 1. As with the previous lcgic, at-

titude control is achieved through the use of sideslip and bank angle

4
‘J
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9.12,4 Entry DFCS (cont'd)

[\

rate damping, and the appropriate torque signals are sent to the
jet select logic.

' As discusnes in reference 2, three control modes are provided
for in the lates,: *IPS logic. Early in the entry, both aileron
and rudder a.. asffective, requiring that both the roll and yaw
jets be used. Later in the trajectory, the ailerons become ef-
fective, requiring that only the yaw jets be used. Finally, when
the rudder eventually becomes effective, no ACPS torques are neces-
sary., This modal logic is summarized by the inhibit multiplications
of figure 12 and the modal parameter definitions of figure 13. Note
that, as with the longitudinal controller, surface effectiveness

is meastred by commanded deflection.

P e N &B.‘ f3 L2

o -Lpy SLig 419 o« f’ < f.’ </
£e R’ Lo = fs 43
—_ | s, Ly = £o4s
<Ly -K0 Ao Lu O« f;- <5 /

Figuref3 - lsteral Mode Paraneters

3.3 Fixed Lateral Gaing
Giren in Table 4 are values for the fixed lateral gain (and

limit) parameters, which, from present simulation efforts, result
in ressonable vehicle response throughout the entry flight envelope.

G.12-99



9.12.4 Entry DFCS (cont'd)

Table 4: Fixed lateral Gains

Parameter Velues Dimension
w, / Sec~!
W, / Sec™!
$ o7 -
12 o7 -
& ‘ “
g ! *3
L2 20 dn
A3 20 a5
! 4 5 9 fsec
Ko 4 dlgy
153 / dey (sec®
143 / day/sec-
£ 0.6 -—
f4 o8 -
fe 0.6 -
% G -

As before, it should be noted that the above gains are applieabie
to the NR 161C vehicle.

3.4 Scheduled Lateral Gains

As shown in figure 11, there are sevan variable gain parameters
in Jhe latersl control channel: gs through gjo (excluding gg) , O
and % This section presents gain schedules for the first, six; the

9.12-100



9.12.4 Entry DFCS (cont'd)

dynamic pressure is limited in the same manner as dicussed in
section 2.4.

As with the longitudinal gains, the lateral gains, obtained
from reference 4, may be plotted against trim attack angle, and then
fit in a piecewise linear sense. The trajectory independent gain
schedules are shown in figures 14 through 19 with all gains funct-
ions of attack angle.

2.5 Lateral Channel Inputs, Outputs, and Sample Rates
A= with thelongitudinal controller, the inputs for the lateral

controller fall into the two categories of control inputs and gain
inpots. These inputs and their corresponding origins are tabulated
below:

Table 5: Lateral Inputs

CONTROL LooP
ﬂ‘) R‘ ﬁl ﬁ P)r
quidance l ImMU ] rate gyro

wputT
oaaw

The outputs for the lateral controller are commandedrrudder and
alleron deflections,J:f and.‘tf , and commanded roll and yaw ACPS
accelerationsAL: andAL: . To obtain elevon commands the aileron
command mgst be differenced with the elevator command as shown in
figure 10, As with the longitudinal controller, the roll and yaw
ACPS acceleration commands must make use of a jet gelect logic.

The sample rates for the lateral controller are the same as fcr the
longitudinel chaiiel: a sampling frequency of 8 hz for the control
loop and 0.4 hz for the gain loop.

9012-101
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_9.12.4 Entry DFCS (cont'd)
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9.12.4 Entry DFCS (cont'd)
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9.13 TRANSITION

The transition phase starts at the end of the entry phase just
prior to the pitbhover from a high ahgle of attack to the cruise angle of
attack. This period of pitchover constitutes the transitior. phase. The
transktion phase ends with the attainment of the nominal cruise angle of
attack, T1wo distinct functions are performed during tiansition:

1, Transition from entry control which is bavically
RCS attitude control to cruising flight control,
which is basically full aerodynamic control.
2. Transiticn from entyy angle of attack (high a)
to cruising angle of attack (low a).
The transition phase is character _zed by a transition in control modes and
some form of flight path angie control to effect a smooth transition to a
new equilibrium altitide. This suggests that some changes to the guidance
logic will also occurr Juring this period.

In this Section it presented the first cut at a Unified Digital Autopilot.

A basic structure ic provided for the purpose of encourging commonized coding
for all control systems. A specific control law is included for only %“he
Transition phase. The approach is currently being extended to other miasion
phases, and tie Transition autcpilot is being upgraded as additional infore
mation becomes available. The autopilot structure presented here was in-
tentionally made ganeral enough to compass all anticipated requirements. is
specific autopilot designs mature for the various mission phases, the re-
quirements for certain aspects of the coding presented here may not materiali-e.
For example, the bending state estimatior 1s predicated on a requirement for
active control of several bending modes, a requirement that may not mrterialize.
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9.13.1 subdpilot

1. INTRODUCTION

The objective of the Unified Digital Autopilot Program
is to provide rctational and translational control of the space shuttle
orbiter in all phases of flight, from lauvnch asccnt through orbit to
entry and touchdown., The program provides a versatile autopilot
structure while maintaining simplified communications with other
programs, with sensors, and with control effectors by the use of an
executive routine /functional subroutine format. The program reads
all external variables at a single point, copying them into its
dedicated storage, and ccnirols its major support subroutines to
be synchronous with the autopilot cycle. As a result, the autopilot
program is largely independent of other programs i{n the guidance
computer and is equally insensitive to the characteristics of the
processor configuration (dedicated guidance computer vs. shared
multi-Hrocessor).

The unified autopilot program makes provision for
sampling rates which are integer multiples of a basic sampling rate,
using counters to establish the synchrcanous cyeles. Extended
computations carried out with a low repetition rate must be pro-
vide ! with pre-determined break points, in order thzt the low rate -
and high rate - calculations can be interieaved. This requires pro-

. grammer control, but it has the advantage of precluding skipped or
lost computation cycles (unless interrupting e:ternal programs of
higher priority monopolize the computer's time).

The sequence of autopilot subroutines is arranged to
minimize transportation lag, the time interval Letween receiving a
measurement and effecting a control fcrce. While this lag may be
largely due to equipment external to the guidance computer, the
time required for control computation can be significant. As a
consequence, the state estimation computations are separated into
two subroutines. State measurements are incorpcrated in the esli-
mator or filter in the early portion of the autopilot cycle, but the
remaining state propagation or filter ''push-down'’ does not occur
vutil the autopilot commands have been written in the control
effector output channels.
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R413.1 Autopilotf (éont'd)

In order to discuss the Unified Digital Autopilot Program
bevond the level of the functional flow disgram, it is necessary to
make specific reference to the autopilot for a particular mission
phase. The transition from entry to cruising flight has been chosen
for this purpose, as this phase makes use of all of the types of
autopilot subroutines.

The prototype transition autopilot described here can
be considered an upper limit on the control system computational
requirements, as it includes adaptive bending mode stabilization,
high order state estimators and controllers, optimal state estimator
gain computations, aerodynamic and reaction jet control, inertial
and aerodynamic parameter estimation, and sensor /effector failure
detection. It is almost certain that simpiifications can be found;
however, it is equally likely that unexpected complexities will occur.
It should be emphasized that this is not a final transition autopilot
design.
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9.13.1 Autopilot (cont'd)

NOMENCLATURE

é\: Mode stabilization estimation matrix (diagonal)

3’[1 Element of A

B Mode stabilization estimation matiix (diagonal only
- for uncoupled elastic modes)

bII Element of E__

Mode stabilization estimation matrix (diagonal)

Roll moment effectiveness ratio

Neliile

Cm Pitch moment effectiveness ratio

Cn Yaw moment effectiveness ratio

I FElement of g

P_ Mode stabilization estimation matrix (diagonal)
dII Element of _2,

E Mode stabilization control matrix (diagonal only
- for uncoupled elastic modes)

T 1. 2. 3 Rigid-body control vectors

H Altitude

I Identity matrix

_I_(_L 2, 3, 4 Rigid-body estimator gain matrices

k Ratio of specific heats

kl, 2 Dynamic pressure estimator gaing

M Rigid-body measurement transformation matrix
- (lonzitudinal axis)

M Mach number

N Rigid-body measurement transformation matrix
- (lateral-directional axes)

f’_ Meszsurement noisz covariance matrix

(longitudinal axis)
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9.13.1 Autpilot (cont'd)

lo =

~4 m“:n e}

a 3 A«

< ||<: {c

S

1<

I | €

SRENIS

Stagnation pressure minus static pressure
Roll rate (body axis)

Measurement noise covariance matrix
(lateral-directional axes)

Dynamic pressure

Covariance matrix of x

Universal gas constant

Yaw rate (body axis)

Covariance matrix of v

Mode stabilization sampling interval
Air Temperature

Velocity component along x-body axis
(earth-relative, positive forward)

Mode stabilization measurement vector

Rigid-body disturbance input covariance matrix
(lateral-directional axes) )

Velocity component along y-body axis (earth-
relative, positive right)

Magnitude of earth-relative velocity vector

Perturbation state estimate vector
(lateral-directional axes)

Rigid-body disturbance input covariance matrix
( longitudinal axis)

Velncity component along g-body axis (earth-
relative, positive down)

Perturbation state measurement vector
(l1ateral-directional axes)

Perturbation state estimate vector
Mode stabilization estimate vector
Variance estimate for J.g:_ component of y

Perturbation state measurement vector
(longitudinal axis)
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9.13.1 _Autopilot (cont'd)

joo ™ R

® ¥y

p(H)

ORI -2

€

Subscrip*s_
a

Contro‘l

DB

DLC

e

Estimate
Guidarze

I

i
Measurement
RCS

r

SB

Angle of attack

Sideslip angle

Control deflection vector

Bending mode estimator damping ratio

Pitch angle

Air density

Roll angle

Yaw angle

Transformed bending mode natural frequency

Bending mode natural frcquency

Aileron

Autopilot output quantity

Deadband

Direct lift control

Elevator

Quantity estimated by autopilot

Input qusrtity from guidance program
Bending mode index

Current sample of subscripted guantity
Measurement input to autopilot
Reaction control system

Rudder

Speed brake

Derivative with respect to control deflection
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9.13.1 Autopilot (cont'd)

Special Notation

() Derivative with respect to time

) Mode stabilizatiin control output

(A) State estimate before measurement update
()’ De-tuned bending mode estimation quantity
( )T Transpose of mat."ix or vector

Q Vector

Q) Matrix
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9.13.1 Autppilot (cont'd}

2. FUNCTIONAL FLOW DIAGRAM

The sequence for a single autopilot cycle is illustrated
in the functional flow diagram of Figure 1. The autopilot program is
called on a periodic basis with a sampling frequency determined by
the highest bandwidth control mode, which, in turn, is a function of
the flight phage. Active bending mode stabilization will require the
highest sampling rate; where this is not necess&ry; the sampling
rate will be determined by rigid body control requirements, Initiali-
zation branches ere asynchronous, occurring only when the flight
control mode changes or when there is a computer resiart. All
other branches are synchronous with the autopilot sampling rate,
although their sampling intervais may be integer multiples of the
basic sampling interval.

The basic subrcutines of the unified digital autopilot
are the followirg:

a) Sequence and Input / QOutput Initialization Subroutine
This subroutine establishes the address of a list of

subroutine addresses according to the flight mode,
determines the basic sampling interval and th»
integer multiples for medium and slow sainpling
rates, and initializes all indices.

b) Read Subroutine
This subroutine copies all inputs to the autopilot

into dedicated temporary storage. The read list
and sampling rate are functions of the flight control
mode.

c) Filter and Parameter Initialization Subroutine
This subroutine initializes statc and parameter
estimates either at predetermined valuesr or at the

appropriate values read by (b) as required by the
restart or control mode change.

d) Benﬂ Stabilization Subroutine
This subroutine performs the minimum computations

necessary to stabilize the bending mode(s). It
incorporates new measurements in the bending co-
ordinate estimates, computes control commands,
and, if bending pa~ameter adagtation is performed,
computes the ave: iges required by the parameter
adjustment law. 1 arameter adjnstment, which may
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9.13.1 Autopilot (cont'd)

be carried out at a lower rate, is performed in (h).
In the present scheme, this subroutine does no rigid-
body control.

e) Perturbation State Estimation Subroutine - Part [

Measurements and computed ccntrol outputs are
incorporated in the first part of the estimation sub-
routine. Perturbations from the flight profile gener-
ated by the guidance program are estimated here for
use in the control law which follows. Only those
perturbation states which arc necessary for control
or for display to the crew are estimated. This may
include coordinates of bending or sloshing modes
v "ich are not sufficiently decoupled from the rigid-
body modes for stabilization in (d).

f) Rigid-body Control Subroutine
This subroutine uses the outputs of (e) to derive

control effector commands, which are intended to
null the error between the actual and desired states.
For proportional control eifectors, e.g., engine
gimtals ov aerodynamic control surfaces, the control
law may simply consist of scaling and coordinate
transformation. For RCS thrusters, phase plane
s-witching logic can be used.

g) Perturbation State Estimation Subroutine - Part II

The calculations performed here prepare the estimator
for the incoirporation of measurements and control
outputs on the next appropriate autopilot cycle. In
the case of an estimator expressed as a constant-
coefficient digital filter, this consists of 'pushing-
down'' the filter variables, i.e., stcring the ith
value in the (i - 1)-s—t- location , etc. For a time-
varying filter expressed as a state-space estimator.
the state must be propagated to the next sampling
instant, and revised gains must be computed (it is
possible that the latter be done at a rate which is
slower that the propagation sampling rate).



9.13.1 Autopilot (cont'd)

h) Bending Parameter Eitimation Subroutine

Should ancertainty or time variation in the bending
parameters be excessive, this subroutine will revise
the parameter estimates, either by parameter
scheduling or parameter tracking, as required.
This subroutine can be executed at a slow rate.

i) Tnertial Parameter Update Subroutine

‘suis subroutine will alter mass, moment-of-inertia,
and RCS specific control moment estimates at a
slow rate as required for revision of estimator and
control law constants.

j) Aerodynamic Parameter Update Subroutine

This subroutine will alter dvnamic pressure, Mach
number, state transition matrices, and aerodynamic
specific control moments at a slow rate as required
for revision of estimator and control law constants.
The ca'culations madc¢ in this subroutine are depend-
ent on the flight control mode.

k) Failure Detection Subroutine

This subroutine examines the variances in the state
snd parameter estimates of the previous subroutines
for "reasonability', detecting failures in sensors or
control effectors by comparing the computed results
to thresholds for normal operation. The subroutine
is an adjunct to the failure discretes issued outside
the autopilot program; since it depends upon an
averagiug process, it can b2 executed at a slow rate.

Although not explicitly stk.own in Figure 1, the option to branch to
"Closeout' is availab.< at each branch point. This precludes wasted
testing when, for example, a bending stabilization computation is the
only calculation required on a given autopilot cycle. It is also implicit
that lengthy subroutines contain break points, allowing internal branch-
ing on intermediate autopilot cycles. For example, an aerodynamic
parameter update subroutine with sampling interval 50 times longer
than the bending stabilization sampling interval can be entered at
the higher rate, with computations proceeding from breakpoint to
breakpoint on sequential passes.
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9.13.1 Autopilot (cont'd)

ZNTRY

New
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Mode
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1. Seque -ce and I/ O
Initialization
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Read
Readl Read2 [Ee?dii

Filter and Parameter
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.

-

Bending Stabilization
Algorithm

Figure la FUNCTIONAL FLOW DIAGRAM
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9.13.1 Autopilot (cont'd)

Branch
to Part I of
Estimator
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Estimator

2

Control Law 1
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Control
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'
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Figure 1b FUNCTIONAL FLOW DIAGRAM
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9.12.1 Autopilot (cont'd)

Yes

—

Bending Parameter
Estimation

l
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Parameter —
Upd;lte / Mass, Inertia RCS
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q, M, Aero Control
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1

Failure Yes
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?

—

Failure Detectioa
Logic

y
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Figure 1c FUNCTIONAL FLOW DIACRAM
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9.13.1 Autopilot (cont:d)

3. PROGRAM INPUT-OUTPUT

The unified autopilot program will require inputs from
inertial sensors, air data sensors, automatic guidance programs,
manual controllers, failure monitor devices or programs, and the
data management system's executive or control program. Control
could be improved by inputs from control effectors, e.g.. aero-
dynamic surface or engine gimbal deflection angles, and bending or
slosh displacement sensors. Autopilet outputs will include control
effector commands, crew displey variables, and paramneters of
value to guidance and service prcerams.

The input-output lists are dependent on the flight
control mode; the lists which follow are based upon the transition
autopilot prototype. For this case, it is further assumed that
angular and translational state vectors are transformec to earth-
relative, body-axis components before being read by the autopilot,
that control effector sensors and elastic displacement sensors are
not used, and that tke space shuttle vehicle is equipped with con-
ventional aircraft control surfaces as well as a reaction control
system. The subject of what types of sensors are used to measure
the vehicles state is not addressed. It is assumed that the transition
maneuver is unpowered (no thrust input) and automatic (no manual
input). Direct lift and drag controls are accounted for in the estimator
but are not specifically commanded by the autopilot prototype. Mode
and failure discretes are not specifically identified in these lists, nor
are crew display variables.
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9.13.1 Autopilct (cont'd)

Input Variables

ngidance

Hmeasurement

aP

p guidance
pme asurement
rguid ance

rmeasurement
T(H)

t

t
go

Uguidas; oe

Umeasurement

vguldz«mce

Vmeasurement
wguidance

wmeasurement

6
a
6DLC guidance
6DLC Measuremerit
6e guidance
6:‘ guidance
QSB guidance
65B measurement
eguidamce
8
measurement
8 guidance

8
measurement

p(H)

9013“16

Desired altitude
Measured altitude

Stagnation pressure minus static

pressure

Desired roll rate
Measured roll rate
Desired yaw rate
Measured yaw rate
Air Temperature
Time

Time-to-go

Desired velocity along x-axis
Measured velocity along x-axis
Desired velocity aloag y-axis
Measured velocity along y-axis
Desired velocity along z-axis
Measured velocity along z-axis
Nominal aileron deflection
Desired direct lift control setting
Measured direct lift control setting
Noininal elevator deflection
Nominal rudder deflection
Desired speed brake setting
Measured speed brake setting
Desired pitch attitude

Measured pitch attitude

Desired pitch rate

Measured pitch rate

Air density



9.13.1 Autopilo% (con%'d)

¢guidance

gsmer:\.surement

v
v

guidance

measurement

Output Variables

Nies
t
on
on

t
on
ba

be
or

(. 9813417

Disired roil attitude
Measured roll attitude
Dasired yaw attitude

Measured yaw attitude

RCS thruster identification (one
per commanded thruster)

RCS thruster on-time = roil axis
RCS thruster cn-time - pitch axis
RCS thruster on-time - yaw axis
Aileron deflection

Elevator deflection

Rudder deflection



9.13.1 Autopilot (cont'd)

4. DESCRIPTION OF EQUATIONS

The equations of this section are applicable to the
control of an elastic vehicle in atmospheric flight, with particular
reference to the transition phase of the shuttle's return from orbit .
The transition phase actually consists of 2 transitions: an angle-
of attack transition and a control effector transition. The transition
from high-to low-angle of attack is necessitated by the need to
meet heating constraints early in the flight and the requirement
for inc: 2ased maneuverability toward the end of the flight.
Similarly, reaction control thrusters provide attitude control
during hypersonic flight, while aerodynamic control surfaces are
used during the terminal portion of the flight. Eeach type of
transition causes major changes in the dynamic characteristics
of the system over a relatively short time interval.

The transition autopilot prototype includes the following
elements:

. a) Adaptive stabilization of 3 structural modes tased

upon a '"'classical’ resonance filter,

b) Linear optimal estimation of the rigid-tody perturba-
tion state,

¢) Gain-scheduled control commands to 3 aerodynamic
surfaces,

d) Simplified phase-plane lcgic for backup control
using the reaction control system,

e) Inertial and aerodynamic parameter update, and

f) Sensor and control effector failure detection.

4.1 Bend'mg;‘\dode Stabilization

It has not been determined that active brading stabili-
zation will be necessary for the space shuttle; however, should
this be the case, a high bandwidth mode stabilization control loop
will be required. Thi; infers not only that sensors and control
effectcrs have high bandwidth capakility, but that the digital
compensation be executed at a high sampling rate. If rigid-body
control and mod- stabilization are combined in a single estimator-
control law, the resulting number of computations may be excessive.
As analternative, it is suggested that the computations be partitioned,
with the rigid and elastic control equations executed at different.
rates. A simple mode stabilizationlaw is then executed at a high
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9.13.1 Autopilot (cont'd)

rate, wtile the more complex rigid-body control occurs at a slower
rate which is consistent with the frequencies of rigid-body motion.

The mode stabilization technique is divided into 3 parts:
identification of the bending frequencies, estimation of the bending
mode components in the state measurement, and control to oppose
the bending deflection. The present design neglects the transporta-
tion and dynamic lags of the control loop but could be modified as
these quantities are identified. It also assumes that inertial angle
measurements are the only inputs for bending mode control.

The continuous-time resonant filter,
2was

2428w s ta?

H(3)= (1)

where { is a damping ratio, and wy is a radian frequency, has a
frequency response of 1 when w = We, while its frequency response

at zero and infinite frequency is 0. The sharpness of the resonant
peak is determined by {, and the filter's tuning is fixed by Vg A
discrete-time realization of this filter is required for impiementation
in a digital system,

The details of digital resonant and notch filters can
be found in Ref, 1, where it is shown that the bilinear transformation,
s = (z-1)/(z+1), can be used to find the discrete-time version of
eq. 1. This transformation eliminates the '"folding'' problems of
the z-transform by mapping the entire s-plane into a horizontal
segment with width * 7/ T rad/sec (where T is the sampling
interval), i. e., it establishes the frequency relationship,
Q = tan wT/2, and provides the corresponding digital filter as
wel'lz. The recursive digital filter corresponding to eq. 1 is

-

yp = albtug -y p)tey ) tdy,l, (2)
where
a =1/0+20,+02
AL

b 'Z(Of
c = 2(1-01-2)

9 [ 1 3"‘19

l";



9.13.1 Autopilot {(cont'd)

g =-0-2¢0,+82

Equation 2 has unity frequency response with zero phase
lag when w = w, and has zero frequency response for w = 0 or #/T.
Thus, equation 2 passes 2 sinusoid at frequency Wes without
modification, while frequencies to either side are attenuated. If this
resonant filter is tuned to the bending mode frequency, then Y is a
sampled estimate ot the bending displacement, and a control command
of the form,

Aoi = ey, (3)
is in-phase with the bending oscillation., By proper choice of the
magnitude and sign of e, commanding the appropriate control effect -
or with a8, will oppose the oscillation, It will be recognized that
this is a form of phase stabilization, and the lJags mentioned earlier
can not be neglected, This control law is proposed only for a case
in which passive - or p-.in-stabilization is not sufficient. In the
latter case, it would be sutficient to use equation 2 to form a
sabtractive notch filter1

1

L T (4)
to neglect explicit commands to the control eftectors for bending
stabilization, and to us° ui' in the rigid-body estimation and

coatrol.

The mechanism for the adaptation of the resonant
filter is the tracking of a relative maximum in the power spectrum
of the input signal. The variance of Yi forms an estimate of the
power spectral dznsity at @ = wp (with' a bandwidth proportional
to Lw:). A resonant filter tuned to wp = W+ Al:: yields an
estimate of the pqwer spectral density at w = Wy in the form of
the variance of Y- The greater variince iz assumed to lie closer
to the spectral peak, indicating the direction for adaptation. Upon
reaching the relative maximum, the frequency estimate will limit
cycle about the proper value, a minor deficienc; which could be
rectified at the expense of adding a third resonant filter. A
recursive estimate for the variance of y; can be found from
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9.13.1 Autopilot (comt'd)

2z _ 7 2 27
yi = yi'l + k (yi - )i_l) (5)
where k is a constant between 0 and 1, and a esimilar equation

can e applied to y;.

It may be necesszry to stabilize more than one
elastic mode, and each mode may be present in more than one
axis. In the worst cese, it will be necassary to ransform the
measurements intc normal cooriiuates to perform the bending
mod2 estimatior on the transformed coordinates, aund to control
each mode with more than cne control effector. Then vector
analogs of eq. 2, 3, and 5 must be formed:

Y AlBE -y )+Cy, ,*RY; 5l (6)
8%, = By, ("
;f.:i ) ;iz-l.j +k(yiz.j ';f-l,j)- j = 1n (8)

In all cases, A, C, and D are diagonal matrices
with elements dependant on the damping and frequency of the
normal modes. B and E are diagonal only if y, u, and A3
have identical dimensions aud if the components of u are normal
(in the bendirg modes). If this is not the case,

B - EB, (9)

B, is diagonal and has clements 2'{]. 9, , and B, transforms u
j ,

to normal coordinates. E scales y for proper control of the
aormal modes and transforms the result tc control effector
coordinates., Equatiou 8 is actually n scalar equations, as the
components of y are indenendcent.

For the flow charts of Section 5, it is asasumed that
there are 3 elastic mod2g, 3 attitude measurements, and 3
control effectors.
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9.13.1 Autopilot (cont'd)

4.2 _F_ti_g_i_d_-ﬁo_fj_y_ FPerturbation State Estimation

For control during the transition, it will be necessary
to have an estimate of the crror between the desired state, as
determined by the guidance program, and the actual siate, as
inferred >y the state measurements. The error, or perturbation
state, can be estimated using a linear recursive filter whose
general form is

X = ®x (10)

-1

_ A TR .
X = X +K, (z, - Mx)+K, (5, ) (1ij

Equation 10 propagates the perturbation state
according to the homogeneous equat‘ions of a physical model
®. The effects of model

usin_ the ctate traasition matrix
errors and'for':ing teros are adled in eq. 11. Equations 10 aud
11 provide a completely general formulation for linear estimation;
it is the means of determining 2, _l_g_l, and 52 which defines the
filter as optimal, near- cgiimal, or ad 49c. The Lunar Module
i-ate estimator is an example of an ad hoc estimator which can

be expressed as 2 special case of eq. 16 and ‘113.

For the transition phase an optimal estimator has
been proposed, and the Section 5 flew charts make additional
assumptions. The “ransition estimator is partitioned according
to aircraft conventioz, i. e., into a longitudinal set and a lateral-
directional s=2t. The estimator for each set incorporates all the
variables which wre iizcessary to solve the linearized equations
normally used for the study oi stability and control. Keeping in
mind that the autopilot is primarily responsible for attitude
control, it may prove possible to eliminate from the autopilot
estimator some or all of the variables normally associated with
"guidance", thus reducing the dimensions of eack of the two
estimators; however, this should not be done without 2ssurances
that the integrity of guidance-contrcl interaction i{s maintained,

It is assumed that the measurement variablez have been transformed
to the d2sired pody-axis coordinates before being read by the
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9.13.1 Autopilot (cont'd)

autopilot; hence, no additional transformations are necessary, and
the )] matrix of eq. 1l is an identity mairix with the dimension
of the measurement, z {which ncted not be of the same dimension as

x).

The measuremeni vector of the longitudinal estimator

is defined as

U Bl
W w
z=|H - H ; (12)
8 6
| & |Measurement | 6 |Guidance

thus it includes axial relocity, normal velocity, and height errors
as well as the conventional pitch and pitch rate errors. The

control vector,

o 0,
b = | Spic - bpLc . 13)
653 8sB
8 %:¢s | controt 0 Guidanee

includes direct lift coatrol and speed brake setting as well as
elevator secting and pitcb thruster rate, with the assumption that
the guidance provides estimates of what these quantities should
be (with the exception of reaction control rates). No assumrtion
is made with regard to the source of the "control" quantities;
they may be derived from autopilot and guidance commands or
from control effector measurements. The latter is clearly
d=sirable if accurate measarements are available; however,
there is precedant for 1.sing the former in the Apollo digital

-

autopilots,
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9.13.1 Autopilot (cont'd)

The estimated perturbation state, x, is

[T AU 7

AW

x = | AH (14)
Al

AA | Estimate

The gains él and é'z will be described in a later paragraph. The
anglé of attack estimate is derived from the total linear velocity
estimates (summing perturbation estimates with nominal values)

using the conventional formula

_ -1 [-W
tan (-0_) Estimate
-1 {"WGuidance = AW Estimate
tan _ 1raauace sStim (15)

R
'

Guidance A‘U Estimate

Similarly, the lateral-directional estimator includzs

the measurement vector,

[V \'
» ¥
w=1|r - r (16)
© o0
| p | Measurement | p | Guidance
the control vector,
6 I‘ ¢
a a
& = |8 - e an
8%rcs Bogcs

87res | control | 87Res
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9.13.1 Autppilot (cont'd)

and the estimate vector

(18)

I<
"
>
*s

Ap | Estimate

The sideslip angle estimate axain uses a standard

formula:
v
B = sin
(v‘l‘otal> Estimate
(19)
A VGuiataVEst
= sin |- ———- g So-=e-stooe- P Jpm e NP
[(Ugnia*alest! HVcuia*aVesy " Wounia*aVEst 1V

The flow charts of Section 5 indicate that
calculations of eq. 10 and 11 occur at different points in the
éutopilot ssquence. In particular, eg. 11 occurs soon after
the input is read, while propagation of the state (eq. 10) occurs
after the control command has been issued. This is dane to
minimize transportation lag between the computer input and
output. Since eq. 10 is solved for the next autopilot cycle, the
indices are incremented by one, and the equation appears in
the flow -hart as

(10a)

Lo
"
o

X,
—l

A'though the longitudir 1 and lateral-directional
estimators are each 5-dimensiont.., it is likely that many of
the off-diagonal elements of ® will be negligible, allowing a

reduction in the number of additions and multiplications
necessary to solve eq. 10 and 11,
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9.13.1 Autopilot (cont'd)

Estimator gains for the transition autopilot
prototype are computed in real-time and are the linear
optima) gains associated with Kalman4 and presented by
Liebelts. The gain calculation is based upon the estimation
of state covariances, B, which in this case also dzpends upon
é priori knowledge of the disturbance input and measurement
noise covariances, The covariance propagation, covariance
estimate, and gain computation equations are

A A
B, = L- (K K] M,) R, (20)
ﬁ = &R &T + W (21)
=it ==i = =i+’
: = T A T,.-1
(K)iKpliyy = B Mp B+ M, Ry Mo (22)

Here the indices have been incremented by one, as the solutions
apply to the next autopilot cycle,

It will be noted that the gain matrix has been
partitioned. -K=l is the gain matrix which cperates on the
measurement residuals; §2 operates on the control inputs,
which are represanted as estimated residuals in the gain
computationss. The measurement tranformation matrix, M,
is augmented as n2cessary to incorporate the control inputs
(hence the subscript, A). The disturbance input covaricnce
matrix, W, appears in eq. 21; in general, this term prevents
the gain matrices from vanishing under the influence of the
inverse of the measurement noise covariance, g_, in eq. 22,

The a2bove notation is used for the longitudina.
estimator; in the lateral-directional estimator, N, g, S, and
Y are substituted for M P R

=

and W. The state transition
matrices are different in each case, being subscripted by x
and v accordingly.

Although it may not be apparent from the equations,
this formulation of the optimal gain is well-suited to incorporating
data at differing rates. As an example, let us examine the
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9.13.1 Autopilot (cont'd)

longitudinal estimator, assuming that 8 is not measured

and that only reaction control torques are present. Further
assume that @ is measured on each autopilot cycle, that U and
W are measured every tenth cycle, and that H is measured
every fiftieth cycle. The diagonal matrix is potentially fifth
order; however, it is only fifth order when all measurements
are taken simultaneously, i. e.,on an autopilot cycle when U,
W, H, and @ are measured simultaneously and when AaRCS

in non-zerc. When there is no control torque, M has a
maximum dimension of four, but this occurs, at most, every
fiftieth cycle. It is easy to see that measurements can be
staggered so that the dimension of M is never greater than

2 (assuming that the pitch attitutde measirement, 6, is
incorporated cn every cycle). This simpl.fies the estimator
greatly, particularly as a result of the reduced dimension of
the matrix inversion in eq. 22. The price paid for the reduced
dimensionality on any single pass is the increased logic and
storage required to account for the 5 measurement combinations
(8 plus Uor Wor Hor AO.RCS); however, the computation-time
saving is considerable, This estimation scheme is demonstrated
in Ref. 6.

4.3 Rigid-Body Aerodynamic Control

It is assumed for the transition autopilot prototype
that the shuttle vehicle is equipned with three independent aero-
dynamic controls — aileron, rudder. and elevator.In fact, each
control surface génerates secondary torques, and for the delta-
wing configuration, the elevator and ailerons are likely to be
combined in "elevons'’

The postulated control law includes nominal aileron,
elevator, and rudder commands obtained from the guidance
program (where the commands may Le stored, computed, or
arbitrarily set to zero) plus perturbations derived from linear
feed back control laws., The control gains may simpfy be stored
functions of the time-tc-go, t go’ however, the nonlinearity of
control effect, 7 the wide range of angle of attack, dynamic
pressure, and Macn number?®: 9 and the variation in "nominal"
conditions from one mission to another may impose a requirement
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9.13.1 Autopilot (cont'd)

for additional flexibility. This will be especially true if the
guidance program is unable to provide ncminal control settiags.

It is proposed, therefore, that the control gains
be comprised of two parts: 1) a set of feedback gains stored as
a function of tgo and 2) a factor to ccrrect control surface effect-
iveness as a function of the estimated flight condition and the
actual control setting. The gains dependent on tgo can be obtained
prior to the flight by minimizing quadratic costs on the state and
control in the Jinearized model of perturbations along a nocminal
flight path. 1°
or functions which are dependent on the deviation of flight parameters

The ccntrol effectiveness factors are stored tables

from their nominal values. The control surface commands then
take the form

_ T
Abei Cm (Q-M. 63)'21 -’-‘-i (23)
Ab. = C, (@.M.8 )Y y. (24)
a; L 77T a2 —i i
Ab. = C. (.M, 8 )Ly (25)
ri n ’ ' r -‘3 "'i
and
8 = (8 + A8 ) (26)
€ €Guidance el
[} = (8 +A8 ) (27)
3 2Guidance ai
8 = (8 + 46 ) (28)
r, TGuidance r

Here, Cm' C L and Cn are not the conventional
non-dimensional aerodynamic coefficients; they are the control
effectiveness factors. The vectors f,, f, and f, are ti.e feedback

gains which are stored as functions of tgo'

For the delta wing configuration, control moments
about the three body axes will be supplied by the rudder and a
pair of elevons. The specific control moinents due to rudder

deflection (ar). left elevon del"ection (Ge ). and right elevon

pA 4 L

Some configurations have dual vertical tails and, therefore, two
rudders,
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9.13.1 Autopilot (cont'd}

deflection (6e ), will be

R
L = L(_ ,8 ,8) (29)
e’ "ep’ r
M= M@GB_,8 ) (30)
e. °R
N = N(¢6 ,8 ,58) (31)
e;’ eg’ r
Expanding to first order,
L = L(seL' 6eR’ 6r')Guidance
(32)
+ (L Ab + L Abd +L, A¢
°e e 6e R °r !‘)Control
L R
M = M(ﬁeL' 5eR)(.?uuidanAce
(33)
+ (M As +M as ) .
) e [ e Control
e, L g R
N = N(&_,8 ,8),.
eL en r’'Guidance (34)

+ (N Ads +N As +N, Ag)
OeL eL 6eR eR Gr r Control

Then the perturbation specific control moments due

to feedback control can be expressed as

- - -~ o~ — T ‘1
L L L AS fo Vv
8 8 8 e -2 -
e eR r L
i T
M, M‘s 0 A = f1 x (35a)
e e °R - =
L R
T,
Ns, Nse Ny Ad, 3 v
.. L P o - Jt - J i
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9.13.1 Autopilot (cont'd)

or
" Ab, ) "L, L, L, !'[o £
e, 6 ) & -2
e, en r
x|
As =M, M, 0 tT o
en de 8o -1
L °Rr v .
A N N, N o T
8p § ) 8 =3
e e r
L i - L R Ji L “i
‘35b)
and
beL = (aeL +A°eL)i (36)
i Guidance
= [ded
bep (6eR "’AbeR)-l >7)
i Guidance
& = (b + A8 ). (38)
o ' "Guidance rit

The partials L6 , L g - are equal only for identical
e, ep
mean deflections, as control effects are nonlinea™, particularly at
high angle of attack. This distinction is particularly iriportant as
a result of the coupling of longitudinal and lateral-directional
control actions indicated in eq. 35b. The separation of control
gains into time-dependent and flight condition-.:ependent compo-
nents is retained.in eq. 35b; however, it is clearly possible to
evaluate the aerodynamic control paptials for the nominal flight
condition and con .ol settings, making thein functions of time as

well,

Above a certain angle of attack, the rudder effect-
iveness of most orbiter configurations will be negligible; thus, the
3rd column of the partial matrix in eq. 35 is effectively zero.
While the elevons (or ailerons) could be used to control yaw, there
are only 2 control s:rfaces for 3 axes, and the control of each
axis is no longer independent of the other axes. This coupling
could be beneficial ('proverse') or detrimental ("'adverse'; ‘n
general, it will be necessary to supplement yaw control a‘ high
angles of attack using the reaction contrel system.,
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9.13.1 Autopilot (cont'd)

4.4 Rigid Body Reaction Jet Control

The ceaction control system used for attitude control
during orbital flight and high-angle entry will serve as a backup
control system during the transition (as well as a primary system
for yaw during the early transition phase). Consequently, it is
sufficient to provide a rate damping and attitude limiting control
law with wide deadbands fcr pitch anc roll (or sideslip), assuming
that the aerodynamic control surfaces will exert precise control
within the dead zones. A nore precise parabolic-curve switch-
ing logic is retained for high angle of attack yaw control. An
important feature of the reaction control logic is that it not
oppose the aerodynamic control inadvertently. Unless the lags
in one system or the other are excessive, opposition will be
rrevented by using the same attitude estimates for each set of
control laws.

The control law for the pitch axis commands the
appropriate control jets when [Aél > éDB or when | A8| > ODB'
At high angles of attack, sideslip angie and yaw attitude are very
nearly normal-mode components of the lateril-dircctional

m(‘tion.1 1

Thus it is appropriate to choose these as control axes,
firing roll and yaw jets simultancously when sideslip errors
exceed their deadbands and firing yaw jets alone when yaw limits
are exceeded. Sideslip rate can be approximated by a combination
of reli and yaw rate errors, allowing the sideslip rate damping

to command jets on when {AJ; cos g + Aé sin al > iDB. The
sideslip limiting logic consists of commanding jets on when

,p] e pDB' Parabolic switch curves similar to the Lunar Module's
TJETLAWS or to those presented in Ref. 12 would be used for

yaw control.

Below some angle of attack (to be determined) the
sideslip control law degenerates into a redundant yaw controller,
and tne rudder becomes effective as well, At this point, the
sideslip control law should be replaced by a body-axis roll law,
firing on |Ao| > ®pg OF | Aol > ®np- Slncie the rudder becomes
the primaary yaw control effector, simple ) and y deadband logic
then replaces the parabolic curves.
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9.13.1 Autopilop (cont'd)

The selection and timing logic for the control
thrusters is similar to the Lunar Module logic 3 and is not
repeated here. The choice of selection logic is based on the
number and positioning of control jets; should a highly redundant
configuration be chosen, a linear programming approach could
be considered as an alternative to the LM design. 13 Timing jet
firings to the nearest millisecond, as in the LM-Alone autop..ot
(rather than to the resolution of the sampling interval, as in the
LM's CSM-Docked autopilot), is essential 1) when the reaction
control system is the primary system and 2) when the mode of
motion most closely associated with a control axis is unstab.e

(this can occur for both longitudinal and lateral-directic:ial modes). 14,15

4.5 Inertial and Aerodynamic Parameter Update

Inertial and aerodynamic parameter updates are
separated in the Section 5 flow charts because it will not always
be necessary to update both at the same time. Although the
inertial upﬂate is included in the transition autopilot prototype,
this subrout:ne need be done only when a main engine is firing and
substantial changes in the vehicle mass are occuring (reaction
‘controi propellant usage can be ignored). In this case, the mass
estimate is decreased as a function of the average thrust during
the last autopilot tampling interval, -

}.:;::.l - 1‘.’1:.::1_1 :,!V'nnsi (Thrust) (39)

while moments of inertia are functions of the mass,

Ixxi = Ixx (Mass.l) (40)

= I L) 1
Iyyi vy (Massl) (41)
Izzi = Izz (Massi) . (42)

and reaction jet specific control moments ('jet accelerations')
are functions of the moments of inertia. Both the rﬁoments of
inertia and the specific control moments are required, as these
data are necessary for aerodynamic control as well as reaction
control, The need to vary the reiationships between mass and
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9.13.1 Autopilot (cont'd)

inertia as functions of cargo bay loading must be deizrmined. It
is aot antic.pated that products of inertia will be estimated;
however, cargo bay loading could have a significant effect on the
"nose-up'' product of inertia, Iz

The aerodynamic parameter s'ioroutine will update
dynamic pres.ure, g, Mach numder, M, aerodynamic contirol
gains, and the estimator's state transition matrices. The
dynamic pressure can be derived from the difference between
measured stagnation and static pressure; it also can be derived
frcm the egtimated total velocity VEst' and the air density, p(H).
A 'best estimate'' can be formed by combining the two using
parametric optimization. Assuming static pressure and air
temperature are measured (or stored as a function of aititade),

p(H) = p(H} RTH) ., (43)

where R is the universal gas constant, and
2
q =k [1/2,0Wg ] +k,aP
= kygytkya, (44)

-

The weighting constants, kl and kz, are determined
by tae known variances in ql and Qy:

2 2 2
k, = o, /e, +o.) (45)
1 q, 9, 9
: 2 2 2
= + = -
k, aql/(.-.rql aqz) 1- Kk (46)

The Mach number is determined from the total
velocity estimate and the measur=d air temperature:

M= V. / (krTaD) /2 (47)

where k is the ratio of specific heats for air,

An alternative formulation for q, eliminates eq. 43
and uses eq. 47. Il is
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9.73.1 Autopilot (cont'd)

-k 2
Ql =3 p(HM {48)

The control effectiveness correction parameters
of eq. 23-25 or the inverse matrix of partial derivatives in
eq. 35b are next computed as functions of o, M, and control
deflection. The optimal gain vectors —f.l' 52. and _1:3 are computed
as functions of t go" The product of cuntrol effectiveness correc-
tions and the gain vectors is taken in the update subroutine in
order to minimize computatiors in the more frequently computed
aerodynamic control subroutine. Finally, the estimator's state
transition matrices are upcated as functions of o, q, M, Mass
(or Inertia), and tgo' using a cual approach similar to that for
control gain computation. As in tane case of the control gains,
the purpos«. behind the dual approach is to maximize reliability
and flexibility by incorporating both expected matrix values with
measured values in the state transition matrix update.

4.6 Failure Detection

This subroutine has not been examined in detail.
The faiiure detection algorithms will monitor estimator residuals
ior abnormalities which would indicate failed sensors or control
effectors., They will be tailored to the most-probable failure
modes of the monitored instruments.
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9.13.1 jutopilot (cont'd)

5. Detailed Flow Dia‘rams

This section contains detailed flow diagrams for the
Unified Digital Autopilot Program: writh smecific reference to the
transition flight control mode.
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9.13.1 Autopilot (cont'd)
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9.13.1 Autopilot (cont'd)
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9.13.1 Autopilot (cont'd)
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9.13.1 Autopilot (cont'd)
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9.13.1 Autopilot (cont'd)
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9.13.1 Autopilot (cont'd)

Estimator, Cont,

Lateral-Directional

{'V' R'A
v ¥
. w =l r - r
¢ ¢
P P
'Measurement YGuidance
- - -
éa réa
£¥ X ér é6r
- 1-1
APges 0
| Smes |y, L%
Control Guidance

-A - -A
©oG T LRty R YK 8y )

'
Ay
Ar
&P
AP

Estimate

o 97 1/2
* Mguia, *AVEst, ! ]

Return to Executive

< v L2 2
+ Vggt [‘Ucuid. + 8Tt )" * Vguia, * AVEst

. '1
Pz stimate = o0 [‘chid'. +aVpgt, )/ Est]

- 7

Figure 2{ DETAILED FLOW DIAGRAM

9.13-41



9.13.1 Autopilot (cont'd)
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9.13.1 Autopilot (cont'd)
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9.13.1 Autopilot (cont'd)
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9.13.1 Jutopilot {(cont'd)
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9.13.1 Autopilot (cont!d)
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9.13.1 Autopilot (cont'd)
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9.13.1 Autopilot (cont'd)
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9.13.1 Autopilot (cont'd)

6. Supplementary Information

The functional flow diagram of the Unified Digital
Autopilot Program is largely independent of the mission phase and
vehicle configuration; however, detailed flow diagrams depend
on mission phase. The estimation and control 2lgorithms are
further dependent on vehicle configuration, while the parameters
for control may vary with vehicle loading as weli as flight condi-
tions. Algorithms and control parameters will be further
developed as mission profiles and vehicle characteristics are
defined.

In addition to standardizing functional flow, the
Unified Digital Autopilot Program should allow sharing of sub-
routines by avtopilot logic developed for various mission phases.
For example, the transition estimator could be useful during
cruising flight and landing approach. It also can provide
guidanée system monitoring during atmospheric boost and on-line
estimation during orbiter powered ascent. Failure detection
subroutines will be dedicated to specific measurement and control
subcystems; thus the subroutii.. : will be employed as the
subsystem s are required and may be used during more than one
mission phase. In order for the autopilot program to be truly
"unified", it will be necessary to consider autopilot requirements
for all mission phase. in a parallel fashion.

Ttare work will follow two specific paths. The
unified autopilot concept will be refined through simulation and
further analysis:. The autopilot requirements for specific mission
phaeses will be pursued in accordance with the assigned tasks of
NAS9-10268, with particular emphasis on the requirements of
high cross-range, deltr-wing configurations.
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9.13.1 Autopilot (cont'd)

14,

15.

Basile, P.S. "Handling Qualities Parameters for the North
American Rockwell Delta-wing Orbiter 134C, " MIT CSDL
SSV Memo (to be published).

Freeman, D.C., "Low-Subsonic Aerodynamic Characteristics
of a Space Shuttle-Orbiter Concept with a Blended Delta
Wing-Body, ' NASA TM X-2209, Jan., 1971,
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9.14 CRUISE AND FERRY CRUISE

The Gruise phase of the shuttle mission applies to the period
of atmospneric flight between transition and approach. The Ferry Crulse
pnase refers to powered flight betweem airports., These phases include low
altitude earth-relative navigation, guidance and aerosurface control. The
Software functiona required in this mission phase are the following:

1., Powerdd flight navigaticn augmented by external deta to waintain
earth-relative position.

2. Powered flight gihidance resultiugz in thrust levsl control (for
Ferry only) and autopilot (attitide) commands required to
achieve desired intersection with the terminal approach path
for landing.

3. Autcpilot ~omputations to result in proper aerodynamic surface
control and trim settings to maintain desired heading and flight
path.

9.14.1 Navigation TBD

9.14.2 Guidsnce TBD

9.14.3 Cruise Autopilot

v 9.74-1
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9.14.3.1 Manual Modes

TBeecontrol system for the delta wing orbiter (as implemented by the Control
Requirements Branch, GDC, @s their Cruise and Landing Simulator) provides the
following modes of operation:

&l) Direct Manual (CM)
2) Rate Command (RC)

(3) Rate Command,’Attitude Hold (RCAH)
(4) Automatic Guidance (AUTO)

(5) Yaw Damper (YD)

Figures 1 through 3 present the complete control systems implemented for pited,
roll and yaw, respectively.

The systems presentsd include certain modifications over the previously imple-
mented control systems (for the straight wing orbiter.,) For the pitch and roll
sygstems, the RC and RCAH control loops are no longer separate and ¢ logic elerent
has been included to preaclude switching to attitude hold with large vehicle rates.
In the pitch system,the attitide hold function is not engaged unless the selected
mode is RCAH, the hand controller is in datent (QIN), and the vehicle pitch rate
(q) minus the tirn coordinater pitca rate (Q¢) is within + ,0175 rad/sec (QLIN),
Similar conditions are also requiréd to engage the roll attitdde hold function
excppt for the turn coordirate rate that 1s not required in the roll channel.

The first parts of Figures 1 and 3 are presented to show the turn coordinator
for pitch in the RCAH mode and for yaw in the RCAH mode with the yaw damper dis-
engaged. The turn coordinator as implemented provides improved orbiter regponse
during tanked manuevers.

In Figure 3, a second feedback loop (in addition to the yaw damper) is shown
in the gaw coatrol system. It has been included for studies to evaluate the ef-
fectiveness of lateral acceleration feedback during cruise and landing. For base-
line purposes, however, the loop gain (R3) is zero and the loop may be ddsregarded.

Table 1 presents the gains implemented for all three control systems. Table 2
shows the logic expressions for controlling the numerous switching functiond used
in the control systems. (The switch designations represent logical conditions,
not individual switches; and the same switch is employed in various locations).
.Integrators controlled by the logical switches are considered in reset, or tem-
porary reset (t20.01 sec.), when the switch is closed. Attitude and trim commands
are input to the integrator initial condition terminals. The integrator gain is
assumed to be plus one.
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9.14.3.1 Mannal Mod t'd
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9.14.3.2 Crulge DFCS
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9.14.3.2 Digital Flight Control System

INTRODUCTION

The principal objective of the DFCS, horizontal aerodynamic
flight phase, is to prcvide rotational control and speed brake con-
tol of the Orbiter during those phases of the mission where the
Orbiter flight resembles conventional aircraft. These mission
phases are the post entry aerodynamic flight, cruise, and landing,
and also the horizontal takeoff (without Booster). The aerodynamic
DFCS contains an auto mode, direct manual, stability augmentation
system (SAS) manual, and a rate command attitude hold RCAH mode.

The horizontal aerodynamic flight phase of the DFCS is in a
state of growth itself, even without regard to the incorporation of
other mission phases. Modifications presently planned include
additional tasks, such as anti-skid, brake control, nose-wheel
steering, landing gear extend, throttle, a DFCS self-contained term-
inal guidance system, and flexible body and fuel slosh control.

This version of the DFCS provides the embrionic structure for
the ultimate unified DFCS (see MIT Reports belcw) which will be used
for both rotational and translational control of the Space Shuttle
Orbiter and Orbiter/Booster combined in all phases of flight, from
launch ascent through orbit to entry and touchdcwm. The DFCS
will evolve into the unified DFCS by sequential incorporation of the
presently separate DFCS's for the other mission phases. Thus, the
present DFCS contains routines Labeled such as:

Transition Mode
Entry Mode
Orbit TVC Mode
Orbit RCS Mode
Insertion TVC
Booster TVC

and such routines, while presently empty, will contain those functions
in the unified version.

The DFCS provides a versatile autopilot structure while main-
taining simplified communications with other progrmms, with senaors,
and with control effectors by the use of an executive-and-subroutine
format, (However, the present version of the DFCS temporarily has de-
moted these sub-routines, for convenience, to mere routines.) The
DFCS reads all external variables (commands, sensors, and supplied
data) at a single time point, copying them into dedicated storage,and
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9.14.3.2 DFCS (cont'd)

controls its major support subroutines (presently routines) to

be synchronous with the autopilot cycle. As a result, the autopilot
program is largely independent of other programs in the guidance com~
puter and is equally insensitive to the characteristics of the pro-
cessor configuration (dedicated guidance computer versus shared
multi-processor).

The sequence of autopilot functional computations is arranged
to minimize transportiation lag, the time interval between receiving
a measurement and effecting a control force. While this lag may be
largely due to equipment external to the guidance camputer, the time
required for control computation can be significant. As a consequence,
the filter computations are separated into two sections, one being per-
formed between the "read" and "write," that is, Just prior to the con-
trol equations. The second filter section, including filter "push
down," is performed after writing commands to the control surfaces, and
therefore does not contribute to the tranaport lag.

The DFCS is written in a basic Fortran version (IV) without using
features peculiar to a particular computer installation in order to
minimize conversion problems by other investigators. Flight versions
or special test beds may require reprogramming into machine langusge
to minimize computation time, at the expense,of course, of engineering
readability.

Documentation

The baseline equations for the DFCS for the horizontal aexro-
dynamic- flight phases of the Orbiter are presented herein as a Fortran
listing, version 4D. The listing contains a definition of the alpha-
numerics, comment cards, and a compilation. cross reference printout.
An auto-flow chart 1s also presented, which was made fram the exact
listing shown. The listing and auto-flow chart constitute version 4D
of the DFCS. Other explanatory diagrams herein, the six-page block
diagrams of the control modes (version 4B), and the DFCS interface
diagram (version 4B), are intended only to provide understanding for
the more official listing (version D).

MIT Reports

The DFCS was developed by the Draper Laboratory of MIT for MSC.
The MIT project leader is Dr. Robert F. Stengel. Additional infor-
mation describing the DFCS can be found in:

a. Space Shuttle GN&C Equation Document No. 8-71 (Draper Labora-
tory), "Unified Digital Autopilot With Specific Reference to the
. Transition Phase," by R. F. Stengel, March 1971. (Sec., 9.13.1 of this
Report.)
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9.14.3.2 DFCS (cont'd)

b. SSV Memorandum No. 71-23C-4 (Draper Laboratory), "Cruise
Phase Autopilots for the Straight Wing Orbiter Vehicle," by A, Penchuk
and R. W. Schlundt, May 19T71l.

The first of these reports defines the intended approach for com-
bining all the DFCS from the several mission phases into a unified
DFCS, and is written in the context of modern control theory. The
second report (memorandum) describes the servo design procedure and
results whereby the analog/root-locus selection of servo loops feed-
back signals, gains. and compensation were selected. The conversion
from analog servo-loops to digital servo-loops using the difference
equaticn approgch is also detailed. The control equations for the
delta wing orbiter in the present DFCS are based on this report, not-
withstanding the nomenclature "straight wing" in the report title.

The CRuise And Landing perodynamic Simulator (CRALS) at MSC
presently contains: the DFCS (version 4B) with minor modifications
as required for the machine dependent interface signals. Copies of
this variation can be obtained by request, both in list form, and as
card decks.

DFCS Interfaceés

Figure 1 (which is largely self-explanatory) shows the interface
signals between the DFCS and other units. The signals actively used
in the pregsent version are shown as solid lines. The dotted lines
represent signals contained in the read and write statements of
version UD but which are not currently used due to zero gains loaded
in their signal flow paths.

Investigators who intend to use the DFCS need not provide the
"dotted line" group of interface signals, but if these interface sig-
nals are not provided, they should also be ocmitted from the read
statements to prevent program aborts.

The guidance system is shown in Figure 1 as two separate systems;
one for commands to the DFCS, and the other for computed information
utilized by the DFCS. The computed information source need not be the
guidance computer, but could be other sources such as the air data
computer, or navigation system, or sensors. Of the latter set, speed,
angle of attack, and altitude enable tha DFCS to update control gains
and filter constants. Speed and "range" (range to go until touchdown)
enable the DFCS to control the speed brake during landing approach.

One recurring interface problem traditionally is the arbitrary
definitions for control surface position. Within the DFCS and at the
interfaces, surface positions of elevator, aileron, and rudder are
defined such as to cause positive pitch, roll, and yaw moments., This
1s opposite to'some commonly used sign conventions for elevator and -
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9.14.3.2 DFCS (cont'd)

aileron. Elevon position polarity is positive for trailing edge
upward. A right rudder pedal push will cause a positive rqdder‘by
DFCS definition, which is the same as pilot language for right rudder.

The elevators and rudder follow the left hand rule, for thumb of left

hand in direction of plus y or plus z divection, The purpose of this
selection of signs was to simplify the verification cf proper signs since
positive gains result for the airplane trane“er function. A more compeliing
reason for the sign selection was that in vWitching from RCAH to Direct -
Mode, stick back %Esing standerd signs) calls for plus pitch rate in RCAH

but negative elevator position in Direct Mode. Using standard signs,

numerous sign changes would confusingly appear and disappear with mode
switching. The speed brake angle magnitude is defined in the DFCS as
one-half of the included angle between the two surfaces.

Interface signals are of two types, discretes and proportional
varisbles. Figure 1 identifies the discretes and the values each can
have, All others are proportional variables. The maximum and mini-
mum permissible values of the interface signals have not been defined.

The "restart" discrete is considered to be generated external to
the DFCS. After re-initializing, the DFCS will reset the "restart"
signal to zero, waich informs all other programs that the DFCS infor-
metion is trustworthy once more.

The DFCS computes TNEXT, and informs the main computer when the
next 1FCS cycle is to be called.

Control Modes

The DFCS (horizontal aerodynamic flight phase) provides control
at this stage of development fcr the elevons, rudder, speed brake, and
landing gear extend. The major modes are (1) Manual, and (2) Automatic.
The Manual mode contains three submodes: (1) Direct, {(2) Stability
augmentation system (SAS) - a form of rate command, and (3) Rate Qom-
mand Attitude Hold (RCAH). The SAS mode has been retained because of
historical pilot femiliarization with it and for purposes of evalu-
ating comparative flight handling qualities.

The manual modes receive commands from the pilot's hand controller
and rudder pedal. In the Direct manual mode; the hand controller sig -
nals are considered elevator and aileron position commands. In SAS and
RCAH manual modes, these same pilot's hand controller signals are con-
sldered as attitude rate commands, pitch rate and roll rate. The rud-
der pedals conmand rudder position in direct mode, and sideslip in RCAH.

The Automatic mode receives Commands only from the guidance system.
Provision is included for many other guidance command signals which may
‘be utilized in later versions if required by guidance, Version 4D
"reads" all the guidance commands, but the DFCS internal gains are set
at zero for those signals not currently used.
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9.14.3.2 DFCS (cont'd)

A yaw attitide or rate command to the DFCS is not used (at present)
because it would contradict the sideslip feedback for coordinated turrs.
Later versions may use yaw commands to awold crabbing daring gusts at
landing.

A control option, which may be termed a mode, is "automatlc" spsed
brake control and the elevator altitude trim ccntrol availableé only in
the RCAH mode. Later versions will provide the auto speed brake option
in all manual modes. It is sélectable from the pilot control panel using
FLAG 5. A trajectory profile of speed versus distance to touchdown and
altitude versus distance, stored in core memory, is used together with
externally provided information on speed, altitude, and range-to-go, to
compute the speed brake commands and elevator trim commands.,

More details on this mode are contained below intthe section entitled
"Fortran Listing" near the end of that section (see the heading "Landing
Approach Trajectory for Manual Modes").

Control Eyuations

Sheets 1 - 6 contain block diagrams, in servo-loop format,of the
digitized equations for the Auto mode, and the RCAH mode, for each of
three channels: elevator, aileron, and rudler. Each calculation block
is a separate Fortran card, except where several blocks have been en=-
closed in a larger, dotted-line block on the diagram, which indicates
one card.

The Z ™' calculation blocks are achieved in the DFCS programming by
the relative time sequence of cards, which permits the DFCS cycle time
lag to_occur at the point so designated. No Fortran cards appear for
the Z-1 blocks.

The filters are also shc.m in Sheets 1 - 6, although located in the
DFCS under headings called "Filter-1l" and "Filter-2," instead of in the
"control law" routine. The filters are generalized second order digital
filters, but at present, most of the filter gains are zero which results
in first-order filters.

The filter network following the summing junction of command and
feedback is an integrator, and a first order lead. This function is
called (in alternative language) a "proportional plus integral" function.

Washout filters are so labeled on the diagram and correspond to the
analog TS/TS+l, which is high pass filter with unity gain at high fre-
quencies., The washout filter is used now only in the yaw rate feedback
path for rudder control. It permits the yaw rate feedback to damp the
Duten Roll mode, but not to oppose a steady yaw rate turn. A pitch rate
wagshout filter may be used in later versions to keep the vehicle nose

up during banking maneuvers.

*»
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9.14.3.2 DFCS (cont'd)

RCAH/Elevator Cheannel (see Sheet No. 4).~ The presently active
part of this mode/channel has:

a. Pilot's hand contrcller longitudinal command of pitch rate.

b. Pilot's staticn trim beeper switch is a discrete inte-
grated within the DFCS. This trims the pi“ch rate, thus offsetting _
null biases in the hand controller, rate gyro, or any other source.
In direct mode, the trim button provides attitude trim.

Pitch Rate Gyro.- This signal is differenced with the hand
controller command and the trim command to provide an error signal.
The pitch rate gyro signal is also "gained" and f e dback to an inmer
loop to provide servc dsmping.

The "attitude hold" aspect of the RCAH mode results only fraom the
fact that with a zero r.te commanded, the attitude command is "held."
No switching-in of an attitude gyro occurs at stick detent to ensure
attitude hold. This has the advantage of permitting tte RCAH mode to
function ever though all attitude references have been lost. Any
drifting of attitude due to gusts can be corrected by pilot input.

Additional integration in the servo loops are being considered to
improve the attitude hold features of RCAH.

The normal scceleration feedback is not currencvly used and there
is a zero gain in the signal path. This feedback will be used in later
versicns to provide so-cailed C-star control during landing where the
pilot'’s controller cammands a cambination of pitch rate and vertical
acceleration.

The rormal accelerameter is not used in the Automatic mode.

The elevator command produced by the RCAH longitudinal channel
is summed or differenced with the aileron command from the RCAH lateral
directional channel to result in individual elevon commands.

The conversion of elevator and aileron signal to elevon signal
is accamplished internal to the DFCS to permit usage of non-linear
effectiveness gains of the elevons in future versions.

In order to avoid stair-step motion of the control surfaces at
the DFCS cycle period, several fixes have been proposed which utilize
either local filtering at the actuator or rate commands without
position commands or some combination.

Prefiltering done locally at the rat. gyro has been proposed &y

" filter body bending without increa: ag t'.. DFCS sczplie rrequency.
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9.14.3.2 DFCS (cont'd)

During bank angles (i.e., dvrinz turns), the pitch rate gyro
picks up body pitch rate and the RCAH gives a nose down output. To
correct this, a wasanout filter in the pitch rate gyro path can be
employed, or a more direct cross feed from the lateral RCAH could be
added. The DFCS present listing contains the pitch rate washout
filter in anticipation of this purpose, but the signal is temporarily
deadended, as shown in Sheet no. k.

RCAH/Aileron Channel (Sheet 5) and RCAH/Rudder Channel (Sheet 6).-

Together, the rudder and aileron channels constitute the luteral-
directional RCAH control. The rudder channel is considered an inner
loop for the aileron channel. The loop closure sequence is:

a. Yaw rate gyro feedback to rudder, with gain and washout filter.

b. Sideslip feedback to rudder with gain. The "filter" at
present is inactive as such.

¢. Roll rate feedback with gain (aileron channel) for damping.

d. Roll rate feedback (aileron channel) differenced with pilot's
nand contrcller to produce the RCAH roll rate error.

e. Two feedbacks shown are presently inactive. Future versions
may use yaw rate feedtack for cross feed into aileron, and roll rate
cross feed into rudder.

The forward path, from roll rate command error to aileron, contains
a gain, an integrator, and a first order lead.

As discussed above, the pllot's hand controller provides roll
rate cammands, and the rudder pedals provide sideslip command.

Manual trim is provided separately for roll rate and sideslip
in the RCAH mode.

Future versions may substitute lateral accelevation for the side-
slip feedback, due to possible difficulties with sideslip sensors,
with corresponding changes in compensation.

Auto Mode (sheete 1, 2, and 3).- Less detailed discussion of the
Auto mode will be required since it is essentially a position laoop
closure around the RCAH mode.

Comparisons of the Auto mode and RCAH miode control equations can
be made by viewing the corresponding diagrams together; i.e., Sheets 1
and 4 for elevator, Sheets 2 and 5 for aileron, and Sheets 3 and 6
for rudder,
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9.14.3.2 DFCS (cont'd)

Auto/Elevator vs. RCAH/Elevator (Sheets 1 and 4).- The Auto
¢cc 1nd is pitch attitude from the guidance system. The forward path
cc ..aing a gain, integration, and first order lead, all of which operate
on the pitch error signal. Damping by the pitch rate gyr- is provided.
Inactive in the present version are the guidance commands and feedback
for angle-of-attack, and guidance command for pitch rate.

Manual trim is not provided in the auto mode since the function
is accomplished internal to the guidance system.

Auto/Aileron vs. RCAH/Aileron (Sheets 2 and 5).- Similar remarks
to those contained in the preceding paragraph apply to the aileron
channel (with an appropriate change in axis nomenclature). The guidance
system commands for roll rate, yaw rate, and yaw attitude are currently
inactive in the auto mode. The yaw rate gyro cross feed into the
aileron channel is alsc currently inactive.

Auto/Rudder vs. RCAH/Rudder (Sheets 2 and 6).- Presently inactive
for the Auto/rudder channel are the guidance commands for yaw, sideslip,
yaw rate, and roll rate. The following cross-feeds are also inactive:
Roll rate gyro and yaw attitude gyro feedback.

DFCS Listing. - The sections of the program in sequence are:

1  Entry point (for all cycles).
103 "Pad Load"Initialization.
If flagword ITURN = 1, this irndicates an initial +twrn on
Constants will be loaded fram some external source by
"read" statements.

104 Begin standard cycle.

External flagwords are read which indicate restart, modes,
gain update option, and automatic speedbrake.

Read clock and compute next DFCS cycle start time,
24  Logic test to determire if DFCS needs re-initialization.

If there has been indication of a restart, or a mode change,
the DFCS must be re-~-initialized.
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20 Sequence and I/O Initialization.

Reset the restart flags, change to the new modes, and set
an internal flag (ISTART) to indicate that this DFCS pass
is an initializetion cycle. At the end of the entire
DFCS cycle, this flag will be set back to normal.

33 Establish Sampling kules

The DFCS has three different cycles. The control laws
and filters are performed on each fast cycle, now set at
.10 seconds. The speed brake cammands are calculated on
each medium cycle. The gains are updated on each slow
cycle. A table look-up sets the three cycle times as
functions of the DFCS mode and mission phase.

The half-time TF2 for a fast cycle is used in the digital
filter gains.

The ratios of the three cycle periods are camputed so that
countdowns can be used to determine which fast pass coincides
with 2 medium or slow pass. The Modulo function is used
for the counting at the very end of the program. The

initial count for the medium and slow passes are offset

by one cycle to avoid having a medium and slow pass occur
simul taneously.

2001

2002 For the initial pass, the gains are set equal to the

basic gains in table KFIX, and filter constants are set to
the basic GFIX constants. Subsequent passes will update

the gains and constants as functions of speed, altitude, etc.,
which are stored in other tables.

99 itialize indices.

These are the indices for the Modulo functions which count passes
to identify medium and slow cycles.

52 Branch to read, based on mode.

Each mode will result in reading a different set of com-
mands, sensors, and other data.

All "reads" are located below in a read subroutine at state-
ment 300, After reading, the program returns to the executive
section for the next branching test.
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56
57

29
60

80

10
Branch to filter and parameter initialization.

A logic teat is made to determine if initialization should
be bypassed. Otherwise, a branching is made on mode,
initialization is made, and control is passed to the next
branching.

Whenever a branch test is made on mode, and the result 1s
Manual mode, a second branch test is made on Manual mode,
to determine which manual submode.

Similar branching and returning to executive control 1s
made for:

Branch to state filter - part 1 (filter update).
Branch to control law.

Branch to state filters - part 2 (filter pushdown).
Branch to parameter estimation.

This branch depends on mode, and also if Flag 4 has
requested parameter estimation.

The parameter estimation routines are located below at
statement 7051. These are filters for external informa-
tion for angle-of-attack, velocity, air density, and dynamic
pressure.

Afterward, table lookup is performed to obtain the update
for the control law gains,

Brench for-clcseéut,
A different closeout is used for the intial pass.
This completes the branching section in the executive program.

The "sub-routines” follow. In this version, as stated above,

the subroutines are routines.

Comments will be made only to supplement reading of the listing.

2000 Initislization Routines.

87

Pullup and flare constants for manual approach.
The strategy is to let the DFCS compute these control system

constants to avoid human calculation errors when trajectory changes
are made,
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40O Filter Routines - part 1.

All possible filter calculations are done in Filters part 2
fcllowing the control law calculations to avoid transport lag.

Filters part 1 is performed immediately after "read" and
prior to "control laws."

The filter equations and identification of constants by
symbol can be seen on Sheets 1 to 6 of the block diagrams.

5000 Control Routines.

The control laws for Auto mode and RCAH are shown in tue
block diagrams Sheets 1 to 6.

511 Multi-Rate Speed Brake Control.- An automatic speed brake control
mode is available (only in RCAH) to assist in landing
approach. A reference trajectory is ctored in the DFCS
based on altitude and velocity versus range to go to touch-
down. Error signals of velocity and altitude are simply
"gained" (without integration or compensation) and added to
the pilot's manual speed brake command. The altitude gain
is set at zero. Additional information on this subject is
below in the routine "landing Approach Trajectory for
Manual Modes" at statement T02.

512

51k Elevator Trim for Landing Approach Trajectory.- DECH and DECU

are the delta elevator commands due to altitude and velocity,
respectively, from the "Landing Approach Trajectory," for
RCAH only. The altitude and velocity errors are "gained"
(without integration or compensation) and added to the other-
wise total RCAH elevator cammand. Thc¢ velocity gain is zero
at present. The altitude error produces a low gain, slow
loop elevator trim which tends to keep the vehicle on the
glide slope. The loop is so slow that pilot commands to

the RCAH are much faster. Hence, the pilot and not this
automatic feature produce the pullup maneuver and landing
flare. More information on this subject is below in the
routine "Landing Approach Trajectory for Manual Modes" at
statement 305.

6000 Filter Routines ~ Part 2.- This routine contains all the filter
calculation that can be done before the "read" on the next
cycle. Also included is the "push down" of the digital
filter where the quantity at ¢, becomes the same quantity
at t,.; for the next cycle.

The filter equations for the RCAH and auto modes are shown
in the block diagrams, Sheete 1 - 6.
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611 Medium Cycle, filter for X-velocity.

612 Slow Cycle, filter for altitudes.

702 Landing Approach Trajectory for Manual Modes.~ The reference
trajectory is used only in RCAH mode, but must be maintained
in all modes in case of switchover to RCAH. Two trajectory
curves are stored, veloclity versus range, and altitude ver-
sus range. The velocity trajectory assists in speed brake
control of velocity. The altitude trajectory assists in
elevator control of altitude. -

The range-to-go is broken into four segments. Trajecto:y
information is stored at the endpoints of each segment for
velocity, altitude, and altitude slope (slope with respect
to range). IR is the index 1 to 4 for each segment of
range, with 1 nearest touchdown and 4 at high altitudes.

For altitude, the segments are: Landing flare = 1 (ending

in touchdown with a sink rate), straight line glide slope = 2,
approach pullup = 3, and steeper glide slope straight line = L,
The glide siope and pullup segments for altitude are algebraic
quadratics (a + bx + cx° + dx3) such that the slope and
position of the curve coincide with the adjacent straight line
gsegments. Coefficients for these interpolations are computed
in the DFCS in the initialization routine "Generate Pullup

and Flare Constants for Manual Approach,” located near
statement 2010.

The velocity segments of the reference landing trajectory
are straight lines for the three nearest touchdown. The
fourth segment is exponential and results in a linear IAS
(indicated airspeed) versus range.

RGO is the range-to-go (to touchdown) and is navigation type
data supplied to the DFCS by landing navigation aids or by the
guidance system. RIAND (I) is the range-to-go (reference
trajectory) at the endpoints of each range segment. RGO
segment number TR= 1 is bounded by endpoints I =1 and I = 2,
Segment IR = 2 is bounded by endpoints I = 2 and 3. The
program determines IR by comparing RGO = RLAND(I) until it
goes negative - then IR =1 - 1,

Having found IR, the program proceeds with the interpolation
formulas. First, however, each segment of range has its own
measure cf reference length RL, which,as the listing zuggests,
RL = RGO - RLAND(IR),
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The results of the interpolation equations are UG and HG, a
velocity command and altitude command. These commands are

used in the control routines (descrihed above), to provide

speed brake and elevator commands.

The next version, or soon thereafter, will contain a Mach~
trim featwe at alcitudes above 45,000 ft.to provide a
steady-state angle-of-attack along a reference t:ajectory
in the RCAH mole.

81 Closeout Routine.- ISTART is the flag which indicates if this
pass was an initialization pasS for the DFCS. If this was
a "first" pass, the executive program will begin the closeout
routine at statement 81 and set ISPART = O.

For the first pass, both the count indices for medium and slow
are 0, IS = IS + 1 offsets the slow cycle index from the
medium cycle index so that the medium ad slow cycles will not
occur on the seme pass.

82 Increment Indices.- Each fast pass increments the counting in-
dices for the medium and slow cycles.

The Modulo function is a comparison function used in count-
downs such that if the index exceeds or equals the second
argument, the first argument (index) is set to zero. For
example, Modulo 5 would count 1, 2, 3, 4,0 and repeat.

When IM = O, the DFCS will perfbrm the medium pass operations.
in additic~ to the fast pass operations, and similar results
occur for the slow pass when IS = O,

Autoflow Chart

The autoflow chart is a flow diagram made automatically
by computer program. Hand notations in ink have been made on the
first page of the diagrams to explain the autoflow symbols. The
computer mainstream of flow does not always emphasize the sume
mainstream that the human designer had in mind, so the results
are sometimes confusing. However, the autoflow chart is a useful
tool.

Pad Load and Constants
The constants have beer verified for the NR 161C., Now constants
are being determined for the MSC 040A Orbiter. These constants have

not been included because they are changing, but are available upon
request,
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(GUTDANCF)
" " (FILTER INPUT)
bt . (FILTER OUTPUT)
- . (TEMP)

9CLL RATE (FILTER INPUT)
" (FILTER DUTPUT)
YAH ATTITUDE (MFASURFMENT)

" (GUIDANCE)
" " (FILTER INPUTY)
" » (FILTER OUTPUT)
" " (TEMP)

ROLL RATE (TFMP)
TEMPCRARY STNRAGE IN PARAM, EST,
" ] " " "
ROLL AXIS TRIM COMMAND
PITCH RATE' (MEASUREMENT)
TABRLE OF PITCH COMPENSATION GAINS
TABLE OF PITCH RATE GAINS
PITCH RATE (GUIDANCE)
" . (FILTER INPUT)
bt . (FILTER OUTPUT)
. " (TENP)
PITCP AXIS YRIM COMMAND
" (HASHOUT FILTER DUTPUT)
" » ( " TEMP)
YAW RATE (NEASUREMENT)
TASLE OF YAW RATE GAINS
" b (GUIDANCE)
RANGE TO GO
REFERENCE AIR DENSITY
ATR CENSITY X VELOCTTY
YAW RATE (FILTER INPUT)
TEMPORARY STORAGE IN REFFRENCE TRAJECTORY
RANGE POINTS ON LANDING APPROACH:
Y= 1 1TCUCHDCWN PCINTY, ?:FLARF INYTTIATICN,
3:PULLUP TERMINATICON, 4:PULLUP INITIATION,
S53HIGH ALTITUCE REFERENCF
" " (FILTER OUTPUT)
ol " (TEMP)
YAW AXIS TRIM COMMAND
RUNDER TRIM DISCRFTE
YAW RATE (WASHOUT FILTFR QUTPUT)
" L) ( ” " TFMP)

00009500
00009600
00009700
00009800
00009900
00010000
00010100
00010200
00010300
00010400
00010500
00010600
00010700

00010800

00010900
00011000
00011100
00011200

00011300

'““tisot

00011700

09011800

00012260
00012300
00012400
00012500
00012600
00012700
00012800
00012500
00013000
00013100
00013200
00013300
00013400
00013500
00012600
00013700
00013800
00013900
00014000
00014100
00014200
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SPEED BRAKE COMMAND OUE TO . ALIITUDE FEEDB&;& 00014300 .
v;‘:. ég ::n:: 81AS \ oor: S Lri e 00034400
: » ﬁﬂﬂﬂ.ﬂ A o v "“#'. ﬁ” s . g .

bero PRANE B[4S DURTNG { ABING o *»*ggggﬂaovf*”‘ BRI st R
INVERSF AIR CENSITY SCALE HEIGHT 00014700
TGU'HDOHN.PRE-FLAR& AND APPROACH SLOPES 00014800

; fﬁé“&;:ﬂ’* “f’iﬁa

PITCH ANGLF (HFASUREMENT) 00015300
THETAG L (GUICANCE) 00015400

e

c TIME CURRENT rrne 000159006
c ™ nsolur SA#PLING INTERVAL 20016000

u EARTP-RELATIVE VELOCITY HAGNITUDE (HEASURtHENT)OOOIbSOO
" (GUKDANCED 00016600

c USLO(T ) CONSTANTS FOR VELOCITY REFERENCE ‘ 00017100
c USUM " n . " (TEMP) 00017200

2 PC(?)-PI(ZD KlZZ’oKFIX(?Zo?l TRIPL(3loG(52'- 00017700
4 TR!HO(B!.NI(2).N0(2)'GFIX(52.2)p 00017800
. i % Sk EHRS 2 y e 4 B e *;
ISN 0003 TNEXT'DRH.CE"oOAFoDSBF'RUTRIHvETRIM ATR!N. 00018300
DRG DFLG»CERG.DSFG ALPHG, THFTAG906;BFTAG.PS[G.RG' 00018400
| TRy s e Py - T |
R iy A
F

UGosUoHGy Hy !"'lS'BETA"D A!QTHO’THI!OO.O! BUQBIQ 00018900
FSCyPSJ, RU'Rl'PFﬂfFHJvPO'PlvNOQN"UDle'HO HI,GFAR, 00019000




9E-7L°6

ISN
1SN
TSN
ISN
TSN

ISN

1SN

ISN
ISN
1SN
TSN
ISN
ISN
1SN
1SN
TSN
1SN

ISN
ISN
iSN

ISN
ISN
ISN
1SN

ISN
ISN
ISN
ISN
1SN

ISN
ISN
1SN
ISN
ISWN
ISN
ISN

0004
0005
0006
Qo007
ogos

0009

0010

0011
0012
0013
0014
0015
0016
0017
0018
0019
0020

0021
0022
0023

0024
0025
0026
Q27

0028

0C29

0030
0031
0032

0033
0034
0035
0036
0037
0038
0039

90060
9001
9%00

C
1

CO>>>>FLIGHT CCNTROL SYSTEM EXECUTIVE ROUT INE <L

TEETE LVVSLVY TAUSRTUT EATTYSTVTY FEETTIW
GO TO (103,104),1
C>>>>>"PAD LCAD"™ INITIALIZATICN

C

102

c

104

c

COO>>O>NFW START,
IF (FLAG1) 13,13,20

13 . 1F LFLAG2-MOLE) 20414920
14 GO TO (15,3050

15 1F (FLAGI-RANNOD) 20 30,20
LRGP LD SHLDOP DY pode

c

20

SLCPELFIL
FORMAT (10F8.0)
FORMAY (FB8.0,1015%)
FORMAT (20X,8E12.4)
RFAL K4KFIX,MEDIUM NI NC,NSUM
INTEGER FLAG) +FLAG2,.FLAG?2,FLAG4,FLAGS,GEAR

00019100
00019200
00019300
00019400
00019500
00019600

#t‘*“*tttttt*#tt*t*ttt#“‘ttlt*#‘##**t*t“‘#tt#‘t#*t*t#tt*##‘*t“ooc]‘i'{oo

CONTINUE

CONTINUE

READ (5,9000) KFIX

READ $549000) GFIX

READ (5.9000) SA,FL,SLOPE,RLAND HLAND,ULAND RHO,SCALE

RFAC {5,9000) FAST,MEDIUM,SLOW

REAC (549000) BFIT,PFITPRFIT,QFIT,RFIT,THFIT,PCOMP,QCOMP,FIL

TF = 1
FLAG]Y = )

MANNOD = 3

“ODE=1

AR BIRAARR SRR RARRAIERR R SRR ERRR R AR SRR R R E R Y B RN xS KRBk Rk
CO>>>>>READ CURRENT TIME & EXTERNAL FLAGWNRNSSSEY NEXT ENTRY TIME

CONTINUE

READ 15,9001} TIHE.FLAGIvFtdﬂz"LAGS.FLAGQ.FLhGS
TNEXT = TYINESTF
t‘t‘tt9‘.““0“0‘0‘0‘0“0“‘*‘#.‘tttttt&#.‘It‘.t‘t‘tﬁt*“.“.‘i"

MOCE CHANGF LCGIC

FLAGY = 0

WRITE (6+9001) FLAG]
MODE = FLAG2

MANNOD = FLAGY
ISTARY = 1
CO>>>>ESTABLISH SANMPLING INTERVALS
TF = FAST{MOCE)

TM = MECIUN(MCOE)

TS = SLOWINMOUDE).

YF2 = TF/2+

[TH =« TMTE

1TS = TS/TF

DO 2001 1=1,22

+30) yMODE

00019800
00019900
00020000
00020100
00020200
00020300
00020400
00020500
00020600
00020700
00020800

. 00020900

1000

" 0op21100
" 50921200 -

00021300
00021400

. 80021500
' 80021500
21700

21800
00021900
00022000
90022100

00022200

100022300

ttttottto.&toétoﬁttttttttﬁtttcttttvttcc.ttttntﬁt* ‘VOOP2 400
C>>>>>SEQUENCE & I1/C INITIALIZATION

00022500
00022600
00022700
00022800
00022900
00023000
00023100
00023200
00023300
00023400

' 60023500

60023600
00023700
00023€00
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1SN 0040 00023900
.- 1SN 3041 00024000 -
1SN 0042 o 00024100
TSN 0043 > ; ; § 2% v : 50026200
ISN 0044 2002 GO TO (2006,2004'2006) MANNMCC 00024300
ISN 00645 2004 G(1) = G(1)-K(S5) 00024400
ISN 0046 . *
ISN Q04T ’
000888 :

ISN 0049 2006 IM = 0 00024900
ISN 0050 00025000

ISN 0053 22 IF (ISTART) 40,40,23 00025500
23 GO TC (200,210, 2?09?3012409250'2600710""UDE 000256C0

ISN 0054

50 GO TO (‘0095109520!‘30' €40¢5504560,570) 4 ¥ODE 00026100
00026200

ISN 0057
ISN 0058 500 GO TO (5000.5010.5010).MANN00

. 5 3

AN -

TO (700,705,705,705)  MODE 00026700
TO (80,7000,7000),MANNOD 00026800

ISN 0061
ISN 0062

00027300
00027400

C>>>>>CLOSEOUT
80 IF (ISTART) 82,82,81

ISN 0067

SN 0068 200 CDNT!NUé 00027900
ISN 0069 READ (5,9000) CRM,CEM,DAM,DSBMyRUTRIM,ETRIMyATRIM,NI(1) 00028000

00028500
00028600




PAGE 007

{(P13wd) 50T 269176

ISN 0074 READ {5.5000) DR.DEL.DER.osa.ALpH.sstA.P.Q.R.U.H.Rco.FAXL 00028700
ISN 0075 . G0 TO 22 00028800
COM>>TRANSITICN MOCE READ 00028900
ISN 0076 320 GO TO 22 00029000
CO>>X>ENTRY MCODF REAND 00029100
ISN 0077 330 G2 YO 2? 00029200
C>>>>>0RBIT TVC MODE READ .00029300
1SN 0078 340 GO TO 22 00029400
CO>>>>0RBIT RCS MODE READ 00029500
ISN 0079 250 6N YO 22 00029600
CO>>>>INSERTICN TVC MCDE REAC 00029700
ISN 0OQRQ 360 GO 1O 22 00029800
C>>>>>B0CSTER TVL MCDE READ 00029900
ISN Qagel 370 GO YO 22 ’ 00030001
C ttt‘t"tttt“m‘itt#nn”tt#tttttttttt.tt#t#tttttt#t*##ttt”t#t 00030100
CIODO>INTITIALIZATION ROUTINES CCCLC 0003020
C EZEToESSTzTTE=S== SS==S===°= 00030300
CO>>>>MANUAL MONDES 00030400
ISN 0082 . 2000 UG .= U 90030’ 00
1S4 0083 M6 = H . . 9003000
1SN 0084 NSUR = 0. - 00030700
1SN 00NS NO(2) » 0. - 0003800
ISN 0086 NTI(?2) = 0. 000317900
CO>>>>>GENERATF PULLUP & FLARE COASTANTS FCR MANJAL APPRCACH 00031000
CO>>>>ALTITUCE CONSTANTS 00071100
ISN 0087 SLO(1) = SLOPE 0001200
ISN 0088 . DO 2010 I=1,2 - 00031300
1SN 0089 3 = Py 00031400
ISN 0990 SLO(I+1) = (HLAND(J+1)-HLANC(J)Y )/ (RLANT(J+1)-RLAND(J)) 00931500
1SN 0091 FHl1,1) = HLAND(JU-1) 00031600
ISN 0092 FH{2.1) = SLO(1) 00031700
ISN 0093 RL = ILAND(J!nl&AND(J-l! - 00031800 '
1SN g::;wﬂ, RL2 = RL 90031900 .
18N 2 " oe MER MMn TILENER, TTWRL) ViS008 :
ISN 0096 HLP = SLO(TI+1)-FH(2,1) 03032100
ISN 0097 FH(2,1) = (2.%HL=RL*HLP)/RL?2 00032200
ISN 0098 2010 FH(441) = (RL*HLP=2.%HL )/ (RLZ2*RL) 00032300
CO>D>OVELUCITY CONSTANTS 00032400
ISN 0099 00 2012 I=1,3% - 00032500 .
1SN 0100 2012 USLOIY) = vUtsnovrovy-utnncqr VZERUAND( 141 )=RLANDIT )Y HOH32600
ISN 0101 USLO(4Y = ALOGCULAND(S) Z7LLAND(4))/(RLANC{S)Y-RLAND(4)) 00032700
CO>>>>AUT0 MODE 0003280~
ISN 0102 210 ELBIAS = 0Q03290.
1SN 0103 . SBIAS = O. 00033000
ISN 0104 - PISUR = O, 00033100
1SN 010% TASUM = O, 00033200
ISN 0106 PSSUM = (. 00033300
ISN 0107 ASUM = 0. 000334G0
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TR T R AL . 00832609 :

1Sk 0110 . N, oo 1T 08833700 :

TSN 0111Y sOR R TR o 00033800

ISN 0112 = 0. 00033900

ISN 0113 00034000

ISN 0114
' ;gzi‘:( ¥ t B A it 5 3 R 8 7 e S AR : 5 ¥ AT o E : .

ISN 011 PHO(2) = O. 00034500

ISN 0119 PHJ(2) = O. 00034600

ISN Q128 100
L 158 Bhal. : 9. ’
R~ 2.2 : E ; W ; b

ISN 0124 PO(2) = O. 00035100

ISN 0125 PIC2) = 0. 00035200

00035700
00035800

6E-YL°6

00036200
00036400

;- . Sk ° . | N . . P o S e . : g = g ) ; _
ISN 0142 2134 CONTINUE 00036900
ISN 0143 I =5 00037000

ISN 0148 00037500
ISN 0149 GO0 TO 40 00037606

00038100
00038200

A




o7-71.%6

ISN
1SN

ISN

1SN
1SN
ISN
1SN
1SN
ISN
1SN
ISN
1SN
1SN
1SN
1SN
1SN
1SN
1SN
1SN

TSN
ISN
ISN
1SN
18N
061
ISN
TSN
ISN
ISN
ISN
1SN
ISN
ISN
ISN
ISN
I SN
1SN
1SN
TSN

0153
0154

0155

0156
0157
o1%8
01359
060
0161
D162
0163
0164
0163
0166
0167
0168
0169
0170
o171

0172
o173
0174
0173

e

o178
0179
0180
o161
0182
0183
0184
0185
0186
o187
oiss
0189
olou
01¢1

C>>>>>0RBIT RCS MOCE

25%0

GO TO 40

CO>»>>INSERTION TVC MCDE

260

GO TO 40

C>>>>>800STER TVC MCCE

270
c

GO TC 40
EENERBAEXEBRED A XXX EXREEEEEBEEEERE SRR KRR AR R LR R R R AR X SRR KRk

CO>>>>FILTER ROUTINES-PART 1<<<L(

C

COO>>>MANUAL FILTERS-PART 1

c
400

4002

ADD TR IM DISCRFTES TC MANUAL COMMANDS
NOC1Y = GU31)IANT(1)+NSUM

ATRIM = K(1S)*ATRIM .

ETRIN = K{16)®ETRIM "

RUTRIM = K(YTy*RUTRIM

PTRIM = TE2R(ATRINITRIMLITIY) « TRIMN(])
QTRIM = TF2%(FTRIMATRIML(2)) + TRIMLC(2)
RTRIWM TE?2® (RUTRIM+TRINML(3))+ TRIMCI(3)
DAC = K(3)%{DAMSPTRIM)

DEC = K(2)SC(DEMSQTRIN)

ORC = K(1){ORN+ATRIMD i

GO TO (50,2002,4602 ), MANNOD

PI{(1) = DAC-P

QI(1)Y = DEC-Q

RI(1) = ~-R

8I(1) = ~BETA

GO YO 4104

CO>>>>AUT0 FILYERS<PARY 1}

410

4104
411

412
413

416

PHI(1) = PHIG-FHI

THI()) = THETAG-THETA
PSJ411) = PSIG-PSI
AIC1) = ALS

RF(1) = RG-R

BI({l) = BETAG-BETA

PHO(1) = GI39)*PHJIL1) +PHSUM
THO(LY = GI38I*THI(1)+THSUM
PEC{1) = GLAOI*PSI(1)+PSSUM
ANC1Y = GUB1I*AT(YIV+ASUM

IF (IM) 417,411,412

uI{l) = uUG-u

UO(1) = GU SI*UIL1)4USUM

EF (IS) 414,413,414

Hl(l) = HG-H

HO(YY = G GIEHT(IYeHSUM
PO(1) = G(1)*21()
Q0(1) = G(2)*QI(1)

-

00038300
00038400
00038500
00038800
00038700
00038800
00038900
00039000
00039100
00039200
00079300
00039400
00039500
00039600
00039700
00039800
00039900
00040000
00040100
00040200
00040300
00040400
00040500
00040600
00040700
00040800
00040900
00041009
00041100
00041200
00041300

00041400
00041500

00041680
00041700
00041800
00041900
30042000
90042100
000~ 7200
00042300
00042400
00042500
00042600
00042700
00042800
00042900
0004000
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ISN 0205

1SN 0209
ISN 0210

ISN 02!6
ISN 0215

[t (R LR

1S% 0216
ISN 0219
ISN 0220

A

;. 1M g2l
< 1Sk 0222
ISN 02253
ISN 0224

C)))))BODSTER TVC FILTERS PART 1

Gi3 )Rl (lb‘ ‘ 00043.00
“QeAYeRTlL - 00n43200
90u421t.noo! '\ 06043300
80,318 ,697)  MANMOD : 0r. 943490
PO(1V4PSUM 00042500
CO(Y)+LS UM 0004~ 0
nonxatasuh 3

-0 ,
Qﬁd ‘l sawr nusas '
’ iWGUOF “QOIBYI2GISTISONLASY

RWASH = G(36)*(RO(1)=-RO(2))+G(37)*RWLAST 00064100

GO TC 50 00044200
C));))IRAN;LA ON FILTERS- ART 1 00Q44300
‘ ° ," s & " ,.',,A X o . 4

00044700
00044800

C)‘)))ORB[T TVC F'LTERS PART l
440 GO TO 50
Ok B ‘ i

00045300
00045400

470 GO O 50
, tt###t?t#’?‘#

\
tovg st
e,

5000 DRC = Kll)‘DRN
DEC = K(2)*DEWN
(1 & [

00046500
00066600

DAC = PO(1)4K(5)#PeK(6)*RWASH
DEC = 00(1»¢x(9»t04x(1n)t~0(1»

DEC 2 K(2)*THC(1)+K(9)xCC(1)+K(4)*A0(1)

DRC = K{ lﬁ*PHO(l)#K( TI*20( 1) eK(16)*PSO(1)+K{ B)*RWASH+ 00067200

00047700
GO TO 517 00047800

00045900
000‘6000

00047100

PAGE 010
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2176

1SN
1SN
1SN
1SN
1SN
TSN
1SN
1SN
ISN
15N
TSN
TSN
1SN
ISN
ISN
1SN
1SN
ISN
1SN
ISN
TSN
1SN

ISN
ISN
18N
1SN
ISN
1SN

ISN
1SN
1SN
TSN

1SN
ISN
ISN
ISN
TSN

022>
0226
0227
022n
0229
0’30
0231
0232
0237
0734
0235
0236
0237
0238
0239
0240
0241
0242
0243
0244
0245
0246

0247
0248
0749
0250
02%1
0%92

0253
02954
0258
0756

0257
0258
02%9
0260
0261

5114 IF (IM) 513,512+513
512 DECY = K(1l1)#Un(1)
SBU = X(12)#*U0(1)
512 IF (1S) 51%5,%14,515
€14 DFCH = K(13)*HD (1 )+ FLATAS
SBH = K{14)*HC(1)+RTAS
515 DEC = CEC¢CECU+CECH
DSBC = SBU+SBH
IF (MODE-1) %217,516,%17
516 NSAC = NSACIK(HI*NSAM
517 DELC = CEC~-DAC
DFRC = CFC+NAC
WRITE (649500) CRC,CELCDERC+DSBCy TNEXT
GO TO (%18,60),M40DE
518 GO YO (60,519,519), MANNCD
519 TRIMLITI) = ATRINM

TRIML(2) = ETRIM
TYIML(3) = RUTRIM
TRIMO(1) = PTRIM
TRIMO(2) = QTRIM
TRINC(3) = RTRINM
GO 70 40

CO>>>>TRANSITION CCNTROL
520 GO TO 60
C3>>5>5ENTRY CCONTROL
530 GO TO 60
C>>>>>0RBIT TVC CONTRCL
540 GO TN 40
CO>>>>NRRIT RCS CONTROL
§50 GN TO 60
TO23>2INSERTION TVC CONTROL
560 GO 7O 60
C>>>>>800STER TVC CONYROL
570 40 Y0 &0

c ARABIRANINP RN RREA AR TR R AN AR IO B AR RN AR R DRSNS R TR DAk R R R R
CO>>>>FILTER ROUTINES-PART 2<<<LK
c EREXREZX EIETEZEZAR SEEERI

C3>>>>MANUAL FILTERS-PART 2
6000 NSUM = G(3II)ONI(1)+GI35)ENT(2)4GL22)NO(I)+G(34)eNOL2)
NTI2) = NI(YDY
NCL2) = NOLY)
GN TO &1
C>>>>5AUTQ FILTERS=PART 2
610 PHSUM = G(AS)IOPHI(L)4GIB1)I0PHI(2) ¢G(42)%PHO(LI+G(48)*PHOL2)
THSUM = GUAA)IFTHI(I)+GISOI*THI(2)+G(A1)STHOILI+GL{ATHI®THOL2)
PSSUM = GLALISPSI(1)14G(S2)MPSII2)+GLlLIIRPEN())4+6(49)*PSN(?)
ASUM = GI33)#AT(1)1+G(35)*AT(2)14G(321%A0(1)4G(34)1%A0(2)
PHJL2) = PHJIIL)

00047900
00048000
00048100
00048200
00048300
00048400
00048500
D0048600
00048700
0004A800
00048900
00049000
00049100
00049200
00049300
00049400
00049500
00049600
00049700
00049600
00049900
00050000
00050100
00050200
00050300
00050400
00050300
00050400
00050700
00050803
00050900
00051000
00031100
00051200
0005)300
00051400
00051500
00051600
00031700
00051800
00051200
00052000
60052100
00052200
00052300
00052400
00052500
00052600
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ISN 0262 PHO(2) = PHOCLY . 00052700

ISN 0263 TREL2) = THILLy o 0 g 00052800

ISN 0264 ™OI2) = THO(1) ‘ “ 00032900

‘TSN 0765 PSIT2Y = PEI(1) \ 80653000

ISN 0266 PSC(2) = PSC(t}) 00053100

ISN 0267 AT(2) = Al(l) 00053200

ISN 0268 - s .

ISN 0289 . o TR ‘ o .

ISN 0270 ., , Y mmmmouwu_umo.qu‘,,

1SN 0971 ¥ Bl Metrgebo b Mt chiiiataih (i ; it chtiche i

ISN 0272 Uii{2) = uo(1) 00053700

ISN 0273 613 IF (1IS) €15,614,615 00053800

ISN D274 .ﬁal*Hlll)fG(30)*Hl(2)f0(12)*H0(11*bl24)*ﬂ0(2) T ‘50053900

138 0278 4%) & :
T?t TR . " pran i £ ot s - s '%uu o, :, 4 AR A IS &
ISN 02?278 616 GO TO (70,618,617) MANMCD 00054300

1SN 0279 617 PSUM = G(laitPI(1)+G(?5l*Pl(Zl#G(?)*PO(1)46(19)*90(?) 00054400

% %ﬁ:

ISN 0294 OIIZ) = Ql(l) 00054900
ISN 0285 Q0(2) = QO(1) 00055000

£86.

ISN 0290 80(2) = BO(1) 00055500
1SN 0291 618 QWLAST = QWASH 00055600

C>>>>>ENTRY FILTERS-PART 2 00056100
630 GO TO 70 00056200

€523 >TNSERTION TVC EILTERS<PART 2 00056700
ISN 0298 660 GO T0 70 00056800

L. oy _%_“_ M?,“- ‘. e
c ZEER ZIFITUCEET NETETTETRS 00057300

1SN 0300 701 UG = U 00057400




TR Y SUSWEEIS  FARED TR WS

T

ISN
ISN
ISN
1SN

ISN
ISN
1SN
TSN
1SN
1SN
ISN

TSN
1SN
1SN
TSN
ISN
ISN
ISN
ISN
ISN

ISN
1SN
ISN

"1SN

ISN
ISN
ISN
1SN

1SN
ISN
ISN

1SN
ISN
ISN
ISN
1SN
ISN
1SN

1SN

0301
0302
03203
0304

0305
0306
0307
0308
0309
03210
0311

0312
0212
0314
0215
0316
0317
o3ns
0319
0320

0321
0322
0323
0324
0325
0326
0327
0328
0329
o730
0331
0232

0333
0334
01335
0336
0337
0338
0339

0340

HGC = H 00057500
ELBIAS = 0, 00037600

SBIAS = O, 00057700

GO YO 0% 00057800
CO>>>>LANDING APPROACKH TRAJECTORY FDR MANUAL MCNF S<<LLKL 00057900
¢ TRTIYTWE ZTEITXTETZT BFTSTTITTEIRT TITT ST EEZTET 00058000
702 00 7022 I=1,5% 00058100
IF (RGO=RLAND(I)) T024,7024, 7022 00058200

7022 CONTINUE 00058300
LI ] 00058400

7024 (R = [-) 00058500
RL = RGC-RLAANC(IR) 000548600

GO TO (703,7C447C39704),41R 00058700
COX>>>FLARE(IR=1) AND PULLUP{ IR=3) 00058800
703 GEAR = } : 00038900
I (1R=2) 7032,7032,70% 000%9000

7032 4 =1 000591090
GC TC 7036 00059200

7034 J = 2 v0059300
7036 RL2 = .LSRL : - 00059400
UG = ULAND(IR)I*USLO(TRISRL 00049500

HG & BHIY JY9FHIE? s JISRLEEH Y, JISRL24EHI L, J)ISRL2*RYE ‘000%9600

GC TC 7046 0059700
CO>>>>APPROACH GLIDE(IR=4) ANC PRE-FLARF GLIOF(IR=2) 00059800
704 IF (IR=3) 7042704270454 000598900
7042 3 = 2 00060000
UG = ULANDI2)+USLOI3) =R 00080100

GEAR = 1§ 00060200

GO TC 7046 00060300

7064 J = 2 00060400
» UG = ULANDU(4ISEXPLUSLC{4)*RL) Q040648500

HG = HLANDIIR)+SLO(J)*RL 000460600

GEAR = Q 00060700

7046 ELATAS « BLOTRY 000460800
SBIAS = SB(IR) 00060900

Gnh 70 705 00061000

c ERERPEABEENEIRRESREIRBRARRAREE SRR RN KRR RN RRREERRC N+ AR SR L XA AR& 200061100
CO>>>>PARAMETER UPDATE ROUT INES<CCLCLL 00061200
(o} SEONENUSY SUSSRT SESESENSS 00061300
7081 AMEAN = AMEAN4.OS*(ALPH=-AMEAN? 00061400
UMEAN = UMFAN4.0S®(UU=UMEAN} 00061500

1F (1S) 80,7052,80 00061600

7052 PTEMP = RHO®EXP(-SCALE*F) 00061700
RHOV = PTERPSUMEAN 00061800

DYNP o SSRHOVSUMEAN 00061900

60O TO 7093 00062000
COO>>>PARAMETER FSTIMATION FOR MANUAL MODES 00062100
706 CALL TABLE(PCOMP,AMFAN,PTEMP,4) 00062200

4
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ISN 0341 Gil) = .. R A . . ey 00R62300 ,

1SN 0342 L GEI3 = 2PTRN s e ‘ 2400

1SN 0343 Y T 38 \ . Ll 00082500 :

TSN 0%44 (15 TR = > Ll 2600

ISN 0345 G(14) = =PTFMP*FIL(2) 00062700

ISN 0346 CALL TABLE(PF!T.AMEAN,PTEPP.al 00062800

uuon: e . ) b i B s .

'mnn g 4

ISN 0351 " G(3) = PTEMP 00063300
ISN 0352 GO TO 712 00063400

00063900
00064000

GISO0) = G(3B)S(FIL(2)-1.)
CALL TABLE(QFIT,AMEAN,PTENP,3)

ISN 0356
ISN 0357

00064500
00064600

G(139) -.PTFN&;PYENP!
G(45) = G(39)*(FIL(1)-1,)
& R D ; 2 n

ISN 0362
ISN 0363

ISN 0368 K(8) = PTEMP 00065100
ISN 0169 712 CALL TABLE(BFIT,DYNP,PTENP,4) 00065200

L} L} L} aleler!
%*“ RAPEI . - AE- N | (v "*'wﬂﬂ"7,¢ﬁa
L '4"' o] ."(‘~ » X »w‘ﬂ; . '. i y e _' ¥ Sase ‘;‘j<z.‘.ﬂwn;k , ) $ : i " '4.
C)))))PARAMETFR ESYIMAYION FOR ENTRY MODE 00065700
ISN 0373

730 GO 7O 8O

00065800

C)))))?ARAHETER EST!HAT!ON FOR !NSERTION YVC HCDE 00066300v
ISN 0376 760 GO TO 80 00066400

< X e 3 i 5 . A 0 2 g K . DOOAS
3 s 02 o P w? P - P S g IR T .-, ‘-,." { i o i ke . A A 2 G iy "o e >

'zm} Yy ) g T ; _5  fL'?
c ETETRETS 00066900
ISN 0378 81 ISTART = 0 00067000




C 9L

ISN

ISN
1SN
1SN
1SN

ISN
1SN

037S

0380

03R1
Q0382
Q3R

0384
038%

1S = IS¢l

CO>>>>INCREMENT INDiICES

82 IM = [M)

1S = 1SeY
IM = MOC(iIM, TTM)
1S = MCECUIS,1TS)

CO>>>>>RETURN TO GNEC EXECUTIVELLLLL
RE TURN
END

09067100
00067200
00067300
00067400
00067500
00067600
00067700
00067800
00067900
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LEVEL 20.1 (mMAY 71) NS/7260 FORTRAN H

COMPILER CPTIONS ~ NAME= MAINGOPT=02+L INECNT=50,5{ZE=DO00K,

ISN 0002

ISN 0003
1SN 000A

G e
}”' 1S%

TSN 0007
{ 1SN 0008
!

ISK 0009
- 1SN 0010

1 mr g’t

ISA 0013
ISN 0014

{

s
1

SOU!CI-!'CO‘Q.NOl!ST.NODECKoLOleﬂQ’oNU'DIViﬂOIﬂcIIEF

suam‘nne TARLE(AGR,8,N) \ 5 00068000
COP>>>L INEAR INYERPOLATIONTCLCC v 0006861 00
COXO>>A(1,J)=TABLE, Z=INDEPENDENT VARTARLE, R=CUTPUT 00068200
C N=NUMBER OF TARUL ATED PAIRS 00068300

oxuaujxgu Al2od) . o 00068400

00067800
00068900

00069400
00069500

DATF 71.202/13.2%5.56
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CHARTY TITLE -

L6

INTROOLCTORY CCMMENTS

AUTOFLUW CHART SET - FAIN

325>>8SV UNIFIED DIGITAL FLIGHT CCMTRCL SYSTEM=VERSION 4D 10-29-71

FeFe STENGEL

MIT CSDL

( AZ XL ERREEEIRIEEREERZ ISR 2R 222222 2 ARSI RS2 2 232 2 1)

ALC)
ALPH
ALPHG
AMEAN
AQCD)
ASUM
ATRIM
BETA
BE TAG
EFIT(LoJ)
Bltl)
BOCT)
BSUM
DAC
CACINY
CAM
DEC
CECH
CECINT
DECY

FEL

ANCMEANCLATLFE
mzzzzsxszsazz
ANGLE OF ATTACK (FILTER INPUT)
" " " IMEASUREMENT)
" " " (GUIDANCE)
MEAN ANGLE (F ATTACK FCR PARAM, EST,
" " s {FILTER OLTPUTY
e " " {TEMP)
SAILERCN® TRIM DISCRETE
SIDESLIP ANGLE {MEASUREMEnT)
" . {GUICANCE)

TABLE OF SICSSLIP GAINS

" " (FILTER INPUT)
" »  (FILTER CUTPUT)
" " (TEMP)

YALLERCAN® ENGLE CCMMANC CUTPUT

RCAH INTEGRAL IN 'AILERON® ANGLE COMMAND
SATLERON® ANGLE CCMMAND (MANUALY)

SELEVATCR® ANGLE CCMFAND OUTPUT

"ELEVATUR® CCMMAND DUE YO ALTITUDE FEECBACK
RCAH INTEGRAL IN '"ELEVAFCT® ANGLE CCMMAND
YECEVATCR® (OMAANC OUE T2 VELOCITY FEEDBACK

LEFT FLEVON ANGLF (MEFASLREMENT)
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DELC " " " (CIMMANC)

CELG b " " (GUIDANCE)
CéM TELEVATOR' ANGLE CCMMAAD (MANUAL)
DER RIGHT ELEVCN ANGLE (MEASUREMENT)
CERC " " " ( COMMAND)
DERG " " " (GUICANCE)
DR RUCCER ENGLE (MEASUREMENT)
CRC " " ({COMMAND)
DRG " " {GUICANCE)
CRM RUCDER ANGLE COMMAND (MANUAL)
oss SPEED BRAKE SETTING (MEASUREMENT)
0sB8cC b " " {COMMAND)
CSBG " . " (GUIDANCE)
DSBM SPEED BRAKE CCMMAND (MANUAL)
CYNP DYNAMIC PRESSURE ESTIMATE
ELBIAS 'ELEVATOR' BIAS TO TRIF SPEED BRAKE EIAS
EL(I) TABLE GFRELEVATORLEIASESATO TRIM SPEED BRAKE
ETRIM YELEVATOR® TRIM DISCRETE
FAIL(]) FAILURE DI SCRETES
FAST(I) FAST SAMPL ING INTERVAL TABLE
FH(I,J) CONSTANTS FOR FLARE & PLLLUP ALTITUDE REFERENCE
FILLI) FILTER CCNSTANTS USELC IN PARAHETERVESTIHATION
FLAGL . NEW START CISCRETE (EXTERNAL ):0=NORMAL CYCLE
1=NEn STARY
FLAG2 FLIGHT MODE FLAG (EXTERNAL ):1=MANUAL MODE
\

2=AUTOMATIC MODE
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CHERT TITLE -

05~¥1'6

INTROCUCTORY CCMAENTS

FLAGS

FLAGA

FLAGS

Gt
CEAR
GFIX(14J)
[N

rG

HILL)
FLoHLP
FLANDL L)
HOC(I)
+SUM

1

™

AUTOFLOW CHART SET - MATIN

3=TRANSIVICN MODE
4 :ENTRY MODE
5=0R8IT TVvC MODE
6=0RBIT R(S MOLE
T=INSERTION TVC
8=B30CSTEF TVvC MODE

MANUAL MODE FLAG (EXTE.NAL):1=DIRECT
2=RATE CCPMAND
3=RCAH

FARAMETER ESTIMATION FLA™ (EYTERNAL )3C=5SKIP

1=00
MANUAL MCDE AUTU. SPEEC BRAKE FLAGIT VERNAL):
0=NC AUTO. SPEED BRAKE
1=AL1C,s SPEED ERAKE

FILTER GAINS FOR CURRENT FL IGHT MODE

LANDING GEAR DISCRETE

FILTER GAIN TABLE FOR ALL FLIGHT MOCES

ALTITUDE ABCVE RUNWAY (MEASUREMENT)

" " " (GUIDANCE)

ALTITUBCE AEBCLVE RUNWAY (FILTER INPUT)

TEMPURARY STORAGE IN REFERENCE TRAJECTORY

ALTITUDE PCINTS OGN LANDING APPRCACH

ALTITUCE ABCVE RUNWAY (FILTER OUTPUT)

" " " (TEMP})
GENERAL PUFFCSE INCEX

VENIUIM SAMFI ING RATF INDFX

PAGE
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IR

IS

lsTART
ITM

[rs

ITURN

Jd

K1)
KFIX(1ed)
MANMOOD
PEDlUﬂ(il
MODE
AN
NOC(I)
NSUM

F
PCOMP(1+4)
PFITUIJ)
PG
PHFITLI o J)
PHI

PHIG
PHJ(I)
PHO(I)
PHSUM

P11

REFERENCE TRAJECTORY INDEX
SLCw SAMPLING RATE INCEX
STARTING CYCLE DISCRETE
# OF FAST CYCLES PER MEDIUM CYCLE
# CF FAST CYCLES PER SLOW CYCLE
TURN-ON CYCLE DI SCRE TE
REFERENCE TRAJECTCRY INDEX
CCNTROL GAINS FOR CURRENT FLIGHT MODE
CONTROL GAIN TABLE FCR ALL FLIGHT MCCES
FANUAL MCOE FLAC (INTERNAL)
MECIUM SAMPLING INTERVAL TABLE
FLIGHT MODE FLAG (INTERNAL)
NOFMAL ACCELERATION (FILTER INPUT)
NORMAL ACCELERATION (FILTER OUTPUT)
" " (TEMP)
ROLL RATE (MEASUREMENT)
TABLE OF RCLL COMPENSATION GAINS
TABLE GF RCLL RATE GAINS
ROLL RATE (GUIDANCE)
TABLE OF RCLL ATTITUDE GAINS

ROLL ATTITUCE (MEASUREMENT)

" . (GUIDANCE)

" " (FILTER INPUT)
. " (FILTER OUTPUT)
" " (TEMP)

ROLL RATE (FILTER INFUT)
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CHART TITLE = INTRCCUCTORY CCMMENTS

FOCI)
PSi
PSIG
PSJCI]
PSOLIY
PSSUM
PSUM
PTEMP
PTEMP]
PTRIM

.

25116

6
GItI)
cotr)
CSuUM
QTRIM
CWALH
CWLAST

R

RFIT(IL,J)

RG
RGO
RH)

RHOV

QCOMP{[,J)
CFITLL o )

ALTCFLCW CHART SET - MAIN

" " (FILTER OUTPLT)

YAd ATTITUDE (MEASLREFMENTY

" " (GUICANCE

hd " (FILTER INPLTI)
d " (FILTER CLTYPUT)
" " ({TEMP)

ROLL RATE (iEMP)
TEMPORARY STCRAGE IN PARAM, EST.
" " " " -

RCLL AXIS TRIM CCMMANC
PITCH RATE (MEASUREMENT)
TABLE OF PITCH CCMPEASATICN GAINS
TABLE CF PITCH RATE CAINS
PITCH RATE (GUIDANCE)

» ®*  (FILTER INFLT)

" " (FILTER OQUTPUT)

. {TEMP)

PITCit A~  TRIM CCMMANE
" " (WASHOUT FILTER QUTPUT)
" SO d TEMP)

YAn RAT: (PEASUREMENT)

TABLE OF YAwn RATE GAINS
" " (GLITANCE)

RANGE TO GC

REFERENCE AIR DENSITY

AIR DENSITY X VELCCITY

PAGE
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RI(I)
RLyRL 2

RLANDI( L)

RO( )
RSUM
RTRIM
RUTRIM
RWASH
RWLAST
SBH
SBIAS
58U
IR ¥
SCALE
SLOt1)
sLOPE
SLOWIT)
1F

TF2
THETA
THE TAG
THFIT(1,J)
THI(T)

YAW RATE (FILTER INPUT)

TEMPORKARY STCRAGE IN REFERENCE TRAJECTCRY

RANGE POINTS CN LANDINC APPROACH:

I= 1:TOUCHCCWN PUINT, 2:FLARE INITIATICN,
3:PULLUF TERMINATICN, 4:PULLUP INITIATION,
5:+1GF ALTITUDE REFERENCE

" " (FILTER CUTPUT)
" " (TENP)

YAW AXIS TRiM COMMAND

RUDDER TRIM CISCRETE

YAW RZTE (WASKFUUT FILTER OUTPUT)

" " ( " " TEMP)

SPEED BRAKE CCMMANC CUE TC ALTITUCE FEECBACK

SPEED BRAKE BIAS

SPEED BRAKE COMMAND CLE TO VELOCITY FEELBACK

SPEED BRAKE BIAS CURING LANDING APPROACH

INVERSE AIR DENSITY SCALE HEIGHT

TOUCHDOWN ¢ PRE=FLARE ¢ ANC APPROACH SLCFES

TOUCHCOWN FLIGHT-PATH SLOPE

SLOW SAMPLING INTERVAL TABLE

FAST SAFPFLIMG INTERVAL

TF/2

PITCH ANGLE (MEASUREMEANT)

" " (GUIDANCE)
TABLE OF P1TCH ATTITUDE GAINS

" " (FILTER INFUT)



s1/2€01/71

CHART TITLE = INTRCDUCTURY CCMMEATS

THILT )
THSUM
TIME

™

TNEXT
TRIMLIT)
TRIMOCT)
18

L

u6

L
ULAND( L)

¥$-rL°6

UME AN
uott
usLacns

USUM

ALTOFLCw CHART SET =~ MAIN
" " (FILTER CUTPUT)
" " (TEMP)

CURRENT TIPrE
MECIUM SAMELING INTERVAL
NExT DAP ENTRY TIME
TRIM FILTER (TEMP)
TRIM FILTER (TEMP)
SLCw SANMPLING INTERVEL
EARTH-RELATIVE VELOCITY MAGNITUDE (MEASUREMENT)
" " " " (GLIDANCE)
EARTH=-RELATIVE VELCCITY MAGNITUDE(FILYER INPUT)
VELUCITY PCINTS ON LANDING APPROACH
MEAN VELCCI1Y FOR PA<ANM, EST,
EARTH-RELATIVE VELCCITY MAGNITUDE(FILTER OUTPUT
CCNSTANTS FCR VELOCITY REFERENCE
" " " " (TEFP)

BB TEREA LSS EN A EERE LS EIEETEARS NS NEEE A" SE NS EESS S ESEEESENREEREEREERRERR

(AR ER R RSN SAARRR S AR R AR RS2 1R 12 R R IAM Y {41213 ]2
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CHART TITLE - FRCCECURES

STATEMENT No.

FFoR CONTINUE

L LL Ty, S

A "wote?

| — ITEM P} oN THIS paCE.

! yuis @ex cowyamns

o

ALTCFLCW CHAKRT SET = MAIN

MARKING S INDIcaTE

How TO READ FLOWCHART,

caeo EVERY IBM PorRvEAN carD 13

RE- PRINTED IN THE PBLow CHARY,
BUT T MAY BE sSiigWmrLy le‘mrtp

ITEM % 12 ON THIS PAGE .

' b LT L L TS e Y
( |

LI B A B I L
* CCONT INUE »
L B B B N

{
2333>FLIGHT CONTROL

{svsrsn EXECUTIVE
/ acuue<<<<<

COMMANT : 02
carp . —
CCMPUTED GO TO |

! FOR [TURN |

ComMPUrEy go® , J—
"IN = )

TO STAIRMOANT) |

223>>%pAL LOAD®
INITIALTZAVICA

03,

) NEYE D3
* e 20880
» CCNT INUE .

LR BE BN IR BN B B TR

FORTRAN % N4

STATE MéaT e ————————

No. tog / READ FFCM DEV /
/ . /
/ VIA FORMAT 7

/ 9acn /
/ INTO THE LISY /

|

{
, | NCTE s
LR I B BRI IR N I

{
(
|
|
1
)
{
{
|
|
|
|
|
|
|
)
|
|
{
|
|
|
|
{
|
|
}
|
|
I
|
)
)
(
|
|
|
|
|
!
{
|
|
)
]
|
|
|
'

/ REAQD FﬂCF OEv /
/
/ vVIia F(‘HAT
1 /

/ INTO THE @ /

""L-———— RE40 ' gravemeEnT
LEA® pEVICE %S

USE POoRMAYT % 900

1
| NOTE 13 LieT oF ‘zead’ zTEMS Por
L LN B BRI
. . BFIT, / FOEMAT Qpro
*  PFIT, EHFIT,
» GFIT, RFIT, *
*  TKrFIT, FCOMP, »
» CCCMP, FIL *
LI B B B N IR

DO SRR COMPUTATION

TF a 41 | CARDS

FLAGL = |

MOOE = 1
l
)

|
223>5READ CURRENT
TIME 6 EXTERNAL
FLAGWORD S SET NEXY
ENTRY TIME

|
|
i
|
: MANMOL = 2
{
»

S\GNAL PLow
FROM PAGE &, ITEM 2.

- |

4 I NOTE 15
L B BB B SR
» CONTIALE *

LA R B I B B I I

| 16

/ READ FROM DEV /
/ 5 /

PAGE
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et

L371°6

b LIST

= KF{X *

NN ]
|
|

1
L

i 06
- e o = s ] o v
/ KEPD FRCM DEV /
/ 5 /
/ V1A FORMAT /
/ 9000 /
/ INTC THE LIST /

NOTE 0T
“ & ¢ 58
GFIX .
* 2 & &

* e

-

L XK

w

L BN 4
- g B T -

08

/ READ FRCM DEV /
/ ] /
/7 VIA FCrPAY /
/ -90NG /
/7 INTC THE LIST 7/
{
|
| NOTE O
* % 8 0t S s
LIST = SB, EL,
SLOPE, RLAND,
HLAND, ULAMC,
RHO, SCALE
[ B B BN NE BN B AN

LE B X X N J
s Haa®teo

10

/7 REAMC FRCM OEV /
/ S /
/7 VIA FORMATY /
/ 9000 /
/ INTO THE LIST /

|
|
| NOTE 1
* 9 % 9 &8 %8
LIST = FAST,
SLOw
L B

MEDIUM,
L I
i
|

*oas
24 %8

Pocccn cnaneme -

l
{
|
{
|
|
{
|
|
|
|
|
|
I
{
|
|
{
|
|
{
|
|
|
|
|
|
(
!
|
|
|
|
|
{
+
|
|
|
|
|
{
J
|
|
|
|
{
(
|
|
|
|
|
1
+

/ VIA FCRMAT /
/ I /
/ INTC THE LISY /
|
]
I NOTE 17
% 4 0 4 9 % % %
LIST = TIME, .
FLAGL, FLAG2, *
FLAC3y FLAGA, .
FLAGS *
L}

s B ENe

| 18

| TNEXT = 1IME ¢ TF |

Sevccmcencrcnnmnaene ¥

|
>>>>>NEw START, MCOE
CHANGE LOGIC

|
|
|
. 19
LI
. .
. » (¢)
» FLAG! hald
. » |
. . |
* * t
* [ XX X ]
({=70) o & o
1 e 01 &
| [ XX X J
t 20
|
|
.

R e T 8%

| PRLISION
13 . 2?“/‘/’////’
- .

] [ J
L * (~/¢)
% FLAG2 - MODE *-+
» * ]

. * ]
L ] |
L YY)
] () o 6.
| « 01 ,
( ssee
| an
|
t
14 | 21
[ - L]
|  CCMPUTED GO TO |
| FOR MODE |
* | ]
I 15 5«22 |
] 30 617 |
| 30 6017 |
I 30 617 |
- *

|
!
IF DU!SIDE|THE RANGE

G o e T e . T — T c — D — . g T —— — T — ———g, w—— . W~

os.zl—-->=
15 . 22
=
» .
* & (=/¢)

*  FLAG3 -  ®-s
s MANMOD = |
. . |
L ! , CoONYT MUED AT
o000
) « 64 s~ raeE b

« 01 Ivem 2
soes RogTRAN
20 STATEMENT 20O

€ . ——

. .
e 6217,

een 3"
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CHEKT T1ILE -

PROCEOURL S

>>2>>SEQUENCE & /0
INITIALIZATION

Cle 160 ==)*

2" | n1
Vemwww o=~ EEL LR LT Y
! FLAGL = € !
L Y et L T PRE P L Py

(
|
| n2
/ WRITE 7O CEV /
& /
/ VvIA FCRVMAT /
/ 9nn] /
/7 FRCP Y+ LISY /7

| 04

Seccmcmvanneanacanne

: MCDE = FLAG2 =
I NANMCC = FLAG3 %
|

| ISTART = ] )
. ]

3355>>ESTABLI SH
SAVFLING INTERVALS

|

|

| 0%

R e L e L L Y

TF = FAST(MODE) |

{
| |
I TM = MEDIULNIMCDE) |
(
|

TS = SLCWIMDCE) |

AVIJELUN LHART

T TR T LR
A 2% |

| Gtl)

i
|
|
|
l |
|
|
i
|
1
|
*

*
i
|
|
!

| GFIXUI ,MOVE)

P

|
|
* 12
» *
. .
NG *
————— ENC CF DO
* LCLE?
. .
. )
YES

|

.

S -

11

[ P

PALN

2>35>HRANCH TQ READ

o --w—— Ry 218==dn

. — . — ——— ——— — — . - —— e T — — T ——— —— " - ————, —— ————— ——

Pmm————y

30 f 17

L R et

| CCMPUTED GO TO

|
( FOR  MODE |
B m o - - - ]
1 3nn 601 |
| 3np RN |
I 320 8. 10 |
{ 220 f.11 |
I 3a4r Bel12 |
I 3sn 13 |
| 3er Nelé |
| 37 .15 |
‘_ [ 3

IF QOUTSIDE THE RANGE
|
|

|
>>>>>BRANCH TN FILTER
& PARAMETER
INITIALIZATIIN

|
CQ.QQ'-->:

22 * 18
L I ]

- .

(=/0) = .

ISTARY ®
* .
= =
. =

(+)

- ——

| CCMPUTFD GO TO |
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11/7°1/M AUTUFLLW CHAKT SET - MAIN PAGE N7

CHERT TITLt - PROCEDURES

/ "5 /
|
(be2l--->% e e PR B |

| (

15 LUTSICE THE RANCE * 0

| - *

| [ *

i {-70) = *
32223BRANCH IC ) e - FLAGSG .
CONTRCL LAaw * *

| . .

1PeCEs==>] .

T "1 .

L EE LR AR Rl LR TS it I ()
| CCMPLIED 3C TC | )

} FUR MCDE ! |
Bercwamna - e m———--- » |

| ¢ 7.C2 | {

I 510 114C4 ' .

| sac 1201 | '
) s:C 12622 | wee
| Sac 12.€3 | . .
| s¢C 1274 | e15,01,
| Sec 12,€5 | . .
I S7¢ 12.%¢ | ese T0D51
L J - o -l

IF OLYSIDE THE RANGE

Y252 Y [
CTle01=-~=>| / 1083 ¢
SCC i 02 e —————
PR [
} cewryullDd GC TC ) 15,03 ===>|
} FOR  MANMUD | { 10
Pommmamamnenmen . sae ) * - —————
| scco 11.%2 ) { COMPUTED GO TO |
| %3¢ 11.¢3 | | FOR  MODE |
] %5010 1123 | T ———————— ———
L e P L P L | 71054 Tel1 |
{ ] 71n 15. 14 |
| f 120 16,01 |
} I 73n 16,02 |
1f OUTSIDE THC RANGE I 74n 16,03 |
i | 150 16,04 |
I | 76N 16,05 |
| I 71 16,06 |
>32>32ERANCH TC STATE - ——

FILTERS-PART 2
(FILTER PLSHICWN)
)
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9.15 APPROACH AND LANDING

Approach commences with the vehicle in the vicintty of the
landing site and includes the manuevers performed in the process of
achg#éving the final approach trajectory in the final approach plane.
Finai Approach terminates at touchdown on the rumway. Landing begins
at touchdown and continues until the craft reaches ground taxi speed.
The GN&C software functions to be performed during this phase are:

1. Approach navigation using measurements from the IMU and the
ground transponders. Both the shuttle state and the landing
site stabte may be estimated.

2. Approach and ldnding guidance resulting in cammands to the
autopilot (attitude), thrust throttle commands, breking and/or
1lift flap commands.

3. Autopilot computations to compute control surface coammands in
order to achieve the command attitude.

9.15.1 Navigation (TBD)
9.15.2 Guidanee
Submittals are included herein for Approach Guidance and

Final Approach Guidance. Landing Guidance requirements have not yet been
defined.

% 15-1



SPACE SHUTTLE

GN&C SOFTWARE EQUATION SUBMITTAL )

Software Equation Section__Approach Guidance Submittal No. 35

Function: _Terminal Area Guidance with variable point of entry in final
approach plane.

Module No.__ 0G-6 Function No. _1,2,4,7 (MSC 03690 Rev. A)
Sutmitted for: __T. E. Moore Co. __BG6  (MSC-05121)

Date October 21, 1971

NASA Contact: J, Suddath Organization EG-2
zNames
Approved by Panel IIT __ V.T. &# Date LYY
(Chairman)

Summary Description: _Near optimal approach for put vehicle gatisfactoril
on final approach fraom bear and h thin footprint of
capabilit Two- _approach with nominal L/D flight path, Alternate

approaches for borderline initial conditions include three-tm¥m approach and
LED ;n; E@t Ethéz .)

Shuttle Configuration: (Vehicle, Aero Data, Sensor, Et Cetera)

NR-161C delta wing orbiter with flight control characteristics described in
Sec 1 1 ‘

Comments:

(Design Status)

(Verification Status) _Considerable tesi data ; 6DOF Hybrid and All Digital

Panel Comments:
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9.15.2.1 Approach Guldance
SUMMARY

A technique is presented for guiding an aircraft in subsonic {light
(with or without power) from any bearing and heading with respect to a
runwvay to a reference trajectory in the final approach plane (FAP),
that contains the runway. This technique produces three phases: an
initial turn toward the FAP, wings-level flight to the FAP, and a final
turn into the FAP., Each phase is flown with a nearly constant angle-
of -attack and indicated airspeed. The guidance selects the most effi-.
cient set out of four possible sets of turn direction combinations;
i.e., left initial turn with right final turn, etc. The energy manage-
ment parameter is the range of the FAP entry point from the runway.

The initial condition requirements or the end condition constraints
imposed on the supersonic flight phase are that the vehicle be within
the footprint of capability (of the order of 20-30 n mi radius from the
landing site), and be at an energy state which will remain subsonic
during the initial terminal area turn which is made at maximum L/D and

45 degrees bank. (The heading angle at this point need not be con-
strained.)

This guidance technique has been successfully flown on a six-
degrees-of -freedom hybrid simmlation for a straight-wing orbiter.

Results from an all-digital program for both a straight and delta-ving
orbiter are presented.

INTRODUCTION

The Shuttle Orbiter 1s presumed to have re-entered the atmosphere -
and received a navigation update following the communications blackout
period. A "post-blackout" gulidance technique which is the subject of a
subsequent study will have steered the vehicle to a subsonic state

(figure 1) which is considered the beginning of the terminal area
mission phase.

Since the Orbiter, in its operational configuration, will not have
a cruise capability, it is necessary to provide a terminal area guid-
ance technique which makes moast effective use of the available energy.
Also required in this mission phase is the necessity to operate in
instrument weather conditions. Because of this requirement, the guid-

ance must be designed for ease of pilot monitoring and/or control when
visual pilotage cues are not available,

The guidance technique presented herein will guide either the
powered or unpowered vehicle from a high subsonic energy state in the
moet efficient manner (within the constraints imposed) from any position
and heading with reference to a runway that is within the vehicle foot-

9. 1 5-3



9.,15.2.1 Approach Guidance (cont'd)

print of capability, to a reference trajectory in final approach plane.
From that state, the Orbiter can complete an unpowered landing.

The design includes logic which makes it compatible with good air-
craft instrument flight procedure and results in maximizing the periods
of wings-level flight at nearly constant airspeed and angle-of-attack.

The objective of tais internal note is to present the derivation of
guidance equations. To demonstrate this guidance, some results of an

all-digital program are presented for both a straight and delta-wing
orbiter,

DISCUSSION

To guide an aircraft from any state relative to a runway to a
linear reference trajectory in the FAP containing the runway, a two-
turn maneuver is determined as shown on figure 2a. A constant and
equal radius is used for both the initial turn toward the FAP and the
final turn into the FAP. There are four possible turn direction com-
binations of two-turn maneuvers (figure 2b). At any guidance computa-
tion cycle, the guidance selects from these four sets that which will
place the vehicle in the FAP with the greatest eaergy. The FAP entry
point is then adjusted until this energy is the amount required to
intercept the FAP reference trajectory once the vehicle is in FAP.

The two main parts of the guidance are determining the reference
trajectory to the FAP, which 1s continually computed, and the attitude
and attitude-rate commands to guide to this reference trajectory.
Attitude commandas might be processed more often than the reference tra-
Jectory determina .lon equations, Simulations to date have used equal
computation time intervals of two seconds.

Determine Reference Trajectory

Determine ground tracks. - With the initial and the final turn
maneuvers of the same radius, it is a fairly simple problem of geometry
to solve for the four possible ground tracks of figure 2b. The vector
equations to be solved are shown in appendix A. The answers required
are the angles of the initial and of the final turns and the distances
between turns for each of the four possible turn combinations.

If either of the opposite turn combinations (i.e., left initial,
right final turn) has overlapping turn circles, then that particular
combination is eliminated as a candidate for the reference trajectory.

9215-4



9.15.2.1 Approach Guidance (cont'd)

Determine altitude profileg. -~ In planning the flight to the FAP,
some margin of flight path controllability should be maintained for
control against errors; i.e., wind, aero essumptions, etc. This
requires a nominal angle-of-attack ( a) less than that for L/Dpay. To
maintain this control margin would require the nominal a« to be con-
stant. The guldance plans each segment for a specified constant o,
and assumes the vehicle will achieve a steady-state flight path ( v,,).
Examples of numbers used witn the straight-wing orbiter are:

Initial | Wings-level | Final | Final Approach with
Turn betuveen Turn Landing Gear down &
Turns 0%

8 7.2 8 10

Justification of this assumption and equations that determine magni-
tudes of Yqs for data load into guidance computer are presented in

appendix B, Equation four, which specifies the velocity required for
Y to be constant, and equation seven, which predicts the trajectory
with any velocity magnitude, are utilized in the guidance., For the
initial turn, the ground plane distance X = (Turn Radius ° Initial
Turn Angle). The predicted trajectory would be

Predicted
“LCputure H vs X

?‘ -~ ov. Present H
Actual
.- Hvs X

The incremented shift in predicted altitude (H) accounts for the
general case wherein the existing vehicle energy state is not exactly
that required to fly at the new angle-of-attack for the next segment.
The guidance predicts an appropriate shift in altitude for an assumed
constant 7 segment. The actual trajectory, of course, approaches the
predicted trajectory smoothly and reaches the same end conditions, very
closely.

Equations four and seven arv reprocessed with the predicizd end con-
ditions of each phase to predict the entire altitude profile:
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9.15.2.1 Approach Guidance (cont'd) L

Present Altitude

/

Projected
Altl ude

Error (DHZ{ —

Wings Turn

— level
-— Final Turn between

Y Tumne

FAP

Min Entry Pt. FAP

Entry Pt
Range (X)

The minimum entry point is a point in FAP which is a specified
arbitrary minimum time; i.e., 60 sec, before touchdown on runway.

Select most efficient maneuvers. - Out of the four possible sets of
turn combinations, the set that produces the highest projacted altitude,
at a given location of FAP entry point, is selected as the mos. effi-
cient. The projected altitude error of this set is then used to compute
a new FAP entry point.

If the FAP entry point does not require adjustment, then this
selected set will determine the turn direction commands.

Adjust FAP entry point. - If the most efficient projected altltude
error is within a deadband range (+100 ft has been used), the entry
point will not be adjusted. Otherwise, the adjustment is made according
to the guldance equations derived in appendix C, The lor) control logic
shown on the guidance flow diagram of figure 3 will prevent infinite
looping in the guidance,

Convergence failure, - The guidance could fail to compute a satis-
factory reference trajectory as shown in the logic flow of figure 3,
for two reasons, If the vehicle were outside the footprint of capa-
bility with nominal flight paths, a landing might still be possible by
flying the most efficlent trajectory with L/Dpgx rather than nominal

values. Another type of fallure can occur if the vehicle were too high

9+15-6



3,15.2.1 Approach Guidence (cont'd)

to fly directly to the minimum entry point without diving (v > 15°-20°),
and too low to fly any other two-turn maneuvers, A three-turn solution,
as sketchad orn figure 24, is achiaved by commanding an initial turn
opposite in direction to that of the most efficlient trajectory to the
minimum entry point, until a two-turn solution is achieved.

Reference trajectory. - The reference trajectory is basically the
most efficient altitude profile previously defined. More specifically
though, the guidance output at thie point is merely the altitude (H,)

and rate (ﬁc commands for the present instant of time., During the
initial tum,
He = H + SHIFT
H, = -V « Sin Yaa
where V2 v 2
SHIFT = -—75511- y l.e., the eaergy difference between present

and desired conditions expressed as
an altitude shift and where V, is

the V, of equation (4), appendix B.

The initial turn is made at max L/D {although this is not a constraint)
to conserve altltude during turn and, therefore, there is no control
margin to remove residual altitude error (that error not removed by
entry point adjustment, DH), but after the initial turn,

He

H, = =V + Sin Vg4,

H + SHIFT -~ DH

The ~ateral part of the reference trajectory is the ground track
that goes with the most efficient altitude profile. The lateral command
is by definition the actual position of the vehicle, because the ground
track is defined from the present vehicle position., For the initilal
turn, it is necessary orly to fly a constant radius turn in the com-
manded direction in order to maintain the same projected ground track,
and for the flight between turns to fly in the commanded 41irection
toward the final turn, There is an exception, though, for the final
turn, during which time the entry point is no longer computed; i.e.,
remains fixed., The lateral position is then commanded to be a fixed
radius from the center of the turn,

Initial turn: The lateral axis definition of the reference
trajectory is chosen as the perpendicular to the true airspeed (VA).

»9.15-7



9.15.2.1 Approach Guidance (cont'd)

Y =Y=0
—v=0

rgeo

Yc_

In a following section, an acceleratlon command, Y, will be com-
puted independent of Y and Y to hold a constant radius turn.

Flight between turns: The lateral axls definition of the
veference trajectory is chosen as the parpendicular to the selected
most efficient flight direction vector (FD) as computed in apperdix A
(1.e., FD = AC, or AD, etc.).

Y,=Y=0
Iy =
Y =VA-U (FD x LV)

where LV is the local vartical and U( ) means the unit of the
vector within the parenthesis.

Final turn: The final turn can be flown in the same semi-
open-loop manner as the initial turn. But for more precise guidance in
the presence of errors, the lateral axis direction is chosen along tie
vector between the present vehicle position (RP) and the pressnt loca-
tion of the center of the air turn circle (TRNCNT) of radius R. During
the final turn, TRNCNT is a fixed vec’or only if the apriori wind is
gzero (discussed in later section).

Y = VA - U (IRNCNT - RP)

Phese control. - Definition of the reference trajectory and vehicle
positior relative to it has just been shown to be phase dependent,
initial turn (IT), between turns (FD, flight direction), or final turn
(FT). An estimate of phase time is neceasary for phase control.

From the geometry (defined in appeniix A) of the most efficient
ground track selected by guldance, tne ground plane distances for each
phase can be computed. In the process of pred.cting (using appendix B)
the trajectory, airspeeds (horizontal component) at each phase change
point have been computed,

9.15-8



9.15.2.1 Approach Guidance (cont'd)

The guidance trajectory determination assumes instantansous attitude
resporse at phase change points; i.e., §f = 35—=0. To compensate for
attitude response time delay, the maneuvers are led. The phase (PH)
control logic with examples for lead times are:

At first processing of Guid, PH = IT

At sutsequent processing,

If PK = IT and TGO(IT) < 3, then PH = FD
If PH = FD and TGO(IT) > &, then PH = IT
I° FH = FD and TGO(FD) < 3, then PH = FT
If PH = FT and TGO(FT) < 3, then EXIT Term Area Guld;

i.e., PH = Final Approach Guid.

Wind considerations. - The guidance will compensate for wind errors
in two simultaneous manners. With erru: compensation networks (to be
discussed), the angle-of-attack will be adjusted in order to hold the
rererence trajectory. Also, the FAP entry point will readjust during
IT or FD phases if the vehicle is blown off the predicted course.

The performance of the guidance in the presence of wind is greatly
enhanced by providing the guidance with lmowledge of the wind (apriori
wind magnitude and direction versus altitude). The reference trajec-
tery can be adjusted for wind in order to maintain nomiral angle-of-
attack, in which case, a- margin is allotted for wind uncertainty of
apriori profile rathsar than on full magnitude of win?,

In addition to apriori wind profile, 2 routine is desiratie which
will compute the average wind over two specified veriable levels of
altitude,

To incorporate this wind in the guidance, appendix A requires modi-
fication of final turn circle (S) as shown on figure 2c. To keep the
turn bank angles nominal, the final turn circle center is first rotated
so that ground speed at end of final *urn is in FAP, and second, trans-
lated againat the wind by the sum cf the average wind nf each of three
maneuvers times the time of each maneuver.

Guide to the Reference Trajectory

Each time the reference trajectory equationa of the previous swction
are processed, vehicle state commands (h,, hc, Yoy and Y ) are generated
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9.15.2.1 Approach Guidance (cont'd)

and present vehicle state components (h, h, Y and Y) are defined., The
task is now to guide to the commanded state. The guidance equations of
this section are derived in detall and presented in appendix D. A
functional description of the guidance output commands (two components

of Euler attitude and three body rates), and guidance-autopilot inter-
face follows.

Attitude commands. - Fitch (8,) and roll (¢c) attitude commands of
the standard aircraft Euler attitude sequence. y, €, @, ere generated.

An azimith command, ., is not generated. The control requirement on
v 1s that sideslip be zero relative to actual, not navigated airspeed.

To control the vehicle state, 2 second-order control law is u .ed,
e 2 . 4 . (X
Qc = wn (Qc - Q) + 2""n(Qc - Q) + st

which corresponds to a system of the form shown:

Qss
Q¢ Q Q@ &
QC + [ | 4*" CﬂTT' T. | r_-l
X 2T | SYsTeMm § S
Q
| )

where Q = is either h or Y

Wn = natural frequency of desired response (of the order of
10 times slower than vehicle attitude response)

{ = damping ratio of desired response
‘685 = ég% = steady state acceleration required to maintain the
two error signals at zero., For example, this term

for the lateral axis during a turn would be the
centripetal acceleration,

The acceleration commands ﬁ; and'Y; are converted respeciively to
angle-of -attack a. and bank angle ¢vc commands., Pitch 8, and roll Be



9,15.2.1 ‘toroach Culdance (contt!d}

commands are computed from these twc angies and the navigated airspeed;
i.e., VA = YG(Nav gnd speed) + VW (aprior! wind),

»o attitude rate commands. -~ The state vector acceleration commands
(Qz) are by definition variatle. The venicle can be commanded to a

linearly varying acceleration state by computing body attitude rates
which will produce the commanded jerk (bc), where an expression for

Jerk cramard is obtalned by differentiating Qc,

e see

QC = wn2(6c - é) + ZTWn(.Q.ag = 'Q'C) + Qgs

Body rate commands, P, q., and r,, as functions of jerk command are
cbtained bty differentiating (as done in appendix D) a, and fi,.

Error compensation. - Acceleration errors can exist from errors in
the aerv coefficient assumptions, navigation, wind, attitude response
time delays, etc. Any of these errors that exist in a form of a blas
can be detected by comparing the present vehicle =tate with the state
that should exist had the acceleration and jerk commands of the prev-
ioue computation been flown. A blas error term is obtained by weighting
and accumulating this measured error, compensated for expected acceler-
ation error due to ettitude time deley. This bias is then fed back into
the acceleration command so that the actual acceleratiorn will coenverge
on the command acceleration ir thc presence of any bias errors.

Guidance-Autopilot interface. - The guldance can operate at a rela-
tively large computation cycle time such as 2 sec or probably even
larger, There are autopilot interface equations that must be processed
more often as shown on figure 4. If the sequence of attitude of the
inertial measurement unit (IMU) is not standard aircraft relative to
landing site, then the three angles must be converted to the required
© and ., Attitude error is then converted ts body axes errcr. Coordi-
nated turn rete commands must also be added to the guidance rate com-
mands, The autopilot 1s shown on the figure simply as & second-order
system merely to show that the guidance commands on the autopilot are
attitude ramps in body axes pitch and roll. Body axis yaw must control
to a rate and also for sideslip 8 = 0. S could be replaced with
elther an integral of accelerometer measurement or merely a signal pro-
portional to benk angle.

Selec .1on of Turn Radius

With respect to altitude lost per unit of turn angle, & 45° bank
turn is most efficient., With respec” to comfort though, e 30° bank
turn is more desirable. A constant radius turn tends to satisfy both.
For example, a 9200 ft radius for the straight-wing orbiter requires

9415~11



9.15.2.1 Approach Guidance (cont'd)
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45° bank for an initial turn at 20,000 ft altitude with max L/D, ard a
30° bank for a final turn if at 4000 £t altitude with L/D < L/Dmax'

This same situation exisis for the delta-wing orbiter with a 12,000 ft
radius of turn. These numbers were used for the results that follow in
another section. At initisl turn altitudes greater than 20,000 ft, the
bank command was limited to 45°. This results in a minor adjustment of
entry point in FAP because the actual is greater then guided turn
radius. The actual converges to the guided trajectory at either the
completion of initial turn or altitude less than 20,000 ft, whichever
occurs first.

Turn radiua could be selected so that it would be flyable with 450
bank at the maximum altitude for terminal area guidance; i.e., about
40,000 ft for delta-wing. But this two to three times larger radius
would give an inefficient final turn which would require of the order
of 15° bank.

DEMONSTRATION RUNS
Description of Similation

The results presented were made on & six-degrees-of-freedom 1108
computer program. This program contains aerodynamic forces as a func-
tion of argle-of-attack for a Mach number of .25. In place of aero-
dynamic moments, an autoplilot is assumed which drives the vehicle to
the command attitude and rate with a second-order response, where the
natural frequency is 1 rad/sec with ,707 damping. The results of this
program, though, are representative of results obtained on a more
detajled real-time hybrid simulation.

Guidance reference trajectory computations and attitude commands are
processed evary 2 sec. The autopilot and environment equations are pro-
ceased every 1/16 sec. The natural frequency of the guidance commands
for driving to the reference trajectory is selected to be 1/10 that of
attitude respcnse, or .1 rad/sec with .707 demping.

Phase (IT, FD, or FT) control is monitored in the fast time loop ao
that phase change will occur within 1/16 sec of the time computed in
the slow time loop. The guidance equations are processed immediately
at phase change.

This report presents only the guldance to FAP. The end condition
energy state should be such that the reference trajectory in FAP will
be intersected after entry into FAP. The simulation contains a complete
guldance to touchdown, and the results show part of the FAP guidance in
order to demonstrate the intersection with the reference teajectory.
Simulation data applicable to all runs made is shown on table I.
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Results

Results of runs are presented to demonstrate:

For straight-wing orbiter. -

(1) Grournd ‘racks from various initial position relative to runway,

(2} Effects of wind errors on trajectory and control parameters,

(3) Effects of very high winds with guidance knowledge of such, on
trajectory and control parameters,

(4) Altitude convergence to reference trajectory.

For delta-wing orbiter. -

(1) A nominal ground -track from a maximum energy state initial con-
dition for terminal area guidance.

(2) Sars as (1) except with a guidance modification for a maximum
entry point,

Initial position. - Run 1 on figure 5, which consists of two right-
turn maneuvers to an entry point at 50,0C0 ft range from runway, is the
nominal run that is used in the next sections. Run 2 demonstrates a
left turn-right turn maneuver. For run 3, which is already in the FAP,
the altitude high error at MEP would be greater than 100 ft if the
vehicle were to proceed directly to MEP with nominal angle-of-attack.
But also, the energy state 1s too low for any other two-turn solution
to MEP; i.e., a 360  initial turn. The guidance sets the flag IOPOST
to 1 when it detects this condition, and the vehicle is commanded to
meke an opposite turn; i.e., initial turn direction opposite in girec-
tion to the most efficient path to MEP, After approximately 110" of
turn, a two-turn (right turn-left turn) solution is achieved, and the
flag is then set to zero. For the above case, a possibility under study
exists to modulate speed brakes and thus increase the flight path angle.
This technique could alsr provide a satisfactory two-trvn solution and
minimize the necessity for a non-standard procedure.

The initlal energy stats “.r run 4 is toc low for nominal angles-
of -attack flight to MEP (IOPOST = -1). The vehicle is then commanded
along the best path, but at max L/D. At a later point, the vehicle

intersects the reference tragectory, &t which point nominal angles-—of-
attack are flown (IOPOST = 0).

Wind errors, - Run 1 (no wind) is replctted on figure 6 glong with
+40 ft/sec wind errors (zero wind assumed). This wind is 45 relative
to the runway. Entry point varied between 46,000 and 52,000 ft. Alti-
tude 18 shown to converge on the reference trajectory in FAP.
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Control parameter variation is shown on figure 6b for the nominal
and one wind error case. Angle-of-attack holds very near the reference
values for each phase (see table I for comparison).

Apriori wind. - With guldance computer knowledge of the high winds,
a successful descent was made as shown on figure 7. Note the altitude
climbed during the initial turn, the reason being that this run started
a8 run 1 with same ground speed, and in effect, it inatantaneously
encountered the wind which then increased the initial airspeed by the
wind velocity. Note also the change of final turn direction from run 1.
This change of direction was nct one which occurred after initiation,
bul was computed as the best during the first pass through the guidance,
The turns no longer appaar circular because the plot is relative to the
ground. Relative to the moving air mass, the turns should remain as
circles.

One thing the guidance does with 1ts knowledge of wind 1s adjust
the reference trajectory slope in FAP in order to maintain the nominal«
for that phase. This slope adjustment is shown on figure 7a, The
altitude is shown to converge on the reference trajectory in FAP.

Control parameter variation is shown on figure 7b., Angle-of-attack
converges very near the reference values for each phese (compare with
figure 6b).

Altitude convergence. - The guidance computes altitude command as a
function of the potential energy equivalent of the kinetic energy dif-
ference between present vehicle state and that required to hold the
reference flight path with nominal angle-of-attack. At phase changes
then, there can be a discontinuity in He as shown on figure 8a, for
run 1. Note, though, for the nesrly constant a (see figure 6b$, H con-
verges to He (figure 8a). The discontinuity at other phase change
points is small because of the choice of targeting conditions, but this
discontinuity is not required to be small.

The same type plot is shown on figure 8b for the apriori wind run.
Here there are discontinuities at each phase change, but, still, the
trajectory is shown to converge smoothly to the reference. The reason
for these discontinuities on figure 8b and not on figure 8a is that
the nominal final turn angle-of-attack is replaced with the higher
initlal turn a. The guidance automatically makes this targeting change
whenever it estimates the altitude of the final turn to be greater than
1£,000 £t (12,000 ft for delta-wing). This keeps bank angle required
from exceeding the maximum in order to hold turn radius.
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Nominal delta-wing orbiter. - For a constraint of Mach < .9 during
the initial turn with a = 7,5, there is a maximum energy state from

which the initial turn can be started. The runs on figure 9 are approx-
imately Trom this maximum energy state. Note that even though the
12,000 £t turn radius cannot be flown at h = 41,000 ft, a smooth con-
vergence to a solution is achieved. The entry point with the nominal
guldance is 80,000 ft from the landing site.

There should not be any fear that the entry point is too far from
the runway, because there is considerable margin in controllability
against errors once in the FAP, For example, at the 80,000 ft point
for the nominal trajectory, the landing gear zces down and speedbrakes
at one-half maximum drag. And even if this were not enough coatrol
margin, then the reference trajectory slope to MEP could be made
stoeper-—runs were made with the same siope to and from MEP, But, to
demonstrate that entry point can be limited, the dashed run on figure 9

activated the opposite turn logic whenever entry point greater than
0,000 ft,

CONCLUSIONS

A guidsnce technique is derived which will guide an unpowered air-
craft in a nearly optimum manner from any bearing and heading with
respect to a runway to a reference trajectory in the final epproach
plane from which a landing can be made, The entry point into this
plane is computed so that the aircraft cen fly at nearly constant,
specified angles-of-attack, Constant turn radii are utilized.

Simulations of both straight and delta-wing orbiters demonstrate the
ability of the technique to guidea in the presence of large kmown winds
and of wind errors.

Subsequent study will be concerned with procedural variations within

the guidance which might be desirable for use under different weather
and wind environments.
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9.15.2.1 Approach Guidance (cont'd)
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Figure 2.~ Sketches demonstrating ground tracks considered by quidance.
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9.15.2.1 Aporoach Guidance (cont'd)
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iD

a = ASIN (Tﬁg%-xT)

AD=(lD-Al-2-R-SINa) U (D-4A)+ (2°R - COSa)
- U ((@-4) ¥ 1))
If |D - A|‘ 2R, se. fles -0 eliminate this turn comb.

o
{
&
—t
=
—~

c
BC= (|C-B|-2 R-SINb) - U (C-B)+ (2R " COSD)
U (kx (¢ -B))
If |g - §'<2R, set flag to eliminate this turn comb.

Initial Turn Angles - Solve for + angle (0 to 360°) between V and
vector between turns,

Final Turn Angles - Solve for + angle (0 to 360°) between vector
between turns and {.
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9:15.2.1 Approach Guidance (cont'd)

APPENDIX B
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9.15.2.1 Approach Guidance (cont'd)

Trajectory Prediction of Aircraft Flying Constant
Angle-of-Attack and Turn Radius

Steady state flight path angle, - The equations presented hsre are
not (except equations (4 and 7))a direct part of the guidance, but are
equations to be externally processed for data load in the flight plan
portion of the onboard guidance, The guidance makes simple use of the
fact that the steady state flight path engle 1s nearly constant for
constant angle-of-attack. The approximation

- 1
(v = EJET?EEETZ) is not satisfactory.

To hold a constant turn radius (R), the centripetal acceleration,

~
o (VCesY)“ _
Y = A =

but 1ift,

L=§c§pﬁ

Sin ¢

<o lop

LI

(1) sin g =

M CoazW

RC1S e

and by differentiating (1)

g=- 7? * Tan @

Standard atmoephere air density,
1
(2) p = .002378 ¢ 235 1n(1 - 6.875 - 106 . h)

by differentiating (2)
(2) P _6.875 - 10° - v - sin v
.235(1 =~ €.875 - 10'6 * h)

p

If there is a steady value of ¥y , then

. . cos y - = @
y=g=€"*cosy - gcos
\'f

SIGN CONVENTION
vy (+) for Descent

9:15=32



".2.1 Approach Guidance (cont'd)

or L
g cos ¥ =§ooa¢

frox thiz ard the 1lift eguation velocity is conetrained,

_FZ-M'_z-cojar'r
(4) V“QCL-S-o-coaﬂ

The rate of changs of velocity by delinition;
{7 =g " 8ln?y - %

or

g 8in?vy = +V

=io

Also, for a steady 7,

Yy =0
or ) » *
d(L * cos @) =0=LCosaf-LSir g -4
;3 I ' * 2 £
L:L-—-—{1 -} = . = - . -
= *2}\1) LTan @ - #=-L °* Tan ¢ >
t ] r p
(5) V=--}2-' -0—(1+Tan2¢)

The flight path that produces ;. = 0 s then,

D,y .
m”:gsm - M - 1 4 \ SinY
g CosY §Cos¢ %Coa g g Con~ Sin ¥

by rearranging and collecting Tan Y terms, thia equation becomes

1 7
(6) Teany ='-—-""/(1 -~ =i
% Coa ¢ g Sinvy

A4 {tarative processing rf equations (1 tc §) provides the state of
ve.. ..ty and flight path that must ~xist for the first and second deriv-
ative of fiight path to be zerc at any altitude, radius of turn, and

2_. 1 5-33



9.15.2.1 Approach Guidance (cont'd)

B-3

angle-of-attack. Two questions tc be answered empirically are:

a., Is thers correlation between the predicted % of equation (6)
and actual + ?

b. Is there a steady state value for ¥ ?

Results of equations (1 - 6) for three conditions of a and R are
shown as a function of altitude on figure B-1. The aero—coefficient
used are those of a straight-wing orbiter. The wings-level case
(infinite radius) corresponds to within the resolution of the plot with
an actual flight, A steady state value of v is not achieved. but for
practical guidance purposes; the variation 1s sufficiently small so
thet a constant ¥ can be assumed. For turga under 20,000 ft altitude,
if a and R are selected so that bank < 45, the Y holds fairly
steady at 8°., The simplified estimate of

1

|
7 Cos g

is shown to be greatly in error.

Tan Y =

Turns starting at unigher altitudes and with turn radii so thet max-
imur banks are 46.5 degrees are show. on figure B-2, along with actual
results for c.e case. Mocre variation is seen here for 7, but still,
for practical guldance purposes, a steady state vy can be assumed. For
example, at 50,000 ft altitude, a 180° turn would lose 8000 ft altitude
wit: a resultant ¥ from 4.4 to 5.75. The guldance can estimate alti-
tude at end of maneuver and v (5.75) for that h can be assumed. The
angle-of-attack required to hold this assumed ¥ for o¢= 7.5 will be
< 7.5. This is a conservative avpproach because the kinetic energy =t
end of maneuver must be 2 aim condition of guidance.

Trajectory prediction., - At any altitude witli a velocity as given
by equation (4), the future flight path can be predicted and it is suf-
ficiently constant sc that & linear trajectory (7 gg) can be assumed.
The remaining problem, though, is to predict the trajectory from a state
with V # equation (4). A solution ‘s to shift the linear trajectory by
the potential energy equivalent of the kinetic energy difference of
vehicies present state and that of equation (4);

vl - ch) = WAh

9.15-34



9.15.2.1 Approach Guidance (cont'd)

where

V, = Vof equation (4)
= Mg

_ V2 L2

o S

a

g
the predicted reference trajectory for constant a flight
2

- - (Vz-Vc :
C ) hc-h+—2—8——)--x-'ran7“.

Some results of this assumption are shown on figure B-3., A L of
7.16 was selected from figure B-1 for an altitude of 10,000 ft. The
chree actual trajectories of figure B-3 were started at h = 20,000 ft,
Y=6.8, and V = 579.3 (from equation 4), 632.4 and 989.5 corresponding
to 0, 1000, and 10,000 ft equivalent potential energy -difference. The
"0 ft case steadies out on the reference trajectory, but the shift
for the 10,000 ft case is only about 50 percent cf predicted.

Fnergy is dissipated during flight becauss of drag force (D).
AE= fDax

The trajectcry prediction assumes no additional energy dissipation over
this nominal dissipation, but actually, there is additional drag with a
greater velocity, and therefore,

Ax-:=f(n+ AD) dx

It is possible to gredict this additional energy loss to better predict
the trajectory but an iteration solution would be required. Also, this
better solution indicatos that the 1000 ft case ia only 25 ft in error,
and 1000 ft is about the mexisum value encountered with the guidance
system presented in this report, and therefore, the simpler prediction
(7) is valid.
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9.12.2.1 Approach Guidance (cont'd)

Flight path angle,v,deg

Bank angle,s,deg

1 /
12 ATAN( }
L/D cose / a 4 o 7 5
fora=6
* / CL |.5167|.6774(.7979
/ Cp |.0726.0899].1044
10 e /
/
/
/
/
- o = 6
8 o
=4
6 B
Turn
40 radius = 9200 ft
20
1 1 L 1 L |
0 10 20 30 x 10
Altitude , ft

Figure B~1.- Predicied flight path for constant angle of attack flight.
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Flight path angle, v, deg

Bank angle, ¢, deg

9.15.2.1 Approach Guidance (cont'd)

~N
o

7.5

" @ Actual Y

\

1 1 l

x
CL = 0.7979
CD = 0.1044

J

10 20 30 40
Altitude, ft

Figure B-2 .- predicted flight path for constant angle of attack @), and
turn radius (R).
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9.15.2.1 Approsch Guidance (cont'd)

Altitude, feet

30x10°

20

10

0

10 000

Potential enegry
equiv. of excess
kinetic enegry

Y =40
CL=.5167
Cq =.0726

~ = = Actual trajectory

A i J

200 x 103 150 100 50 0

Range, X ,feet

Figure B-3.- Predicted trajectory for constant angle of attack flight .
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9.15.2.1 Approach Guidance (cont'd)

Compute New FAP Entry Foint
Given: 1. A vector DDA from exit point of initial turn to entry
point ¢f final turn.
2. Exit point of final turn (R6X = FAP entry point).
3. TAN of flight path angles; K; to FAP and K2 in FAP,
4. Projected vehicle high altitude errer (DH) at minimum
FAP entry point (R5X§.
RIX RUN
FAP —— - | ——
M IN. WRY
PoINT

Assumptions: 1. A new DDAy solution for a new R6Xy will have tha
same DDAY component,

2. The sum of both the initial and final turn angle
remain constant with variation of R6X, and there-
fore, altitude loss of turns is approximately
independent of R6X.

NOTE: These are better assumptions for turms with same direction
(L.e., left i1*t1al and final turns) than for opposite turns
--thir shouvld merely mean that convergence on proper R6X will
be faster ir vehicle is in position fcr alike turaus.

Bezsuse of the assumptlors, the probl.. becomes ona of determining
‘ntersection(s) of twn straight lines--trajectory to FAP and in FAP.

9.15- 48



9.15.2.1 Aprroach Guidance (cont'd)

Point R
DDA
. Dda
b2 LIS RS X
FRP ) —e {gu N.;r
REXw RG X WAy
—— Q | y

Q = R5X - R6X + DDAX

The ccnstant altitude difference between point A and the desired
altitude @ R5 ic

AH = K, \.nmx2 + DDAY® + K,(Q, - DDAX) + DH

The objective of the new R6XN is t- have a zero DH, therefcre,

K, VDDAX,? + DpaY? + (3 ~ DDAXY)K, = K, N DDAX? + DDAY
+ K, (Qq - DDAX) + DH

rearranging equation

‘ 2
(1) K, VDDAL® + DDAY? = K, - DDAXy +Q

whers

2

(2)[ Q, = K, V DDAX® + DDAY® - K. + DDAX + DH

'9. 1 5"41



9.15.2.1 Approach Guidange (cont'd)

By squaring equation (1)

2 2 2y - . 2 DK 2
K1° (DDAX,® + DDAY") = (K, - DDAXy)” + 2Q, * K, * DDAX + Q,

which is of quadrriic form

A - DDAXy> + B * DDAX 4 C = 0
where

A= (K2 - K,7)

B = -20,K,

¢ = (K, - DDAT)? - Q,°

the solution of which ie

-B i\}Bz ~ 4AC

2A

DDAXy =

this equation presents a problem though, when A = 0, which is
likely for a no-wind condition; therefore, a better form is

B + VB2 - 44C (-B 7 VB - 440)

DDAX,, = :
= 24 (-B ¥ B2 - 44C)

+14

Before using equation (3), some constraints must oe applied.

The roots ¢f (3) must be real,

1 - 4LAC/B® > O

~9.15=42
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9.15.2.1 Approuach Guidance (cont'd)

C~4

There are at moat two real roois of equation (3), and there can be
eight sets of two real ruvots depending on the signe 2f the coefficients
(A, B, & C), Pour of these sets where B is positive, although real for

equation (3) are not real for the physical problem; i.e., squation (1),
Thess can be avolded with constraint

B<O

or

I Q, > 0

L

Two other sets of roots where A is negative contain tw~ real roots
for equation (3), but only one is valid for equation (1). The valid
one 19 obtained by using the positive sign in equation (3).

The remaining twc sets are valid for both equations, but ths more
negative root (FAP entry et greatest distance from R51) is desired, and

it alsc rsquires positive aign in equation (3), and therefore, if no
constra‘nt violated,

-20/R

DDAXN =

1+ V1 - 4a0/82

Rﬁxﬂ =RSX -Q1+ DDAXN

If (R6Xy > R5X) R6X = R5X

If any constraint was viclated, then FAP entry point set to minimum,

R6X = R5X

"'90 1 5-1»3



9-15.2.1 Appioach Guidance (cont'd)

APPENDIX D
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9.15.2.1 Apcroach Guidance (cont'd)

D-1

Guidance to Reference Trajectory

The raference tralectory (H,, :‘10. I4s ic) and actual vehicle state

(], H, Y, Y) have been defined fur vertical and lateral Girections.
The guidance equations are derived that produce guidance output com-
mands of 9,, ¢c of standard sircraft sequence v, ©, # and body rate

commands p,, gy To. A compilation of just the guidance equations is
sunmarized at the end of this appendix.

General Physical Equations Utilised
Alrspeed

V = ¥ (Nav relative ¢ ground) - YW (apriori wind)

v=|¥|

Dymamic prsssurs

=477

Lift coefficient

(1) CL*-'CLO+pCLA-a
Lift

(2) L=2C; S q

Alrapeed acceleration
V= (V-v,i/at
vhere At is computation cysle time (i.e., 2 sec)

end V, is airspeed at previous computation time.

Flight path

y = Tan™! (v2/ v vx2 + vzz) Notes ¥+ DOWN

9.¥-45



9.15.2.1 Apppoach Guidance (cont'd)

Drag

(3) D=gsinY -V
M

Total vertical acceleration

=L D
(4) Hyp = Cos # CosY+ 5 SinY - g

vhere

-¢v = bank angle with refereace to V.

from (3) and (4)

(5) Lc“¢=Hi+V'ISi.n‘Y +g Coa ¥
v

M Cos

a component of vertical acceleration defined as

(6) H=Hp+VSin7y

angle of attack from (1, 2, 5, and 6)

o0 C
(7) a = Hr R +gCosv)-—:;9—
PCLA + S - q - Cos B, ‘Cosv PPLy
by differentiating (7)
. M A g
(8) @ = pPCLA - S - @ . Cos @, (Coev+ Y TanY (Coa'r
i v, P
- (Gogy t&CosY) : (7 + -¢vTan¢v))

also rate of change of angle-of-attack

(9) a =';Coa ﬂv +q

where q is body pitch rate,




9.75.2.1 Anproach Guidance {contid)

D-3

rate of change of flight path

g Cos V- )L( Cos #,
v

(10) V Coa Y

lateral acceleration

.._L
(11) Y = 4 Sin ¢v

Bank angle from (5, 6, and 8)

.y

o g ()

Cos ¥ + g Cos?

by differentiating (12)

2 Y
. c .
(13) ¢v - o Py ("f-'ran ¢v (COI:.' +yTan ¥
(0“1 + g Cosv)

(E;%Ti’ - g Cos?)))

Vertical axis guldance, - To guide the vehicle altitude to the com-
mand reference trajectory with specified response characteristics of
natural frequency (WN) and damping ratio (¢ g(: a second-order accelera-
tion command is generated

v 2

Hop = W (B, - H) + 2{Wy(H, - A) - V Stn?

The last term of this equation is the steady state acceleration
required to hold the error signals of the first two terms at sero. But,
{f this acceleration is applied to equation (5), the V term will cancel,
and therefore, just the following component of the command need be

generated.

9 15=47



9.15.2.1 Approach Guidance (cont'd)

D-4

(14) B, = Wp (Hy - H) + 28w (B - A)

Equation (7) will give the resulting o, for this accel command,

M He C1
1 = _ 0
( 5) ac pcu e S q . Cos ¢vc (COO Y + £ Cos 7) pc

where f.., which is discussed later, must be generated first for
use in this equation.

Given v , @,, and # the local vertical component of a unit
vector \1ong the comnanxgd direction of the fuselage 1s,

(16) UXBLV = Sina, - Cos @y, + CosY - Cosa, * Sin7

The pitch component of this vector for the standard aircraft
sequence of ¢y O @ 1is,

(17) €9, = 5tn”' (UIBLY)

The acceleration command (14) is a variable, the slope of which
at a given time,

He = Wp° (H, - H) + 28w, (5 - )

%%f = -y Sin 7 .4 (as defined for reference trajectory)

assume,

o 1

H=Hy =Hy +V Stn ¥

He = W,° (B, - H) - 28w, (H)

—9.15-48



¢.15.2.1 Approack Guidance (cont'd)

Substituting this into equation (8) and neglecting the last two
terms of (8), which is an imperically determined good approximation,

CH c
Cosy

(19} N M
\19/ ac pcm‘s’a.cosgvc(

From (9 and 10), the pitch rate command,

i + Cos @
~ - C ve

If these commands wers perfectly ammiiad, then the total vertical
acceleration would be,

Bp=H, -V Sinv + Hy * t

Assume, though, that there are bias type errors present resul®’'ng
from errors in aero crefficients, navigation, wird, etc.,

.. the actuel acceleration,
HTA=H’I+H¢

This error can be computed by comparing the altitude rate from one
somputation cycle to the next with the rate that should exist,

At
I:l=l.i° +/ hTAdt
o]
(21) He = (8- fig - By - Ot +7 5ty - gt - oo at?)/at

Se15=4




9.15.2.1 Approach Guidance (cont'd)

The objective is to remove blas errors, but not transient. error such
as caused attitude response time delays. For a step change of attitude
compand, the instantaneous error would be,

S 3
LX ¥} . -p . q
(22) H &7 (850 - &)

As that system responds to the command, the error will reduce, so
that the net expected error over At sec will be some fraction (i.e.,

.4) of H: . The error to be compensated should then be reduced by the
expected error,

ot v d AOI

(23) Hy =H, - .4 * B

€

By accumulating this error through a gain, i.e., .8,
(X} (X} (X
(24) Hp1as = Hpras + .8 * Hy,
and feeding back a corrected command into (15) only
. rll 0
(25) He =Ho (of (14)) - Bpnag

the bias will k3 removed and the actual acceleration will converge
on the desired level of (14).

lateral Axis Guidance. - To guide the vehicle lateral position tc the
command reference tra;ectory with specified response characteristics of

natural frequency (W,) and damping ratio ({ )}, a second order accelera-
tion command is generated,

Yo -Y) +28u, (Yo = Y) + Ygq

The last term of this equation is the steady state acceleration
required to hold the error signals of the first two terms at zero. This
last term erists only for turn maneuvers and is the centripetal force,

~9.15-50
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9.15.2.1 Approach Guidance (cont'q,

D=7

(26) yaa = (V + Cos 7)2/R (radius of turn)

The reference trajectory section of the guidance has selected the

f-axis direction so that the positivn and rate commands Y, and Y, are
sero, ..

(27) 'Y'c = -ang - wanf t .Y.es

The number of terms of this equation that are utilized is phase
dependent., The full equation is used for the final turn, but only the
last term for iritial turn and only second term for flight between
turns. The acceleration and jerk computation phase dependency is shown
in detail at the end of this appendix, but just the final turn phase
will be discussed here.

The bank angle command is obtained by substitutirg command values
into equation (12),

g
(28) Boo = Tan™" 7 - —
(He .  + g Cosv)

CosY

Given ¥ and & os the local vertical comporient of a unlit vector
along the connanaed direction of the wings is,

(29) UYBLV = -Cos ¥ * Sin &,

The roll component of this vector for the standard aircraft sequence
of y © ¢ is,

(30) g, = Stn™" (-UYBLV/Cos )

The rate of change of Y which is referenced to & rotating axis systenm,

P?15=-51



9.15.2.1 Approach Guidance (cont'd)

D-8
The rate of change of the acceleration command
[ [ [ o 2v . C ‘y . (X4
(31) ¥, = % - 28w, (F, - T,,) + T80 (V Gos + HoTan?)

Substituting this into equation (13) and neglecting the negligible
last tem,

(32) avc = (&; - Tan ¢vc . ﬁ;/Coav) C°°2¢vc/(0§i‘y +gCosv)

Projecting this on body axes,

(33) Pc & ¢vc * Cos a,

As done with the vertical axis, a bias acceleration error can be
measured and compensated with feedback through the acceleration command,

(1] 2

5 at
)/ at

(34) Y, =(-1,-Y  at -

(35) YBIAS = YBIAS + ¢ ¥,

vhere the gain of 4 is empirically determined for stable removal of
errors

(36) Y, =Y, (of (27)) - ¥BIAS

Th®s compensated value of acceleration command is used only in
equation (28?.

The gi1idance to the reference trajectory equationa and logic are now
sumarized for each axis,
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9.15.2.1 Appreach Guidance (cont'd)

ertio

D-9

ce ytion

H, and ﬁc from reference trajectory section of Guidance

P
v

013
f

1
= .002378 +235 1n (1 - 6.875 + 1075 . B)

Flight Path Sign Conv.

(+) Down

V= (V = Vo)/at, where At is comp cycle time; i.e., 2 sec

Vo &V

Hy = Wp2(g - ) - 2¢ W, (H )

(R -H

xe
[}
"

(o]

(X e see sty .

'H./=-pCLA'S'§
M

L] e 20/

B, = .4 * He

Ir (Hy, H, < 0), then Hy =o.

If (Not at a phase change, and

then, HBIAS = HBIAS + .8 °* Hy
¢

o

H, = R, - HBIAS

3w 15-53

H, = Wp2(H_ - ) + 2 Wy (R, - H)

. (8, - 8)

- Ho At +V * Stn ¥ - At - e

x o <acw))

Note:s

at?)/at

Compute f_. from lat.

guidance first for use
here.



9.15.2.1 Approach Guidance (cont'd)

D-10

M Liic/Cos Y+ g Cosvy) CLO

ae S g Pora ° Cos ﬂvc PCLA

Limit to « omax

If (Flight director phase between turns and max L/D discrete from
raferance trajectory section of guidance), then ag = agpax.

UXBCZ = -Sin a, * Cos @, Cos y + Cosag * SinY

@, = Sta”! (-UXBCZ)

[ X 14

o Hoo . Cos fye 4 AM
W™V Coe?Y Pcry ° Cos Pve S G CoaY

9 . 15"54



3.12.2,1 Approach Guidance (cont'd)

D-11

latersl Axlg Guidence Fquationg

Yc’ Y, ic’ and ¥ from reference trnjpctor: section of guidance

Linit ¥ to +2000 ft m?pz.m_m_m
+) DOWN

[ X'] [ Y X

Yog =Yg =0

If (Initial or final turn), then Y, = (V - Cos Y)?/R,

p Y . [ )
ard, Y,, = LT (v CosY + Hyo Tan' )

Yo = W2 (T, = ) + 28U (i - 1)
Y, = 28Uy Tg + Yaq

Yo = ¥, + Y,

If (final turn or in FAP, and [ Y [<2000 ft)

then, Y, =Y -u° .71
v v v .féj_-f,\/
I, = (1-Y, -7 -at--22%)/at
1o =Y
Yo = §c
Yo = 1,

YBIAS = YBIAS + § ¥,
If (initial turn or flight director phase) YBIAS = 0

Yo = Y, - YBIAS

If (tnitlal or final turn acd a “eft turn command from reference trajec-
tory section of guid)

F.15-55



9.15.2.1 Approach Guidane .cont'd)

D-12

then, Y ==Y and Y. = -
i, )
sy + gCosY
Limit to 1¢m‘x

Pre = {Tan" (EEO/CO

UIBGZ = 8in flye * Co2 ¥

g = Si.n-1 (UYBCZ/Cos 6,) Note: Compute 6, first, ther use here.

abe

avc = (Y, - Tan @y, ° .!'I'c/Coa ¥) Cos? ¢vc/(§co/c°8 v+ g Coa?v)

Pe = ¢vc *Cosa,, T = foc * Sin a,



9.15.2.1 Approach Guidance (cont'd)

TABLE i, - SIMULATION INPUT DATA FOR DEMONSTRATICN RUNS
VEHICLE
) STRAIGHT WING ORBITER DELTA WING ORBITER
Fnitial H 20000 ft 41000 ft
Condi-| Vg | 562 ft/sec 703 ft/sec
tions Y 7 deg 6 deg
Guld Term.
Rnou | UGE |15 T 40027 ¢ A (yp) ] 026746 +1.938083 - (g
ledge | Final ] & ¢
of Apgi. . 954 + 4. 257 G(RAD) —.014—995 + 1.93 128 a(R.AD)
Trim T o)
Aero, S 1175 £t 6650 ft
M 4041 slugs 8330 slugs
Thase ™ Voem Rinal o n al
Guid. I Fb = Apﬁ?. 11 i ** | Approach
a
Target- N 7.5° 4° 6° 4.5° 7.5° 5° 6° 6.3°
g 1y | & [7.22] & [10° [ 7.46°] 7.89°]e.22° [14.5°
Speed 1o 0 | 30° 0 o |o 20°
é:zgg. Up Up Up Down Up Up Up Down
Turn ~
Radius 9200 ft 12000 f¢
X -21000 ft -22000 %
MEP
h 2600 ft 4200 ft
ﬁther Min H S 4 g
uid.
Mach 80 80
Items W
gagk 46" 46°
wnach
whic
Prmax 2 20000 ft 2 20000 ft
for
turr .

go 1 5-57
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9.15.2.2 Final Approach Guidance

1. Introduction

These equations are submitted as candidates to fulfill the
unpowered Final Approach Guidance requirements for the space-shuttle
Crbiter. They include Autoland lateral and longitudinal guidance
aequations. The scheme is agll-inertiel; navigatiorn aids are used
only to update the navigated vehicle state. Pitch rate and speed-
brake commands are camputed and issued to contpol in-plane approach.
Lateral position error and its integral plus heading-angle error
are used to form the vehicle roll command. (There is no decrab or
wings level manuever; the assumption is made that the gear is de-
signed to accommodate the stress for crabbed landings in design
winds.)

2. Functional Diagram

A general description of Autoland Guidance is contained in
Ref, 1. PFigure 1 is &« functional diagram., Fig, 2 is a block
diagram., (For generai inrormation, the aulopiiois being used in

simulation runs are included in Fig. 2.)

Inputs to the Guidance module (0G-7) are from the Final Approach
and Guidance Navigation module (ON-5); the inputs are the navigated
state in the Earth-fixed landing coordinate system. From this are
eslculated the range o tovchdown target, altitude, inertial ve-
locity magnitude, inertial flight-path angle, lateral position and
heading angle. Outputs are pitc: rate command, speed-brake position
command and vehicle roll command to the autopilot. The guidance roll
~ommand drives a roll-rate ailercn-autcpilot inner loop with roll
attitude outer loop. Roll r=zte command is interconnected to a rate
command rudder autopilot with turn coordination and normsl ac-
celeration inputs. The acceleration and heading-angle signals are
instrumental in holding the orbitver to the fimal approach plane in
crosswinds.,
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9,15.2.2 Final Approach Guidance (cont'd)
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9%.15.2.2 Final Approach Guidance (cont'd)
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9.15.2.2 Final Approach Guidance (cont'd)

3., Coordinate Syastem

The autoland guidance uses vehicie position and velocity re-
lutive to a runway coordinate system,as shown in Figure 3., Figure 3
also indicates lohgitudinal sign convention for the equations. The
"gltitude of the IMU" at touchdown is represented in the equations
as c.g. altitude.

4. fquations and Flow

4.1 The longitudinal guidunce equations are presented in
Figure 4.

The guidance routine (as currently implsmented) is entered
four times per second. (This frequency is to be verified by plannad
guidance/autopilot interaction and wind gust response studies.)
Stability of the guidance equations and minimization of the vehicle
rotational motions set the minimum rate. There are no switching

requirements in the schemse.

The vehicle's state is in a landing coordinate system., On
the initial pass, the target sink rate, touchdown ground speed,
and shallow flight path angle are used to compute reference tra-
jecbory constants, The reference trajeétory subroutine is entered
with the targeted range at pullup completion, and flare and touch-
down constants, to find the reference altitude at pullup completion.
At TARGET, a steep flight path angle is computed which will carry
the vehicle from its current altitude through pullup onto the
shallow slnpe. This capability may also be used to rerlan the
reference trajectory during the steep phase to minim&ze transients
from large navigation updates or to replan when forced by emergency
canditions., A linear reference veloclty is defined to carry the
vehicle from its current velocity to its targeted value at the
completion of the puilup.
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9.15.2.2 Final Approach Guidance (cont'd)

Figure 3. Runway Coordinate Systein
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9.15.2.2 Final Approach Guidance (cont'd)

On a normal call, after the vehicle state is determined, if
phase is steep the reference trejectory is defined through pullup.
When the puilup-complete renge has been reached, pnase is set to
shallow ard a new reference velocity profile is defined to decele-
rate the vehicle to its targeted touchdown velocity. The two
velocity slopes spproximate the expected vehicle deleleration
along the steep and shallow glide paths with gear down and half
speed brakes, The switch to shallow is not critical since tia two

portions of the reference trajectory overlap smoothly.

At LOOPS, velocity dependent geins are computed. A pitch
rate command is formed and limited. A speed brake command is
formed such that zero error gets half brakes and both communds
are issued to the autopilot.

The refereace trajectory subroutine is entered with cne of
two sets of targets; pullup over and touchdown. Calling arguments

are as follows:

V - Current vehicle velocity, used for* .

R - Range to gc to end of current maneuver. Pullup,
R-Rp,and touchdown, R.

e- Constant which sets meneuver curvature, normal
acceleration level. P», P§ -

m - Negative of difference between flight path angles
entering and leaving the maneuver, Steep minus
shallow and shallow minus touchdown.

mp~ l\b.g'étive of flight path angle leaving the maneuver.
Shallow glide and touchdown glide slope.

hp- Altitude at which maneuver it camplete and vehicle
flying -mp . Altitude at pullup complete and cg
height at touchdown.

901‘5"'71



9.15.2.2 Final Approach Guidance (cont'd)

h, - Reference altitude

¥r - Reference flight path angie
il.- Reference flight path angle rate

ERF is an approximation to the error function devised in
Ref. 2. Its use is illustrated in Fig. 4.

Linear approximations of the system transfer functions are

presented in Fig. 4.

4.2 The lateral guidance equations are presented in Fig. 5.
On the initial pass, the roll gain, crossrange integral gain, and
the heading gain are stored. On a normal pass the crossrange gain,
Ky, is calculated as a function of velocity. When altitude becomes
less thun 50 ft, the roll command gain is decreased from 1 to .5
over a 2-second pericd. The roll command is the sum of a cross-
range, integral of crossrange, and velocity heading angle term.
It is limited and issued to the autopilot.

5. Constants/Variables Summary

Figure 6 summarizes variables and constants. Precision and
quantization requirements have not been finalized. Figure 7
describes the principal variables. Figure 8 lists typical input
values.

6. FORTRAN Coding

The equations have been coded in FORTRAN for simulation cn
the SSFS (Space Shuttle Functional Simulator).

7. Simulation Status

The scheme is operational on the SSFS.
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9.15.2.2 Final Approach Guidance (cont'd)
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9.15,2.2 Final Approach Guidance

(cont'd)

Vehicle altitude, ft.

Vehicle lateral displacement

from ruaway center line, ft.
Vehicle velocity, fps.

Velocity heading angle
ir

v
tan 0 = - vx—— , rad.

R
Lateral displacement integral
threshold, ft.

Roll command, rad.

Roll command 1limi. ., rad.

Guidance gains, rad/ft, 1l/sec,
rad/rad.

Figure 7c Variable Description
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9.15.2.2 Final Approach Guidance {cont'd)
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9.15.2.2 Final Approach Guidance {cont'd)

8, Testing Stetus

A touchdown dispersicn study has been performed. Some results
are shown in Figure 9. Fcr tests beginning at 1740 ft. aitivude
and 15,000 ft. range, crossrange dispersiocn in t 10 ft. and croos-
range rete dispersion is iéfps. Vehicle yaw at touchdown is de-
termined essentially by the crosswind., A 20 -knot wind results
in a 7.2 -degree yaw.

9. Derivation
AL
Lateral guidance is basically an all-inertial wversion of Ref. 5.

10, Assumptions

NR 161C delta wing aero and mass propertiez (Ref. 4).
Unpowersd landing
Error Models (per Ref. 3).

11. Further Activiiy

The integral-of-crossrange term in the lateral guidance limits
steady state errors. Unfortunatsly, it also reiards response to
dynamic errcrs. Simulation runs indicate that improved performance
may resuit from freezing(éihmping) the incegral at some point before

touchdcun.



28516

Figure 9. “ouchdown Dispersions

4

OFF NOMNAL Y lchanvees v

ddy Teutd 22 5L°6

il WINvD s Touw:hoo v
Cace lumpmms - T
.- 1 y_£X /{2 Yo gV ne il Ay
| Y: 1000 fr — | = -9.7 .7 i + /. o
2 / : 5349 | —— -12.3 o T L Z N
! 3 CFros s - _ Y § -5 pe ! /.
y | Y:ippwgx | —— 1 Lot -10.2 L5 2,2
'y Cross 5 S'rmz“» - g, - .9 7.0 /1
¢ cross .S‘é;_m J - ¥ 9 -9 A4 )
7 (ross L7 Mays y.3 -5 7.3 [ 2 X .
_— J
Y - mo— —

; FUOD ) . Q@mIgasD [OBOI

(p

- i -

1

o S I

The Wormminnad INTia! Lot torio = 5000 S V0 |kt 740 7 V=500 fusd y: 0 (o

O Ao K
@ ""M wvind W $o0 (5T 34—4 ‘v"‘ﬂrf' o |*¢ /é,.,.,o%L wT [T Lp ot
(€%

3 gfi a o omen| rl ol AT (2575 ))
. ' M Y e Ve )

MSC FORM 376 (Rev Aun 65)

DATA SHEET



9.15.2.2 Final Aoproach Guidance (cont'd)
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