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GUIDANCE

(3 Intzoluction

Guidance activity genersglly relates to the perturbation of spacecreft
trajectory or state by the applicatlon of translational control effectors.
The Space-Shuttle mission includes three relatively distinct guidance phases:
htcmospheric Boost (characterized by an adaptive guidance law), Extra-At-
rospheric Activities and Re-Entry Activities (where aerodynamic surfaces
are the principal effectors). Guidance tasks include pre-maneuver targeting
and powered flight guidance (where powered flight is defined to include the
application of aerodynamic forces as well as thruster forces). Figure 3.1
is a flow chart which follows guidance activities throughout the mission from
the Pre-lgunch phase through touchdown. Table 3.1 lists the main guidance
programs and subroutines used in each phase of a typical rendezvous mission,
A brief description of each such program and routine follows. Detalled
software design requirements are presented in Vol., III. -

1. Atmospheric Boost Guidance

This program, when completed, will (at a minimum) provide a programmed
pitch over and attitude hold until sometime after max—q. It may also include

sone minimal closed-loop guidance to limit dispersion in the presence of wind
and gust disturbances. This program (not yet submitted) will fulfill funct-
ional requiremsnt 2G1¥*,

2. Mudti-Stage Boost Guidance

These powered ascent guidance equations provide inertial steering commands

during boost to insertion., The equations accommodate to engine throttle cap-

i i

. ability and to discontinous boost, i.e., PSR shutdown and jettison with con-
trolled thrust from the MPS. These equations fulfill requirement 2G2.

3. Rendezvous Targeting

bR

. This Targeting Rouline has the capability of constructing inflight the
rendezvous maneuver sequence which satisfies the requirements of the particular
mission, The routine can handle sequences with any given number of maneuvers,
each of which can have a variety of constraints, These equations fulfill re-
quirenents 3G2.

4. Rendezvous Braking

This Tergeting Routine has the capability to bring the vehicle into the
station~-keeping zone by automatic line-of-sight corrections and braking cor-
rections, These equations fulfill requirements 3G3.

*functional Requirement Module (See App. I).

3-1
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o, station Keeping Guideoc:

Thie targeting Routine is for use during the station-keeping phase and

(T

rs dusigned to maintain 1 orbiter in & swall zone which may be arbitrarily
iocated with respect to 1 - varget vehicle, The orbiter is maintained in the

son by tra periodic orml’. 17w of small velocity corrections computed so as

Lo s flandbe VOE @verdpC T awiuare of propellant per orbit. These equations

. J T A - - .
O 0 C i i o N <t

<

6. Deorbit Targéting ‘

This targeting Routine is for the computation of an optional phasing

maneuver to place the vehicle in a phasing orbit prior to landing, and an

in-plane minimum fuel deorbit maneuver satisfying entry-interface and landing- .
site constraints. The proeram is designed to allow the crew to determine

<<l deoru’e o;;\ ©r 77 .. and to select one desired. The program

satisfies requirement 226,

7. Powered Flight Guidance

These Guidance Routines are for use in computing sﬁeering and engine
cuboff commands during either a maneuver with a specified velocity change,
or & Lambert aim point manruver, or a deorbit maneuver. The concepts of a ‘
curr- +* positic  offi-i . T 1 state-vector navigation are used for the

“Tmm: - . and dec it 17 f... . Cross product steering is used for all man-

euvers. These equations séblsfy the requirements 3G1.

8., Entry and Transition Guidance

This routine will provide guidance commands from entry interface through
the heat control phase, through transition, to 40,000 feet altitude, The
requirements for this phase are AGL. : -
9. Approach (Terminsl Area) Guidance

‘This routine provides steering commands which guide the S/S from an

o1tftnde of 40,000 £t to e .-nint on the final approach (glide) path at an

o 3iitude of appr oximately Lo ft. These requirements are listed as 4G2.

10. Final Approach Guidr»ce

This routine providgpbsteering commands which maintain the shuttle on

the two-flare approach path through touchdown. These equationg satisfy re-

guirements 4G3. : o

11. Conic¢ State Extranni-iion Subroutings

These subroutines are for conic state vector extrapolation as a function
of time (Kepler) or as a fu-~tion of angle (Theta), and are required both for

faddr nce targeting and for | -igation,

3-2
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12. Precision State end Filter Welphting Melrix Extrapolatlon

P

"y, This subroutine has an Encke integration scheme which includes the

Sy -
p

"%> capability for precision extrapolation of a vehlcle ztate vector and the
E acsociated submatrix of the Navigation filter weighting matrix in the
earth's Jo gravity field. Additional perturbing accelerations due to
higher order gravity terms, lunar and solar gravity, and atmospheric
forces have not been included since the requirements for them have not
bzen esteblished. This subroutine is presented in Navigation Volume II.

13. Conic Required Velocity

? This subroutine is for the solution to the multi-revolution Lambert
3 required velocity determination problem.

14. Precision Reguired Velocity

This subroutine is for use by a targeting routine to compute the

parameters needed by the Powered Flight Guidance Routines to perform a
Lambert aim polnt or de-orbit maneuver. '

15. Abort Guidance Targeting

This program, available only in preliminary form, provides guidance
targeting for the transition from booster failure to acquisition of the
nominal entry trajectory with virtually empty OMS fuel tanks. This pro-
gram fulfills some of the requirements of 2G3.

The Multi-Stage Boost Guidance presentation is by R. F., Jaggers of
the Boeing Co., There are other designs under consideration, but none differ
significantly from the Linear Tangent Guldance which is the basis of Jagger's
presentation.

The On-Orbit guidance submittals are the work of C. S. Draper Laboratory.
Rendezvous Targeting 1s documented by W. H. Templeman, Rendezvous Braking by
P. M, Kachmar, §3§tion Keeping Guidance by Gustafson and Kreigsman, Deorbit
Targeting by Brand and Brennan, Powered Flight Guidance by Brand, Brown,
Higgins and Pu, the Precision Required Velocity routine by T. J. Brand and
the Conic State routine, the Precision State roubtine and the Conlic Required
Velocity routine by W. M. Robertson. An alternative Rendezvous design has
been published by D, J. Jezewskl of the NASA/MSC Mission Planning and Analysis
Division, It is anticipated that the Linear Tangent Guidance, in a modified
form, will replace the Powered Flight Guidance desipgn documented herein.
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e MULTI-STAGE BQOST GUID.

3
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~ne Untry through Landing guidance submittals are produced by Kriegsman (CSDL)
ed Harpold (MPAD) for Entry, NASA/MSC Crew Procedures Division (documented by Tdo) ey
o-i Elias (CSDL) for Approach, and D. Dyer of GCD for Final Approach. Other Entry K

dannce designs include Fast Time Integration by Sunkel (G&CD). The Harpold design

i f; uld
% grd the Kriegsman design for Entry Guidance are both included in this volume because
3 both have outstanding features and it is conjectured that the final design will
z represent a combination of the best features of each. Likewise both the Crew Pro-
, cadures and the Elias designs are presented in expectation that the final design
E will include features of each. An slternate Terminal Area Approsch design by T. Moore
] (GCD) is more complicated, but is a strong contender for implementation bacause it
3 includes capability for low-altitude redesignation.
4 : -
E The preliminary Boost Abort Targeting submittal is by G. McSwain of G&C Div.,
NASA/MSC. .
X
f Except for Boost Abort Targeting all Guidance submittals are complete, according
E to the requirements of Appendix I. '
P
e
3-8
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- é ‘%3 Submitial 53 Multi—Stugb Boost Guidance

) iy i

:{

E Introduction

: The purpose of the powered ascent guidance equations is to provide inertial
J steering commands during the boost to orbit maneuver. Throttle setting can also

; be provided if this is a requirement of boost guidance, however, ihis feature is not
incorporated in the equations presented here,

E The linear tangent guidance law presented here was developed to meet at

. least the following requirements: multi-stage capability, ability to handle flight
perturbations and maintain orbital insertion accuracy, abort to alternate conditions,
: cngine out capability, and throttle for constant acceleration,
| )

3
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Computationad Flow of Multi-Stuge Guidance TTaguations

i Guidance input and output paramcters are listed and defined below. ssen-
-) 1)1y, guidance input is the present state vector and corbital parameters defining
the desired terminal state vector, and the output is steering commands and time-
; {O-£0.
§ Guidance Presettings (PREFLIGIT INPUT)
' p‘]) Magnitude of desired terminal radius vector
-3 Vi Magnitude of desired terminal velocity vector
)D Desired terminal flight path angle -
Gyy X component of unit vector normal to desired orbit plane*
¥ G23 Z component of unit vector normal to desired orbit plane*
"%
3 Vex Effective exhaust velocily of stage i
i
% T, Initial m to m ratio of stage i
-7
; TBi Nominal burn time of stage i
;
"% T o5 Coast time between stage i and stage i+ 1
~r} ag Acceleration limit of stage i
7 1
E n Number of guided stages
t Navigational Quantities (INFLIGHT MEASURED INPUT)
¥ Ep Inertial platform measured acceleration vector ,
A —
1 Vp Inertial platform velocity vector
3{ —
RP Inertial platform radius vector "
g Inertial platform gravity vector
P (Calculated function of Rp)
3
E * Onptional inputs are iD’ desired inclination, and GD’ desired longitude of des-
2 cending node.
< S53-2
i
2
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Guidance Qutput

6. Commanded inertial pitch angle

t‘!’c Commanded inertial yaw angle

TGO Time-to-go till orbital insertion

f Throttle setting if applicable {to be determined)

Guidance Precalculations

(Coordinate transformation from platform system to desired orbit system)

Input G21 and G23, X and Z components of unit vector normal to desired orbit plane.

Compute unit veclor in desired orbit plane normal to launch vertical, and unit vec-

tor defined by intersection of desired orbit plan and the plane containing launch

vertical and veclor normal to desired orbit.

Gyy = (1 - Gy, ” - G232)1/2
Gy = (Gzzz * G232) e
Ggy = 0
Ggy = -Gy3/Gyy’
Ggg ™ Ggp/Gyy
Gyp 7 ~G31G33
Gz = Gp1G39
NOTE: For duc East launch [G] _ 0 (1) g
and no plane change '’ 0 0 1
$53-3
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CUIDAGCE PRE-TURH O}

Liph - sinvLcosAL

SO inA
i A 'S L

ccschosAL

sininsinfo

- siniocosaoJ

- cosiD

DESIRED ORBIT
COORDINATE
SYSTEH, .

G~ MATRIX

*

EXIT TO GUIDAICE

5534

Rl ars b s S brorh

b
]

L Launch Azimuth

<
—
1

o
]

D Desired orbit inclination

<
(o]
[i]

= Geodetic Launch Latitude

Desired Longitude of descending
node (measured from launch
meridian)
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-~ ENTER GUIDANCE (MAJOR CYGLE LOOP)

l

X'

e ® [e) Ry
N2 B P

<5

[ime
]

, = Unit (R_ XU
£ { p ¥ Uy)

INITIAL RANGE ANGLE

LOCAL GUIDANCE
COORDINATE SYSTEM

vi Yy Uy
A Ui Y7o Ups |
% .-
b |
; vz
: R = [£] R
i "6 (el p RADIUS AHD VELOCITY IN
5 - - LOCAL GUIDANCE FRAME
5 ve = [l v -
1 - MEASURED ACCELERATION
] a = ABS (ap) MAGNITUDE
= R -
; R ABS ( p)
9y o (gP ﬁP)/R
2 R

0. (J&.) AVERAGE RADIAL GRAVITY
; AV = .59, | 1+ \Ry MAGNITUDE
i T '
i $53-5
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YES

Tk = Vexk /2

Te = Mgk

NO

e L8

RANGE ANGLE-T0~GO IN
DESIRED ORBIT PLAJIE

S[Vga/R + (Vpcosyp)/Ry ] Te,

1 N
~

_.>v,” = -V sin (¢£O - )
V=0

Vyg = Vp o5 By - )
Ry = Ry cosdn

R, = 0

T2

Rr3 = RD 51n¢60

TERMINAL
VELOCITY AND RADIUS VECTORS

IN LOCAL GUIDANCE FRAME
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RA‘E’Z * 5 RGZ
Ravy = Ryy (2Fg + 1076
Rpy = UNIT (gAv)

- -

9% * 9av Pav

7

Li =0

i=i+l

AVERAGE GRAVITY VECTOR
FOR VELOCITY LOSSES

AVERAGE GRAVITY VECTOR
FOR DISTANCE LOSSES

TIME TILL ACCELERATION LIMIT

TIME FROM LIMIT TO BURN OUT

.
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CTIME-TO-GO CALCULATION

v

6o " V17 Y T 9y Too

X e Unft (v VELOCITY-T0-GO

co?
- k85 (7,)

Yoo

|

TE T =N

L
REER SRS W TR

it ey

T s Vexi I [ 73/ (3T 000

—
1l

L e =1
porm

sV=y

cot

:
1
é‘
2
2

YES

§T=1,6V [1—1/2(&V/vexn)]/vexn

TanTLn+6'

BURN TIME
‘Bn  'Ln LSn. OF FINAL STAGE
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TIMES USED FOR MULTI-STAGE
IHTEGRALS

e
n

No. of present burning stage

No. of final stage

3
i

Time remaining after constant
acceleration burn

Time remaining after constant
thrust burn

Initial Time of constant thrust
burn

Initial Time of constant
acceleration burn

Initialize Summation Loop
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Submiital 37: Hendezvous Targeting

1. INTRODUCTION

The rendezvous of the Orbiter (primary vehicle) with a target vehicle {e. g.
the Space Station) is accomplished by maneuvering the Orbiter into a trajectory
that intercepts the tarpet vehicle orbit at a time that results in the rendezvous of
the two vehicles., The function of rendezvous targeting is to detcrmine the targeting
parameters for the powered flight guidance for each of the maneuvers made b).' the

Orbiter during the rendezvous sequence. .

In order to construct the multimancuver rendezvous trajectory, sufficient
constaints must be imposed to determine the desired trajectory. Constraints
associated with the Orbiter mission will involve such considerations as fuel, light-
ing, navigation, communication, time, and altitude. The function of premission
analysis is to convert these—which are generally qualitative constiraints-into a set
of secondary quantitative constraints that can be used by the onboard targeting
program. By judicious selection of the secondary constraints, it should be possible
to determine off-nominal trajectories that come close to satisfying the primary

constraints.

The proposed onboard rendezvous targeting program consists primarily of a
main program and a generalized multiple-option maneuver subroutine. The driv'ing’
program automatically and sequentially calls the maneuver subroutine to construct
the rendezvous configuration from a series of maneuver segments. .The main pro-
gram is capable of handling rendezvous sequences involving any given number of
maneuvers. Enough different types of maneuver constraints are incorporated into
the subroutine to provide the flexibility required to select the best set of secondary
constraints during premission planning. In addition, the astronaut has a large,
well defined list of maneuver options if he chooses to modify the selected nominal

rendezvous scheme,

As the new approach represents, in essence, just one targeting program,
there is considerable savings in computer-stiorage requirements compared to former
approaches in which each maneuver used in the rendezvous scheme had a separate
targeting program. The programming and verification processes of this unified

approach will also result in implementation efficiencies.

1.1 Number of Independent Constraints Involved in a
Rendezvous Sequence

During the Gemini and Apollo flights and in the design of the Skylab rendezvous

scheme various numbers of maneuvers were utilized in the rendezvous sequence.
The range went from two (Apollo 14 and 15) to six (Skylab).
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The number of independent consiraints (ie., the number of explicitly satisfied con-

slraints) in each readezvous sequer. - must equal the number of degrees of freedom
implicitly contained in the sequence. To establish this number, a rendezvous con-
{iguration can be constructed by fmoonine arbitrary. constraints until the configura-

1

tion is uniquely defined. For ¢ 4= # four maneuver coplanar sequence is

shown in Figure 1, followed by®" few - - terminal point. Using the constraints

v. (velocily magnitude), r; s e voe 3 easy to establish that the total number
i 1

involved is 12, assuming the time of the first mancuver has been established. Re-

moving one mancuver will reduce the number of degrees of freedom by three.

Hence, the number of independent ennsfraints necessary {o uniquely determine the

maneuveyr scqguences are

Number of maneuw . . > . Number of independent
in sequence . . .. constraints required
1 3
2 6
3 a
4 12
etc

If the above rendezvous are not coplanar, one additional constraint has to be added

to each sequence to allow for the ou - “f-plane component.

In some cases the number »f » -y constraints may be insufficient to
uniquely determine a rendezvous tr T <tory for the desired number of maneuvers.
One way of overcoming this deficiency in constraints is by introducing sufficient
variables to complete the determination of the rendezvous trajectory and then

determining values for these variables by minimizing the fuel used.

In order to take advantage of updated state vectors due to navigation or ground
updates, the rendezvous targeting program is called prior to each maneuver to
compute the upcoming maneuver. In general, each maneuver computation will in-
volve a multimaneuver sequence as the nature of the targeting constraints do not

allow the maneuvers to be independ' - ntly computed.f The relationship between the

rendezvous sequence involving n i .-, rers and the maneuver sequences is shown
below. = Mareuver Segments
2 3 4 n-1
Rendcezvous Sequence 1 ' -
>— O — er—— T——— srune —
1 2 max,
——— b aaees —_—
. maXZ
Mancuver Sequences f—g—— ;—9——— To—
(maneuver points) o
n-1
—
$37-2
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Figure 1.

Maneuver Points

Point

A Possible Set of Constraints Involved in
a Four Maneuver Rendezvous Sequence
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Iach maneuver s - o is composed of a number of mancuver segments and is

basically indepe: © ¢ - om the other maneuver sequences, These scquences must
have the same n= = independent consiraints as tibuluted above,
1.2 The Con-:ractinn of a Mancuver Segment

Fachn=-1., . . ", ieozvous sequence can be divided into n-1 mancuver seg-
ments. Bach se,~o " .. - s, basically, the addition of a maneuver to the primary

vehicle's velocily vol.ur and an update of both vehicle's state vectors to the next

maneuver point,

A maneuver segment is herein generaled in one of three ways:

Forwaru genciation A maneuver Av is computed and added

to the velocity vector in a specified di-
. rection. The state vector of the primary
vehicle is then updated through a speci-
fied amount to arrive at the next maneu-

ver position.

Target generation The target vehicle is updated through a

specified amount and then offset lo establish
a target vector. An option is available at
this point to compute a coelliptic velocity
vector and update through At to establish

e a new target vector as shown below,

Initial Offset

Target Offset Position
Trajectory
Coelliptic
Initial Velocity

States Target

Vector

The maneuver is then computed by uniquely
specifying the nature of the traverse between
the primary vehicle's position and the target

vector.

S37-4




i

Intepgrated generation In this case, the maneuver scgment

is computed as an intcgral part of a
maneuver sequence involving more
than one maneuver segment. The
naturc of the constraints are such that
the mancuver scquence cannot be sub-
divided into uniquely defined maneuver
segments. The maneuver segment will
usually have one degree of freedom,
which will generally be assumed to be

the magnitude of the maneuver.

Each of the above methods is defined by specifying trajectory constraints
by setting certain switches and parameter values. Specifying a trajectory constraint
is equivalent to specifying one or more independent constraints. On the other hand,
specifying an independent constraint can also be equivalent to specifying onc or more
trajectory variables. (See Ref. 9) A trajectory constraint common to all three of

the above methods is the state vector update switch s The options associated

update ’
with this switch are:
1 Update from time t to time tF
2 Update through time interval At '
= T n r iAm
Supdate < 3 Update through n revolutions
4 Update through @ radians
5 Update to be colinear with a
specified position vector
-

In the next three sections, the trajectory constraints associated with each of the

above methods will be listed.
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1.2.1 Mancuver Opfions in Forward Generation of

Mancuver Segiment

The forward generation of a maneuver segment is accomplished in one of two
ways. Either the maneuver magnitude is uniquely determined in terms of the state

vector at the maneuver time or the maneuver is determined by an iterative search

to satisfy a terminal constraint.

The maneuver magnitude Av is either calculated or assumed depending on

the maneuver switch s
man

rection switch

s direct =<

The selection of the update switch s
primary vehicle's trajectory following the maneuver to the

maneuver. A terminal constraint can be imposed at this point by setting the ter-

minal switch s

S direct”

(1

2

L

term’

The options associated with the maneuver switch are:

’

and it is applied in a direction controlled by the di-

A v is assumed specified

Av is computed based on a post maneuver
velocity vector being "'coelliptic' with the

state vector of the target vehicle

A v is computed from the conic circular

velocity constraint

A v is computed based on a Hohmann type
transfer resulting in a Ah change in

altitude
the maneuver direction switch are:
Apply Av is horizontal direction in plane

of primary vehicle

Apply Av in horizontal direction parallel

to orbital plane of the target vehicle

Apply Av along velocity vector in plane

of primarj vehicle

Apply Av along velocity vector parallel

to orbital plane of the target vehicle

update

determines the update of the

position of the next

Eet e b oty vsls
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1 Terminal constraint is a height consiraint
S =
ierm . : . st 3 Gl o
-1 Terminal constraint is a phasing constraint

Following the computation of the height/phasing error, the mancuver ma nitude is
£ i g L

varied in an iterative search to salisfy the hcight/phasing constraint.

1.2.2 Maneuver Options in Target Generation
of Alaneuver Scgmeoent

The target generation of a maneuver segment starts with the selection of
the update switch for the target vehicle. If this switch equals four, 6 will be
augmented by the central angle between the primary and target vehicles before
being used. The position of the target vehicle is then offset through cither (eL. Ah)
or (£6, Ah). depending on whether s, is negative or positive, to obtain a target
vector. The "TPI offscts” (e, Ah) are discussed in Section 5 (see Figure 2 for
definition of eL). If lstar | equals two, a coelliptic velocity vector is computed
based on the target vector, and a new target vector is defined by updating the co-

elliptic state vector through At. The options associated with Syap AT

-2 Offset target (e, ,Ah). Compute coelliptic
velocity and update through (negative) At.

-1 Offset target (e[ , Ah)

Star O
o No target offset
1 Offset target (A8, Ah)
2 Offset target (A8, Ah). Compute coelliptic
B velocity and update through (negative) At
The nature of the traverse belween the primary
vehicle's initial state vector and the target vector is
controlied by the maneuver switch N
man
[ 5 Lambert - the trajectory is time constrained
6 Horizontal - the’maneuver is constrained to
be in the horizontal direction
s =9
man
7 Tangential - the maneuver is constrained to
be in the direction of the velocity vector
_ 8 Apogee/Perigee - the trajectory has’'an apogee/

perigee occurring at the target point.
There is a minimum Av option asscociated with the above maneuvers which

is controlled with the optimization switch Sopt :
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Position Vector of Primary Vehicle

i = Unit horizontal in forward direction for primary vehicle
LOS = Line of Sight

1. If the LOS projecticn on i is positive: _
a. When the LOS is above the horizontal plane. O <e| </ 2
b. When the LOS is below the horizontal plane, 37/ 2<e < 2m

2. f the LOS projection on i is negative:
a. When the LOS is above the horizontal plane, 7/ 2<e| <7

b. When the LOS is below the horizontal plane, m<e| <3m/ 2

Figure 2. Definition of the Elevation Angle ey,
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P
C:; -2 AMinimize the sum ol Lhe magn_itude of
the first and the next maneuver (based

j on a coelliptic parting velocity) by

“ B varying At, the time of update of the

iarget vehicle,

4

-1 Minimize the miagnitude of the first ma-

: neuver by varying At, the time of update

3 of the target vehicle.

Y S =

3 opt 1 AMinimize the magnitude of the first ma-

; - neuver by varying Al, the time between

> ' the next maneuver and the initial offset

i

position. (Sce sketch on page 1-4 )

2 Minimize the suin of the magnitudes of

the first and the next mancuver (based

: on a coelliptic parting velocity) by

varying At, the time between the next

. maneuver and the initial offset position

3 (see sketch on page 1-4).

A -

This minimization is accomnlished by driving the slope (Av [/ independent variable)
K to zero using 2 Newion Ruphson iteration scheme.

: 1.2.3 Maneuver Options 1 Litcegrated Genceration

3 of Maneuver Segimie it :

5 The integrated gencration of a maneuver segment involves an iterative solu-
tion o determine & mancuver sequence which cannot be sequentially solved for its
1 mancuver segment components.  The maneuver is computed by guessing its magni-

tude, assigning a dircction and plane through selection of the direction switch

. S . updating the primary vehi ' - et ite
, direct * UF g primuary vehicle' s state vector after selecting switch supdate
z and then calling additionul nianenver segments until reaching the point at which

b . - . .

the terminal constraint is to he attained. The maneuver is then iteratively de-

termined by satisfying thie terminal constraint, The number of additional maneu-

E ver segments and the nature of the terminal constraint are controlled by the ter-
1 minal constraint switch s

i Liam

;

5

)

4

S

k.

3
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-2, -3, The terminal constraint is a phasing
) o constraint and it occurs at the | s

term
maneuver point from the start of the

mancuver segment .

s =J 2,3.. The terminal constraint is a height
term

.. <10 . .
constraint and it occurs at the s
term

maneuver point from the start of the

o “"va‘»'- g

maneuver segment,

Sk

(10<s Both a'height and phasing constraint

4 term
< 100) occur at the same maneuver point,

The first digit n, of Sterm

sents a phasing constraint that occurs

repre-

at the n, maneuver point from the
start of the phasing maneuver segment.
The last digit n, of s represents

term
a height constraint that occurs at the

n2 maneuver point from the start of

the height maneuver segment.

.

1.2.4 Summary of the Maneuver Segment Constraints

The maneuver and trajectory constraints that can be imposed on a maneuver
segment can be divided into the following catagories (see Figure 3).
' Primary vehicle update constraints ' :
Target vehicle update constraints
Initial 'velocity constraints
Offset constraints
Terminal constraints

Traverse constraints

Table 1 contains a detailed listing of the constraints. The three independent con-
straints (four in the case of noncoplanar traverses) which govern a maneuver seg-
ment cannot be chosen arbitrarily from this list for two reasons:

(1) There is not a one-to-one correspondence between the

trajectory constraints and the independent constraints.
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(2) Sclecting some constraints negates the need for some

others (c. g. selecting a Lambert constraint negates the '

necd for a maneuver direction constraint).

In the case of a siraight forward rendezvous profile, a basic understanding of the

nature of the constraints should allow the constructor of the rendezvous sequence

to choose a set of trajectory constraints which determinc the required number of

independent constraints. For a complex rendezvous profile, such as Skylab a

more formal approach such as bresented in Reference 11 should be used. One of

the justifications for presenting the three methods of generating a maneuver seg-

ment was to aid the constructor of the rendezvous se

quence in choosing compatible
sets of constraints,
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TABLE 1

DETAILED LISTING OF CONSTRAINTS

(Sheet 1 of 2)

Primary and Target Vehicle Update Constraints

Delta time

Initial and final time
Central angle

Number of revolutions

Terminal position vector

Initial Velocity Constraints

Plane

Parallel to target orbit

Parallel to primary orbit
Direction

Horizontal

Along velocity vector
Magnitude

Circular

Coelliptic

Altitude change

Specified

Offset Constraints

Angle
Altitude

‘Elevation angle

Terminal Constraints

Height
Phase
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v!) TABLE 1

i - DETAILED LISTING OF CONSTRAINTS

' (Sheet 2 of 2)

§ Traverse Constraints

Minimum Fuel

One maneuver optirhization

% Two maneuver optimization
Apogee/Perigee designation
Horizontal maneuver

i Tangential maneuver -

5 Lambert (time)
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NOMENCLATURE

Lo

A eitn 4

o Bl -+~ axis of a conic
i ay Alarm code j
3 ay Failure in fuel optimization loop
3 ] a, ' Faliure in height loop
a4 oo+ .70 phasing loop
. i a, Fa 'z in obtaining Lambert solution in
; General Maneuver Routine
¥ ag Failure to find perigee/apogee in Search Routine
ae Incompatible altitudes and elevation angle
i a g Failure to find time corresponding to elevation
' ~ ary. -« "earch Routine
G . ag TN o find desired position vectior in
] Desiled Position Routine
a, 7 Failure to update through 8 in Update Routine
c Iteration counter
T ch Height iteration counter
k.
; ch ~ Phase iteration counter
CysCy, Cq T , T ?iate variables
i Ah DCua aititude
i
% A rproj Delta projected position
K o $37-15
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At Delta time
At max Maximum time siep allowed in Search Routine iteration
Av AManeuver velocity
AXLOS Maneuver in line-of-sight coordinates
Av LV Maneuver in local vertical coordinates
A Vi A v used during height maneuver
Av A v used during phasing maneuver .
A Vo Delta velocity used in fuel minimization loop
Ax Delta independent variable .
A6 Delta central angle
e Error
€. Eccentricity
eh Height error
e p Phasing error
eL' Elevation angle (defined in Figure 2)
i Unit vector
_iN ~ Unit normal to the plane used in powered flight .
guidance
1 Number of the maneuver .
imax Number of the last maneuver in the
maneuver sequence
m Estimated vehicle mass
M Rotational matrix
n Vector normal to the orbital plane
n Number of revolutions
)
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1
H
H
3

i y
T R L E L o TP pupe *.,L.J‘ 8 At

B Partial vsed in Newton Raphson
iteration
r Distance ruatio
T Position vector
rp Desired position vector
Iie Target vector used in pﬂowered flight guidance
s Switch used in Desired Position Routine
- 5 .stro Asironaut overwrite switch
g s coplan Coplanar switch
3 :
; S direct Maneuver direction switch
[ eng . Engine select switch
4 S exit Program exit switch
S fail Failure switch
4 S Maneuver switch
- man
s Maneuver optimizing switch
opt
s Out-of~-plane switch
outp
s pert Perturbation switch
s Phase match switch
- phase
5 . Projection switch
> proj
: ’ sired position switch
S rdes Desired p
4 s Solution switch
b soln
« ) s Scarch switch
E gearch
3
; 5 tar Target offset switch
b s Terminal constraint switch
i term
1
) s update Update switch
.;,1
A S37-117
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< lime

LT ity vector

 Vertical component of velocity

Civencar velocity,

Ix.;i[:pundent variable in Iteration Routine

Out-of-plane parameters (see Figure 6a)

Radial component of velocity divided by v

C

B, -ontal component of velocity divided
by Ve

Tolerance on time in fuel optimizing loop
Tolerance on height in height 1opp

Tolerance on central angle in phasing loop
Tol.:rance on central angle in Search Routine
Tolf;ance on elevation angle in SAearch Routine

Altitude incfement in Search Rouline

Tolerance on central angle in Desired Position Routine

Tolerance on central anglein Update Routine

Flight path angle

Gravitational constant
Central angle

Perigee angle
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Subsecripts

(;} F Final
i Number of the maneuver
I Initial
LGOS Linc-of-sight '
LV Local vertical

N New

0 Old

: . P Primary
S 'Stored
T Targ.(fl

TA Target for primary vehicle
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2. FUNCTIONAL FLOW DIAGRAMS

The rendezvous targeting program consists of two major parts—a generalized
Maneuver subroutine which basically computes a maneuver and updates the state
vectors of both vehicles to the time of the next mancuver and a main program which
Sequentially calls the subroutine to assemble a rendezvous sequence. These pro-
grams call a- number of subroutines which are briefly described below and in de-

tail in Section 5.

Search - To update the state vectors to either a
specified apéidal crossing, a time, or
an elevation angle.

Phase - To phase match the target vehicle's

Maitch .

L2 State vector to the primary vehicle's
position vector.

Desired - To compute an offset target vector or a desired

Position . . . .
— position to be used in a phasing constraint.

Updeitﬁ - To update a state vector through a speci-

fied interval,

Coelliptic - To compute a coelliptic velocity vector.
Maneuver

Iteration - To determine a new estimate of the in-
dependent variable in a Newton Raphson

ileration scheme.

The functional flow diagram for the main program is shown in Figure 4. The
main function of this program is to sequentially call the General Maneuver Routine
to compute each maneuver scgment for maneuvers numbered from i to i

max’
There are three major options that can be exercised prior to the calculation of the

first mancuver segment:

(1) A search for the time of the first mancuver.

This time can be specified by:

(a) An elevation angle, which is to be

attained at the maneuver time.

R A R T T T R T
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ENTIR

S

Call Search Routine obtaining state vectors and time at next ‘;

mancuver point,

EXIT

Call Phase Match Routine obtaining
modilied target vehicle state vector

g

motate primary vehicle's state vector
——————3= into orbital plane of target vehicle

Deh AN Call Desired Position Routine obtaining
Position 7~ - desired position vector
Switeh ' '

- Y

Coplanar
Switch

=0
~“Opti N ) i ine i .
ptimize ™~ ; Iterate using GAl Routine to find maneuver S
[ Switch > which minimizes fuel usecage
~ e Iterate using GM Routine to find ma-
B feipht . hich Saticfing i o :
Terminal N\, neuver which satisfies height constraint
\SWIn~h /x )
N Phasi Iterate using GM Routine to find ma-
hasing . P . I -
~——L3m Neuver which satisfies phasing constraint
<0
Call Genera! Maneuver (GA) Routine to
obtain mancuver and tirme and state vee-
tors at i
Yes
No
el
4 Astronaut Yes Overwrite A v in local-vertical or
:i Overwrite line-of -sight Coordinates
N No f
E poatf—————
1 i
% Compute displays ——-—-——»x»ESX]T }
f Figure 4. Muin Program - Function Flow Diagram
3
]
i $37-21
3 '
«,r":-‘s'?yéh*yw__ﬁ_cw e — "

i O R R T PR T




el e gl

: A
4) {b) Whether the next maneuver should occur at
the next apsidal crossing, the next perigee '
& "7 crossing or the nth apsidal crossing,
f (2) A phase malching of the state vector.
(3) A rotation of the primary vehicle's state vector
into the plane of the target vehicle.
3 There are three separate iterative loops built around the call to the general i}
mancuver routine. One loop serves to minimize the fuel used during a maneuver
segment with the options determined by the optimizing switch.
The other two iterative loops involve maneuver segments which contain con-

straints that do not allow the explicit calculation of the maneuver. These con-

i e xS te i
- ki N e

straints are height and phasing constraints imposed at the end of a maneuver seg-

ment and controlled with the terminal switch. The iterative loop will involve

several maneuver segments if sufficient constraints are not impesed to solve each

segmenl uniquely. -

The functional flow diagram for the general maneuver routine is shown in

Figure 5. This routine generates the departure velocity at the initial point in one
of two ways:

(1) As an explicit function of the initial state vectors,

(2) By defining a target vector and then computing an
intercept trajectory based on a specified constraint
(as indicated by the setting of Sinan!- The target .
vector is determined by offsetting the updated posi-
tion vector of the target vehicle. Depending on the

selting of the switch Siap @ coelliptic velocity vec- - -

tor is computed at the offset point and the coelliptic

state vector is updated through At to obtain a target

vector,
4 Following an update of both vehicle's state vectors to the time of the next maneu-
3 ver, the Av used or the terminal height/phase errors are calculated as required.
;
1

i
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3
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ENTER

10 .

— e %m.] Determine direction maneuver is to
be applied

Direction
Switch

1

¥

<35

Maneuver ™, w.| Determine final velocity based on o
Switch .~ present state

Call Update Routine to update passive state vector

:

I Call Desired Position Routine to obtain offset target vecto?l

Terminal
Offset
Switch

Call Coelliptic Maneuver Routine
to obtain primary's velocity vector |

I

l(,fall Update Routine to obtain new target vec’u?l

Dctermine departure velocitry'b'ésed on offset
* an '

target and sctting of 5m

Call Update Routine to update active and passive state vectors femg————J
! . .

Compute the maneuver

Compute required velocity ———— 3.

Terminal Compute error in height/phase as S
Switch required
. RETURN
Figure 5. General Maneuver Routine - Functional Flow Diagram
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3. INPUT AND OUTPUT VARIABLES {ﬂl‘

The inputs to the orbiter rendezvous targeting program can be divided into

five catagories.

Pre-Maneuver Switches

Upon selecting manciver from the rendezvous sequence, these switches
(specified for each mancuver) serve in determining the state vectors at the maneu-
ver point, the dut-of—plano parameters and the calculation of a desired position
vector. These inputs can also be used in determining the time of a specified apsidal

crossing or the time al which a specified elevation angle is to be attained.
Coplanar switch
G Bypass

S =
coplan 1 Rotate primary state vector into plia

of target vehicle's orbit

Exit switch

o

Bypass
Bexit =

(2

Exit from routine

Out-of-plane switch

Bj'pass . :
= 1 Compute out-of-plane parameters
soutp omj it-of -p p |

]

2 Compute out-of-plane parameters and

modify maneuver by -y P

Perturbation switch
0 Do conic state vector updates
= 1 Include oblateness based on J2

Other perturbations as required

_A:Spert

Phase match switch

0 Bypass

1 Phase match state vectors (target leading

primary) ‘
2 Phase maich state vectors based on target
Sphase =4 leading primary by more than 360°
-1 Phase match state vectors (primary
leading target)

-2 Phase match state vectors based on primary
L leading target by more than 360°

S537-24
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Desired position switch

s Bypass
rdes

4;-*%\J2;x.4_3‘.u‘.;‘ NP
o

-1 Compute desired position vector based on (ep,. Ah)

I Compute desired position vector based on (A8, Ah)

Search switch

o linatian,
~

-4 Compute elevation angle

§E S

3 -3 Scarch for elevation angle
= - - 3 .
Sqearch < 2 Update to time tl
. -1 Scarch for next perigee crossing

0 Rypass

n Scarch for the nth apsidal crossing
. ~ (n>0)

Maneuver Switches

R R TP LN S

These switches (specified for each maneuver) set the constraints employed
in determining the maneuver segments.

Direction switch’

-2 Av in direction of primary's velocity

S s S A
N

vector, parallel to primary's orbital
plane

T

-1 Av in horizontal direction, parallel

= 3 °1 V! i 1 )
S direct < lo primary's orbital plane
0 Bypass
Av in horizontal direction, parallel to
target's orbital plane

. 2 Av in direction of primary's velocity

L veclor, parallel to target's orbital plane

Maneuver switch

Av is specified
Av is based on coelliptic velocity
Av is based on circular velocity

Av is based on altitude change

o

s
man )
Lambert maneuver to offset target vector

Horizontal maneuver 1o offset target vector

Tangential maneuver to offset target vector

CO 1 4 N WD W DN e

L Perigee/apogee insertion at offset target vector

e

PP e

NI
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Wik .@mwhn:.a‘-m.ﬂ'mmﬁ,u:.‘;‘-

N

Sterm - <

Supdate ﬂ

U W N

L

Parameter Values

Ccin+ 1) maneuvers for start of phase loop

3

Launeuver optimizing switch

“ass
inimize Avy

Ninimize Av., + Av.
. - i t+1

~svolution solution switeh

“Solution with smallest initial flight path

angle {(measured from local vertical)

Solution with largest initial flight path angle

Offset turget (eL, Ah). Compute coelliptic
velocity and update through (negative) At
2o target (eg , Ah)

“inu Lirget offset

Offset target (A8, Ah)
Offset target (A8, Ah). Compute coelliptic
velocity and update through (negative) At

Terminal constraint switch

(< 0) Compute phasing error and back up

T3S
- u<iD}) Compute height error and back up
n - 1 maneuvers for start of height loop
{10 < n <100) Phase and height loop terminate
on same maneuver., For phase loop back up
» - 1 {(where x is first digit of n) maneuvers
for start of phase loop. For height loop back -
up y - 1 (where y is last digit of n) maneuvers
for start of height loop '

Update switch

! pass

update through tF -t
Update through At
Update through n,
Update through 8

Update to be colinear with rp

The parameter values (specified for each maneuver) are values for the con-

strained parameters.
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© Ah Delia aliitude
A h Delta altitude, final
Ab Delia central angle
At Delta time
Av Mancuver magnitude .
n, Number of revolutions
tF ‘ Final time
e Elevation angle

Post-Naneuver Switch

This switch determines the options available following the calculation of the

maneuver.
Astronaut overwrite switch
0 Bypass
1 Overwrite maneuver in iocal vertical
= roordin s
astro coordinate
2 Overwrite maneuver in line-of-sight
coordinates

Maneuver Call Variables

The maneuver call variables have to be specified for each call to the maneu-

Ver sequence.

I'p. ¥p State vector of the primary vehicle
Ips Vo State vector of the target vehicle
i Maneuver number
t Current time
. .th
ti Time of the 1 maneuver
Seng Engme; sclect switch
m Estimated vehicle mass

Depending on the rendezvous sequence, there may also be some switches that have

to be modified as a function of the maneuver number.

Excluding the rnaneuver call variables, all the input variables can be set

prior to the flight.

The output parameters for the initial maneuver in the sequence are more

complete than for the succeeding maneuvers.
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Output Parameters for the Initial Maneuver

Av i Mancuver magnitude

Av LOS i Mancuver in line of sight coordinates

Av

T Target vector used in Powered Flight Guidance

~1c
’ Routine (See Ref. 5)

i

LV Mancuver in local vertical coordinates

in Unit normal tc plane used in same routine

Other parameters such as delta altitude, phasing angle, elevation angle and perigee

altitude can be computed as required.

~ Output Parameters for the Other Maneuvers in the Sequence

t Time of the maneuver

Av Maneuver magnitude

Itlustration of Inputs

Table 2 contains a set of inputs for the Orbiter targeting program based on the

five maneuver Skylab rendezvous configuration.

meters are not used as inputs to the Orbiter program:

s AB,

s ., S .., S . . 8 .
astro exit opt outlp soln

The following switches and para-

t
The inputs in Table 2 are setl prior to the mission so they will not have to be in-

serted by the astronaut.

The astronaut will have to modify the following quantities

upon resetiing the maneuver number as well as inserting the time of the next ma-

neuver.

2: S =0, =32
term2 ’cerm4
3 man, =5, At3 : _LtNSR-TPI
4: sterm4—
S37-28
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TABLE 2

INPUT VARIABLES FOR SKYLAB RENDEZVOUS CONFIGURATION

Maneuver
Input
- Variable 1 2 . 3 4 5
(NC1) (NC2) (NCC) (NSR) (TPrI)
s 1 1 0 I 0
. coplan
sdirect 1 ! 1 0 0
Sinan 1 1 1 2 5
[ 1 1 1 0 1
pert
s 1 1 Q 0 0
phase
Srdes -1 -1 0 0 0
s -2 -2 ~2 -2 -3
search
Star -2 0
s, ] ] ] 42 0
term
Supdatep 3 3 2 | 1 2
supdateT 1 4
) ‘L °L L, er,
imax 4 4 4 3 4 5
"r "rNC1-NC2 "rNC2-NCC
tp trpr trpr trp trpr
8 Srpr-TPI
At Atysr-NCC
Ah o AhNCC AhTPI AhTPI
Ahp Ahppp  bShpp
Av Avncr AVne2 Avnec
R T Ty < o ST Cps ot T T o) Ty TR TITESRT ;




4. DESCRIPTI(“»\’_ R NQUATIONS

I vl B
i ;-&MJNW&\J#MJ i

The only equaii- - atained ih this document which are not trivial are those
involved in computing ne traverse between two specified position vectors., The

required cquations can ke derived from the equation of the conie expressed in the
form

rerg/ ry =BI?‘/ [1+eccos(6+QP)]

AR ROV

where

2]1/2 )

ps

e = [a12312+(ﬁf-1)

6 = cos™! [( {3% - 1)/ e,C] (perigee angle)

it

\%
C

(u/rl)l/2

o; and RI are the normalized (with respect to vc)- radial and horizontal components
of velocity.

The above equation can be expressed '
po/r; =87 = eyl oy sin 8/B - c)) (1)

where

0
it

1 cos 8 - 1/r

1-cos @

semilatus rectum - -

o
1l

For a maneuver that is constrained to be in a horizontal direction, Eq. (1)
can be solved for ﬁI as a functlion of the specified op - o

'SI:[O'I sin Gi(ozlz sin’ 6 -4 <y cz)%/z]/Z ¢y

As there has to be both a positive and negalive BI solution to this equation (one
E trajectory in each rotational direction), the sign choice is resolved in favor of plus

i A

For a maneuver that is applied along the velocity vector, the flight path angle
Y; is to be held fixed. Using Eq. (1)




S

tany | = aI/ﬁI = (cl 512 + cz)/ﬁlz sin 8

Mt

E Therefore,

K . 1/2

: BI:[CZ/(SmQtanyI-cl)] /

g By interchanging the I and F subscripts, Eq. (1) can be expressed

] Py = TR c2/((>zF sin G/ﬁF-c059+rF/rI)

Combining with Eq. (1) using the apogee/perigee consiraint Q'F/BF = 0 results in

& tany g =@ /B = (1 - 1/r)/tan(8/2)

% s Inserting into Eq. (1) gives the required horizontal component of velocity for apogee/

perigee designation mancuvers.

. BI=[rc:2/(r- cos 6)]1/2

The derivation of the equation

6 =cos™} rp cos (e/)frp] - ey

where
i <
e if ey, = m
L
B eL
] e - 7 if eL> s
3 for computing the desired central angle 8 between two positions (rP, rT) which

satisfies the TPI constraints (eL. Ah) is discussed in Ref. 12. This equation is

used in the Desired Position Routine.

i
Lx et

Sl

u‘a‘,a“’.»: .

o i ki b,
&

apr
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. 5, DETAILED FLOW DIAGRAMNS £
. s
;, Figures 6 and 7 contain the detailed flow diagrams’of the main Ocbiter rendez-
% vous targeting program and the general mancuver routine, respectively. The follow-
ing six routines are called by these two programs,
: Iteration Reutine
h This routine contains a Newton Raphson iterative driver based on numerically
¥ computed partials. The routine computes a new estimate of the dependent variable
x and returns the old values of the error e and x. If the iteration counter c
3 exceeds 15, a convergence switch s is set equal to one.
E conv
4 Coelliptic Maneuver Routine
This routine computes a coelliptic velocily vector YN based on a target
; vehicle's state vector and a delta altitude. ’
3 - Phase Match
g
; This routine phase matches the target state vector to the primary state vec-
tor. The controlling switch (Sphase) equals tvo if the leading vehicle leads the
3
E other vehicle by more than one revolution: otherwise the switch equals one. If the
Q primary vehicle leads to target vehicle, the switch is negative.
Desired Position Routine
;a 3
3 This routine updates a specified state vector to the time tF and then offscts
o

the updated state vector through either (A8, Ah) or (eI , Ah), depending on the

; setting of the switch s, to obtain I'p- The routine contains an iterative search to
j solve the (e; , Ah) offset problem, where e; is defined in Figure 2 and Ah (posi-

tive when the target orbit is above the primary) is defined as shown below. (This
E represents the TPI geometry used in Apollo and Skylab.)

g ' ' : TPI point on target orbit

v

v

[~

it

i

L

537-32
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3
3
5

P it

b Lo

Rt

b S SO i

I R T T A O LR Ty

Update 2outine

This 1= .+ + sdates a state vecicr based on the update switch

Supdate -4 -

Supdate
Updates through the tine tp -t
Updates through the time At

Updates through n, revolutions

= 4 Updates through the angle 6
= 5 Updates to where the orbit intersects
the line defined by r
Scarch Routline
This rov .. .8 the following computations depending on the setting of
the search swit -
secarch
= n Finds the time of the nth apsidal crossing
(>0} and updates the state vector to that time
= -1 Finds the time of the next perigee crossing

Ssearch ﬁ = -2

: 4

and updates the state vector to that time

Updates the state veclor through the time
tF - t and computes the elevation angle

Finds the time associated with a specified
elevation angle and updates the state vectlor

to that time

The detailed flow charts for these routines are shown in Figures 8 to 13.

The iterative algorithm used to determine the time associated with the elevation

angle is described in Ref, 8.

Each input and output variable in the routine and subroutine call statements

can be followed by a symbol in brackets, This aymbol identifies the notation for

the corresponding variable in the desired description and flow diagrams of the

called routine. When identical notation is used, the bracketed symbol is omitted.

S37-33
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REE PRI

S, ;5,.““.' iy 1

et

INPUT VARIABLES

31)! XP‘ }:‘Tl er' 17 titlyscng) In
PROGRAM For each i (121 < total number of maneuvers):

CONSTANTS

s . .
man

, S , 8 . , 8 ..,
‘( 1 €9, € .%l Saslro coplan direct’ 7 exit
. iy S ' 8

: , 8 , 8 -
gopt outp pert’“phase

Il

s , S s ! ., n_,e
term’ “update p’ “update 4 rmax r' L

9

B Syap
search’ Ssoln' Prdes ' tar

.6, &h,Ah_, A8, At, Av
- I .

=0; i =i i
T Tmaxg max,’' S

|

Call Search Routine

Input:  rp, Ve, Lp. Yo

Output: I'pis Ypi» Iri» X130 i LN

t ti' Spert i Ssearchi' eLi

xsn-l BEXIT ‘

unit (v p, X £ p;); i, = unit (v op X Loy
Tpi lg: ¥p ¥py - lo- Y7 ¥4y

K]

Call Phase Malich Routine

Input:  T'p;. Ypj» Iy XTi'ISperti' S phase ;i

Output:

I7ir X7

Call Desired Position Routine

Input: —r-Ti[E]' Vo7 {y_],ti,tFi,

eLi’ AhFi (Ah), A8, Spert’ Srdesisl

Output: T'p

Figure 6a.

Main Program - Detailed Flow Diagram
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Ayt g o

Ko

SRR T TR

Ati = gt 2

Call GMR (see below)
¢y AVT, Ati =tg

Call GMR (see below)

e - (Cl—AvT)/4

Call Itevation Routine

-2

)

r= Input:

Output: ¢, tg (x), eg.tgg (xq ). s fail

¢, e, g (x), ey tso(xo)

Set Alarm
Code ay

No

<€

ts - 15

Yes

Y

‘EXIT l

Call General Maneuver Routine (GMR)

\

Input:

Output:

Ipi» ¥pit ITiv Y1ir oty

tFi’ Bi’Ati’ Av‘., Ahi, Aei’

nri,'m, ey, ; ,
s
5 man;’
i
5

, 8 , 8 s
tar, term,’ .
i i updatePl

“direct i' Seng ’ Sopti 'S pert

soln i

s update Ti

Ip(i+ 1)[£PN]' Yp(i+1) [-‘-’-PN}'
ET‘(i+1)[£TN : XT(i+1)[!TN] ,

Lic tN-J' Avi

AvT, eh ep. Sproj‘

cAns Byt

A»rproj

Figure 6b. Main Program - Detailed Flow Diagram
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s - i
i=i 1 [Sterm, 10 integer (Stermi/m”

i —— : ]

Call Iteration Routine

. Input: L e Avi + €0 Avho
!

Output: ¢ Avi s Av, ., B

€no’ 2Vho

IE No fail

h ’

e

Set Alarm Code a,

‘n‘ 4

el

¢, = - integer (stermi/w)

c, =8 i=i+1+c
1 ter‘mi x 1

)

Call Iteration Routine .

Input: ¢ , e , Av., e, Av
P PP i’ po po

Output: cp ) Avi , epo' , Avpo s Beail
. Set Alarm Code a, [——%= EXIT
L
A
Pom
3 Figure 6c. Main Program - Detailed Flow Diagram \ 5 7
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il gt

;a}ﬁﬁ"t' SR

YRR IR

N

S
b

R

ot]b-qg: 1= B —
. i S

LY =11 1
.- 0S [—x —ly—z

”;;y.'r‘ = N

Ti"ETi); iy =il
- T .
=11 i i . r = N r + (s -13{0, - , 0
MLV {ix l—y—lzj’ A—\—LVi MLV A}—i & outp ) yP )

i
[(pixtpiniy] 1} i, = L,

. ] _ T
L] Ay = My Ay vy AY g, = My og AY

i, = - unit (E}—‘i); l.) = unit (y:

LT unit (ETi-E}’i);—iy= unit

1

S =
astro

A stronaut
Overwrite

s =
astro

e Input: AXLVi —”1

75 % My 65 2Yosi 6 Lv 2YLvi

Compute Desired Displays

\
[ EXIT ]

Figure 6d. Main Program - Detailed Flow Diagram
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S

B
K
.

:: -"‘&l‘tm o

ey

b
E:

UNIVIERSAL

CONSTANTS INPUT VARIABLES
B ) - Ipr Ypr Ipe Ypo Tpe U tpe 680

; 8
Av, Ah, AY, n. m, e; ,

s . s 8 5 S R
direet’ “eng’ “man’ “opt’ “pert

S soln’ Star’ Sterm’ Supdatep’ SupdateT

'urg't [XP ~(vp nin/n

z _i_= unit (2 xsp)

f

1/2 .
Vpr = W/rp) / L
tpr * Sp t AVE e
2 1/2.
Vpy T [2#(1‘13+Ah)/ rp (2+Ah/rP)_J / i o

Call Update Routine

Y Input: I'p [5]. vr E’]- Iy [ED]' t, Spert ' supdate =

Output: ETF{ET’]' XTF[XF]

f

Call Coelliptic Maneuver Routine
tmput:  rpp[r]. vpp[v]s pp - rp) [A1] -

Output: YPF W

(Figure Tc)

Figure 7a. General Mancuver Routine - Detailed Flow Diagram
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£ e e e H nihobe e

o

i [ R
Moo b Do

Gt Pt

"

2k

J]M-u_‘a'.,

T Ty
/ ) . ) . -1 ) ) i
< Supdate. w070 S‘g“[(gv-" rp) (rp > ‘~P)J cos [EP 'I:T"IPYT]f
¥4
e

. Call Update Routine
Input: rp[r], v (v]. totoe at, nLe

Spert' supdateT

Output:

rprlrpls voplvg)s tp

Call Desired Position Routine

Input: rop(r). voplv), tolt], tn e, ah, a0, Spert’ Star [9

Call Coelliptic Maneuver Routine
Input: rpp[r), vop(vl. O L TUIE.

Output: YA {YN]

Call Update Routine

]
Input: Ipp (r]. ra [v]. tF[t] . 2t Spert’ Supdate =2

75

L

Output: QTA[EF]. YTA[YF]’ tF

N Call Precision R-e_quired Velocity Determination Routine (Ref. 1)
Ioput: rp[r ). vp () zpalx,)s t[to]. tF[tl]. m, nln..1sgoin

Outp'ut:

s -
pert’ “eng

vprlv'el. rpylrl. l'PN[‘i'l]' Lyt It Sfait Sproj’ “Tproj

4

=1 Set Alarm | EXIT
e Code a .
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st hnieinads

i

S

P T ’

T AR T
AR R e sy

—

e . -1 .
- : D S . R
T pX ‘—p)] [CO" (Fp * Tpp/Tplpy) 2

"cl = cos 6-1/r; Cqy =1-cos#f

'B :[TCZ/(r-—COS 8)]1/2
_ﬁ'_”'l o = R(1-1/3)/tan (6/2) RS S

-

o EP "}«:»v'_ v 7 -
| cg = (oz2 sin® S i"-\:z)l/2

f?:(o(sinB—cS)/2c1 701=3C3

€y " Ip- ¥

B =1 Cz/(c3

p/tp Wp - 1)
1/2 -

sin 8 ~ Cl)]

-——-»-1[3 = (asin9+c3)/2 ¢y

y

N T S

v

Call Update Routine

Input: rplr], vpp[v]. t tp, at. n.0, Shert’ Supdate

P lg : [

.

Call Update Routine

Input: IT[E] W D, st

Spert’ Supdate ~

Figure 7c. C-
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L s q:;j(w")gu;‘u.dr.ﬁ.u_:w.u‘:.“m.v-..‘-._-:.‘ -

4
Re |
AV Vpr T Yp J
av = Av sign (Av i) WVep Av o
-
Call Update Routine
put: rpn[2]s vpy (2] Tpx[Ep)e Belt): Spere Supdate ™ °
Output: r o [rp]s Ypp (Y]
4
4 Y ]
p Call Coelliptic Maneuver
mput: Ipp (2] vpp (] rpp - o) (S g AV = V] F [¥pyp - Yoyl
Output: XPNF*{YNJ
5 Call Update Routine
3 Input: ro[r] Yoy [¥]s 2py[p) 4yl Spery Supdate =
1 Output: ror[r.]
*
1
" TrNF C Tpn P
: sign [(EPN Xrp)s (Tpy X ,XPN)] cos " (rpye ID/PPN rDﬂ
OUTPUT VARIABLES
i ——rpne Ypn Irne Yo Brer It Y Yy Y Ve fnr pr Sproy Mproj [¥
3
3 Figure 7d, General Maneuver Routine - Detailed Flow Diagram
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INPUT VARTABILTS

["* e X €4 XO"“ran:OJ

/\f.o‘ h’Jp=(e-eo)/(X’Xo)

¢ % TP Ax = efp

>15

<15 y

OUTPUT VARIABLES ¥

%20 %o Spayy |

i

Figure 8. Itcration Routine - Detailed Flow Diagram

sl il

ST R ARt

UNIVERS AL
CONSTANTS INPUT VARIABLES

u r, v, Ah

a=1/2/r-v- v/uh c, =a - Ah

vvzx. _{(a/cl)l's/r; I_N:E_Ah unit(f_)

W IS eV

3 YN

1/2
Vo T [u(Z/rN—I/cl)—vvz] unit ((E_X\_/)xg‘_)-i*vva/rN

OUTPUT VARIABLES :

ks

E v
% -N
3

Figure 9, Coelliptic Maneuver Routine - Detailed Flow Diagram
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INPUT VARIABLES

;e s 5
Yoot pert’ \’phase

[Ep' Yp I

~ o

‘.\;m {ETX.XT)

Ty ool { [(gpxgp)XEPJ):_i_}

¢y s [,‘ED"ET)'lJ

i -1 e _ R
3 6 - s page) {ey[ - cos” (0 2 p/rp) - (s phase] “D0re )17}

Call Update Routine

Input: —ET[K}’ XT[X]’t'B’SPert‘ Supdate ~

Oulput: ET{EF],XT[!F], At

/
Call Update Routine

“.'..u L S

Input: rT[}L]n XT[X]- -4t spert =0 Supdate:2

Output: rolrgpl, vplyg)

Figure 10. Phase Match Routine - Detailed Flow Diagram
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PROGRAM CONSTANTS

INPUT VARTIABLES

Input:
<0 =0 ]

Cq l Y b e €
Ah, a8, s , 8
pert’
Call Update Routine
rn vt tF' Spert' supdate =1
Output: r{rp). ¥[(vg]

4__. —_—
>0 >l

Call Update Routine

Input: r, v, tF‘[t]‘ 20 [G]' Spert‘ supdate

Output: Ips ¥

=4

=v:I'p

11
=

Call Updategkb_\{tine

]

B Input: r v, t, ‘lt' Spert' update =2

Output: ry., Vi

a

EXIT = Set Alarm Code aSJ

Call Tteration Routine

Input: c, e, at [x], ey _\to[xo]

Output: ¢, at[x], ey 3t [xO], Seail

Set Alarm
Code ag

OUTPUT VARIABLES

| *r Y *‘ZD_}"“J

EXIT

Figure 11, Desired Position Routine - Detailed Flow Diagram
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UNIVERSAL PROGRAM
CONSTANTS CONSTANTS INPUT VARIABLES
p €g r, v, rpn-Ltg, At,n
—j A Spert ' S update
AL E -t P
: 5 11/2
At :2nrn[1/u(2/r-g- viu) ] B .

6 = sign [(I_X}:D)' (_I:XE)] cos™ ! - ry/rrp)

i= ““it(E’:"Y)-;E'D“E'D‘ ;- Di

|-

Call Conic State Extrapolation Routine
(Ref. B )

i<
—
1<

Input: »r ro]',
r

0
Output: g _], XFL

Call Conic State Extrapolation Routine
(Ref, 6)

Czll Precision State Extrapolation

Routine (Ref. 7}

Figure 12a.

Set Alarm
Code ag

Update Routine - Detailed Flow Diagram
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OUTPUT VARIABLES

Update Routine - Detailed Flow Diagram
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UNIVERSAL PROGRAN

K CONSTANTS . CONSTANTS INPUT VARIABLES
» € s - ; :
,.‘.‘.‘—}@‘ [(’ (5 (e Blimay] Tpr¥prIprXee b by
oL H .' .. - .
A J Spert © Ssearch ’ fL
L‘;" S :u-,-j N ‘j: i
Vy = ¥p© Ip/rpra = 1@/rpvp Vp/k)
<=1 s =-Yars(} 2 ~~cf
c h o> e ] = st
search, > c, ,pr Y'Pl Ju
0 - 9=cos_}[(c /rp- 1)/(1-cl/a)l/2]
e Caw T - 1
swje #0 =0
6 c 5
=7/2
_&e=(1r-6)sign(vv) Gd-esign(vv)
- oct 1
S
i
=8 + -
8=8+4n (Ssearch D
[
Call Update Routine
: ) v} 8, =0, = .=t
V Input EP[_r_] Yo [v] 8 Spert 0 supdate t t+ At
. ] Output: = - At
1f 7=M ) =y = 0
2
3 S
iFigure 13a. Search Routine - Detailed Flow Diagram f5§
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Y Call Update Routine
Input: r [r]. YP[X]' Lot Spert’ “update ©

i
Output: IP[IF]' XP[\;F], t[tl“}

Set Alarm

Code ag T\

:
)
w
1

Call Update Routine

Input - Ip [_r_], Ip {\-‘J b ti [tF]' spert' Supdate =1 i:—_——E)‘IT-

Input: Iy [l‘]- YT[!]' t ti[tF]‘ Spert' supdate "

Output: r.[rp]. vplypls tN[tF]

v

— T — 3
ijog = wnit {rp - rphi L= unit [—‘Los -l os” Tp Ip/Tp ]

ey = cos { ios ‘islien (if' [ rp x vp) Ip]))

rp sign (rT - rp)cs _1

]
to=t+ sign (ti - t) 10l

L1y

Figure 13b. Search Routine - Detailed Flow Diagram
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Call Iteration Routine

Imput: o, ¢

Qutput: ¢

) P ' .’

g -

- t[xo)

Set Alarm
Code aq

509 7 )

t, = t + sign (1:i - t)Atm

ax

|

A S

-
e
K
3 .
b

RN B T,

© K

S
[SEAM I b S A

Call Update Routine

L4

)y vple)s tg (t]. ti[tF]' Spert’ Supdate

LR

L

¢ J. ‘ = [EF] . -‘-':T[ ir ]

—w

OUTPUT VARIABLES
t.,
i

LN

EP' YP’ ET' _YT'

o

"

vevgd

1'i.u00 13¢. Search Routine - Detailed Flow Diagram
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Submittal 41: EENDEZVOUS TERMINAL PHASE AUTOMATIC BRAKING SEQUENCE AND TARGETING

1. NTRODUCTION

The purpose of the Rendezvous Terminal Phase Braking Program is to
provide the mecans of automatically bringing the primary vehicle (Orbiter) within
desired station-keeping boundaries relative to the target vehicle {or satellite),
To accomptlish this task, the program of necessity contains navigation, targeting

and guidance functions.

The program is initiated subsequent to the last midcourse maneuver of
the rendezvous targeting sequence. Line-of-sight corrections, braking correc-
tions, and filtering of rendezvous measurement sensor data to improve vehicle
and target state estimates are performed in a sequential manner. At program

initiation, the relative range is on the order of three to five miles.

When the primary vehicle has achieved a position (and velocity) relative
to the target which places it within the desired station-keeping boundaries so that
the station-keeping function can be initiated and maintained, the program is
terminated,




NOMENCLATURE .

b Number of biases to be estimated in Unified
Navigation Filter program
¢ Measurement code identifying ith measurement
at t
m
fi Thrust of the engine selected for the maneuver;

used in the Powered Flight Guidance Routines

iprev Previous range gate passed; subscript used in
braking (range) gate loop ' : .
i Unit vector in direction of relative position vee-
-r
tor, 2
is Unit vector which defines center of station-keeping
boundary, relative to target vehicle
kl Constant used to determine the range at which
each range gate search starts when approaching
. that particular range gate
k2 Constant used to determine how often the line-
of-sight targeting loop is entered; integer
number of terminal phase program cycles
k 3 Constant value of range rate added to the mini-
mum rarige rate at a given range to insure_
primary vehicle intercept of target vehicle .
k4 Constant used to determine how often the range-rate
correction targeting loop is entered
m Current estimated primary vehicle mass
M R-B Transformation matrix from reference coordinate

frame to body axes coordinate frame
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i smian kiRl

DL

M R-1.08 Transformation matrix from reference coordinate
A
frame (in which vehicle states are expressed) to
1.OS coordinate frame axes '
MR-M Transformation matrix from reference coordinate
- frame to measurcement coordinate {rame ‘
MR—SM Transformation matrix from reference coordinate
frame to stable member coordinate frame
MNB-B Transformation matrix from navigation base frame
to body axes
M NB-M Transformation from navigation hase to measurement
coordinate frame
MSM-NB Transformation matrix from stable member coordinate .
frame to navigation base
n Number of discrete braking gates in the range /
range rate correction schedule
q; ith measured relative parameter at t'm
9pN Process noise acceleration
r,, Local vertical relative position vector (target vehicle
. local vertical)
rp Primary vehicle position vector
Tr Target vehicle position vector
E“A) Aimpoint vector used in Lambert targeting calcula-
. tions
5y Switch which controls braking gate targeting cycle
5 eng Engine select switch
sfreq Switch which controls measurement processing

(navigation cycle
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G

init

SLAM

SLos

s
search

mk

AV

SAv LOS

S Ry e

R E R s bl S D A MR Y e

Switch which indicates guidance mode Lo be used

1

Ny o P . bt , s
in Powered Flight Guidance Routine; 72 - two axis

B ape v g 1 §
thrusting; ""3'" rnodified Delta-v mode; 4" -

modified Lambert mode

Signifies {irst entry into Unified Navigation Filter program

Switch used to select type of targeting scheme
used in the Terminal Phase Braking'Sequencing
Program-

Switch which controls line-of-sight targeting cycle

Indicates target search routine is needed in the

Unified Navigation Filter program
Switch which controls navigation cycle

Switch which indicates if a velocity correction is

to be made or not

Switch which indicates LOS correction is to be made
Current time

Maneuver ignition time

Measurement time

Time.associated with primary and target vehicle

state vectors

Time of bias estimate

Relative velocity vector in target vehicle local
vertical irame
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Primary vehicle velocity vector

-P

Ve Target vehicle velocity vector

WI Initial filter weighting matrix
* o i2 Measurement variance used in filter to proccss
; - ith measurement data
B Flevation angle of line-of-sight in measurement
frame
5tB Delta time to ignition for a range-rate correction
: maneuver ‘

61LOS Delta time to ignition for a line-of-sight correction

. Gtm Time between successive measurements within

the measurement loop

; at Basic sequencing cycle time
3 AvVg Velocity change expressed in the body coordinate
frame
,.5:

AV IM Magnitude of velocity change below which no maneuver will

be applied

Av LOS Velocity change expressed in line-of-sight
: coordinate frame
’ Y Value of station-keeping boundary cone angle
q b Current estimate of bias

H Gravitational constant of the earth
v Relative velocity vector
1
4
E S41-5
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v Upp: © bound on station-keeping velocity

Ve Le o . und on station-keeping velocity

Ar. 7. - el ity lower limit below which no line-

s-

|
—
L
£
:
2

k] of -.. . .ction is made; value to which line-
; of---.-1 . war velocity is driven if a line-of-
i sig ++v- - - lon is made
& ® 1,05 Angular velocity vector of the line-of-sight
E § between the primary and target vehicle
§ Co ' .
; Y oS Magnitude of w 08
rf P Ma; .is+ - Trelative position vector, r i
3 p Range rate between the primary and target
3 vehicles
3 . ,
P Relative position vector
th :
3 pBi Range of the i braking gate
4 Py Lov.. ' <-.d on station-keeping position
3 ; ire ith i
aé Frax Range rate desired at i braking gate
3 and maximum between braking gates i and i +1
4,, .
§ ﬁmin Minimum range rate desired between
! braking gates i and i+1 .
v -eoff(LV) Offset aimpoint relative to target point expressed in
% . target local vertical frame . ' ) -
5' P, Uppe; .. ..-:d on station-keeping position
i ] Azimuth angle of line-of-sight in measure-
ment frame
k
[ ]m Vector expressed in measurement coordinate frame
‘ | .
) Prime indicates previous values of a variable,
e. g. prior measurement parameters, prior

measurement time, etc.
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2. FUNCTIONAL, FLOW DIAGRAM

The functional flow diagram for the Rendezvous Terminal Phase
Braking Program is shown in Figure 1. The program is initizted after the last
rendezvous midcourse correction maneuver of the rendezvous targeting sequence.
The relative range between the primary and target vehicle at this point is on the

order of three to five miles and closing.

The brogram sequencing begins with the updating of the estimated
primary and target vehicle relative state parameters with the appropriate sensor

data.

These relative parameters are then used in the Terminal Phase Target-
ing Program where the necessary calculations are performed to see if a line-of-~
sight and/or a braking correction is required to maintain the desired character -
istics of the rendezvous trajectory. The line-of-sight corrections (if performed)
maintain the intercept by nulling out line-of-sight rates which exceed a desired
rate. At selected ranges between the primary and target vehiclies, braking
corrections are performed to reduce the closing rate to that specified in the ter-
minal range/range rate profile, if the closing rate exceeds the desired value.
During the program sequencing a continuous check is made to insure that the
closing rate is sufficiently high so that the primary vehicle will intercept the

target.

If either a line-of-sight correction and/or range-rate correction is
necessary, ihe veiocity correction is applied using the appropriate guidance
mode.

The program sequencing is then repeated. The program is terminated
when the desired relative position and velocity conditions are achieved so that the

station-keeping mode can be initiated and maintained.
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Update primary and target vehicle rela-
tive state parameter estimates using
rendezvous sensor data

{
Determine if line-of-sight velocity cor-
rection is needed to maintain intercept
trajectory

¥

Determine if range-rate correction is -
needed to maintain desired closing range/
range rate profile

{

Apply the necessary veldcity correction

pritnary
vehicle within
station-keeping
position and ve-
locity boundaries

Exit to

Station-Keeping Mode

Figure 1. Rendezvous Terminal Phase Brakmg Program,
Functional Flow Diagram
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3. INPUT AND QUTPUT VARIABLIIS

The Terminal Phase Braking Program consists of three basic functions-—

navigation, targeling and guidance.

The following is a description of the input

and output variables {or the basic sequencing program, the navigation program

and the targeting program.

in Ref. 3.

The Powered Flight Guidance Program is described

3.1 Terminal Phase Braking Sequencing Program

Input Variables

r(t. ),
-bPs Estimated primary vehicle state vector at time t
v (t ) s
-P' s
rpe(tgd,
Estimated target vehicle state vector at time t
VT(t ) s
- s
n Number of discrete range gate corrections
pBO s ees
. Range values of the n braking gates
Bn
Paor -
M Range rates desired at the n braking gates
Bn :
8¢ Switch which controls navigation cycle
req
S LAM Switch used to select type of targeting scheme
used in the Terminal Phase Braking Program
Output Variables
I'p: ¥p Primary vehicle state vector for use in station-
keeping phase
g Yo Target vehicle state vector for use in station-
keeping phase
ts Time tag of above state vectors (can be different
for active and passive vehicles)
S41-9
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Terminal Phase Targeting Routine

Input Variables

Primary vehicle state vector
Target vehicle state vector

Relative range between primary and target

vehicle

Range rate between primary and target

vehicle
Unit vector in direction of relative range vector

Angular velocity vector of the line-of-sight be-

tween the primary and target vehicles

Magnitude of w LOS

Matrix transformation between the reference

coordinate frame and body coordinates

Matrix transformation between the reference
coordinate frame and the line-of-sight coordinate

frame

Switch used to select type of targeting scheme

Current time

Output Variables

Unit normal to the trajectory plane (in the

direction of the angular momentum at ignition )

Offsetl target position

- S541-10

T R

R L e T

EORIE R,



A B i e

s i A AR AT R BT i e o TR e T T,

S .
proj

st e

RN ST )

L

P PRI

Sem

T R RRTIT TI

TG TR L e, ) g 17T L R L P T

Time of upcoming maneuver

Velocity change of upcoming maneuver in body
coordinates

Velocity change of upcoming maneuver in line-
of-sight coordinates

Velocity correction in local vertical coordinates
Engine select switch

Switch which indicates if velocity correction is to
be performed during this sequencing of the Ter-

minal Phase Braking Program

Switch set when the target vector must be
projected into the plane defined by in
Switch which indicates guidance mode to be used

in the Powered Flight Guidance Sequencing Program
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4. DESCRIPTION O "D ATIONS

4.1 Terminal Pl -i- "0 7oy Sequencing Program

The Terminal Phase Braking Sequencing Program {Figure 4), which is
the main sequencing program for the terminal phase, is initiated after the last

midcourse correction in the rendezvous targeting sequence.

The range/rai_ - <. terminal braking schedule used in the program
is determined prior to the initiation of the program and consists of discrete range
gates and their associatc '« .- :» -d range rates. A minimum range rate is also

specified throughout the: - --inul phase to insure primary vehicle intercept of

the target vehicle. An example of such a braking schedule is shown in Figure 2.

The sequencing begins with the processing of rendezvous sensor data
to obtain estimales of range, range rate, line-of-sight rates, etc. These

estimates are derived from processing the sensor data in the Relative

State Updating Routine (which is also used throughout the rendezvous sequence,
Ref. 2)

These relativ -* ' cter estimates are then used in the Terminal
Phase Targeting Routine - » -‘ctermine if 2 maneuver (either a braking maneuver,
line-of-sight correction or a combination of both) is to be performed. The associ-

ated maneuver time and guidance parameters are also computed.

If a maneuver is to be performed, the Powered Flight Guidance
Sequencing Program (similar to the Servicer Routine in Apollo) is entered with

the appropriate inputs to accomplish the maneuver. -

This basic sequencing is repeated until the primary vehicle is within

desired station-keeping boundaries relative to the target vehicle (Figure 3).

4.2 Terminal Pha . rargeting Routine

The Terminal Phase Targeting Routine (Figure 6) computes the neces-
sary maneuvers to maintain the primary vehicle on an intercept with the target

vehicle while keeping the range/range rate profile within the desired boundaries.

Two modes of operation are available, The first mode is referred to

as automatic-line-of-sight control braking and the second automatic Lambert
braking.
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When s LAM is set to zero, the automatic line~of-sight control braking
mode is uscd. If the line-of-sight rate as determined from processing the sensor
data is above a set limit (typically 0.1 mr/sec), the line-of-sight correction neces-
sary to drive the line-of-sight rate to some level is computed and the appropriate
ignition time, engine selection and guidance mode switches are set. Since these
line-of-sight corrections are made frequently, the maneuver magnitudes are small
(several feet/second or less) and hence the small RCS thrusters are used to effcct
the maneuver. The maneuver is accomplished by using two-axis thrusting normal

to the line-of-sight. ' ’

The line-of-sight correction check is typically made every two cycles

of the main program. (Line-of-sight cycling is determined by kz)

The range/range rate checks, to insure that the desired terminal profile .

is being followed, are made after the line-of-sight checks. If the range rate at
certain pre-selected ranges exceeds the desired range ratc a braking maneuver
is performed to reduce the closing rate. Continuous checks are made to insure
that the closing rate is above the minimum value to maintain intercept. If it is

not, then the closing rate is increased.

The ignition time which is set § tB seconds from the present time allows
the necessary burn preparations to be made before ignition since these correc-

tions typically involve significant maneuver sizes.

The second mode of operation, the automatic Lambert braking, targets
for an intercept point (either the target vehicle or a point offset from the target

vehicle indicated by p Figure 3) at each pre-selected braking gate,

off’
Line of sight rate is implicitly corrected to maintain the intercept trajectory when-

using this mode of operation.

When the range between the vehicles reaches (1 + kl) times the pre-

selected range gate, the time of arrival at the range gate is computed. The cal-

culation assumes the present range-rate remains constant until the range gate

: is reached. The primary and target vehicle state veciors are then advanced to
3 this ignition time,

3 The time of arrival at the intercept point is redefined by the equation
~; (Range at ignition)

k to ° (Desired range rate at

; g this range gate)

¥ ge g
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This th is then used to calculate a new target vector for use in the Lambert

routine to determine the necessary velocity correction,

By redefining the intercept point in this manner, the Lambert solution
forces a reduction in ange rate to the desired range rate, insuring intercept in
a length of tirme equivalent o the time it would take to travel the present range
at the constant desired range rate. The line-of -sight rate is automatically cor-

rected in the LLambert solution to assure intercept.

The new target vector, time-of-arrival, ignition time and guidance

mode switches are then used in the Powered Flight Guidance Routines (Ref. 3)
to effect the maneuver.

Between braking gates, line of sight corrections are made when necessary
(as in the first mode of operalion) to insure arrival at subsequent braking gates and
to insure intercept, based on the latest navigated state estimates. (These additional
line of sight corrections are not normally needed until the last braking gates has
been passed since the Lambert targeted corrections at each gate are adequate to
maintain rendezvous intercept.)
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Y 5. D' 12D FLOW DIAGRAMS

Thi- % Ontains detailed flow diagrams of the Terminal Phase

Braking Sequei ™i»« *regram, and the Terminal Phase Targeting Routine.

Each input and output variable in the routine and subrouline call stat-

ments can be followed by a symbol in brackets. This symbol ideutifies the nota-

tion for the cofresnonding variable in the detailed description and flow diagrams

of the called r - - /hen identical notation is used, the bracketed symbol is

u
AR 3 o i b 1

omitted.

it e
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UNIVERSAL PROGRAM )
CONSTANTS CONSTANTS INPUT VARIABLES
i Fo, 2
K, m, [i’MNB—BJ koo Wio EP(ts)'zP(ts)’l
- ET(ts)’XT([s)'nf
pBO""' an’ t
p
pBO b s Bn’
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Call Shuttle Unified Navigation Filter

Program (Ref, 2)

Input: 2[pl,t_,s

Output:

m’ “init’ ®search’ O[ST]' O[Sbeacon]'
2[Spert}’ 1[sq], adpn O[Atm], O{Ata],
EP(ts)[EP]’XP(ts)[‘—’P]' ts[ tP]’ET(_ts)[zT]'
XT(ts)[XT]’ ts[tT}’]—)’ 0[nB]' Q[E sun]’

01?1, 031, Olmgq gl Ola, g 1 Oty a1,
ZB(bXI)*ty’ O[SDV],O[S 1,O[r

o rp D]

rendv ET]’
rpt)r pl¥pl vyl tltpl rplt e ],
XT(ts)[XT]’ ts[tT]IE L'XL’ -Q{KRT]’Q[ER]’
_O[DT],ZB(bxl), ty

Figure 4a.

Terminal Phase Braking Sequencing Program,
Detailed Flow Diagram
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Figure 4b.

Call Terminal Phase Targeting Routine
Tnput:  r(t ), !P(ts),ET(‘.S), vrltg ),
SLam- P Preyog ®rose i, Mg g
MRr-1.0s" LorrLy)’ te
Ouiput: SAV’ tlg‘ Seng‘ SGI\/I; AXB’ AY_ L‘OS‘
AVive Tic: Spropr in
Yes
S Av 0
No

Terminal Phase Braking Sequencing Program,

Detailed Flow Diagram
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Call Powered Flight Guidance
Sequencing Program

Input: tC,Ep(t} [f_“)] . XP('t) [x( t)},
tig{‘ M Seng’ 2 [Sport}‘. Sam
‘either AXLV
or bty [‘2]' Tie’ Sproj’ AN
l depending on SaM

Output: rp, (t ), vp(t,)

{

Call Precision State and Filter Weighting
Matrix Extrapolation Routine

Input: ET(ts ) [EO] , !T(ls ) LXOJ—,
ts{-to}’ ts{tF]'[Spert]’ (4]
Ok, 05, 1, 0t 1+ 018 ¢ gl OB,
014, 0lx o 1. 0[¥, 1, 0[], O [x'],
ol

Output: rp(t)[r LYt ) [V, t ltp)

/
pzlf’r'fp
Vel - vp

V

Figure 4c. Terminal Phase Braking Sequencing Program,

Detailed Flow Diagram
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Read current time tc

Wait
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Figure 4d.

OUTPUT VARIABLES

S

rp(tg).

r_p( ty). Vp

Terminal Phase Braking Sequencing Program,
Detailed Flow Diagram
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INPUT VARIABLES

Vpr Igr Ype

PP Wy 05 CLOS’
i, My g Mgopos
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UNIVFRSAL PROGRAM

: 3 CONSTANTS  *- CONSTANTS
- K @ AY L Sty Ky p

; "!‘.‘.'*:;'](4 SLANI'

. Loff(Lv)’
| . _
:; -

% No

{

3 LOS

3 Call Precision State and Filter Weighting

Matrix Extrapolation Routine Aot -t

= i c

Input: ) J Tltg) !L\—O J £ -

[ }%g 2 [operc] 0 4]

% Output: ( t. )] Mo

3 utpu g [F ] ig LXF] <P Bty

Call Precision State and I ... . “eighting
Matrix Extrapolation = - 1€

o i

Input: ZP(tS){roﬁE EP t )[X}
tS [t ].
e ) vl o]

Output:

(
mu-?{ per ] 9[4]

Figure 5a.
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(Figure 5e)

Terminal Phase Targeting Routine,
Detailed Flow Diagram
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Call Precision State and Filter Weighting
Tatrix Extrapolation Routine

Input: ]"I'“m) [E,O ] \T(tm) !‘_204
t [to ~]tifzttl“J’ 2[Sper ] 0]
Output: -]—"l'(tig) [-CF}’ XT(tip)irﬁF‘l

RIS RN R P U L i

Call Precision State and Filter Weighting
Matrix Extrapolation Routine

Tnput: E]’“m){fo]' v]_,(t )[-\_'

"m [t()] ’ tig [I‘] Z[QPNL‘t]:O[d]' ’

. . 1
Output: (t g)[r ] XP tig)[xFJ’
Yp

P(tlg)]xrp( 1g)f

rP“ig) }

1
oy
=3
jon
—~~
f'-—‘l

Yes

Y

.
Y ;
(Figure 5d)

Figure 5b, Terminal Phase Targeting Routine,
Detailed Flow Diagram
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£y rpa)t 2o
Set Seng
(Figure 5e) .
=(p-op¥isl ‘
t. =t + At
g c Call.Precision Required Velocity
Determination Routine

fnput: EP(tig)[EO]'XI>(tig)[20}'

tig[to], tA{tl].

. ' 1 1
Output: v p LXOA] * Dye Spr'nj' iN

@(Figure 5e)

Figure 5¢. Terminal Phase Targeting Routine,
Detailed Flow Diagram
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Figure 5d, Terminal Phase Targeting Routine,
Detailed Flow Diagram
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Figure 5¢, Terminal Phase Targeting Routine,
Detailed Flow Diagram
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6. SUPPLEMENTARY INFCRMATION

The Rendcezvous Terminal Phase Braking Targeting and Sequencihg Pro-
grams utilize an inertial state vector formulation of both the target and primary
vehicle, This formulation is the same as that employed throughout the rendezvous
phase and therefere the navigation filter used to process the relative measurements

is the same in both phases.{see Ref. 1).

The Targeting Program contains two options; (1) "Lambert” maneuvers
at the discrete braking gates with line of sight corrections performed as needed
and (2) corrections down the line of sight at the discrete braking gates with line
of sight corrections as needed.

Powered flight guidance studies have shown that for reduced thrust cap-
ability in the terminal phase powered flight guidance is required.

Thus, in this situation, option 1 above would be preferred.
Final studies are presently being done to answer the following questions.

1. What is the relative range between the target and
primary vehicle below which it is necessary to
switch to a relative state formulation of the problem

as is done in the station-keeping phase?

2. What modification of the Powered Flight Guidance
Routine (if any) is necessary to improve per-
formance in the reduced thrust situation and provide

the best performance in the nominal thrust case ?

3. What modification is necessary to a standard
(nominal) range, range rate braking schedule for
reduced thrust cases to provide adequate time
between range gates for thrusting and navigation
functions.? -
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Submiutal 46: Slation-Keeping Guidanzoe

1. INTRODUCTION

The purpose of the station-keeping guidance system is to automatically keep
one orbiting vehicle within a prescribed zone fixed with respect to another orbiting
vehicle. The active vehicle, i.e. the one performing the station-k;eeping maneuvers,
is referred to as the shuttle. The other passive orbiting vehicle is denoted as the
workshop. The passive vehicle is assumed to be in a low-eccentricity near-earth

orbit.

The primary navigation sensor considered is a gimballed tracking radar lo-
cated on board the shuttle. It provides data on relative range and range rate be-
tween the two vehicles. Also measured are the shaft and trunnion axes gimbal an-
gles. An inertial measurement unit (IMU) is assumed to be provided on board the
orbiter. The IMU is used at all times to provide an attitude reference for the ve-
hicle. The IMU accelerometers are used periodically to monitor the velocity-cor-

rection burns applied to the shuttle during the station-keeping rpode.

The guidance system presented here is capable of station-keeping the shuttle
in any arbitrary position with respect te the workshop. This objective is accomp-
lished by periodically applying velocity-correction pulses to the shuttle, These
velocity corrections are computed by the guidance routine with the ohjective of

minimizing the average expenditure of propeliant (by the shuttle) per orbit.

2. FUNCTIONAL FLOW DIAGRAM

A functional flow diagram for the station-keeping guidance routine is shown
in Figure 1. The overall structure of the routine is simple and straight-forward.
There are two basic subroutines; one is used for computing the normal velocity

= 2); the
mode mode .
other is used for computing boundary-avoidance velocity corrections. The guidance-

corrections (s =1) and the small midcourse corrections (s
routine call times and mode selection are accomplished by the Station-Keeping Ex-.
ecutive Routine {(Ref. 7).

Both subroutines use relative position and velocity (shuttle w.r.t. workshop)
from the Station-Keeping Navigation Routine (Ref. 8) as a basis for computing the
required velocity corrections. Local-vertical coordinates are used in the normal
and midcourse-correction modes, workshop fixed coordinates are used in the
boundary-avoidance mode. In-plane and out-of-plane velocity corrections are com-

puted separately in the normal and midcourse correction modes.
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Figure 1. Station-Keeping Guidance Routine,
Functional Flow Diagram
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; NOMFENCLATURE
Notational Conventions
¢ Upper-case letters represent matrices
E
E e Lower-case and Greek letters reserved for scalars
& . and vectors
; e Vector quantities are underlined, e.g. x
. ' e Vectors are assumed to be column vectors
unless explicitly noted
Symbols
; A Dummy 2 x 2 matrix used in velocity-correction
3 ' computations
j . a Elements of A
)
B Dummy 2 X 2 matrix used in velocity-correction computations
b Elements of B
C Dummy 2 x 2 matrix used in velocity-correction compufations
P . c ‘Elements of C
’ . d Dummy variable used in velocity-correction com-~
3 » putations ‘
héc Height of desired station-keeping limit cycle
[ ipL Unit vector along r (local-vertical coordinates)
%
4
A
3 S46-3




A

O L s NPT L

dxwr
dywr

izwL

TMIN

i~

DL

" . .ai .ector along r {(workshop-f{ixed coordinates}

in ce or normal to station-keeping cone boundary

. (- ~:hop-fixed coordinates)

Workshop-fixed frame unit vectors (local-vertical
¢~ rdinates)

Midcourse-correction fractions

Ty.: sformation matrix from local-vertical to workshop=
fixed coordinates

Transformation matrix from local-vertical to stable-

member coordinates

Dummy test variables used in boundary avoidance

caloulations

Shi:. e position w.r.t. workshop (stable-member

coordinates)

Shuttle position w.r.t. workshop (local-vertical
coordinates)

Shuttle position w.r.t. workshop (workshop coordinates)

Magnitude of componeht of r in workshop frame
X-Z plane '

Lower limit on ry along workshop Y-axis for which
boundary-avoidance velocity corrections may be required

Desired target position for orbitef w.r.t, workshop
at terminal time tg
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Switch used to select out-of-plane guidance mode
Switch set at unity if velocity correction is required
Switch to sélect current mode of operation of routine
Switch set at unity when new tF is required
Current time

Terminal time for current guidance limit cycle

Shuttle velocity w. r.t. workshop (local-vertical

coordinates)
Velocity-correction level used for boundary avoidance

Lowest part on desired limit cycle w.r.t, workshop
(along vertical axis)

Maximum desired out~of-plane distance for orbiter
Minimum desired out-of-plane distance for orbiter
Dummy variable

Workshop angular velocity (st_able-member coordinates)
Dummy variablle equal to wyy (tF -t)

)

Dummy time interval (‘tn -t
Lower limit on computed velocity-correction magnitude

Required velocity correction (local-vertical coordinates)

Station-keeping cone half angle
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4. DESCRIPTIO. °% * ‘ATIONS

4.1 _(}ﬁgfz__r;a_l Info__r-_-_-- .4:?,

3

The station-k - . “idance routine is capable of maintaining an active ve-
hicle (shuttle) in a small zone which may be arbitrarily located with respect to a
passive orbiting vehicle (workshep}. The passive vehicle is assumed to be in a low-
eccentricity orbjt arrvnd the earth. The station-keeping is accomplished by the
periodic application . winail velocity-corréction pulses. The size and location of
the station-keeping zonc are specified as program constants and input variables

S
(e.g. hﬂc‘ Ymin’® %0 - . x' “min’ -r-'DL)'

The guidance m‘,-“unvu has three primary modes: (1) normal station-keeping,

(2) midcourse correction, and (3) boundary avoidance. In the normal mode the
velocity corrections required to hold the shuttle in the specified zone w.r.t. the
workshop are computed. In typical situations these corrections are relatively small
(e.g. 2-5 ft/sec or less). The magnitude and frequency of these corrections is
dependent on the size and location of the station-keeping zone, The midcourse-
correction mode uses essentially the same relations as the normal mode. The
basic idea here is thai ".v applying small velocity corrections ir between the normal
velocity-correction I° ‘{-@; the total velocity-correction propellant expenditure may
be reduced. In the Li- - za.ry—avoidance mode, special tests are made to see if the
shuttle is outside of the station-keeping zone and heading away {rom it. Appropriate

velocity-correction pulses are applied to the orbiter to return it to the desired zone.

The times at which each mode of the station-keeping guidance routine is called

are determined by the Station-Keeping Executive Routine {Ref. 7).

Three coordinate systems are used in.the station-keeping guidance routine:

(1) stable-member, (2) local-vertical, and (3) workshop-fixed coordinates. All

~ three systems are orthogonal right-handed systems. The relationships between

these frames are shown in Figure 2. The stablejmember‘ system is fixed w.r. t.
the inertial measure :-nt unit (IMU). The local-vertical system rotates with the
workshop, as shown in Figure 2, with its X -axis along the local vertical and its
Z-axis along the workshop-orbit angular-mementum vector. The normal-mode
and midcourse-correction computations in the guidance routine are done pri-
marily in this local-vertical frame. The workshop-fixed frame is fixed w. r.t. the
desired station-keeping zone. The boundary-avoidance mode computations in the

guidance routine are performed in this frame.

4.2 Normal Guidance Mode

The analytical development of the basic guidance concept has been extensively

documented in Refs. 1 and 3 for AAP missions, and in Ref. 2 for SSV missions.
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Y L-Frame: local vertical at workshop
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Figure 2. Station-keeping System Relative Geometry

Station-Keeping Above Workshop (Yo >0)
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approach - °~ . AVy
trajectory \ Yeu
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AVy= velocity impulse T
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desired Cwi
limit cycle XL

Figure 3. Geometry for Guidance Limit Cycles
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Extensive pe.- - nce data is given in these references. It is most convenient to

consider the in-plane and out-of-plane guidance equations separately. This ap-

proach will be { ‘~ved here.
The in-pl: ~roblem will be considercd first.” The basic idea is to put the
shuttle on a tre, : ‘ary that will terminate at a specificd position w. r.t. the work-

shop (rDL) at a fixed terminal time (t }. A typical limit-cycle trajectory is
shown in Figure 3 for the case where the statlon keeping zone is above and in front

of the workshop.

The termuiaal time (tF ) is based on the desired limit-cycle trajectory
height (hﬂc) and desired minimum altitude of shuttle w. r,t. the workshop (ymin)'
The basic relat . - is (Ref. 2):

6y L
tp = t+ wz fe (1)
w 9ymin""ihﬂc

where t is the current time, and Wygr is the workshop's angular velocity.

The required correction (év ) that must be made to the current shuttle
velocity (XL) in order for the vehzcle to arrive at the position (r DL) at the

terminal time t., is computed in a straight-forward manner - (Refs. land 2).

F
The basic relatic is

- -1 - -
v T %py  (botp)lrp - #gp btpdrpdvy, (2

where Ty and vy represent the position and velocity of the shuttle w. r.t, the
workshop, expressed in local-vertical coordinates.

The matrices d’RV and @RR "are submatrices of the matrix &, which is
used to extrapolate the shuttle state w.r.t. the workshop forward in time, using

" local-vertical coordinates., The relation is

L (_t_ _)_ } epp (™) | @gy(T) égftg_-l) 3)
L &) s () | &yy(7) XL«D_;Y
Y. The detailed relations for

: ; >
where t_ _, and t are arbitrary times (t >t

*rr’ PRy’ Fyr 274 Fyy
angular velocity (ww) and the time interval from tn-l to t, (referred to as T).

n-l
are given in Refs. (1) and (2) as a function of workshop
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In the detailed flow diagram for the guidance routine (Figurc 4) the required
-1 -1,
elements of QRV and tpyv @

RR 2re represented by the matrices A, B, C, and
the dummy variable d. ’

Two out-of-plane guidance modes are provided (Ref. 2). If the desired stav—
tion-keeping zone is centered in the workshoep orbital plane, then Egs. (2) and (3)

can be used to compute the required velocity correction {( avZL). The basic
equation in this case is simply:
6V, ® “ww L 2 cot 6 ) (4)

where ryg and vy, o are the ocut-of-plane components of shuttle position and
velocity w. r.t. the workshop. The quantity W is the workshop's angular ve-
locity w, r.t, the earth, The dummy variable 6 is given by:

¥

E_)=ww (tF- t) (5)

where tF is the desired arrival time at the terminal or target point.

If, on the other hand, it is desired that the station-keeping zone be displaced

from the workshop orbital plane, then the required velocity correction (Ref. 2) is
given by

6Vgy © w»/ max‘ Lzl“’x&'Sign(zmin)"’L,z (6)

The parameters Z nax and Znin gspecify the desired maximum and minimum

displacements of the shuttle w.r.t. the workshop in the out-of-plane direction. A
velocity correction is applied only if IrL g | is less than Z in 2nd the relative
velocity is such as decreages lrL 2 | still further (i.e. v

L,2 rL, 9 is nega-
tive).

The boundary-avoidance guidance scheme assumes an inverted truncated
cone as the desired station-keeping zone. The apex of the cone is at the workshop,
and the cone's axis (-i-YWL) is assumed fixed w.r.t. the workshop. The lower
boundary of the zone is specified by the parameter Tnin which is its minimum
distance from the workshop. The size of the station-keeping zone is specified by
the cone half angle 6,
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Two boundary-avoidance tests are made. First, if the shutile is too close to
the workshop (rw' 1 < rmm) and its velocity is taking it towards the shuttle, then
a correction is required. The shuttle in this case is given a preselected velocity
(\’DN) away from the workshop. This is accomplished by a velocity correction
(8vy)of

6V * vpy " Vw, 1) ywL (7

where iYWL is a unit vector along the workshop-frame Y-axis (station-keeping
zone cone axis), and Two1 and vw,1 are the components of relative position and
velocity along this axis. )

Next, a test is made to see if the shuttle is inside the desired zone. The lest

quantity (q) is computed from:

R e 6, (8)

A second test is now made to see if the shuttle's velocity is directed away from the
zone's center line, i.e. the angle between T ., and the cone's axis is increasing.
The test quantity q is given by:

a=[vy - Wy igw! kw1 ] (9)

If both g and ¢ are negative, then the shuttle's component of velocity (w.r.t.

the workshop) in the direction normal to the station-keeping cone boundary (i N\V)

is given a prespecified value of VDN’ directed in towards the cone axis. The re-

quired velocity correction to accomplish this is (Ref. 1).

(10}

bV = (v w Iaw! inw

Yw ¥

DN

where the required velocity correction 6V is in workshop-fixed coordinates as

is the relative velocity (gw).
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5. DETAILED FLOW DIAGRAMS

A detailed flow diagram is shown for the Station-Keeping Guidance Routine

N M8t et -

in Figure 4. To operatc this routine, navigation information is required from the
Stiation-Keeping Navigation Routine, The mode selection and routine-call

times for both the Station-Keeping Guidance and Navigation Routines are controlled

T

by the Station-Kceping Executive Routine,

b 2 S i b
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Submittal 28: Deorbit Targeting

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
approximately 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 erossrange 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 féll
within the crossrange capability 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 deorbit opportunity based upon entry crossrange,
time-to-ignition, required velocity change, landing site lighting conditions, urgency

of the return, etc.

The desired en’u:y range and flight path angle will be considered inputs to this
routine, since available data relating to footprint size and shape, entry heating at
various ranges, and opﬁmal entry flight path angle are only preliminary. In future
revisions, consideration should be given to computing the optimum values of these

quantities for the particular situation.
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2. FUNCTIONAL FLOW DIAGRAM

lsaiioag

A functicnal {low diagram presenting the basic approach 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

sl daticvint wivkt

downrange distance, the entry angle (at 400, 000 f1) 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,

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

After the vehicle staie 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 vehicle state is further advanced until the landing
59 site, which rotates with the earth, lies sufficiently near the orbital plane so that it
5 is within the crossrange (or out-of-plane) capability of the entry phase. ‘During the
? next step an iterative process is used to select the ignition time for this deorbit

/ 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 a 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 the solution, recycle 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.

3 . To aid the reader in understanding the functional flow diagram, eé.ch of the

. three major steps in the solution process is discussed in more detail below.

fl 2.1 Determination of the Next Deorbit Opportunity (Step 1)

To determine the next possible deorbit opportunity, it is necessary to calcu-

T

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 accomplish this, an
estimate of the time-of-flight difference AtDE between (1) the interval from de-

“;*j orbit through entry to landing, and (2) the time spent in orbit over the same total

e

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

compensate for any error.

Upon completion of the initialization process, the state vector is extra-
polated forward to the earliest desired time-of-landing. Then the inertial location
of the landing site at the present state vector time, biased by the time difference
is computed. This landing site vector is projected into the orbital plane,

Sk dai el A ksl i m#u d Sl P41

At ’
DE
allowing the in-plane central angle GIP between the vehicle position and the pro-

jection of the landing site to be determined.

ANGULAR MOMENTUM PROJECTION OF THE

/LAND!NG SITE INTO
THE ORBITAL PLANE

S LANDING SITE

VEHICLE
POSITION

Figure 1. Out-of-plane Geometry

The conic routines can now be used to determine the time-of-flight AtIP
required to coast in orbit through the central angle eIP . 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 rec_omputed, 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 expected time-of-landing. During the first pass through the de-
orbit targeting routine, the previously described steps are repeated onc‘e 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;p.

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 be used to

measure the crossrange required during the entry phase. If the crossrange is

within the capability of the vehicle, the solution process continues on to the next

S28-3
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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 number 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.

DEORBIT 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 is made on the central angle 8y traversed between the deorbit maneuver and

entry interface to locate the position and time of the minimum Av maneuver.
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Then the time-of-flight required for the deorbit and entry phases can be accurately
determined. Using this time-of-flight, an sccurate calculation of the inertial loca-
tion of the landing site at the timg-of-landing can be made, and the entry interface
target can also be updated, To preserve the central angle of the deorbit phase, the
impulsive maneuver time i{s 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 orbital plane and the landing site is recomputed
to precisely measure the eniry croesrange required. Then a precision check is
made, and any solution exceeding the croegsrange 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 deorbjt to entry inter-
face is generated which accounts for both the finite length of the thrustirig maneuver
and the effects of gravitational perturbationd. 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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' e Calculate the orbital period .

I
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|

" J h ﬂ‘jx}. o g

Increment t3 by the _____.___..__.________*__
orbital period. *

® Extrapolate state vector ahead to t3

WATIOTAE Y

E ® Use At E {the approximate time-of -flight

: differ'enpe 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 3 ¥ At DE

i ~

¢ Calculate in-plane central angle 61 between ve-
hicle position vector and the pr‘ojecFion of the
landing site vector into the orbital plane

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

Calculate inertial land-
ing site vector at time
ty * Atpp * Atpp

A

@ Recalculate inertial landing site vector at time
tg + At DE ’

® Estimate entry crossrange by calculating the
angle between the landing site vector and the
orbital plane

"No

Crossrang
acceptable
?

(rough check)

Figure 3a. Functional Flow Diagfam
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@ Calculate the entry interface target position based on the
projection of the landing site vector into the orbital plane,
the entry range angle 0, the radius of the Fischer El-
lipsoid and the orbital pEme

e Scarch on 6p (the ceniral angle traversed between the
deorbil manéuver and entry interface) to find the minimum
fuel deorbil maneuver

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

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

e 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

|

i

l

I

I

|

|

& Bias ignition time by half the expected length of the |
maneuver l
e Extrapolate the state vector to the ignition time ‘
I

]

i

1

|

|

|

e Recalculate the eniry crossrange

Ng~ Crossrang

acceptable

{precision check)

compute a precision trajectory from deorbit to entry interfac

Adjust entry inter-
[Calculate entry angle y gy face time-of-arrival
= to give desired y gy

Use Precision Required Velocily Determination Routine to h 4
e

|

|

1

|

§ STEP 3
= i
|
I

FINAL

CALCULATIONS

. |
cept target- .
pt targ " |
Initialize Powered ¥
Flight Guidance |
I
i
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Figure 3b. Functional Flow Diagram
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. _?‘TOMENCALATURE

Semimajor axis
Alarm c. e~ foiiare in Av minimization loop

Alarm ¢l failure in Precision Required Ve-

locity De's ~n.in.tion Routine

Semimajor axis of Fischer Ellipsoid

Estimated magnitude of the thrust acceleration
Semiminor axis of Fischer El}ipsoid

Number oi ;:.iuiy.:nns- of navigation filter weighting
matrix (s ¢ - ¢ in this routine since the matrix

is not required)

Maximum acceptable crossrange distance of Orbi'ter
Estimated entry crossrange distance

Entry downrange distance

Magnitude of the engine thrust

Magnitude of the attitude control system

translational thrust

Magnitude of the orbital maneuvering

system engine thrust

Entry interface altitude (400, 000 ft)




; i Unit vector formed by the cross product of the
7“"’"} angular momentum and the landing site vectors
© ~
= ;
; igr _. Unit vector in the direction of TEl
4 o , ; .
: g First estimate of Igr .
: iEI, z Z-component of the unit vector 1Er (z -axis
assumed North)
in Unit vector in the direction of the angular momentum
] i1sp Unit vector in the direction of the landing site
projection into the orbital plane
iy Unit normal to the trajectory plane {in the direction
of the angular momentum at ignition)
k y Sensitivity coefficient used to compute adjustment
to time-of-arrival at entry interface
m Estimatied vehicle mass
n . Iteration counter
hmax Iteration limit
: Doy Integral number of complete revolutions to be made in’
4 . the transfer (set to zero in this routine)
Pp Semilatus rectum of deorbit trajectory
ks
. ; p,Y . 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
4
4
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Entry i .+ -~ “;iiion from Precision Required
Velocity ;=iewmineiion Routine

Position of the impulsive deorbit maneuver

Entry interf{~~¢ nnsition

Position vector at ignition

e

Estimater-1a.: i site position at the time of
landing
Powered flight offset target vector

Engine srlect switch

Switch s¢: 57 ~ate non-convergence of Pre-
cision Re..: ¢ + zlocity Determination Routine

Switch set eqﬁa‘l 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 i,

Prebision ,' 7+ -ector time

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

Estimated time at which in—orbi_t position vector is

coincident with the landing site projection into the

orbital plane
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. t T D-i: . ! earliest time-of-landing

t.. noe
’ 1 "+ ime-of-landing
tTL . Desired latest time-of-landing
Yo ) }’7' 1t velocity vector
vy Entry interface velocity from Precision Required
- — T s, S i e T - .
. X * UM o s i) 1 etermination Routine
* Yb Pre-impulse velocity
Vel Entry interface velocity
3 Vig Ignition velocity vector
5 |
- 1 T . .
N VPFT i -nssociated with the powered flight
;A T= v o et vector
3 g‘w, o
e
VRD Post-impulse radial component of velocity
v req Required velocity
!'req ~ Required velocity on the coasting trajectory
VHD Post-impulse horizontal component of
o Aty
6t ol Adjustment to At o1
AdACR Increment ‘added to the acceptable crossrange,
: » sed in rough crossrange check
3 Ap_y Difft z¢iice between the predicted and desired py
_\ iy i
_— N




it ST R B

E Ar proj Out-of-plane target miss due to the projection
of the target vector
; Atm Transfer time (‘c1 - to)
oty Transfer time ('c2 - tl)
Atgyq Transfer time (t3 - tz)
AtB Fstimated duration of the powered maneuver
At DE Time-of-flight difference between (1) the interval )
from deorbit through entry to landing, and (2) the
time spent in orbit over the same total central .
angle
At P Time-of-flight required to transfer through the
central angle 01P
Av Required velocity change
AV p Previous value of‘ av l
AS “ Increment in in-plane angle op
A6, Initial increment in in-plane angle GD
Ep-y . ?onvergence cri‘terion on A py _ o )
€ Convergence criterion on angle A6
LA ’ Post-impulse flight path angle
YFI Desired entry flight path angle measured
- from the horizontal
ALS Landing site longitude
6 - In-plane angle between precision state vector

and entry interface
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4. DESCRIPTION OF EQUATIONS

To minimize the size of the Deorbit Targeting Routine, extensive use is
made of other routines. Therefore, this routine consists primarily of simple e&;ua—
tions, logical operations, and calls to other routines. Since most of the complicated
equations requiring detailed explanation are contained in the description of the
other routines, this section will be limited to a list of items not covered in the text
describing the functional flow diagram. These items will be listed in their order
of occurence, and are intended to 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 tc maximize accuracy by inciuding 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 J, 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 6 IP Quadrant

During the discussion of the functional flow diagram, it was mentioned that
successive solutions to the deorbit problem (when successive solutions eiist) are
about one revolution apart. To find succeedirig solutions to the problem, the state
vector is extrapolated forward one revolution and then the in-plane central angle
o1p 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 BIP of -30° was chosen, thus allowing a small’
margin from the empirically determined limit of -20% ., The upper limit on BIP
is +330° . Large positive values for GIP only occur in situations where no solu-

tion existed on the previous revolution.

To determine 6ip the following equation is used,

S . - ;
0pp = cos [umt (ry)- —ULSP] sign [(on—l'LSP) ) lh]
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where
Ty = vehicle position vector
it 3 '3t vector in the direction of the
i sp it vect ! ire
¢ aencing site projection
i ho it angular momentum vector

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

in Figure 4b, is mrde {0 force GIP 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

S

- time-of-landing tg "< one-twelfth of the orbital period, to the time t 3 where

4
3

i
. - t3=tETL+ r/12
i One-twelfth of the period is nearly equivalent to a central angle of 30° for typical
,fsg ' {near circular) orbits, and hence makes the first entry into step one compatible
3 with later entries.

4.3 E'ffect of Approximate Entry and Deorbit Times-
of-Flight on Fniry Crossrange Calculation

During the fi" st siep in the solution pfocess, 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 DE s used to approximately represent the differ-
ence between the sum of the deorbit and entry times-of-flight and the time spent

in orbit over the same total central angle. Preliminary analysis has shown that

3 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

: variations in entry time—of;flight for the particular entry range, but further

analysis is expected to show this effect is small.

i

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-

N

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
i ' 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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4.4 Velocity Change Minimization Method

Step two of the routine includes &n iterative search to determine the location

‘f"“—% of the impulsive maneuver which minimizes the velccity change Av. As shown in
i Figure 4d,this iteration uses GD. the central angle traversed between the impul-
sive maneuver and entry interface, as the independent variable. A very simple
halving step iteralor is used to search for the minimum. 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

v exist in the relationship of Av and GD' These inflection points would greatly
complicate any iteration designed to determine the minimum by driving the slope
to zero.

4.5 Required Velocity E‘duations

The equations used in the previously described iterative loop 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 Tppe and the desired entry angle 'YEI as follows. First
the tangent of the initial (post-impulse) flight path angle Y, is computed by

tanv, = (- rD/rEI) cot (6 D/Z) - TD/rE‘I tan(‘-YEI)

where op is the central angle between r D and TEr and also the independent

variable in the search. The semilatus rectum p D of the deorbit trajectory can

then be determined from

_ 2:‘D(rD/rEI - 1)

Pp 2 2
(rD/rEI) py -(1+tanvy, )

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

The horizorntal and radial components of the required velocity are then ‘ -
obtained from
YHp V"pD/rD
VRp vV HuD tan 'Yl

The required velocity is then formed and differenced with the premaneuver velocity

to obtain the impulsive Av.

Yreq = YRD unit {r o) + vy unit [(EDX}J_D)X_I_’D]

ay = Yreq ~ YD
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4.6 Entry Time-of-Flight Computation (TBD)

In Figure 4e of the detailed flow diagram, the time-of-flight At g4 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-Plane Effect of Approximate Deorbit
and Entry Times-of-Flight

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 difference At DE’ used to estimate the landing time, may be in error by as
much as 6 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 nearly parallel to 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 landing 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 used 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 Mol is computed

from the following equation

6tor = [(i'E_IxiEx)' ih] 2T7r

where _i_‘EI is a unit vector in the direction of the entry interface position used
during minimization, _iEI is the new value, -i-h is a unit angular momentum vec-
tor, and 727 is the inverse of the mean orbital rate. The cross product of the
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 imﬁulsive
deorbit time, the ignition time for the maneuver is biased from the impulsive time
by one-half the expected length of the maneuver, thus centering the finite thrust

maneuver about the impulsive maneuver.
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4.8 Compensati > ». Oblateness and Finite
Maneuver [ =+ th .

Step three ¢ *t. -.clution process contains calculations which account for
{he finite length of ~ » ".n;"’;Jx.xg maneuver on the required velocity change, and
compensate for the a.'v;"i_::-i;; of ithe J, gravitational perturbation on the deorbit
trajectory. The Precision Required Velocity Determination Routine is used to
accomplish these objectives, and the reader should refer to Reference | for a
description of the technique. That routine, however, is designed to maintain the
terminal (entry interf: - -) time-of-arrival, and this can 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 finite maneuver
length is about 0. 2°, ' zan be as large as 0. 6° in extreme cases. Therefore,
to preserve the desir:“. 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 sensitivity
of changes in time-of-flight to changes in entry angle is used. Anélysis has shown
that this sensitivity varies by a factor of about 13, depending on the characteristics
of the pre-maneuver “:ajectory. However, the sensitivity divided by the deorbit
time-of-flight varies 1" -1 factor of less than 3. This variation is sufficiently small

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 Flight Guidance Routines™, the secant squared of the entry angle

P is used rather than the actual angle. In particular, no inverse trigonometric

function evaluations are required,

The sequence of caléglations designed to reduce the entry angle error are

3 shown in Figures 4f and 4g. First the error Ap_.y in the secant squared of the entry )
- flight path angle is computed from the following equation: o '
. | _ )
Arp -p '
; Y . " " " 2 Y
3 1 [umt (ry )+ unit (v 5 ) ] :

Tt

where rly and _\1”2 - 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 tz is adjusted as
follows: A

ty = ty -k, at), ap,

- ,
5 The Powered Flight Guidance Routines, described 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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where k‘Y is the sensitivity coefficient described earlier and Atlz is 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

Ppry } . . 12
1 “[unlt (EPFT) . unlt (!PFT) ]
where 1 PFT is the'offset target for the powered flight guidance and VpPET is

the associated velocity.

528-19

RS s R P i i e R N A B e e RN R S

o

b Ty > R LR O R
DRSS HES I AR R SRR A v L it




Call Precision State Extrapolation Routine-

i UNIVERSAL PROGRAM N
; CONSTANTS CONSTANTS INPUT VARIABLES
Hohppr3p, by Mmax’ €260 o' Yortor YETL:
foms' Tacs dacr’ py’ bt ™ Seng' ®Ls’
Atpp: Ky ‘s Yer 9pr* YACR
Y i f
3 B . T —_——
. T
‘ . Set f according to seng l
: I
3 T m |
q tan Y FI = tan (‘YEI) |
e - 2
py = sec ('YEI) | .
Spert : 2 :
d = 0
INITIALIZATION .
Aty, = 0 (
SFP = 0 !
Nyey = O ]
To ° I Eol |
FTo | -
a =T
2 P’ - I‘O(y_o M \_Io) I
T = 2 ﬁ/\/ kja 3 I
tq = terr * /12 ¥

(Ref. 5) -
Input: Yo' Yo tO , ’c3 tF]' d, Spert
, T STEP 1
Output: To [EF]’ Yo [XE .
f |
to = '3 |
Figure 4a. Detailed Flow Diagram
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A L raip |
No l
Solution '
1
FXIT
Call Geodetic to Reference I
Coordinates Routine (TBD) 7

Input: tL[t], tpLStga],kLS[}\] I
Output: r s X ) ‘
: |
in = umt(_x_"OXXo) l

i'LSP= unit [(ihx r S)X i ]
- i ] ]

f1p cos umt( ro): szgn (r XllSP) )
STEP 1
P - 1|'/6 #ﬁ
Op = fp + 27 ‘ _

Call Conic State Extrapola—
tion (Theta) Routine (Ref. 4) |
Input:  rq. 20' "Ip["] l
Output: AtIp I
o SEp - 1 l

Figure 4b, Detailed Flow Diagram
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ty, =.tg* atppt Atyp
t3 = tztatp
Atpp = 0

{

Call Geodetic to Reference
Coordinates Routine (TBD)

Input: tL[t 1. ¢LS[¢],ALS {A]

<=

(Figure 4a )
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Output: x| 5] STEP 1
¥ !
Tis ° | Zrs | | :
) -1,
der rpgsin (i, - ELS/fLS) |
i unit(i, Xr o)
{ipsp = 1X1y I
_ -1, . T ) iy
a61p = cos Ujgp- Irgp)sien [(—"LSpX_‘ Lsp’ -‘-h] |
bi;p = fp * B8p '
b = dpr/rig
sin9E= sin(eE) l .
cos GE cos ( eE)
llEI = —l-LSP cos BE -_L sin GE STFP 2
F .
r = = +h l
El 5 ) RS )
VI-[1- bg/ap) ]“"'Er,z ) |
' l
¥ l
Figure 4c. Detailed Flow Diagram
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]

E GD = T

Ag = a6,

L. |

0 = 6 - 0

01 D
n . Call Conic Stafe Extrapola-
E tion (Theta) Routine (Ref. 4)
Input; Yo’ 30’901 ]
. ; 1
Output: rp {5]. YD [X ], at ol {At efl

STEP 2

‘b " |Zp]|

3 tanv, = {1 - rD/rEI) cot (BD/2) - rD/rEI tan ¥ oy

2 rn (rD/rEI -1)
(r/T )2 -{l+tan? 2)
'p/TEr! Py 1

B : L /——2-
; YHD wpp/Tp

VRD VHD tan‘Y1
3 Vreq - VRD umt(_x:D)+vHDumt[(£DXXD)xED}
AY % Yreq " ¥D '

av._ = |av |

=8
GD D +AG
3 > =%
LT AV - AV
P
— Yes

e ey —— — — t— — — — — it it et | S| S| e e

Figure 4d. Detailed Flow Diagram
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Set Alarm
Code 3,

EXIT

A6n-48 /2

Yes

6|>€9

No

Call Conic State Extrapolétion {Theta) Routine (Ref. 4)

Input: D [-1-“—0 ! Xreq [XO]' OD [9}

Output: Y rr [y_ ) Atlz Ptc]

At = d

23 fF(Ygys
t = i, + At

L 0}

DR)
+ At

VEI '
+ At

ol 12 23

Call Geodetic to Reference Coordinate Routine (TBD)

Input:  t [t} ¢LS [¢],7\L$[7\]

y
|
I
|
I
l

Qutput: TLs E] l
i = unit (_ihx_x:LS) l
fpgp = 1Xiy |
—i-EI = _i_LSPcos GE-_i sin GF- I
et T Ter e
- . . . T
; tor ~ [(—"Er X ipf) iy |27 |
: Atg, = &ty + bty |
a I A |
3 atg = av/ap '
¢ tig =ty AtB/Z {
3 ‘7 l
A ' }
3 Figure 4e. Detailed Flow Diagram
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Call Precision State Extrapolation Routine (Ref. 5)

Input: Ig: Yoo t"0' tig'. [tf]‘ d, Spert

Output: r. [r ]. Y-ig [Xf]

Set Alarm

-
"

o
H

L

Spe rt

=

Call Precision Required Velocity Determination
Routine (Ref. 1)

mput: tyg [to]: 2ig [Z0]- 2ig [¥o]- t2 [11]

Irr ‘ L8| ]‘ M. Dpey: Sper‘t' Seng

Output: Y'req [X‘O]’ f'_uz.[ﬁ'l]' Y2 [X'l] ’

LpFT {51C » Y pFT ch]' IN" Sproj

STEP 3

Code a 9

l

EXIT

Figure 4f. Detailed Flow Diagram
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AA |
tg =ty ~ Ky Aty AP, '
‘ |
Ap. = L -p
B STEP 3
Y 1 - [unit (r'é ) - unit (X‘é )}2 Y

Option
to accept
targeting

Yes

|
|
|
| |
I

FINAL
CA LCTLA TIONS

o continue {3

Spert N next oppor-

(Figure 4a)

]
PPFY” 1 - [ unit(r ). unit (v )]2
L pFT PFT

R

OUTPUT VARIABLES  J———— — —_ 1

tig' '2° IpFT’ PPFY"

Figure 4g. Detailed Flow Diagram
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Submittal 25: Powered Flight Guidance

1. INTRODUCTION

The objective of the Powex“ed Flight Guidance Routines is to issue the proper
steering and engine cutoff commands such that the desired terminal conditions of the
maneuver are satisfied. The basic powered flight guidance law used in the orbiter is

a velocity-to-be-gained concept with cross-product steering.
The two principle modes of the Powered Flight Guidance Routines are:

1. Delta-V Maneuver Guidance Mode
2. Real-Time Required Velocity Up-
dating Guidance Mode.

The Delta-V Maneuver Guidance Mode is essentially equivalent to the
External Delta-V Maneuver Guidance Mode used in APOLLO. The input desired
velocity change is modified to compensate for the estimated central angte to be
traversed during the maneuver. Then the object of the powered phase is simply to

steer the vehicle to achieve this velocity change.

The Real-Time Required Velocity Updating Mode is a generalized version
of the Lambert Aim Point Maneuver Mode used in APOLLO. The object of these
maneuvers is to place the vehicle on a coasting trajectory which will intercept a
specified target at a specified time. Two new concepts which greatly improve the
accuracy of these maneuvers are introduced. First, guidance during the maneuver
is based on a state vector navigated from ignition in a spherical (Keplerian) gravity
field. Second, the required velocity is not determined using the present vehicle
position but rather an offset position which accounts for the finite length of the ma-
neuver. Since this is primarily an equations document, these new concepts are
treated only briefly in the text. A detailed description and derivation can be found

in Reference 5.

Because the calculation of required velocity can be a lengthy process, the
ability to update the required velocity every major cycle is defnendent upon the speed
of the computer. The APOLLO Guidance Computer required portions of several
major cycles to complete the solution. The guidance equations described here will
assume that the orbiter computer will also need portions of several major cycles to
complete the solution for required veiocity. A faster computer would not alter the

basic concepts presented here, but would simplify the mechanization somewhat.

The Real-Time Required Velocity Updating Mode may select a specific

required velocity routine to accomplish one of the following maneuvers:

$25-1




1. I.ambert Aim Point Maneuver

k|
3
3
3
e

. 2. Deorbit Maneuver

£ 3. Other maneuvers such as a maneuver 1o an

E ~ orbit with certain specified constraints {TBD),

5 The reguired velocity routines will be subjects of separate documents.

Since this report is mainty concerned with the documentation of guidance equations,

PR

logic or computations concerned with monitoring or controlling system operation

L

will not be presented.
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2. FUNCTION .- - 7LOW DIAGRAM

Powered Flizht Guidance mvolveq both the prethrust and thrusting phases

,r‘-‘;,‘.
G L srhy 3 gres rust computatmns, shown in Figure 1, are a single step

-
.

i-.. w1 minutes prior to the maneuver to prepare the vehicle

oo tvnruTe ¥« uired to process targeting parameters to determine the

desired vehicle attitude at ignition. In addition, the state vector is advanced to a

specified time prior to ignition. At this time, an integral number of major cyctes

prior to ignition, the Hwn%tmg phase computations, including Powered Flight
- ) Navigation, are huh.u“l - Of course, the attitude maneuver necessary to align the

vehicle to the desired attitude at ignition should be completed before entering the

™

tnastiy - pnose Ly &L TS, -

The seqv;--ix.’,..-.' -\ wunctions performed during the main branch of the powered
flight phase is illustrated in Figure 2. The guidance computer program known as the
Servicer Routine, which controls the various subroutines to create a powered flight

sequence, is not included in this document. The Servicer Routine will call the main

branch every guidance cycle until engine shutdown has occurred.

3 Each guidance cycle begins with the reading of the 'accelerometeré and is
a followed by the upd *mq of the state vector in the Powered Flight Navigation Routine.
Then the velar :3 H -ined is updated in the Cross-Product Steering Routine.
If steering i ’J?. .- 1.2 latter also computes the time-to-go and the steering
command beglnmug o "...ed time after ignition.

The targeting calculations used to predict and compensate for gravitational
perturbations establish an offset target which assumes that the vehicle is under the
influence of only a spherical gravity field after the expected ignition time. There-
fore, in the Real-Time Required Velocity Updating Mode, it is necessary to main-
tain an additional state vector navigated in a spherical gravity field. This dual navi-
gation should begin at the ignition time assumed in the targeting program if it differs

from the actuzl.

In the Re: : :'iv'w ‘Required Velocity Mode, another branch of the Powered

":‘

i ' * Flight Gmdanco - _;.; nvolvmg the calculation of required velocity is operated
independent of the main guldancc branch. This separate branch, called the Velocity-
to-be-Gained Noutine, is initiated and controlled by the Servicer Routine and may

require portion= of several major guidance cycles to complete its solution. Of

<wlabii

course, simgle v -1oc1ty -to-be-gained updates computed by decrementing the previ-
ous value by the:.* r. ~:nlocity change continue in the Cross-Product Steering

Routine every majcr _le. Normally, the Velocity-to-be-Gained Routine operates

on a lower priority than the main guidance loop so that the new velocity-to-be-gained

vector is not used hy the Cross-Product Steering Routine until the next guidance cycle.

T  525-3
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ENTER

Prethrust Routine

* Compute Thrust Direction
Desired at Ignition

e Advance State Vector to a Specified
Time Before Ignition

Attitude Maneuver

¢ Orient Vehicle to the Thrust

Direction Desired at Ignition

Powered Flight Guidance Routines
{Fig. 2)

Figure 1. Powered Flight Program
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e ENTER (every major guidance cycle)

i

Read Accelerometers

¥

e Update State Vector under Effect

of Thrust in the Oblate Gravity
Field

poon
g e et
gy o

e

o
[y
s

¢ Update y_g
¢ Compute tgo
¢ Generate Steering Command

e Issue or Inhibit Steering Command

Updating

ode

Yes

Update Addiiional State Vector
under Effect of Thrust in a Spheri-
tal Gravity Field '

!
EXIT (To Servicer Routine)
Figure 2. Powered Flight Guidance Routines

S25-5

L M M R e AL S i S ST




aenis W T iR e v LR N R s B R s LT s T TR R R B e it i o T e R S AT e el SR N tindd il b dsel s e

e
a

The characteristic of the transfer in the Real-Time Required Velocity

Updating Mode in relation to the singularity cone of the Lambert problem is deter-

3 nined by the targeting program before the powered phase is initiated. This in-
3 formation is passed on to this guldance program through the st)roj switch and is

used by the Conic Required Velocity Determination Routine to define the transfer

N R I

plane. (Seec Ref. 3 for a detailed explanation of the singularity cone and Ref. 6

for the targeting procedure).

b oy B
LRy

5 If the Sproj switch has been set, the transfer will take place in the plane
defined by the unit vector i, in the direction of the angular momentum vector at

T T

ignition. II this switch has not been set, there are two possibilities. Under normal
circumstances the transfer will take place in the plane defined by the vehicle and ) -
target position vectors. However, unexpected degradation in engine performance

during flight may prolong the powered maneuver to such an extent that the input

position vector to the Conic Required Velocity Determination Routine is inside the

singularity cone. The procedure to cope with this situation is presented below.

If the Sproj switch has not been set by the targeting program, the Scone
switch, which is an output of the Conic Required Velocity Determination Routine,
is checked at each guidance cycle. If it is found that this switch has been set,
indicating that the input position vector is inside the singularity cone, the Servicer
Routine is directed to bypass the Velocity-to-be-gained Routine for the remainder

of the powered maneuver. In other words, the remaining powered mancuver will

be completéd simply by decrementing the previous value of the velocity-to-be-

gained by the sensed velocity change as is done in the Delta-V Mode.

] When the time-to-go becomes less than some predetermined value,
active steering is suspended and an engine cut-off command is set to be issued at

the proper time.

b

3
4
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NOMENCLATURE

Estimated magnitude of thrust acceleration

.

Matrix to rotate the target vector to compensate
for earth rotation due to change in time of flight

during deorbit maneuver

Dimension of navigation filter weighting matrix (d = 0

in this routine since the matrix is not used)
Thrust

Magnitude of orbital maneuvering system engine
thrust

Magnitude of attitude control system engine trans-

lational thrust
Gravity vector in the oblate gravity field
Gravity vector in the spherical gravity field

Unit vector in the direction of the angular momentum

vector normal to the transfer plane
Unit vectors of local vertical coordinates
Unit vector of desired thrust direction

Iteration counter in acceleration computation

Sensitivity used in computing the desired change

in flight time to control entry angle during deorbit

Steering gain

Intermediate variable in fg computation

Current estimated vehicle mass

Number of guidance cycles used in thrust

acceleration magnitude filter

525-7
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r.l

s
cone

o . .
Integer number of 360 revolutions used in

Conic Required Velocily Determination Routine

Normalized semi-latus rectum of conic

transfer orbit

Parameter defining the desired terminal flight
path angle

Parameter defining the projected terminal

flight path angle

Position veclor navigated in the oblate gravity
field

Position vector on the coasting trajectory

Position vector navigated in the spherical
gravity field

Offset target vector at tz

Initial position offset

Switch indicating whether the acceleration is computed

from sensed Av's

it

0 prethrust estimate)
1 sensed Av's

"

Switch in the Ceonic Required Velocity Determina-
tion Routine to indicate if the transfer is near 180°
{see Ref. 3 for details)

Engine select switch

Switch to indicate whether estimate of independent
variable T will be input to the Conic Required Ve-

locity Determination Routine (see Ref. 3 for details)

Switch indicating the perturbing accelerations to be
included in Precision State and Filter Weighting

Matrix Extrapolation Routine (see Ref. 2 for details)

Switch indicating whether the initial and target position
vectors are to be projected into the plane defined by
iy (see Ref. 6 for details)
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soln

s
steer

tgo

at
At!

at cut-off

at enable

Atto

'Attl

At,(2

At ail-off

At ail-off,

OMS

i .ting which of two possible solutions

i - e multi-revolution case (see Ref. 3

Steering enable switch
= 0 inhibit
= 1 enable

Switch indicating whether initial tgo computation

has |z e

e

0 tgo not yet computed

Hu

1 tgo computed

Current state vector time (during thrusting phase,’
this is the time at which the accelerometers are read)

Guidance cycle time step

Dumm_: »~nsfer time set to 0

Valuve 777 7 . used to define time to issue engine cut-

off cor-+i- 3 and terminate active steering

Value of tgo which distinguishes between long or

short maneuver

Time interval before tig to start thrusting phase
computations

Time interval prior to tig when initial tgo predic-

tion is made

Time * “r.al after tig when steering is permitted

R
Time interval representing the duration of a burn
at maximum thrust equivalent to the tail-off impulse

after the engine-off signal is issued

A of orbital maneuvering system engine

tiail st




AU il-off Aty -off of attitude control system engine for

ACS translational mancuver
3 6l Change in time of arrival required to satisfy ter-

3 minal flight path angle in a deorbit maneuver

3

t, Time of arrival at r(t,)

tgo Time-to-go before engine cut-off

4 : .

tig Nominal engine ignition time

v Velocity vector navigated in the oblate gravity field .
| . N . )

3 Vg Velocity vector navigated in the spherical gravity

field .
H

g Yg Velocity-to-be-gained vector

Magnitude of Y—g

Required velocity vector at the offset initial posi-

req
tion (defines the coasting trajectory)

Y req Required velocity at current position {no initial
position offset)

Av : Measured velocity increment vector due to
thrust in one guidance cycle

AV Maghnitude of AV

Avy kth value of sensed Av saved for acceleration -
computation

Av v - Desired velocity change vector input to Delta-V :
Guidance Mode

Avmin -~ Minimum sensed Av which will allow acceleration
filter computations to be made

bv N 2 Avk for n_ .o cycles

525-10
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Yi2

guess
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R P L

In-planc components of Av LV

.« -npensated in-plane components of Av LV

© < omponents of AV y

Exhaust velocity

Exhaust velocity of-the orbital maneuvering

system engine

" “=xhaust velocity of the attitude control system

engine for translational maneuver

Reciprocal of normalized semi-major axis of

conic transfer orbit

Tolerance criterion establishing a cone
around the negative target position di-
rection inside of which the Conic Required
Velocity Determination Routine will define

the transfer plane by —iN

Projected terminal flight path angle with respect

to local horizontal (negative downward)

Converged value of iteration variable used in Conic

Required Velocity Determination Routine

Previous value of T
Estimated value of T
Time rate of change of T

Ratio of I'E(tz)l to l_r:'(t)l

Estimated central angle traversed during thrusting maneuver

in Delta-V Guidance Mode

Earth's gravitational constant

525-11
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i T Time associated with current required velocity

"w) T Previous value of T

w Angular velocity command

Yearth Magnitude of the earth's angular velocity
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- Prethrust

— Maneuver to ignition attitude
|
; |
# gt Initialize powered flight navigation
'f A1~ Start powered flight routines (including vg
E routine in the Real-Time Required Velocity
4 Atto
Mode)
-—  Initial tgo prediction
. Aty
*‘ ] Ignition
At
. -t 1 Start dual state vector navigation if
Attz in the Real-Time Required Velocity Mode
— Short maneuver engine cutoff (tgo < Atenable.)

Enable steering

l—  Terminate steering and issue cutoff command

( tgo <at cut-off )

}— Engine cutoff

— Terminate powered flight routines

Figure 5. Sequence of Events
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INPUT INPUT VARIABLES
UNIVERSAL PROGRAM VARIABLES {Real-Time Required
CONSTANTS CONSTANTS (Delta-V Mode) Velocity Updating Mode)
fons facs, Ao g t, r(t), v(t), t, r(t), v, rit,),
T Av , b, to, t. ., m, s R
Bl ail-off” OMS’ =LV’ ‘ig 2’ ig soln
m, S__ ., . n .S , S .,
AL . s eng ‘rev’”eng’ "proj
tail-off, AC Spert iy Spert
Vexh, OMS’
vexh, ACS
¥ Y ¥ Y
No Yes
al 8 >0
? eng ﬂ -
£= -Seng facs = Seng foms
Bliaii-off = Altail-off, ACS Atail-off ~ Atail-off, OMS
Vexh - Vexh, ACS Vexh - Vexh, OMS
] /
_ £
a.. = -
m
d =0
)
Call Precision State Extrapolation Routine (Ref. 2)
Input:  r(t)] £O] ., vit)] XO] .t to] , tig[ tF] , d, Spert
Output: _I:(tig){ _I_‘F] , -Y-(tig) [ _\_/_F] .
- No Delta-n, Y5 - .
Mode
¥ Y
S uess - 0, rguess =0] i, = -unit] rly )] .
—i—y = unit]| .Y-(tjg) X E(tig”
i =i Xi
-x -y -z

Figure 6a. Prethrusi Phase,

Detailed Flow Diagram
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|
~ Y
" Call Conic Required Velocity
3 Determination Routine (Ref. 3)
: Input: -’:(tig)[ -I:-O] , £(t2)[ 31] , )
3 Ssoln’ Sguess‘ rguess ’ . Av IAv L\"
g gl €. 1.8 o N : :
' 6 G' “cone proj’—N Ay-xz =av i +tAhv, i,
q . Output: req(t g)[ N E 0 - lz(tig) X X(tig)l Ay y
I|guess[ Tol { E(tig) ' E(tig)] arp .
i N % NS lAlle [unit (A_!xz) cos(—zl)
. _ 8
xg(tig) req(t ) - it 1g) + unit (A}_fxz X_i_y) Sin(—z—T‘)]
, ngnglxgng [
Aﬁ(tig) = - - Xg(tig) —A_gc*rAvy i,
T
5‘(tig) = E(tig) + A_I‘_('Cig)

Y

s
guess

\

Call Conic Required Velocity
Determination Routine (Ref. 3)

. Input: _{‘_'(tig)[ _1’_‘0] , f_(tz)[ 31] ]
. (ty - tig)_[ At], noey
s .8 , T .
soln’ “guess’ ” guess
) é9(}[ ccone]‘sproj'—i—N
Output: v req(t Y vo] r[r, ]

{

v (t)=v'  ({t )-_\g(tig)

req ig

v

Figure 6b. Prethrust Phase,

Detailed Flow Diagram
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3
4
3 .
g .
- Tyt - At
. et 2 e 1g A t0
P

gg(t) = Xg“ig)

3 1pp = unit [_\ig(t)]

E Issue Ignition Attitude Command
(TBD) -

b(’,"ﬁ SRSV —iTD

Call Precision State Extrapolation Routine (Ref. 2)

Input: g(tig)[ _r_o] , X(tig){ 30] , tig[ t.o] ot tF] ,

d. Spert

Output: r(t) i X(t)[xF]

OUTPUT VARIABLES
t, r(t), v(u), _\{g(t), At - off

Figure 6¢c. Prethrust Phase,
Detailed Flow Diagram
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UNIVERSAL '
CONSTANT PROGRAM CONSTANTS INPUT VARIABLES
: T At'Atskip' Min' 2Ymin t. r(t), viv, tig'ig(")'
: ars Alait-offt Vexh

| | - N

Call Powered Flight Navigation Routine (Ref. 1) °

Input:  r(t), v(t), At'[ At], Av [ A—YsenSed] g(1), Spert

Output: gt} g(t + At)]

Enter every major o
cycle after initial ® ' Y
cycle

Read Accelerometers

Output: Av

Exit
Return to () at start
of next major guidance

cycle
*No

Spert

Figure 7a. Powered Flight Routines,
Detajled Flow Diagram
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Y ,
-

= Call Powered Flight Navigation Routine (Ref. 1)

Input:  x(t), v(t), &1 bv[av o ). g0, Spert

Output: r(®) [r{t+A0]., vi) [v(t+AD],

gt [ glt + At)] :

Yes
Yes
k=k+1 .
o - AVN .
T n_in At
Saccel N
Avj = Avj+1 for j = 1to (nmin -1)
\ 1= Y

Figure 7b. Powered Flight Routines,
Detailed Flow Diagram
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Call Cross-Product Steering Routine (Fig. 9)

Input: Xg(t - At), Ay, tig b rit), v, ag,
Attail-off' Vexh' S-tgo
3 Output: t
; p -‘ig( }
. No equired
precst Velocity Up-
—\dating
E Mode
3
b :
rg(t =r@
4 v (1) = v(t) -
4 s r (W Spert =0
¥ gs(t) = - 3 )
Sy I_r_‘s(t)l
]
Call Powered Flight Navigation Routine (Ref. 1)
5 Input: Es(t -at) rv)], Xs(t - At v(t)], At
8y [BY g ongeq) » Bt - 0] gml. Spert
i I Output: r (O x(t +A0], v (O] v(t + AD],
| ' g0 gt +80)]
1 OUTPUT VARIABLES (Req. - Vel. Up-
, dating Mode only)
t,r (), v (1), £, Lg(t). ating hode only
3 ' ' o |31 Saccerr KW ¥(t)
b ' !
A | EXIT
' (Return to & at start of next
major guidance cycle) ‘
|
: Figure 7c. Powered Flight Routines,
Detailed Flow Diagram
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Figure 8a. -Cross-Product Steering Routine.

Detailed Flow Diagram
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PROGRAM CONSTANTS INPUT VARIABLES
AL AL L By Kgieop y_g(t-At).Ax, tig,i.
Atenable ! Atc:ut-off _{(t), y_(t), ag Attail-off'
, Vexh ' Stgo
‘ i
v (t) = t - At) - Av
vl =y (t-at-Aay
—
Stgo =1
1
Compensate v _(t} for ullage
if required.
|
| v (0]
t = __:g_.__
go ar
Compute t_ for short -
maneuver (TBD)
Ssteer :
Command Engine Cut-
off at tig + tgo
1 {2;

VR R T TR TR



R T R

ER Shecis o S - SR SRR h e et

e gt oo T R e M TR, TR A A R v

t
go tgo
+ At

tail-off

Y w =k, T
Command En- —-c steer Ve av
gine Cut-off at

t+t
go

{ —

Issue Steering Command, Yo (TBD)

OUTPUT VARIABLES

gg(t)

Figure 8b. Cross-Product Steering Routine,
Detailed Flow Diagram
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3

UNIVERSAL PROGRAM

- CONSTANTS CONSTANTS INPUT VARIABLES

9 aarth k'y‘ €oG o v (M, g (0,

: Xgm’ aT(t)' ti;;f' Saccel

% \

‘? Yes First -
o INPUT Pass

k| VARIABLESY <

3 " o
} 3 r, ty: -—I:(tZ)' Trev’ -
Ssoln’ ®proj Ay Py

'
ng(T) }

Ar(r) =-'2"-5'{_-(‘;_)—- gg(‘r)

r' (1) =r (1) + Ar(r)

guess "Tp+(r-1p)7

\

Call Conic Required Velocity Determination Routine (Ref. 3)

Input: 5’(7)[50] ; _I:(tz) [ I 1 “2 -7 At Prev' Ssoln’

sguess' rguess’ ‘e G ( € cone I spr'oj’ in

Output: v' . (M) [yg). vt (v 1. T[To) s qne- @ Py

| ot
| Obtain current values of t,v _(t), g (t

—— i — — o— o—— e — ——— — —— —— —

"

Figure 9a. Velocity-to-be-Gained Routine,
Detailed Flow Diagram
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T Y o ni e R 18

RCESTNNESES SCRENFNORY-WU)

[

; : v 0 = 0 -y

First : —
Pass

»

o
< -
"
=
X
1
Q
Z
x
| EA—)
o
4

6t

cos (w earth 6t2) -sin (wearth 6t2) 4]
C= sin (w earth 6t2) cos (w earth 6t2) 0
| 0 0 1

Figure 9b. Velocity-to-be-Gained Routine,
Detailed Flow Diagram
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wisnas

i

g

OUTPUT VARIABLE -

gg(t)

Figure 9c. Velocity-to-be-Gained Routine,
Detailed Flow Diagram
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1. INTROL~ o

The Entry—Guldance Routine presented here is designed to take the orbiter ve-
hicle from ert: =77 = (h =~ 400,000 ft) through the critical heating phase of

entry down tc “ atart of the approach phasc (h # 100,000 {t). The basic ideas are

outlined in Re' J *J,  Simulation results demonstrating the feasibility of the

concept are glven in Ref (2).
There are three basic guidance modes: -

(1.) ...u:ile? programmed-maneuver mode in which the

sl e i b

vehicle is oriented with a zero roll angle (wings up),
and an angle-of-attack corresponding to maximum
\] : 41 1 ‘the point of pullup,

{2.) A constant heating-rate mode during which the stag-
nation-point heating rate is held constant at a pre-
selected value, chosen essentially to minimize heat:
loads on the vehicle without violating maximum

‘temperature constraints,

(3.) A reference trajectory mode during which the vehicle
folluwws a prestored stored trajectory designed to get
;" ~le to the terminal point with a minimum re-

7o PSS weight, and without violating operational

.

constraints on the vehicle.

Thermal control is provided by varying the magnitude of the roll angle so as
to follow a density-vs, -speed profile., Density information is derived from IMU
measurements of the aerodynamic specific force acting on the vehicle, A-priori
knowledge of the vehicle's mass, effective aerodynamic area, and drag coefficient
(c ) are required in the process. '

Range control is provided by changing the angle-of-attack of the vehicle.
Upper and lower limits on angle-of-attack are required in order not to violate
. operational con¥:::: . S on the vehicle. Lateral trajectory control is obtained by
reversing the d rection of the roll angle.
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2, FUNCTIONAL FLOW DIAGRAM

The basic information flow in the Eniry Guidance Routine is shown in Figure 1.

This is based on the guidance concept of Ref. (2.).

After the routine is cntered, a series of targeting computations are made,
This involves the computation of quantities such as the current vehicle heading (¥),
the desired great-circle heading to the target point (¥ D ), range to the target point
(8), cross-track distance to the target point (8 ), and down-range distance to

the target point (6 o).

The particular guidance mode to be entered is next determined. There are

three possible guidance modes:
(1.) Initial programmed maneuver
(2.) Constant stagnation-point heating rate guidance
(3.) Stored reference-trajectory guidance

The constant heating-rate mode is entered when the vehicle's vertical velocity is
greater (more positive) than a preselected value. The reference-trajectory mode
is entered when the magnitude of the vehicle's relative velocity is less than a pre-

selected value.

In the programmed maneuver mode the vehicle is oriented with a zero roll
angle {wings up) and an angle-of-attack corrcsponding to the maximum aerodynamic

lift coefficient. This orientation is maintained until the heating-rate mode is entered,

In the constant heating-rate mode, the density altitude (hjy) required to attain
the desired stagnation point heating rate (E;D) is first computed. An angle-of-attack
command (ac) is next computed, based on the desired range-to-go for the heating-
rate mode. Finally, roll-angle magnitude commands (¢C) are computed to control
the vertical-plane motion of the vehicle so as to follow a density-altitude vs. speed
profile. No roll reversals take place in this mode.

In the reference-trajectory mode,the required reference-trajectory quantities
are first obtained from the stored table at the current speed. These include angle-
of-attack (aD), altitude (hD), range-to-go (rGD), and the ratio of cross-track to
down-range distance-to-go (n). The angle of attack command (aC) is then computed
as a perturbation from the reference value (ozD) based on the difference between
the stored and measured values of range-to-go. Roll-angle magnitude commands
are computed in the same manner as for the constant heating-rate mode, except
that the desired density altitude (hD) is from the stored table. Roll-angle directi.on‘
is based on a comparison between the current estimate of n and the reference-tra-

jectory value,

.
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Targeting
‘ Computations
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bbb il

Programmed
angle-of-attack
and roll

¥
Desired Density
Altitude

Look up ref.
trajectory vari-
ables at current
Angle-of-attack speed .
. command

i

Desired Density
Altitude

Angle-of -attack
command

Roll angle
magnitude

Roll angle
direction
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NOMENCLATURE

B

I
.u().);;a,l i s«

E Notational Conventions
: Upper-case letters represent matrices
Lower-case and Greek letters reserve for scalars and vectors
Vector quantities are underlined, e.g. X
: Vectors are assumed to be column vectors unless explicitly noted
3

Symbols )

a Effective aerodynamic area for vehicle
cos €y Coefficients used to compute an from cp h
eh _Aerodynamic drag coefficient for vehicle
c 0 Coefficient in desired-density relation for constant heating-
rate mode
4 Coefficient used in relation for desired cp
ch Desired value of cp for constant heating-rate mode
q
c Lowest permissible value of c., for constant heating-rate mode
D , D
MIN
c Highest permissible value of ¢,, for constant heating-rate mode
D D
MAX . .
d Drag force per unit mass
f Aerodynamic force per unit mass on vehicle
-}EN Stored array of reference trajectory altitudes
h Vehicle altitude above Fischer ellipsoid
)_lp Density altitude

B R i 2 ok oz
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_ h. Vertic: r..--.locity at which programmed mode is terminated.
' prog
h, .. !w.'r s \-'5.?'1{;1_32“;@‘; altitude and derivative w.r.t. time
- ¥ f:lf *:‘”»‘,i‘: za v rtical velocity and derivatives w.r.{. time

1

g hg Scale height for exponential density-variation model

1

# - n

. hp IMilloregl v’ -al velocity

! o'ﬁp CAltitv s ’.whish p would occur and its derivative w.r.t, time
ipE Unit vecior aiong I (earth-—fixed coordinates)
—i—pole Unit vector along North pole (earth-fixed coordinates)
igE Unit vector directed towards local East (earth-fixed coordinates)
isg Unit ver'nr directed towards local South (earth-fixed coordinates)
dgep o1 e <ottt Long desired great-circle heading direction (earth-
' fixed ' »- 1 nates)
—iRDE Unit vector along desired terminal position (earth-fixed coordinates)
ivr Unit vector along vp (stable-member coordinates)
ixa Unit vector along vehicle longitudinal axis (stable member

coordinates)
—i-YA S Unit v‘?..é.?*_n:‘f ~:ong vehicle lateral axis (stable-m'ember coordinates)
—iHOR Unit vector normal to plane of vehicle's position and relative
velocity vectors
k . Iriui wrariable used for reference-trajectory lookup
'f s
’ ‘\} .
i - Shh-5
1 -
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i e oot

oTC

o PC

k¢0,k°1
koy:Ko3

k
n

LaD

20D

Msm-E

m

Nmach.

[Ae]

—-DE

Sensitivity factor in angle-of-attack relation
Walue used for ka in thermal control portion of ref. traj. mode

Value used for k(y in final position control portion of

ref, iraj. mode

Coefficients used in roll-command relation

Fraction of 7 at which roll angle should be reversed
Desired latitude at the end of entry
Desired longitude at the end of entry

Transformation matrix {rom stable member to earth-

fixed coordinates
Mass of vehicle
Index for computation~-cycle time
Mach number
Vehicle position (stable~-member coordinates)
‘Target-point position vector {(earth-fixed corordinates)

Earth radius (nominal)

Vehicle position {(earth-fixed coordinates)
Range to go to target point
Desired value of ra at current R {from stored trajectory)

Desired range to be covered in the constant heating-

rate mode
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k3
£
1

¥
3

.
.

B R

REF
Tr
Gppp

MIN

IgN

YL o XL T B R T 57 i N i et 5 s T LS AT

Nominal range to be covered in the reference trajectory mode

Nominal range to be covered in approach phase

Lower limit for rs in angle~-of-attack computation
q

Range-to-go used in reference-trajectory mode guidance

computations
Stored array of reference-trajectory range-to-go
Dummy variable used in roll-reversal logic
Switch used to start constant heating rate mode
Switch used to start reference-trajectory mode
Vertical component of specific force on vehicle
Desired vertical component of specific force
Current time

Vehicle velocity (absolute in stable-member coordinates)

'Speed factor used in angle-of-attack command relation

Relative velocity at which constant heating-rate mode
is terminated

Reference-trajectory array of vehicle speed w, r.t.
air mass (22 elements)

Horizontal component of vehicle's {relocity (absolute)

S~




o hide et g0

YR Vehicle velocity w.r.t. air mass (étable-member coordinates)
VRE Vehicle velacity w.r.t. air mass (earth-fixed coordinates)
YRIIE Horizontal component of YRE
VRLO Lower limit on Vo
@ Angle-of-attack command
o, Angle-of-attack corresponding to maximum c¢p
I"MAX
@ - MAX Maximum permissible value of o~
@ ~MIN Minimum permissible value of « c
ap Desired value of a at current YR (frc?m stored trajectory?
@ MAX . Maximum permissible angle-of-attack in constant heating-
a rate mode
2 MIN. Smallést permissible angle of attack in constant heating-
q rate mode ‘
aN Stored array of reference-irajectory angle of attack
¢c Roll angle command
P Cqmputed vehicle roll angle
A Different between current and desired heading of vehicle
w, r.t. air mass
A abo Value of Ay on first pass
Av Accelerometer-measured velocity change from' previous to
. present computation-cycle time
At Time interval from previous to present computation-cycle time
¥ Local heading (w.r.t. South)
S48
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t.- . ced heading (w.r.t. South)

wy L-enoler in vertical velocity filter

y - -
R

b5

. Levels used in ¢c computations

&l 4 i
.9 >,
-
=
—
2z

Levels used in sbc computations

el uww;mtﬁ“‘kj%ww i S s
=3

,V'-
- 5

DL;I‘u'u'xy- variable used in roll-angle computations

¢OLD Previous value of ¢C

] Great-circle angle from the current position to the desired

E target point

CT Cv'w = f.rack component of 8

DR Do ... range component of 8

& n Rafcio of 8y to eDR

_ i n Desired value of 7 at current VR {(from stored trajectory)

N Stored array of ref erenge-trajectory n

Po Sea-level value of earth's density
° ) Es:‘ijmated density from specific force measurgments
Desired density for constant heziting—rate mode
[T Earth's gravitational constant

£ Dummy variable used in reference trajectory lookup

S44-9
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Special Nolation

¢ ) A-priori estimated value prior to measure-

ment incorporation

() Ensemble average of ( )

TRl Magnitude of ( ) '

( )T Transpose of { )

unit (__) Unit vector.for ( _ )

sign () Algebraic sign associated with (). Value is

+1 or -1, with sign (0) 8 +1
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3. INPUT AND OUTPUT VARIABLES
i Input Variables
§
gg iga Unit vector along vehicle longitudinal axis
digya Unit vector along vehicle lateral axis
3 MSM—E Transformation matrix from stable-member to
ﬁ *.
: earth-fixed coordinates
r Vehicle position (stable-member coordinates)
VR Vehicle velocity w. r.t. air mass {stable-
member coordinates)
v Vehicle velocity (stable-member coords.)
sv IMU-measurement velocity change
Lt Time interval over which Av is taken
Output Variables
o~ Angle-of-attack command
¢c Roll angle command
S44~11
N R R TR e P B, T T

R PRI B AR Tl T R T p s e RS R e e e A T 2 i A e S R T R S SRR



S s Fe RAYRI R Rl Py

3 AR A Al e R R e

i

i
i
i
5

[N

£

el e JU
JMW Sfsdeirigiie:

fl

L+ DETAILED FLOW DIAGRAMS

=6 low diagrams of the Entry Guidance Routine.

This section contail jeis

PROGRAM C 751 2707 3

R e ey

Lap fopr YN BN ZoNeEN )

On-Por C0r »Cqr Sp’ “DMAX!

H

o , h , T .
Fprog’ Cyrrp INPUT VARIABLES

cr
MAX G ],

r
G

APP
qu s Wpr VRIO® GCI » T r,Av, MSM—E' v
c , T Jkon T Kok o At, vp o i y i
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Figure 2h. Entry Guidance Routine, Detailed Flow Diagram

h = hy ,h =h
Dn-l n pn-l pn
. . . . ~{we. At)
h = h, ,h =h [/ F
In—l In fn—l hIn
h, = (hy -h )/ At
D Dn Dn—l
h, = (h_ -t At
o = ! Py ‘pn_l)/.
hy = (hln—hln_l)/m )
__~lwr At) . -
By - e WAy 4 1-e w,r J(th + )
n n-1 F P
h = h, , h =h ,
Dn—l l)n pn-l Pn
h = K, , h = h
fn-l fn In—l In




.
i
i
3

i
R
U
’:3
3

7% MAX

b %
¢ =% MIN

N

v
. H
Kgy(h = hp)+ kg o(hip - Rp) *'fz' - —

]
1

4

(s, - SVD)/(kM) s)+ e

?c® PMmAX

%c “PMIN

Figure 2i. Entry Guidance Routine, Detailed Flow Diagram

S44~-20

T T e YT L T R R T Y ST TR TR TS = AL
R ST R IR TR S i £ R B DU GRS S ARG Gk :’”“? TN RS R TR 7 ot e e



oc = ol sign(A";'Jﬂ

OUTPUT VARIABLES

*c’ ?c

Figure 2j. Entry Guidance Routine, Detailed Flow Diagram

R P T B T PR A A T e R



e e

ey

R i."‘:a“:

i ding m"’i b i

REFERENCES

Marcus, F., ""A Heat-Control Phase Guidance Law for
Entry Based on a Density-vs. Speed Profile", MIT
Draper Lab 23A STS Memo No, 16-72, March 17, 1972,

Kriegsman, B,, "Entry Guidance System for Shuttle
Orbiter", MIT Draper Lab 23A STS Memo No. 54-72,
October 24, 1972,

Marcus, F., "A Simple Entry Guidance System for the
Heat-Control Phase of Entry", MIT Draper Lab 23A
STS Memo No, 7-72, January 28, 1972.

'Kriegsman, B., ''Shuttle Entry-Guidance System---

Design Rationale'", MIT Draper Lab 23A STS Memo
No. 56-72, November 7, 1972, ' '




SRS ' ST B e e i O I s DRD TS s R T el e G b A R RS SR Tl PR

Submittal 59
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. 1.0 SUMMARY

Entry guidance logic has been developed for the space shuttle which
controls the entry trajectory by roll modulation while using a preselected
angle of attack profile, which is a function of velocity. Range predictions
are based upon an analytic solution to the equation of motion for equilibrium
glide and constant load factor profiles. Inplane range errors are nulled by
changing the magnitude of the roll angle and cross-range errors are nulled
by roll reversals. ’

The basic guidance concept consists of three phases: a constant
temperature phase, an equilibrium glide phase, and a constant load factor
phase., The constant temperature phase is entered first and is designed
to control the trajectory to a constant temperature profile until an
inertial velocity of 25 000 fps is reached. At this point in the trajectory,
the initial descent rate has been controlled and near equilibrium flight
conditions exist. At this point, the equilibrium glide phase is entered and
entry range predictions are intiated. These range predictions are based on
an equilibrium glide trajectory until a load factor of 1.5g is reached,
followed by a constant load factor trajectory of 1.5g until transition.

The roll angle during the equilibrium glide phase is selected to
- null the inplane range errors. When the resultant equilibrium glide
. - trajectory intersects the constant g trajectory required to reach the
;% target, control is transferred from the equilibrium glide phase to the
; constant g phase. At Mach 6, the entry guidance is terminated and control
E: is transferred to the transition guidance.
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2.0 INTRODUCTION

2] Analysis of entry trajectory shaping studies of the high cross-range

k| orbiter has resulted in an understanding of the relationship between tra-

: jectory shaping and entry constraints and objectives (such as temperature

limits, minimum TPS weight requirements, and load factor constraints).

This analysis indicated that all know orbiter constraints and objectives

could be met through proper entry targeting, and therefore, direct con-

trol of the trajectory to minimize constraint parameters 1s not necessary. -
This analysis also indicated that ranging could be accomplished early in
the entry with negligible effect on the trajectory shape. 1In fact, indi-
cations are that delaying ranging until after the major aerodynamic heating
has been passed could cause an impact on other constraints, such as load
factor, later in the entry. .

The analysis further indicated that several simple control modes can
be used to satisfactorily control the orbiter trajectory. Analysis of
these modes indicated that a combination equilibrium glide and constant g

"mode will not only produce a satisfactory trajectory but can also be used
as a basis for closed-form guidance logic. This document presents an
analytical guidance technique based on this concept. Roll angle is used
to control inplane ranging and roll reversals are used to control cross
range. The angle of attack profiles are predefined functions of velocity.
Section 4 discusses the guidance concept and subsequent sections present
a description of the guidance logic. Equation derivations, guidance flow

- charts, and a detailed description of the guidance logic are presented in
the appendixes.

3.0 SYMBOLS -

=1

~vector pointing at target

A projected into EFT

=

=

components of K&

Arg
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oL ATMITE ~i¥.d 122 factor for constant g-.range prediction
'“:’{", 'A'_’_' .
Cl Tirer sain on drag term.
c2 controller gain on R term
C.¥ arom wooesirient
D R T

z*ion matrix from EFF to EFT frame

,:: ." T -,
CFNM* conversi... from feet to n. mi.
C * conversion from radians to n. mi.

CTH cos sine ©

D¥ drag

. _ . ch - dghi;fg‘ﬁ}wg level for constant g range prediction
- Qﬁ? D drég'“JQ:; required to reach target
* drag reference
Dref & ene
g¥ ~ gravity acceleration of earth

G2*¥ drag limit

i H altitude
H alti{éﬁyirate
. N HS* atmoéiélxic density altitude constant
Hup* 1ii%i-vector orientation flag ro preentry
. ,5} - .

* ' _
These s=ymb+ls appear in the guidance flow charts in appendix D
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FT*
IG*
ISTP*

K10%

K2ROL*
L
L/D

L

Evcommand

L

ﬁvref

LATSW*

TMN*

LOD*

LOD1*

o

o
*

R¥

St ST R

flar for first pass through range prediction
flag to transfer to constant g phase
flag to determine sequence in range prediction

constant in Dref equation in constant heat rate

roll direction indicator
1ift force magnitude in the vertical plane

1ift to drag ratio of the orbiter

commanded L/D in the vertical plane

reference L/D in the vertical plane

flag to inhibit roll reversals through 180°

1L/D command for 50 deviation from 1ift vector up for
cross-range control T

vehicle L/D
desired inplane L/D -
vehicle mass

total load factor

stagnation point heat rate

commanded é

radius vector

m 4
These symbols appear in the guidance flow charts in appendixD
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R¥* altitude rate
RCG* predicted constent g range
REQ¥* predicted equilibrium glide range
RPT* predicted transition range
RT* total range to target
RTD* conversion from radians to degrees
RTG total range to transition point
: * reference ﬁ
ref
Select* flag to determine guidance phase
TPS thermal protection system
UR unit position vector
UT unit target vector
\'4 velocity
Vv time derivative of velocity
VCG* inertial velocity to enter constant g phase
VE* relative velocity
VEI inertial velocity at entry interface
VI* inertial velocity
VQ* relative velocity to start transition
VQE* inertial velocity to start transition

¥
These symbols appear in the guidance flow charts in appendix D
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B
1

6
T VS* local satellite velocity
. ' local satellite velocity
4 sat
3 VS velocity to start range prediction
VXX* velocity to start transition ¢ modulation
3 XE -
] Yg earth fixed frame (EFF)
ZE
XT
' Y, earlh fixed topocentric frame (EFT)
ZT
we* earth rotation rate
ik ' vehicle weight
Y* lateral deagdband switch point
o angle of attack
ac* angle of attack command
Y flight-path angle o ~ ]
: Q ) time derivative of y
YEI inertial flight-path angle at-entry interface
9 central angle to target

*
These symbols appear in the guidance flow charts in appendix D
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pi
p density

p ¥ density at sea level

Py density at sea level

. P roll angle

¢C* roll angle command

y* : relative azimuth

* relative azimuth to target

O5GSW* flag to begin guidance
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4.0 GUIDANCE CONCEPT

The entry guidance must keep pesk acceleration levels, meximum
temperatures, and heat loads within limits while maintaining ranging
capability. The guidance must operate over a wide.range of initial con-
ditions and vehicle 1ift to drag ratios with a minimum of changes to the
guidance software. The guidance must also be insensitive to navigation
system errors. One means of accomplishing this is to develop a set of
analytic trajectory prediction equations based on a flight profile that -
satisfies the objectives previously mentioned. Trajectory shaping '
studies showed that two control modes can be combined to satisfy the tra-
Jectory limits end objlectives, and would also be amenable to analytic solu-
tions of trajectory parameters for constant and neer optimum angle of
attack profiles. These modes are equilibrium glide and constent g. This
document presents the guidance logic for both a constant and & near
optimum variable angle of attack profile. A detailed description of the
guidance logic can be found in section 5.0, however, a brief overview of
the guldance concept follows.

ity
radits

P ;,)b‘.I;
Sl

From 0.05g to an inertial velocity of 25 000 fps, the guidance con-
trols the trajectory to a constant temperature profile. This profile
controls the initial descent rate and stabilizes the trajectory prior to
initiating ranging at en inertial velocity of 25 000 fps. Between an
inertisl velocity of 25 000 fps and a load factor of 1l.5g, the entry
trajectory is controlled to an equilibrium glide flight mode. During
this phase the roll angle for equilibrium flight is analytically computed
to satisfy the entry ranging requirements. The resultant equilibrium
glide trajectory is maintained from the point in the trajectory where
the equilibrium glide drag level is greater than the constant heat rate
g drag level (point 1 in fig. 1) to the point in the trajectory where the
& constant drag level required to reach the target is equal to the drag -
4 -,  level resulting from the equilibrium glide trajectory (point 2 in fig. 1).

. From this point until transition, the guidance commands the roll angle
-{ required to maintain the constant g level required to reach the target.
; At Mach 6, the guidance transfers to the transition guidance mode.

) ;g -Iv.;_.,: A o e e s
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Constant g level

required to reach taroet »
’ ) TR R TR R R I TS

; V. = 25 000 fps
. _ Equilibrium glide trajectory I
3 required to reach target — Start range
3 predictions
©
ﬁ . §
E Actual trajectory =
T B )3 Constant
] heat rate
7 trajectory
J Relative velocily =—— s
3 Figure 1,- Guldance concept for the high cross-range orblter,

5.0 GUIDANCE LOGIC DESCRIPTION

g
i

The basic guidance logic must perform three primery functions,
these are trajectory parameter prediction, targeting, and attitude
command generation. The guidance first performs trajectory and range
predictions and then the controller converts these data into attitude
’ commands which are provided to the autopilot for execution. An analytic
o . reference trajectory is recomputed each computer cycle to correct for
7 . range errors. Based on this recomputed reference trajectory, a refer-
e ence 1ift to drag ratio (L/D), drag level, and eltitude rate are

; anslytically computed and provided to the controller. ‘

g The total guidance logic can be divided into four major phases as
depicted in figure 2. These phases are preentry, constant heat rate,
equilibrium glide ranging, and constant g ranging. Several service
routines are used during each phase such as targeting, laterel logic,
roll command, and controller. The major pheses are described in
sections 5.1 through 5.4, and the service routines are described in
i section 5.5. A complete derivation of the range prediction equations
end math flow is presented in the appendixes.
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. 5.1 Preentry Phase

The prima‘. sr~ti.itv of the preentry phase is the computation of
the attitude hci.w . =4 -us prior to the atmospheric entry and the be-
ginning of the cciuputation of the entry targeting data. This computa-
tion defines a total range to target (RT) and the current heading to
target wT. The equations used for targeting are discussed in

section 5.5.2. Until 0.05g, the spacecraft will be in & three exis
attitude hold mo- .. At 0.05g, rate damping will be initiated and the
guidance will transfer to the constant heat rate phase.

5}2 Constant Heat Rate Phase

During the constant heat rate phase a stable trajectory is estab-
lished at an accepteble temperature prior to the initiation of ranging.
A roll command i1s generated which will control the spacecraft along &
desired constant temperature profile through pullout (y = 0). This
phase is required to stabilize the tralectory prior to entering the
equilibrium glide phase. The equilibrium glide ranging phase is entered
after pullout at an inertial velocity of 25 000 fps. Appendix A pre-
sents the derivetion of the guidance equations for the constant heat
rate phase, ' ’

5.3 Equilibrium Glide Ranging Phase

At an inertiel velocity of 25 000 fps, the guidance enters the
equilibrium glide renging phase. During this phase entry range pre-
dictions and reference trejectory parameters are computed which are re-
quired by the tralectory controller to eliminate range errors. However,
trajectory control is not transferred to the equilibrium glide mode
until the drag command from the reference equilibrium glide profile is
greater than the drag command from the constant heat rate phase. This
control mode transfer prevents a discontinuity in the total drag refer-
ence trajectory, thus eliminating an undesirable transient in the tra-
Jectory.

Closed form solutions of the equetions of motion are used to pre-
dict the entry range and the reference trajectory parameters. These
paremeters are based upon an equilibrium glide flight at constant bank
angle, If the equilibrium glide profile is flown at low speeds, higher
than desired load factors may result; therefore, the trajectory profile
is based upon a constant load factor starting when the load factor
reaches 1.5g. The range prediction is accomplished by analytically

559-10
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predicting the inertial velocity ‘at which the equilibrium gllde tra-'
Jectory will reach a total loed factor of 1.5g (V CG), and then

analytically predicting the range from the current orbiter velocity
to VCG based upon an equilibrium glide trajectory, and mnalytically

predicting the range from VCG to transition by assuming a constant

1.5g trajectory. The equilibrium glide roll angle is selected to make
the resultant range prediction equal to the current range to the target.

Once the desired equilibrium glide roll angle has been determined,
a reference trajectory is analyticelly computed and & reference vertical
L/D, & drag reference, and sn altitude rate reference is computed and
sent to the controller. The controller then computes a vertical L/D
commaend based upon the difference between the reference drag and alti-
tude rate commands and the actual trajectory drag and altitude rate.
This vertical L/D command is converted into a roll command in the
ROLL COMMAND service routine (section 5.5.k).

A new equilibrium glide roll angle is computed each pass through
the guidsnce logic until the constant g ranging phase is entered. 1In
addition to the equilibrium glide end constant g reference trajectory,

a constant g reference profile is analytically computed based on the
constant g level required to reach the target from the current spacecraft
velocity. This constant g level is compared to the g reference level
from the egquilibrium glide trajectory. When the equilibrium glide drag
reference is greater than the constant g reference profile required to
reach the target, the equilibrium glide phase is terminated and control
is trensferred to the constant g ranging phase. Appendixes B and C

present the derivation of the equations used in the equilibrium glide
ranging phase,

5.4 Constant g Ranging Phase

The constant g phase predicts the constant g level required to
reach the target and then computes the reference parameters required by
the contronler to fly the desired constent g profile. The range pre-
diction is based on an anelytic solution of the equations of motion which
predicts the range flown from the current velocity to transition (assumed
to start at Mach 6). The L/D reference, the desired drag reference, and
the altitude rate reference is computed and sent to the controller. The
constant g phase is terminated at the velocity for beginning transition.
Appendix D presents the derivation of the equations used in this phase.

559-11
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5.5 S8ervice Routines

Four service routines are used by the guldence eystem: controller,
targeting, lateral logic, and roll command.

5.5.1 Controller.- The controller generates en L/D command in the
3 vertical plane besed upcon the reference L/D, the reference drag level,
; and the reference sltitude rate computed in the guidance phases pre-
viously described. The basic controller equation is defined as follows.

i

L —L. - _ u-u
Dvcommand = Dvref + C1(D Dref) + C2(R Rref) (1)

‘The constants Cl and C2 vary depending on the particular guidance
phase. :

5.5.2 Targeting.- The targeting program computes the total range
to target, the spececraft heading to target, and the initial roll direc-
tion. These ccmputations are made in the earth relaetive coordinate
system. The totael renge 1s computed as the great circle range between
the present vehicle position and the target position. As showm in
appendix E, the current heading to target wT is computed based upon

the current position and the target position. Knowing the heading to
target, the initial roll direction is chosen to reduce the angle be-
tween the present heading and the heading to the target.

'5.5.3 Lateral logic.- The lateral logic consists of a lateral
deadband sbout the spacecraft heading. When the magnitude of the
difference between the spacecraft heading and the heading to the target
exceeds the lateral deadband and the roll direction is such that this
difference will increase, the guidance commands a roll reversal. The -
azimuth deadband method of cross-range control was chosen because a
cross~range deadband technique will cause a high L/D vehicle to spiral
above Mach 1. Direct control of azimuth eliminates the spiral. For
vehicles with & low roll response, it may be necessary to prevent a roll
through negative 1ift at high g levels. This cepability has been in-
cluded in the guidance logic as presented in appendixes E and F,

i i

5.5.4 Roll and alpha command.- The roll and alpha command subroutine
generates angle of attack and roll commands for the autopilot. This
subroutine also converts the vertical L/D command from the controller into
a roll command. The direction of the roll command is determined by the
lateral logic.

i
e sty
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6.0 CONCILUSIONS

An entry guidance logic for preselected angle of attack trajectories
has been developed and initial studies using this guidance demonstrate
excellent performance. This guidance logic combines control of load
factor and temperature with ranging by means of an analytically computed
reference trajectory. Analysis of this guidance concept has indicated
the following: ’

a. Closed loop ranging can be provided by an analytical guidance
logic while implicitly controlling temperatures and load factor.

b. The guidance system affords at appropriate times close control
of all critical constraints (i.e., temperatures, load factor, and heat
load).

5.7
et
e

¢. The closed form range predictions afford fast computational
capability which is desirable for an onboard guidance system.

d. Preliminary navigation error analysis indicates that this system
is sensitive to navigation system errors.

wi
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APPENDIX A - CONSTANT HEAT RATE PHASE

The constant heat rate phase computes & reference trajectory which
is used until the ranging solution from the equilibrium glide and constant
g pheses is velid. The purpose of the constent heat rate phase is to
stabilize the trajectory at a congtant temperature during the initial
entry into the atmosphere prior to the initiation of ranging which begins
at an inertisl velocity of 25 000 fps. This reference trajectory con-
sists of a vertical L/D reference, & drag level reference, and an alti-
tude rate reference. These reference trajectory parameters are used by
the controller during the constant heat rate phase.

Stagnation point heat rate for & l-foot radius sphere is defined as

v 3.15 ‘
. = 9_ E
Q 17 600‘/‘30 (-2—6—0—06) : ) (Al)

Specific aerodynamic dreg is along the negative velocity vector with
the megnitude computed as follows:

pV_C.S
D= —t (A2)
Solving (Al) for o
Q%p : _
p = 2 3TE (A3)
(17 600)2(VE/26 000)~°
Substituting (A3) into (A2) gives
26 000°°3, ¢ 842
- _ oD
D= Dref - k.3 (AL)
(2 x 17 6002)mvE :

Equation (Al4) provides an expression for constant heat rate in terms of
a reference drag force. The reference dreg is used in the controller.

The altitude rate reference term used by the controller can be derived

as follows:

S59-14




2k
: Assume p = pe.H/HS
3 B : .
=§P_§.¥.=(__l_.) HS 2y = B - R
1 T i/fse W =-% " - (45)
2
D . pVE CDS
2m
p = oD
' VE CDS
? Then taking the derivative assuming that CD is a constant gives

. LmDV 2mD
p == + =g (A6)
Vgis T VIS .
p =2V, pD
v D
E
p._ 2. D
P VE D

Since V -D

Since R = - %HS

© . asf22, D |
R—-HS(V +D) (AT)

E
. 2D D _
R .= -HS( Vr“ + Dref) (48)
E ref
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Equation (AbL) gave

26 OOOh'jp c.84?
- oD . -4.3
Dier = L.3 7 K1ovy
(2 x 17 éooz)mvE )
where
26 000°'3p c 542
K10 = oD
{2 x 17 600¢)m
1.) = EDref v
ref 3V a3t
. _ ~-5.3:
Doos = L. 3K10V,, v
' 4.3p_ 2
J s 1 -5.3 = ref
D,.p = 4.3K10Vg D.os .
Substituting (Ab) end (All) into (A8) gives
. 2Dref Dref
Rier = B\ *D
E ref
2Dref h'3Dref
= -HS\—% =5
E E
D
s ref
ref ™ -6.3HS Vﬁ

The nominal L/D required to fly the desired profile, %
. reference

is derived in the following manner:

2
VI cos Y

R

Vy = +L~-gecosy

559-16
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or

therefore,

(AL3)

Ult"
i1
o]
(¢}
l¢]
m|m
-
1
i <
L
o
O
w
-
+
=z
S
~
(o]

i
<3
8]

Assume cos y = 1, Rg =

. v2 .
L . I Yy

Since

=3

fl
<3
]
[EN
=]
-
N
=z

o3
[
=
+
f-

Vy = h - Vy . ' (A15)

for constant heat rate

. . >
h = —6.3Hsv

3
fl
.
o)}
(2
o
2]
/\
i{.
1
(=
.
~—

therefore

vy = -6.31{8(% - 2}’-) ~ Vy (A16)

559-17 ‘

Rt e e b e e S e R e T T i L e e e R R R e e A RS S e O e




27
Since ¥y n%
. hV D D D2
Vy = o— = (—6.335“}') (-— -‘:r') 6 31{5;7*2' (217)
Combining (A16) and (A1T) gives
Vy = -6.31‘4:3(% + 2{,’%—) (A18)
Therefore
.I.'._=ﬂ1._v% - 6,388 4 oD% (419)
Dv D V. .2 "D \V v
sat :
. DZ
However, since D = h.BV— for constant heat rate
. v2 |
L E_/ I ) HS ( p2  p?
P By o e} - 6,3 U357+ 2T {A20)
D, D\ Veat D v v
or
Vi
E-E-g - 39.69H577 (A21)
v sat?
Therefore
V2 ' D
L 4 I ref
L = - - 39.69HS—5— (a22)
Dvref Dref < vsat2> v :
Evaluating the second term in the % equation for the constsnt
ref .
angle of atteck case produces & meximum change in %- of 0,0097 units
v

and for the variable angle of attack case 0.0216 units.

‘is negligible

559-18
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3
] T, : .
. S Y Bﬁwﬂ. - Vﬂlﬂ_ (A23)
E A ref gat?
3 Equations (A4;, 12:2), and (A23) provide the D reference, R ref-
3 erence, and L/D reference that are required by the controller to maintain
; & constant heat rate trajectory. Figure A-l shows a time history of the
commended and actual heat rate during the constant heat rate phase.
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APPERDIX B - EQUILIBRIUM GLIDE PHASE FOR

A CONSTANT ANGLE OF ATTACK

The purpose of the equilibrium glide phsse is to predict the range
capability of the epacecraft and to compute a reference trajectorny which
will terminate at the target point. This is accomplished by predicting
analytically the range flown from the current orbiter velocity to the
velocity at which a load factor of 1.5g is reached. Then the resultant
range for a constant 1.5g trajectory is predicted in the remeinder of
the entry. The initial range prediction assumes an equilibrium glide
trajectory with a roll angle selected to correct for range errors. Once
the equilibrium rell angle has been predicted that will satisfy the
range requirements, a reference drag trajectory is commanded that will
correspond to the desired equilibrium glide trajectory. :

The basic equilibrium glide equstion is

V2 cos v
'R

vy = +L~g cosy (B1)

For equiiibrium.glidé, § = 0; therefore
A ey
VI cos ¥

0= R

+ L ~gcosy

Assuming cos y = 1, equation (Bl) reduces to

Vi
0=g e " 1+ 1L (B2)

_Since Rg = vsatz' this equation reduces further to

2 .
o'-g;,k—z-i +(-I-'-)D ' (B3)
' sat DV ,
$59-21
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Solving for D gives v

<) (Bb)

Since L/D in the vertical plane = L/D x cos ¢, equation (BL) becomes

g v , A
D=gf— 1ty (85)
p cos ¢ sat

Using equation (BS), it is poésible to predict the range that will

be flown during the equilibrium glide phase by means of the following
equations.

Assume that the equilibrium glide trsjectory will be based on &

constant roll angle, ¢, and will be flown to the inertial velocity at
vhich the predicted trajectory reaches 1.5g (V A can be predicted

CG)' CG
in equation (B5).

L
D V ,% cos ¢ '
2 _ _Ccg sat D
VCG N gvsa.t g (36)

Where ch is the drag along the velocity vector equivalent to 1.,5g

by solving for VI

D B e 1'5.&
°6 1+ (/)2

Equation (B6) is valid for all equilibrium glide roll angles that result
in trajectoriea that reach 1.5g. However, trajectories based on smsall
equilibrium glide roll angles do not obtain 1.5g. For this class of
traejectories, the guidance can determine this by checking for a negative
square root in equation (B6). When this occurs, the guldance must assume
that the constant g phase is eliminated and the equilibrium glide trajec-

tory required to reach the target is flown all the way to transition at
Mach 6. . . ,

(B7)

559~22
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The range flc . u- .. 1g the equilibrium glide phase can be predicted
by the following =« o - ioua: -

- .

3R _ 3

R aT ) T : (
wr—— TL eewen e DN L, vem X ag B8)
3V 9T 3V D Dréf
Using equation (B"! . .
’ = 2
7 —,__ D cos ¢ Vsat VI . (B9) ]
<L oav 2 .U
o & VI Vsat
\'4
(L/D) cos ¢ vsat2 CG B _
R = ———— Ty & . (B10)
g I sat
VI .
Integrating equa:?iu 1750)
i 2 2 _ 2
R = i co: ¢_vsat LN Vgg Vvsa‘; = Ry (B11)
g I~ "sat ,

The range from VCG to traensition can be analytically predicted by the
equations i

V - - . -
OR _9RT _ _V _ I
oV 33w _ "D "D (B812)
cg
1 VTRAN V002 B VTRAN2
R= -5 [ V av = =5 (B13)
cg cg
cG
!
S559-23
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Therefore equations (Bll) and (BE13) represent the total predicted range
for the entry from the current orbiter velocity to transition.

e [N
it it Mﬂm“’.&wg\d}u»iﬂ}‘.‘.‘ig HhE

A comparison between 'RP and the actuel range to the target

ot o B

(assumed to be the transition point) will produce & range error which
can be nulled by changing ¢, the equilibrium glide roll angle.

Figure B-1 presents the range correction capability as a function of the
equilibrium glide roll engle. This figure shows that for an equilibrium
glide roll angle below 43.5°, the equilibrium glide trajectory will not -
intersect 1.5g. Thus for targets that require thege roll angles, &n
equilibrium glide trajectory will be flown throughout entry. This figure

also shows that for large equilibrium glide roll angles (to the right of

the line marked V.. greater than Vs in fig. B-1), the desired equilib-

rium glide roll angle will intersect 1.5g prior to the current velocity.
So for these cases, the gulidance will immediately transfer into the
constant g ranging phase whenever VCG is computed to be greater than
V.. . ,

I

sl o

Once the equilibrium glide roll angle has been determined, the con-
troller reference parsmeters must be computed in order to fly the desired
equilibrium glide trajectory. The controller requires a L/D reference,

a drag reference, and an altitude rate reference., The drag reference
term is simply equation (B5).

VZ

=B |1 -2
Dref L 1 v
= cos ¢ sat : -
D
The L/D reference term is simply
. L —-L— -
0 ref = D cos ¢ (B15)

v

where %-cos ¢ 1is the inplene %’ required to reach the target.

The altitude rate reference can be derived as follows:

From equation (A8)

é = -HS 2Drei‘ + Dref
rgf VE Dref

S559-2/
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? v%
4 Y - S -
ref © T, (l v T)

jw]

D cos ¢ gat

Taking the derivative of Dref

P8 Dely
ref L 2
. D cos ¢ Vsat

4

(B16)

Combining equation (A8) with equations (B5) and (B16) gives

B L TR AL CNNe s
Lo mwﬁw‘ﬂw,\- s e B e T o e T e o e

v2
1
2gHS (l Vot V1
: - 28 Ve
E ' ref L v v .2 (B17)
: p o8 ¢ E sat

g

Equations {BS), (B15) and (B17) are sufficient to establish an equili‘b-—
rium glide trajectory.
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Figure B). - Equilibrium glide range predictions.
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Range prediction, n. mi.
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APPENDIX C - CONSTANT g PHASE

The purpose of the constant g phase is to predict the constant g

level required to reach the target and to generate a Dref’ R of’ and

a %- for the controller.
ref

Equation'(El3) presents the equation that analytically predicts
the range that will be flown if a constsnt g profile (ch) is flown

between VCG and transition. This equation is as follows:

2 _ 2
o woce = Vrmaw
c 2D
cg

The range to the transition point 1s obtained from the targeting logic
and is equal to the total raenge to target minus the desired range to
the target at transition

Rrg = ®p = Rpp
The constant g level to reach the target becomes

V.2 -V 2 ,
D = -G TRAN 1)
o 2R
TG : :

The constent g trajlectory is controlled by means of the drag controller
where

: 2Dref Dref
Reer = ~HS v. *D
E ref

For constent g Dref = 0, therefore

(c2)
ref VE .

G e L A R S e e A S A S
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3 As was the case for constant héat rate, 8 L/D reference texrm can be
i derived from the equation of motion .
2ene :
Vi'=-\-,-9=9;s«l+L-gcosY

A R

; or

L v2 \ | vy -
1 Ryt . ()
E ) v sat
,% ’ end from equation (Al5)

For constent g

i = -28S -3—
H=-2HS(-D-—P—'-)--2HSP-2- (c3)
vV~ vz ]
. D% .
vy = -2H8 g7 - VY (ch)
N\ D\ D DHSD?
2 e - — e =] = C
Wr=5y-= ( ans,v)( v) V2 (€3)
g D2 . ’ AN
Vy = -L4HS 73 | {c6)
Therefore,
L _E vz . HsD .
- = 1l - v Bl 5 ("7)
Dy D( Vet ) v |
80
v2 D '
L g ( E ) ref ;
D.ref - 1 - 57/ - WS (c8)
DVNf Dref vsat VE
§59-29
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} Relative velocity was asesumed for the constant g phase because of the
requirement to switch from inertial velocity to relative velocity late

in the entry when velocity is epproximetely equal to Vsatla'
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A7 inik D - MATH FLOW LOGIC FOR THE CONSTANT
e 2"f‘: ANGLE OF ATTACK GUIDANCE

All necessarv - su~tions have been developed in the main text and
in appendixes A tii-. gl €. The fingl step is to connect these equations
with decision logic to convert trajectory data from the navigation into
a commanded roll =m~le and a commanded angle of attack for the autopilot.
This appendix prfi{; » “he guidance flow loglc and all necessary equa-
tions and constai™:, *+- the constant angle of attack case. Table D-I°
presents the constants and initial varisble values for the guidance.
Flow charts 1 through 13 presents the math flow logle for the guidance.
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‘ ALMN 1.5
C 0.336
cFNM 0.00016L578836
; CRNM 3437.7468
g 32.2
4 G2 2.5
5 HS 28 500.
H 1
up
] IFT 0
4 IG 0
ISTP 1
LATSW 0
LOD 1.497
Q 80.
R 21 okl T76.
RPT 182.4
RTD 57.29577951
SELECT 1
vQ 6LL3.
& 25 766.1976
V3W 25 000.
Vxx 6 l; 3.
4 WE .72921149 E-L
' WT 140 000.
Y 20./RTD
w 3.14159265
5 P 0.07647h
“3 05GSW 0
%

R

TABLE E-I.- CONSTANTS AND INITIAL VARIABLE VALUES
i

g .
n.d.

n. mi./ft
n. nmi./rad

ft/sec?
g

fps
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.
Btu/ft2/sec

ft

n. mi.
rad/deg
n.d.
fps

fps

fps

fps
rad/sec
1b

rad
n.d.
1b/£t°

n.d.
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[ ENTRY GUIDANCE |
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e
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o e

LATERAL
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#

ROLL
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Flow chart DL ;- Overall flow logic,
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E 26 000%+3 sp
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1
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R
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} TRANSITION
LOGIC

12

VEMVQS =V 2 -va?
) _ CpamVEMVES
REF2 ™ 5 (RT -RPT)

SELECT =3
GO T0
SELECTOR

GO TO CONTROL

BA = BAl/RTD

V52 = VS VS

VET3=VQVQ .

ACEQ2 = (WE=R&SIN( ¥,) #COS( (2]

. TEMP3 = ACEQ2 - VET3

ABEQ> = WE #R % SIN(PSIE T) #COS(TLATC) T——
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VQ22 = V2 #VQ2 -
G=1
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Flow chart D5, - Equllibrium glide ranging.
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SELECT =3
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!

Y
VT1 = VCG VCG

VT2 =VT1 - V52
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VT4=VT2/VT3
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c
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- CFNM (VTL -VvQ22)

2 ALFM

RCG

Flow charl Off, ~ Equilibrium glide ranging - Continved,
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CONSTANTG }

SELECT=3

GO TO
TRANSITION
GUIDANCE

A

2_, 2
_CFNM(VE -Vo?)
REF™ 2 (RT-RPT)

D

VE2
VLEQ=g{ — ~1

v 2

S
L _ -vieq 4HSDgep
D - 2
REF DREF VE

D
- _ . Dper
Rpep = -2HS Ve
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Flow chart D6  Constant g phase.
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Flow chartp 7.~ Controller.
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Submittal 58-Approach Guidance

. 1. INTRODUCTION
; | The Approach Guidance Rouline presented herc is designed to take the orbiter
3 vehicle from the cnd of the entry phase (altitude =100, 000 ft) down to the start of the

terminal guidance phase 5.9 n.mi. from the runway at an altitude of €900 ft. and a

velocity of 480 ft/sec. It is based on the ideas of Refs. (1) and (2),

The guidance routine consists of six modes: Acquisition, Energy Dissipa-
tion, Turn-in, Initial Approach, Heading Aligmment, and Final Approach. The
3 horizontal geomelry is illustrated in Figure 1 in which the circled numbers refer
to the various modes. The Acquisition Mode begins at 100, 000 ft altitude, contains

an angle-of-attack transition maneuver, and ends when the vehicle is within about

2 i

15 n.mi. of the runway. Energy dissipation involves flight in the vicinity of the runway

: B around a cylinder of radius 13,5 n.mi. Duringthis mode the vehicle descends from about
50, 000 ft altitude to 26,000 ft. This helical flight usually comprises less than one

hatf of a revolution around the cylinder:. The next three modes, i.e. Turn-in, Initial

Approach, and Heading Alignment, constitute a two-turn maneuver to place the ve-
hicle on the appropriate final approach path, The Final Approach Mode establishes
the proper interfaces with the Terminal Guidance Routine for the final maneuvers

required to land on the runway.

Energy Dissipation
Cylinder

Heading
Alignment
Circle

Figure 1, Horizontal Geometry, Approach Guidance
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2. FUNCTIONAL I'LOW DIAGRAM

The basic flow of the Approach Guidance Routineis shown in Figure 2.

After the routine is entered and initialized, targeting computations are made

to obtain the current values of position and velocity, and direction parameters of the

vehicle relative to the desired touchdown point. Next, the mode is selected based
on the current trajectory conditions, and quantities unique to the specific mode
are computed.

The angle-of-attack command is used for vertical control and is computed
during the first part of Mode 1 so as to accomplish a constant (-0, 3 deg/sec) angle-
of-attack transition maneuver, During the remainder of Mode 1 and for Modes 2
and 3, an angle-of-attack which will yield a constant (210775 ) dynamic pressure
is commanded. Finally, during the last three modes, the angle-of-attack which
will cause the vehicle to fly at a constant flight p‘ath angle (-11 deg) is commanded.

The roll-angle command is used for horizontal control and is computed for

the various modes as shown in the following table,

Table 1

Geometric Criteria for Roll-Angle Command

Mode Geometric Criterion

Tangent to Energy Dissipation Cylinder (EDC)
Fly on EDC

Turn toward center of EDC

Tangent to Heading Alignment Cylinder (HAC)
Fly on HAC

Align into vertical runway plane

o T2 B - VL B S

Finally, the rudder flare or speed brake is deployed during the last three
modes in order to achieve a speed of 480 f/s at the end of approach guidance,




U/ T

ik

i

Initialization

Targeting Calculation

mode Selection and Computationsl

lAngle -of -Attack Command ]

[ Roll- Angle Command |

[
l Rudder-Flare Command_l

[EXIT]

Figure 2. Functional Flow Diagram,
Approach Guidance
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NOMENCLATURE

3 Notational Conventions

Upper-case letters represent matrices
Lower-case and Greek letters reserved for scalars and vectors
Vector quantities are underlined, e. g, x

Vectors are assumed to be column vectors unless explicitly noted

L ]

Symbols

“ a Effective aerodynamig area of vehicle

' E;! a Acceleration (RW coordinate)

f ct Coefficient of lift
ct, 3t ) 3)
dc ' Rudder-flare command
dRT Distance between touchdown point and ED center
fturnf Turning factor
g . Gravity
h Altitude
h dh/dt
ho dh/dt
h1 Altitude at beginning of Initial Approach
hp Reference altitude
g | d(hg)/dt

CEERR RS
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kS
i
£
3

b b

Gy Bt

.m

m

Mg _NED

914

Cor'vet gain
ool gain

reit or right HA selector

L"——'b;-'i\(i }i.Z‘u specific force

\f;}né lé. mass

Mach no.

Run—\;;y to NED Coordinat.e Transformation Matrix

fir -f_'fi:;:.’l' | pressure

Dynamic pressure at last guidance call

Desired dynamic pressure

dq/ dt

3¢ /3

Re;diaz;-;s'. vinto degree

Distance from vehicle to Tacan

Radius of ED cylinder

Horizontal component of vehicle position vector (NED-Tacan Coord.)
Hori;ontal component of position vector (RN—Tacan coord.,)
Integration of steady state heading error in Mode 2

Mode selector

Clock time

558-5
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At Time interval between guidance updates

Unit vector (1,0,0)

LS|
u, Unit vector (0,1, 0)
ug Uni; :rector (0,0,1)
v Vehicle velocity w. r.i. air mass ’
] YNED Horizontal component of vehicle velocity (NED Coord.)
YR ' Vehicle velocity vector (R.WI. Coord.) —
YRT Horizontal component of vehicle velocity (R.W. - Tacan Coord.) .
y Cross range to runway
y dy/dt
o . Current angle-of-attack
@, ‘ Angle-of-attack command
¢ Roll anglz command magnitude
?. Roll angle command
bapy Desired angle-of-attack change -
AY c Desired azimuth change
) _ Azimuth ( 0~ 360°) ‘
d:c Azimuth command ( 0~360°)
*’g Yrw Runway azimuth
E Bt1a Azimuth of (-EHAR) vector i

558-6




6N Angle to Tacan w.r.t. north (from vehicle) { 0- 360°)

RN Angle to Tacan w.r.t, velocity (from vehicle) ( 0~ 180°)

1‘. p Air density
; Pp Predicted range to go to key point
'—pHAN Vector from proper HA ’to vehicle (NED Coord,)
i PHAR Vector from proper HA to vehicle (RW-Tacan Coord.)
: i PHAR .Vector from other HA to vehicle (RW-Tacan Coord.)

- o3 Vehicle position vector in (RW Coord.)
4 PRD Distance to touchdown point
: ;PHAT Vector from Tacan to proper HA center (RW—TVacan Coord.)
: Coordinates:

{(RW Coord.)

3
‘”{j .. Runway coordinates, centered at touchdown point
;’ z in runway landing direction,i.e. directed down-range and forward
X up
y X, ¥, 2 from right hand orthogonal
- coordinates

‘? (RW - Tacan Coord.)
"; - - Runway coordinates, centered at Tacan or center of EDC

(NED Coord.)

L.ocal North, East, down coordinates at point of Tacan

Angle Measurements

(0,360°%) or (0= 6<360°)

8 between 0 and 3600, measured clockwise
(0,180°) or (-180° <@ =<180°)

8 between (0 1800) if measured (clockwise)

( 0 -180%) if measured {counter clockwise)

558-7
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INPUT AND OUTT'T V/IARLES

._ Input Variables :

m) PR Vehiclci ' “on vector (RW Coord.)
g YR Vehicle verui* v ~tor (RW Coordinate)
a ‘ Vehicle ..‘m»«* 'n vector (RW Coord.)
3 YRw Runway azimuth ( 0 - 360°)

At ~ Time intes - vr*ween guidance updates _
. Ovtout Variables

®c Commang i oil .ngle

a, Command angle-of-attack

d. - Command rudder flare

558-8
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DETAILED IFT.OW DIAGRAMNS

This scetion contains detailed flow diagrams of the Approach Guidance Routine.

; UNIVERSAL CONSTANTS "INPUT VARIABLES
: - a,m,qp, Mpp. & AT
Uy gty rad A, Ppy ot

P’es

0 , -sin(ﬂvn\v), COS(L'JRW)

S N il
Mp.ypp® [(osWry)s 0 . sinflpy)
: 1, 0 . 0

PRI P

Iy

Compute —Den,sity From Table

—— i ——— — -——-——'-l-— — — — — = — INITIALIZATION

4 - Input: h
i v Output: p
E Y In (RW-TACAN Coord.) :
: - . | ErT “Pr* 9T Y3 |
| YrT "~ IR I
i Y In {(NED - TACAN Coord.) :
i ) 'nep © Mgr-NED ER
. YNED - Mr-NED YRT g
1 'pmME © VINED 5
Pap  * PR U3 ©
¥y T Pgr iy ¥ YR Uy 5
-
i
] '
N/ |

Figure 4a, Detailed Flow Diagram, Approach Guidance Routine
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i

Heading and Azimuth

l
f
\ I
"" 6, = cos_l[u « unit{-r )] rad |
3 N ~1 —~NED |
{0< 8,,<360°)
2 N 1, : |
, GT = sgn[-(l_‘NED XY—NED) rug] cos [umt(--{NED) |
. umt(_x{NED)] rad (-180< GT < 180) I
= cos~lu, . unit(vypp)] rad(0< ¥<360°) I
| -
"‘ - m ]
3 ) 1 .
\/ !
' Q
2 3 4 5 6 &
U -
&
w1
[
0
1}
(o
Q
=
I
Y Y \ y !
N/ N\ 4 5 N
(Fig. 4d) (Fig. 4e) (Fig. 4f) (Fig. 4g) (Fig.zm)4

Figure 4b, Detailed Flow Diagram, Approach Guidance Routine

i
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Yes

Desired azimuth

. . =1
b = Oy +sign@r)sin (rED/rDME)

\/ ,, ¥/

(Figure 4i)

Figure 4c. Detailed Flow Diagram, Approach Guidance Routine
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S = 2
m

_ - — -
;3 fiapn = 26,000 ft+kp(rp, o = roo) 8
O =z
=0
i 0 Yes =
““turn - O F
B <
: No M @
3 2 é
3 + [TED |3 g .,
v =0+ L | sign (6,) 5
c N 2i'pyg T S 2

4

: -
15

<}~

(Figure 4i)

Figure 4d. Detailed Flow Diagram, Approach Guidance Routine
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MODE SELECTION
(TURN-IN MODE)

G
-

v v

(Figure 4i) (Figure 4c¢)

Figure 4e. Detailed Flow Diagram, Approach Guidance Routine
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= -1

k.o, =1 Left HA

PuaT
LuAr

-2 kll ug +2.233 ug (n. mi.)

* IRT " PHAT

Yes

HAR‘<2' 15 n,mi.

No

HA

wC

Puan *

Mg _NED PHAR

= cos-l[unit(-_QHAN) - u,] rad

{0 ~360°)
_ -1 2
" %Atk S (PHAR) rec

Pp

i
0.264 + (pyap * Pyar - 42

+2 cosnl[unit(&_[AR) . (k

-2 cos_% 2/ | fHAR”

112301

{No

}‘R =

hR=

6900 + (h, - 6900) pp/ pp,
l}_’NED[ (6900-h )/ pp,

v

(Figure 4i)

l
|
|
|
|
Right HA |
|
!
|
]
|
|
I
|
|
@
8
g =
50
0 <
22
ok
R
O 4
=l
R
Z

I

|

!

I

!

I
Vo

Figure 4f, Detailed Flow Diagram, Approach Guidance Routine
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s 5
m
= - ]
PaR T Ipr t 2Ky up v 22300,
BHaR™ Tr " 2Ky g *t2.236u,

Yes /‘I-QHARI *

PaR [<4. 2n.md

k

0.2 ypp » unitlppag) leyanl - 2
g 64 g
-1 YnNED " YNED
g

- tan

1 °

i

=

n

it}

R -

0.264 + 2 cos™" [unit(py,ap) - (K
6900 + (h, - 6900) pP/ Pp1
lvnEp! (6900 - hy)/pp,

11920

Figure 4g, Detailed Flow Diagram, Approach Guidance Routine
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(Figure 41i)
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Z O
O s ]
P B
s Yes O (:S
; - B <
i m
“ g
g
aQ <
= 2.5 - 2 a
Pp = %9 - TpmE =l
r}R = TQOO + (lh1 - 6900) pP// PPy E
hy, = |v (6500 -h. )/ p i e
R YNED 1 P1 Exit to

Terminal

i Guidance

. = -[0.175y [/ g+y /[ (84 g)]

v

};._..___.____

Figure 4h, Detailed Flow Diagram, Approach Guidance Routine
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Yes

Transition

a_ =a-0.34At e
c

.
. No Yes
P 29
- IR L

©° frnarnic Pres-
f sure Control

_ 2
q= pvy2 1

Altitude Control

2.8 g/v

2 gz /Vz

@ - q by = 'kl(h'hn)

OLD : -ko(h-h_)
-unit(gR) . atg

=~
¥ i

q= (gq- qOLD)/At

2 YV
a &5+ 33560 )
2.8/a,

=
"

kg = 2 g/’

D k1 q 4 ]‘(2":'-"—17" qD)
—unit(_gR) catg

!

Ao =
. c 2
a pvict,

. , @, =athalld
. (305a0<10°>

N0/

Figure 4i, Detailed Flow Diagram, Approach Guidance Routine
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3
i
A
z
4
4

+ 0.1A{bc

3 = e
If . > 360, =9 - 360
i If §oe 360, $ = + 860
o Y
Y :}" ".!‘:_-, - ';’c -y
- ’ {0~ 360)
]
, ]
s = g\ Yes -35< ¢ <35
3 0
g -40< 9, < 40
T [
SRS e —
. i P T ¢0
(Il;

Figure 4j, Detailed Flow Diagram, Approach Guidance Routine
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EXIT
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Figure 4k, Detailed Flow Diagram, Approach Guidance Routine
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Submittal 60: FEnergy Dissipation Rate Guidance for Approach Phass

1. INTRODUCTION

The Approach-Guidance Routine presented here is designed to take the orbiter
vehicle from the end of the Entry Phase (altitude =100, 000 f1) to the start of the
Final Landing maneuver (altitude =7000 ft). A detailed description of the guidance
concept along with simulation results demonstrating its feasibility is given in Ref,
(1)

The Approach-Guidance system is a closed-feedback-loop scheme. The
) vehicle energy is managed by controlling the rate at which energy is dissipated

during a straight-in approach flight, Energy dissipation rate is controlied by
flying at a conslant value of dynamic pressure and varying the vehicle's lift to drag
ratio with the Rudder Flare and or other available drag-increasing devices (e. g.
body flap).

The complete approach flight consists of straight, fixed-length segments
from the vehicle's initial position to the airport's main navigational facility (VOR,
TACAN) or a suitable artificial checkpoint, then to a point in the final approach
plane (intersection point) where the final flight path is intercepted, then straight
towards the runway until the Final Landing Guidance System takes over (Outer
Marker). Constant-bank turns link the straight flight segments,

The closed-loop energy management policy automatically compensates for

any wind component that may affect the energy dissipation rate of the vehicle.

VOR
OUTER LOCALIZER
RUNWAY MARKER DIRECTION
l ] e 3 a~ ot
L_—__—___] ., hd e —
INTERSECTION

POINT
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NOMENCLATURE

Notational Conventions

Lower-case and Greek-letiers reserved for scalars and vectors
Vector quantities are underlined, e, g. %

Components of a vector X are denoted HyaXg, Xg

Symbols

AP AC Azimuth of VORTAC

dINT Distance from touchdown point 1'10 final approach plane '
intersection point

dOM Distance fr;)m touchdown point to initiation of landing
guidance system

dTAC Distance from touchdown point to VORTAC

e Current vehicle energy

Cy,€9,€5 Desired vehicle energy at target points

€ OLD Value of vehicle energy at previous guidance pass

e Current vehicle energy dissipation rate

é D | Desired value of vehicle energy dissipation rate

éIN Value of éD at which flyover mode is entered

€ ouT Value of ey at which flyover mode is left

TR T S VR SO g S T

TS

W R IR



- o

€ MIN

€ MAX

—DH

—VH

Upper limit of preferred éD regign
Lower limit of preferred éD region
Gravitational constant at sea level
Current target index variable

Unit vector in direction of difference between horizontal

components of vehicle and target position vectors

Unit vector in direction of horizontal component of velocity

w, r, t. touchdown point
Longitudinal channel coefficient
Roll channel coefficient
Vertical (pitch) channel coefficient

Horizontal distances from target points at which target

switching is to occur
Current. value of dynamic pressure
Desivred value of dynamic pressure
Vehicle position vector w.r.t, the touchdown point
Target points position vectors w.r.t, the touchdown point ,

Vector difference between the horizontal components
of vehicle and target position vectors

Vehicle position vector at previous guidance pass

Switch indicating flyover mode is in effect
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) gtk

G0 e o eel

A

LR § e el

o

YCMAX

CMIN

RC

RCL

AY

8¢

6 CMINT

6 CMC

8 cm

8 cmax

°c

?CcMAX

Switch indicating this is the first pass

Vehicle velocity w.r.t. the touchdown point
Horizontal projection of velocity vector
Maximum permissible angle of attack
Minimum permissible angle of attack

Flight path angle '

Command Rudder Flare deployment angle rate
Maximum Rudder Flare deployment angle rate
Heading error

Command vehicle pitch angle

Minimum pitch angle during transition
Current lower limit for command pitch angie
Corrected minimum limit for command pitch angle
Ma)-dmum command pitch angle

Command roll angle

Maximum command roll angle magnitude

Special Notation

Sign ( )

max ( )

Algebraic sign associated with ( ). Value is +1 or -1,
with sign (0) = +1

The maximum of all element enclosed in ( )

S60-4
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:

min ( ) The minimum of all elements enclosed in ( )

T Magnitude of ( )
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3, FUNCTIONAL FLOW DIAGRAM

The basic information flow for the Approach Guidance Routine is shown in

1
HF‘
i

Figure 1. This is based on the guidance concept of Ref. (1).

ot
:5 The guidance task is made up of three independent channels:
2 1. The pitch angle command is proportional to the
% difference between the desired and measured dynamic
§ pressure. This command is limited so as to limit
% the pitch-down during the transition maneuver and
% the maximum and minimum angles of atlack,

2. The desired energy dissipation rate is computed as
the ratio of energy-to-be-dissipated to the distance-
to-go. The Rudder Flare deployment angle rate is
proportional to the difference between the desired 3
and the actual energy dissipation rates. A discrete
rate controller is superposed in order to drive the
desired dissipation rate to a ''preferred’ value

range,

3. The roll angle command is proportional to the dif-
ference between the horizontal velocity direction

and the horizontal direction from the vehicle posi-

tion to the target point,

The three channels guide the vehicle sequentially to three target points.
Switchover from one target to the next is made at a predetermined horizontal distance
from the current target, ’

The longitudinal channel (No. 2) is inhibited when the vehicle is initially too
close to the first target (desired energy dissipation rate exceeds the maximum avail-
able). The guidance is then in "flyover' mode. Target switching is also inhibited

in this mode.

1. Elias, A., "New Approach Guidance Concept for Shuttle',
23A STS Memo No. 58~72, 4 December 1972, MiT/C3DL.
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START

Preliminary Caleulations

[
Pitch Angle Command

No

Rudder Flare Rate Command

Y

Roll Angle CommandJ

Y

No Commands,|

EXIT

Figure 1,

Output Commands,
EXIT

End of Ap-

proach Phase

Functional Flow Diagram for Approach Guidance
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YRT

INPUT AND OQUTPUT VARIABLES

Input Variables

Vehicle position w. r.t, touchdown point (touchdown point coordinates:

x-up, z-dowr "s..ze, y-crosstrack)

Vehicle veloc o “w, r.t, touchdown point (touchdown point coordinates)

Measured value of Dynamic Pressure

Output Variables

Pitch angle command
Rudder Flare " flection angle rate command

Roll angle command
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4, DESCRIPTION OF' EQUATIONS

4.1 Initial Target Calculations

During the initial pass, the target point horizontal position vectors dre con-
structed from their distances to the touchdown point and the VORTAC azimuth

w.r.t, the localizer direction:

VORTAC: (0, 'dTAC sin arac —dTAC cos aTAC)

(On 0: ~dINT)
(0) 0! -dOI\’[)

Iy

Intersection: ro

1t

Outer Marker: rg-*

Also, the following initialization tasks are performed:
1. Flyover mode switch off — Spo ” o,
2. Initial pass switch on — Spp © 1,

3. Pitch limit = transition pitch limit (it is assumed that
the guidance system is initiated with the vehicle flying
on the back side of the L/D curve), '

4. The target index i is setto 1 (VORTAC)

5, The "old" values of e and rp. are set to zero.
This makes the back-difference algorithm of sec-
tion 4. 4 invalid during the first pass, so commands

are not issued until the second pass.

4.2 Preliminary Calculations

At the beginning of every guidance pass, the flight path angle and horizontal

vector from vehicle to target are computed:

-1 2 2
.y = tan v /\/v - v )
<RT1 RTZ RTS

(0

T = , r -r , . = T )
~—DH 12 RTZ ig RT3

4.3 Vertical Channel

The command pitch angle is:

9C = kP(qD -q)
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The lower limit for ihe command pitch angle is the largest of:
1. The ta absolute pitch minimum, 0 CMC
2. The pltch angle correspending to the minimum

angle ¢ itk Y h oo ¢

The upper limit for {Tw. .. ‘:r' and pitch angle is the pitch angle corresponding to
the maximum angle of attack, y*a~pmax e
The current absolute pitch minimum is set to GCMINT during the transition

maneuver, and to an arbitrary low value (e, g. -1 rad.) after the dynamic pres-

sure reaches the des..cd value for the first tirme (i. e. at the end of the transition

pitch-down).

4.4 Longitudinal Ciae &

The current vehicle energy is computed from the position and velocity:

TRy, ~ (Vg * YRy )/28

The current energy dissipation rate is computed as the back-difference:

©-enrp

é = 5 N ]
: \/(rRT -roLp, ) - R, ToLD )?
2 2 3 3

then the values of €oLD and roLp &re updated.

The desired value of the energy dissipétion rate is then calculated.
ep = (e; - el lEDHl

and a Rudder Flare rate is commanded proportional to the differenc;e between

desired and actual dissipation rates:

e ° kg (e - é)
this rate is then limited to the JSRCL’ BRCL range. This command is over-
riden if the value of ey falls outside of a "preferred' range: '

&

)

if én >éyn Sre 7 “OreL

it ey <éyax:Opc ™ reL

S60-10
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The "flyover" modc is enabled when & is lower than &, and is disabled when

D

¢ reaches équp . When the "flyover' mode is enabled, the command rudder
flare rate is zero,

4.5 Lateral Channel

Two unit vectors are computed:

YRT '
— is in the current vehicle heading direction
IYrT|

AV

i - TDH is in the direction from the vehicle to the target

The dot product of these vectors is the cosine of the angle difference be-
tween the desired and the actual headings, In order to resolve the sign indeter-
mination of the t:os—1 function, the single component of the cross product

i X i =1 i -i i
-DH "~ =VH 'DH, "VH,4 DH5 "VHy
is computed. This is the sine of the heading difference, and its sign is used to re-

solve the indetermination,

This command roll angle is then calculated:

bc T Kk, o¥

This cor'nmand is 1vimited to the - q’CMAX‘ $cMax Fange.

4.6  Target Switching

The target index variable, is incremented when the horizontal distance to
the current target reaches the target's switching value. When the last targetis
switching distance is reached, (i = 4), the Approach Guidance is terminated. Tar-

i

get switching is inhibited during the "flyover'' mode (5po = 1),

Commands are not issued during the first pass.

S60-11
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5. DETAILED FLOW DIA.AMS
This section contains :
tine. '

PROGRAM CONSTAN" i

MAX’g ,

brer @

dTAC’ INT oM’
€4 N> eOUT’ eNIN'

d dTA\J

kL,k ﬂj

Ap: "CMAX’ ¥CMIN?

cMINT * Pomas

{

INPUT VARIABLES

1ErT ¥R 9

(0, 0,

il

(00

FO" .0 s
bcme 0

1 (0"dTAC sin a’IfAC‘—
-d
-d

FP

CMINT * ®OLD =
LoD~

dTAC cos
)

om!
-1,i=1

INT

0'
(0,0,0)

arac

S

Y

~
u

r = {0, r,
—DH : 12

tan™ 1 (VRT 1/ v - VR

'‘RT. Ti

-Tr

RT

2 I3 3

Figure 2a.

ipproach Guidance Routine,

Detailed Flow Diagram
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Yes

cm - max@oyes 2oyt Y
cMAxX T YT ¥cMax

8o = kplap=-q)

c min(BC. GCMAX)

BC = max(ec, GCM)

2

LTowp® ImrT' ®0OLD"®
ép - (ei-e)/igDﬁl
RC kE(éD-é)

6 = min(&RC ’6RCL)

[e. )
i

.

bpe 7 max(bpe, - bpep)

Figure 2b. Approach Guidance Routine,
Detailed Flow Diagram
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Figure 2c, Approach Guidance Routine,
Detailed Flow Diagram
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IS S
. A = cos (-lDH -I-VH)

AY = Aysign(i v - ipy. tvm, )

v 4 DH, 'VH, ~ 'DH; 'VH,
‘”c‘ =k AY
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Figure 2d. Approach Guidance Routine,
] Detailed Flow Diagram
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Submittal 20: Firud \pproach Guidance

Introductic

These equ .ions are submitted as candidates to fulfill the unpowered Final
Approach Guidar. o corye »o2nts for the space-shuttle Orbiter. They include

Autoland lateral nc ]Qn.;»*wdinal guidance equations, The scheme is all inertial;

navigations aids AT b o .1y to update the navigated vehicle state. Pitch rate
and speed-brake commands are computed and issued to control 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 mancuver; the
assumption is mad: hat the gear is designed to accommodate the stress of crab-

bed landings in de51gn winds),

Functional D'~

Figure 1 is - ;unctional diagram, Figure 2 is a block diagram. (For gen-
eral information, the autopilots being used in simulation runs are included in
Figure 2,) ‘

Inputs to the Guidance module are frdm the Final Approach and Cﬁidance r
Navigation module; the inputs are the navigated state in the Earth-fixed landing
coordinate system, From this are calculated the range to touchdown target,
altitude, velocity magmtude. flight-path angle lateral p031t10n and heading angle.
Outputs are pitch rute command, speed-brake position command and vehicle roll
command to the a ~pilot, The guidance roll command drives a roll-rate aileron-
autopilot inner loop with-roll attitude outer loop. Roll rate command is intercon-
nected to a rate command rudder autopilot with turn coordination and normal
acceleration inputs. The acceleration and headihg-ang’le sig.nals are instrumental

in holding the orbiter to the final approach plane in crosswinds.

Coordinate System

The autoland guidance uses vehicle position and velocity relative to a run-
way coordinate system, as shown in Figure 3. Figure 3 also indicates longitud-
inal sign convention for the equations. The "altitude of the IMU" at touchdown is

repréesented in the equations as touchdown altitude.

Equations and Flow

Figure 4 presents the detailed guidance equations., Autoland guidance is
initiated with the vehicle established on the final approach path near the plane of
the runway at 3000 to 10000 feet altitude. Itis currently entered 8 times per

second although little performance degradation is evident at half that frequency.

529-1
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On the first call, an initialization and targeting section is entered, Target-
ing variables are used to define the flare, shallow glide, pull up and steep sections
of the reference trajectory. A steep reference flight path angle is calculated such
that the trajectory passes through the initial vehicle position. If, during the steep
phase, navigation updates cause large vehicle altitude errors, the steep portion

of the reference trajectory is retargeted to pass through the new vehicle position.

- . . PN
a1 4l 8 BB s .&-"dﬁiwng-m it s i i |

A linear desired velocity profile is also computed from the vehicle's current

velocity to a target value at the beginning of pull up.

; Reference and actual values of h and } are differenced and drive the guidance
,, loops shown in Figure 2. Since altitude is approximately equal to the integral of

X V; , the velocity term in the denominator of the altitude error gain makes that

g loop insensitive to velocity variations. The inner 1c'>op controls } which is pro-
portional to h and provides damping for the outer loop. It is compensated with a
second order digital filter which effectively cancels two undesirable pole-zero

j pairs arising from the autopilot-vehicle dynamics, This allows stable operation

§ of the inner loop at a higher gain level and tighter closed loop control. The

accuracy of the autoland maneuver is improved by injecting the open loop pitch

AU’ ) all of Whlch are tuned to the specific vehicle being flown. The 9% m

g rate commands 'y and q. cop” The a. cop signal is composed of three parts (qcv

p term is a smusodlal pitch rate term added during pull up and again, with a

: different amplitude and period, during flare to lead the vehicle through these

> maneuvers, The Aoy term ramps up to a constant value after the pull up maneuver
and provides the increasing angle-of-attack necessary to maintain lift as the

vehicle decelerates along the shallow slope. The che term ramps down to a

constant value during the flare maneuver which helps the vehicle drive through

the ground effects and minimizes runway float, Typical plots of these terms are

sketched in Figure 2,

L.ateral Guidance

The lateral guidance is all-inertial. A decrab maneuver was not studied;
the assumption being that the gear is stressed for crabbed landings in design
winds, The roll gain is halved during flare which levels the wings somewhat

in steady-state crosswinds. ¢

The lateral guidance equations are presented in Figure 4. 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 than 50 ft, the roll command gain is decreased from

6 to 3 over a 2-second period. The roll command is the sum of a crossrange,

S529-2




integral of crossrange, and velocity heading angle term. It is Himiled and issued

to the autopilot.

Velocity Conirel

1{‘ .
i
i Jm»uu_«‘wh:wma\n._

The speced brake is commanded to a position proportional to the sine of the
velocity error, Zer. ervror is at 30 degrees brake for bi-directional control. At
the beginning of pull :p the brake is complelely retracted to eliminate pitch rates

from transients near touchdown.

Constants/Variables Summary

Figure 6 summarizes variables and constants.

S529-3
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FIGURE 4-2
AUTOLAND EQUATIONS
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FIGURE 4-3
AUTOLAND EQUATIONS
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AUTOLAND EQUATIONS
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Submittal 6: CONIC STATE EXTRAPOLATION

f, INTRODUCTION

The Conic State Extrapolation Routine provides the capabil-
ity to conically extrapolate any spacecraflt inertial state vector either
backwards or forwards as a function of time or as a function of
transfer angle, It is merely the coded form of two versions ol the
analytic solution of the two-body differential equations of motion of
the spaceceralt center ol mass, Because of its relatively fast compu-
tation speed and moderate accuracy, it serves as a preliminary
navigation tool and as a method of obtaining quick solutions for tar-
geting and guidance functions, More accurate { but slower) results

are provided by the Precision State Extrapolation Routine,

- S6-1




MNIOMENCLATURE

a Semi ».:,r axis of conic
Sy A,- Ta . —

c, First con’: n;,granaeter((_z_“o Vo) N )
c Secors - ,a‘-.",par‘ameter (rov 2/ p=1)

2 T T 00
cq . Third conic parameter (r, voz [ u)
c(g) Power series in £ defined in texi
E Eccentrit * -+ omaly R
f True anomaly
H , Hyperbr:_’t-"':imalog of eccentric anomaly
i Counter
imax * Maximum permissible number of iterations
i Unit vector in direction of r,
trg Zo
i Unit vec'tor in direction of v
-V Fod —O

0 e :
P Semilat\;'--‘;;'_-‘ectum of conic
PN Normalized semilatus rectum (p/ ry)
P Period of conic orbit
T, Magnitude of Ty : _
Ty Inertial position vector corresponding to initial time

tO _

r Magnituc e of £(t)
r(t) - Inertial pusition vector corresponding to time t
s Switch used in Secant Iterator to determine whether

secant method or offsetting will be performed




S5(£)

v{t)

Power series in £ defined in text

Final time (end of time interval through which an

extrapolation is made)

Initial time (beginning of time interval through which

an extrapolation is to be made)

Difference between specified time interval and that

calculated by Universal Kepler Equation

Magnitude of Yo

Inertial velocity vector corresponding to initial time

to

Inertial velocity vector corresponding to time t

Universal eccentric anomaly difference {independent
variable in Kepler iteration scheme)

Previous value of x

Value of x to which the Kepler iteration scheme con-

verged

Previous value of X

“The "i-th" value of x

Lower bound on x
Upper bound on x
Reciprocal of semi-major axis at initial point o

Normalized semi-major axis reciprocal (e rO)

Angle {from Ty to v,




at Specified transfer timne interval (t - 10)
At Value of the transfer time interval calculated in the
" Unjversal Kepler Equation as a function of x and the
Leo's o ade parameters
- At Previous value of At
c A >
3 -
1 at, (i) - LT “i-th' value of the transfer time interval calcula-
“*¢zd in the Universal Kepler Equation as a function of
3 the "i-th" value X, of x and the conic parameters
Atmax ' Maximum time interval which can be used in computer
due to scaling limitations . -
§ Ax Increment in x
‘: -
i €y 5 Primary convergence criterion: relative error in 7
A transfer time interval
E
g Et‘ Secondary convergence criterion: minimum permis-
sible difference of two successive calculated transfer
. time intervals
€ Tertiary convergence criterion: minimum permis-
e sible size of increment Ax of the independent variable
- - g Transfer angle (true anomaly increment)
i p Gravitational parameter of the earth
- ' Product of a, and square of x
E 0 q
“i .
4 . Ugs o 7-2.%3 Coelficients of power geries inversion of Universal -
: Kepler Equation




2, FUNCTIONAL FLOW DIAGRAM

The Conic State Extrapolation Routine basically consists of
two parts - one for extrapolating in time and one for extrapolating in
transfer angle, Several portions of the formulation are, however,
common to the two parts, and may be arranged as subroutines on a

computer,

2.1 Conic State Exirapolation as a Function of Time (Kepler

Routine)

This routine involves a single loop iterative procedure, and

hence is organized in three sections: initialization, iteration, and

n_ 1

{inal computations, as shown in Fig, 1, The variable "x" is the in-
dependent variable in the iteration procedure, For a given initial

state, the variable "x' measures the amount of transfer along the ex-

trapolated trajectory. The transfer time interval and the extrapolated
state vector are very conveniently expressed in terms of '"x'". In the

iteration procedure, "x" is adjusted until the transfer time interval

calculated from it agrees with the specified transfer time interval
{to within a certain tolerance). Then the extrapolated state vector

is calculated from this particular value of "x

2.2 Conic State Extrapolation as a Function of Transfer Angle
( Theta Routine)

This routine makes a direci calculation (i, e, does not have
an iteration scheme), as shown in Fig, 2, Apain, the extrapolated
o

state vector is calculated from the parameter "x', The value of "'x"

however, is obtained from a direct computation in terms of the conic

parameters and the transfer angle 8. It is not nccessary to iterate

-4 LA A 4

to determine ''x'', as was the case in the Kepler Routine,

56-5

RN TR L T T T,




] FNTER
". 7 ' Initialization
{(Compute Various Conic Parameters)

{Compute A Rough Approximation To "x", Or Usc Previous Valuc
3 As A Guess)
Tteratlon ...\ .
1
3 Compute Transfer Time Interval Corresponding
To The Variable "x" i

Converge ?

Final Computations
(Compute Extrapolated State Vector Corresponding
To The Variable "x")

l

EXIT

Figure 1. Kepler Routine, Functional Flow Diagram

56-6

SRS R T R

e SR T P P L




gl
il i ""—liwai‘:aé}Emsu}:%cfgwmm il 5l 143 0

ENTER

Initialization

(Compute Various Conic Parameters)

Compute '"x" Corresponding To The Specified
p g
Transfer Angle 6

Compute Transfer Time Interval Corresponding
To The Variable "x"

¥

Final Computations
(Compute Extrapolated State Vector Corresponding
To The Variable "x")

EXIT

Figure 2. Theta Routine, Functional Flow Diagram
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? J. INPUHT AND OUTPUT VARIABI.IES
H

" The Conic State Kxtrapolation Routine has anly one universal constunt:
the gravitational parameter of the carth. Its principal input variables are the
inertial state vector which is to be extrujm!utcd and the iransfer time intervil or
transfer angie thraugh which the extrapolation is to be muade. Several oplional
input variables may be supplied in the transfer time case in order to speed the

v (‘<’nﬁr)11tati()n. The principal output variable of hoth cuses is the extrapolated in-

certial state vector.

3.1 Conic State IIxtrapolation as a Function of Transfer Time

E ’ Interval (Kepler Routine)

Input Variables

B

(EO’ vO) Inertial state vector which is to be extrapolated

A -

3 { corresponds to time tO).
At Transfer time interval through which the extrapola-

; tion is to be made,

x Guess of independent variable corresponding to solu-

= tion in Kepler iteration scheme, (Used o speed con-
-.ga? vergence), tIf no guess is available, set x = 0, and

: the routine will generate its own guess].

? A t'c Valug of dependent variable (the transfer time inter-

val) in the Kepler iteration scheme, which was
e calculated in the last iteration of the previous call to . N
g | Kepler,
i/ xé ‘ Value of the independent variable in the Kepler itera- -

tion scheme, to which the last iteration of the

previous call to Kepler had converged,

e

Output Variables

(r, v) Extrapolated inertial state vector (corresponds to !
time t),




& tc Value of the dependent variable (the transfer time

interval) in the Kepler iteration scheme, which was

calculated in the last jteration (should agree closely
with 4 t ).
# Xeq Value of the independent variable in the Kepler itera-
tion scheme to which the last iteration converged.
: 3.2 Conic State Extrapolation as a Function of Transfer Angle
( Theta Routine)
Input Variables
?3 -
, (50, 20) Inertial state vector which is to be extrapolated,
6 e Transfer angle through which the extrapolation is to
be made,
QOutput Parameters
(r, v) Extrapolated inertial state vector,
At c Transfer Time Interval corresponding to the conic

extrapolation through the transfer angle 6.

56-9




4, DESCRIPTION O. ‘QUATIONS
4.1 Conic State Extr:? % t “n as a Function of Time (Kepler
Routine) o ’

L
£

i i s ‘isu»ﬁéidm [ HE I PR

" The universal fo*": a1 on of Stumpff-Herrick-Battin in
terms of the universal eccentric anomaly difference is used. This

variable, usually denoted by x, is defined by the relations:

Va '(E - EO) for ellipse

x =4 \pY(tar ®/°. - tan f0/2) for parabola

Y a(H = i7 1 for hyperbola

where a is the semi-major axis, E and H are the eccentric anomaly
and its hyperbolic analog, p is the semi-latus rectum and { the true
anomaly. The expressions for the transfer" time interval (t - t0)= At,
and the extrapolated position and velocity vectors (5, !) in terms of
the initial position and velocity vectors (EO' !0) as functions of x

R

are: :
(Un® ~ e Kepler Equation)
NCIL U
0 0 x“Cla x2) + (1 -roaro)_x3 S(aoxz) +rgx

1
E| e °

At =

. N 3 ) —
r(t) - [1 —-—C(a x2) | g+ | (- tg) -_’i_S(aoxz)JyO
-0

:
|

u« . -4
X(t): E aox3E!\’f‘UA‘)-x £O+ l-LC(anz) Yo
rry . r
$6-10
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vk« whiug 48 SRR

where
v 2
e, = L .2 0
— 0 —-r — '
40 o ¥
and
I
S(g) = = - + - ..
31 51 7!
2
cgy=L -8+
2t 41 6!

Since the transfer time interval At is given, it is desired to

find the x corresponding to it in the Universal Kepler Equation, and
then to evaluate the extrapolated state vector (r, v) expression )
using that value of x, Unfortunately, the Universal Kepler Equation
expresses At asa transcendental function of x rather than con- -
versely, and no power series inversion of the equation is known which
has good convergence properties for all orbits, so it is necessary

to solve the equation iteratively for the variable x,

For this purpose, the secant method (linear inverse inter-
polation/ extrapolation) is used. It merely finds the increment in
the independent variable x which is required in order to adjust the
dependent variable At to the desired value At basedona
linear interpolation/extrapolation of the last two points calculated on

the Atc vs x curve. The method uses the formula

at C(“) - At

(n) {n-1)
AtC“ - Atcn

S6-11
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where At C“) denotes the evaluation of the Universal Kepler
Equation using the value X, In order to prevent the scheme from
taking an increment back into regicns in which it is known from past
iterations {l;at ithe solution does not lie, it has been found convenient
to establish upper and lower bounds on the independent variable x
which are continually reset during the course of the iteration as more
and more values of x are found to be too large or too small, Inad-
dition, it has also been found expedient to damp by 10% any incre-
ment in the independent variable which would (if applied) take the

value of the independent variable past a bound,

To start the iteration scheme, some initial guess X, of the
independent variable is required as well as a previous point (x_l,
A tc(—l) ) on the At_ vs x curve. If no previous point is
available the point (0, 0) may be used as it lies on all Atc vs
x curves, The closer the initial guess X, is to the value of x corres-
ponding to the solution, the faster the convergence will be, One
method of obtaining such a guess Xq is to use a truncation of the
infinite series obtained by direct inversion of the Kepler Equation
(expressing x as a power series in At ). It must be pointed out
that this series diverges even for "moderate' transfer time inter-
vals At ; hence an iterative solution must be used to solve the
Kepler equation for x in the general case, A third order truncation

of the inversion of the Universal Kepler Equation is:

3
X = E %, at”
n=0
where
% = 0 7‘1:‘1“ /Tgs
%, = _li_‘__(EO__'_Z—Q)
2 ‘"03 \u
- _
o1 3r 3 Fp Yo 2
Xy = — (=) | = (—==") - (1-rgeg),
67, ro Ltrg N\
with a, = 2[r -v2/
0 o Yo /¥
S6-12
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4.2 Conic State Extrapolation as a Function of Transfer Angle
{ Theta Routine)

e

As with the Kepler Routine, the universal formulation of
Stumpff-Herrick-Battin in terms of the universal eccentric anomaly
difference x is used in the Theta Routine, A completely analogous
jteration scheme could have been formulated with x again as the in-
dependent variable and the transfer angle § as the dependent variable
using Marscher's universally valid equation:

e

o

2 2
rOLI - agXx S(aox )
6

e

T

cot — = + cot Yo
2 Wx C (ao x? )
where
p - ((00)° g2 "o
yu'
and

Yo © angle from TH to Yo

However, in contrast to the Kepler equation, it is possible
to invert the Marscher equation into a power series which can be
made to converge as rapidly as desired, by means of which x may be
calculated as a universal function of the transfer angle §. Knowing
x, we can directly calculate the transfer time interval AtC and
subsequently the extrapolated state vectors using the standard

formulae,

The sequence of computations in the inversion of the

Marscher Equation is asfollows:

Let
Py = P/ro. ap =@ Ty

and

56-13




-

= |
—%

3

it

Let

or

Py (-—— — - cot vy).

1 -cosé@

|wl| >1, letV, = 1,

= / 2 4
Wt +\lv\n ray + | (I\AL'SI)

)
Von = H\Val tey WwWpPev (w o,

Let

or

Let

where n is an integer >

x/\jr_0'=

The above equations have been specifically formulated to avoid certain

numerical difficulties,

w_ =W
n n

—

lefl)

Yo = (YW p/v, W11>”-

4, Then

z

L

S6-14
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5. DETAILED FLOW DIAGRAMS

This section contains detailed flow diagrams of two Conlc State Extra-

polation Routines (Kepler and Theta) and the subroutines used by them.

Each input and output variable in the routine and subroutine call state-
ments can be followed by a symbol in brackets. This symbol identifies the nota-
tion for the corresponding variable in the detailed description and flow diagrams
of the called routine. When identical notation is used, the bracket symbol is

omitted.




5.1 Conic State Extrapolation as a Function

of Time (Kepler Routine)

i UNIVERSAL PROGRAM
: ~ CONSTANT CONSTANTS INPUT VARIABLES

I 3 1 1
K €€ 6l Py Yardt, x, AL, X

e

g .

H i = 0
vy |zl :
_o Y
2 c =
~ 1
& V’u_'l
Va ¥V

] C2 :ro:o__.._.:_o -1

u

@ -(l-cz)/r0

o {‘M
o . .
0
42}
Z j
o I

xmax=2”/\f?' _ Xmaxz\l—-—a)7aﬂl

Figure 3a. Kepler Routine, Detailed Flow Diagram
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P« At

max

Yes

At - At- Pinteger (At/P) |

AT PR

X
x = sgn (At) 2%

At'c= 0, x*. =0

NOTE: +1 At>0
sgn(at) =§ 0 At=0
-1 At<0

Figure 3b. Kepler Routine, Detailed Flow Diagram

m
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max

min = “max

E=ax

;

Call Universal Kepler Equation Subroutine

Input:

Cys Cou X, E,.ro

Output: At . S(£). C{§)

Yes

|

Figure 3c, Kepler Routine, Detailed Flow Diagram
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i
Rl

~ioatl s o.cant Iterator

T ulsl. at_. v,
I Ax, X,

X + Ax Y

i+1

o
n

f

¥

Call Extrapolated State Vector Subroutine

Input: Xy, Vo, x, &, S(E),
C(E), at,

Output: r, v

OUTPUT VARIABLES +

E'l _v_.) Atcl xc

Figure 3d. Kepler Routine, Detailed Flow Diagfam
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5.2 Conic State Extrapolation as a Function of Transfer Angle

UNIVERSAL INPUT
CONSTANT VARIABLES

5 | 50’30'9

| Jnes
Y |

0 I=d - i—r0 =T/

! el
L@.———

el
il

B e e R el S

d- v, ~ Yo%

€oS g =-l-r0 ’ 1--v0

A
|ip X iy |

wm
ord
o]
o)
o
n

] o 0
cot v, = coS 1o/ 8in 7g

E €3 =Ty vy [ #

Yes

#No

8 - sign (8) 360°

n+1

Figure 4a. Theta Routine, Defailed Flow Diagram

e L
84 @
oo

56-20




K]
i
3
o
3
4
A
1

Call Marscher Equation Inversion Subroutine

IHPUt: 01 cot 'YO’ rol aNo PN

Output: x, § , Cyo 702

Call Universal Kepler Equation Subroutine

Input: £, %X, €, cz, ro

Output: &t,, S(f), c®

Call Extrapolated State Vector Subroutine

IHPUtI EO. ZOI X, Eo S(E), C(E)

Output: v, v

Yes

27
3/2
(ay 1) 2

At = Atc +nP

TR

RS e Y e P U

Figure 4b. Theta Routine, Detailed Flow Diagram
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Figure 4c. Theta Routine, Detailed Flow Diagram
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5.3 Susroutines Used By The Transfer Time or Transfer Angle

. Conie Extrapolation Routines

5.3.1 " Universal Kepler Equation Subroutine

UNIVT wSAL. .
CONS; ¥t - INPUT VARIABLES

7] Cys Coo x, 8, ry

$

: 2
sy =L -5,
31! 51 71
T4 2
cigy-L -8+
2! 4! 6!
At ={c sz(§)+x(c' XZS( y+r. ) |/
c 1 1 ) +rg) |/ ¥
OUTPUT VARIABLFES
at , S(£), C(£)
Figure 5. Universal Kepler Equation, Detailed Flow Diagram .
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5.3.2 Extrapolated State Vector Subroutine

UNIVERSAL
CONSTANT INPUT VARIABLES

.

x, £, S(£), C(g), At

H Eos XO,

2 3 )
- e+ (atg -ZS(E)y,
0 H“

e
[

2
x(ES(E) -1y r, +{(1- Z-C(ENV
ror(t) ~0 r(t) '—0

1<
n

OUTPUT VARIABLES

Fr,v, At
- - c

Figure 6. Extrapolated State Vector Equation,
Detailed Flow Diagram
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et iyl Bt

5.3.3 Secant Iterator

- ) INPUT VARIABLES

e s , At , At ', t
; c . ¢’ err’ AXy Xy Xpine

X
max !

——| Ax =0,9(x_. - X)
mi

S

n

"OUTPUT
VARIABLE * v

Figure 7. Secant Iterator, Detailed Flow Diagram
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bt 1

5.3.4 Marscher Fquation Inversion Subroutine

3
2
5
3
:

INPUT VARIABILES

‘ ¢, cot Yo ro, ON‘ PN

L

sin 0 _
\PN (e~ 0t 0!

RPN RN O S

W

1

ik g iR
[

b it et gt il b R LN

e

Sl LI L

TN
{No physically
recalizable solu-
tion).

1

A

1w =|sin 8/ Ipy (1+cos 6 -sinfcot -yo){
Vv, =1
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Figure 8a. Marscher Equation Inversion, Detailed Flow Diagram
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G. SUPPLEMENTARY INFORMATION

The analytic expressions {or ithe Universal Kepler Equation

o
g ebiid

and the exirapolated position and velocity vectors are well known and

are given by Battin (1964 ), Battin also outlines a Newtcen iteration

i,

technique for the solution of thé Universal Kepler Equation; this tech-
nique converges somewhat faster than the secant technique but
requires the evaluation of the derivative, It may be shown that if the

derivative evaluation by itself takes more than 44% of the computa-

tion time used by the other calculations in one pass through the loop,

then it is more efficient timewise to use the secant method,

Marscher's universal equation for cot 6/2 was derived by
him in his report ( Marscher, 1965), and is the generalization of his
"Three-Cotangent' equation:

9 rO (E - E.)
cot — = cot + cot Yo

2 Jpa 2

Marscher has also outlined in the report an iterative method of ex-

trapolating the state based on his universal equation, The inversion

of Marscher's universal equation was derived by Robertson (1867a),

Krause organized the details of the computation in both

routines,

A derivation of the coefficients in the inversion of the Uni-
versal Kepler Equation is given in Robertson (1967 b) and Newman
(1967). -
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Submittal 24: Reguired Vi .city Detem ination, Conic

1. INTRODUCTI{N

The Conic R.iwi. 1 Velocity Determination Routine provides

the capability to solve the following two astrodynamic problems:

"The Multiple. ¢ - clation, Lambert Required Velocity Determination

Problem': &F.r!'v_w‘fi_f-v_l'vhe velocity vector required at an initial posi-
tion to transfer irl;rough an inverse square central force field from
the initial position to a specified targét position in a specified
transfer time interval by making a specified number of complete
revolutions (. zoive fraction of another one}. Also optionally
compute the velocity vectlor at the target position and various
parameters 7 {2 crnic transfer orbit.

LI

"The De-orbit K-Yjuired Velocity Determination Problem': compute

the velocity vector required at an initial position to transfer through
an inverse square central force field from the initial position to a
specified target radius (which is less than the initial radius) with a
specified flight-path angle at that radius in a specified transfer time

interval. Also optionally compute the velocity vector at the target

position and various parameters of the conic transfer orbit.

The Conic R~ . , Velocity Determination Routine basically consists of two
major parts—one 1‘“’:<-*=,f!=‘mg the multi-revolution Lambert's problem and one for
solving the De-orbit p:oblem—whic_h are quite similar. In fact, certain subsections
of the parts are identical as well as being ider{tical to certain subsections of th'e
Conic State Extrapolation Routine (Ref. 7) and these may of course be arranged as

subroutines on a computer,

The Conic Lambert and De-orbit Required Velocity Determination Routines
ea{ch involve a single loop iterative procedure, and hence are organized in three
sections: initialization, iteration, and final computations, as shown in Figure 1.
The independent variable in the iteration in both routines is the cotangent of the
ﬂigﬁt-’-path angle a - i-nitial position measured from local vertical, or equiva-
lently the cotangenix i +e angle between the initial position vector (extended) and
the as yet unknown required velocity vector. The dependent variable is the trans-
fer time interval; it is a function solely of the independent variable and certain
other quantitie$ which depend explicitly on the input and which are thus constant in
any one problem. In the iterative procedure, the independent variable (denoted by

I) is adjusted betw: = upper and lower bounds by a secant technique until the

524-1
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transfer time interval computed from it agrees with the specified transfer time in-
terval (1o within a certain tolerance). Then the velocity vector at the initial posi-

tion (i. e., the required velocity), as well as the velocity vector at the terminal

position, is calculated from the last adjusted value of the independent variable.

In the less-than-one~-complete revolution case in both routines, the upper and
lower bounds on the independent variable are explicitly computed since the depen-
dent and independent variables are monotonically related. However, in the multi-
revolution case in the Lambert routine, there are two distinct physically-meaning-

ful transfers which solve the problem, and an iterative procedure (cntirely separate

R e &

from, and not containing nor contained in the previously described iteration scheme)

must be used to solve for the value of the independent variable which separates the

S,

two regions in each of which exactly one solution lies so that upper and lower bounds
may be established corresponding to the unique solution desired. The multi-revo- -

lution case for the de-orbit problem is not considered in this document.
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5 ' T ENTER
e 4

, [ Initialization

- . o | Compute various constant parameters,
. . .l istablish range over which independent
.. .Jviriable may vary. Establish first
- i'\)alue of independent variable.

Tteration

Compute Transfer Time Interval cor-
responding to the independent variable.

Is
Computed
Transfer
Time =
Specified
Transfer
Time %

Yes

Adjust independent variable
by Secant technique.

Final Computations: Compute
Required Velocity correspond-
ing to independent variable.

EXIT

Figure 1. Conic Lambert and De-orbit Required Velocity
Determination Routines Functional Flow Diagram
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- NOMENCLATURE

Semi-major axis of conic

First conic parameter [ c; =\[Topy I = (g - v )/ V¥ |

. _ _ _ 2 _
Second conic parameter [ ¢y =1 @ =Ty Vo /uE 1]

Power series in £ defined in the text
Eccentric anomaly

True anomaly

Hyperbolic analog of eccentric anomaly
Iteration counter

The negative unit chord vector connecting r and

T, [_i_C_ = -unit (51—30)].

Maximum allowable number of iterations

. Unit vector in direction of angular momentum

vector of the transfer and normal to the transfer
plane, In the Lambert Foutine the vector —i-N
always determines the direction of the transfer,
and will also determine the plane of the transfer
when either the switch spr’oj = 1, or the switch

Sproj = 0 but the initial position vector Iy

inside one of the cones. In the Le-orbit Routine,

is
the vector iN always determines the plane and

direction of the transfer,

Unit vector in direction of o

Unit vector in direction of r

S24-4
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sy

A sm

rewv

iz

Intermediate variable equal to either kbg or ksm

Constant establishing by what {raction of its permissible
range (rmax B l—\min
be biased in the first iteration when no guess rguess is
available, in order to establish a second point for the

) the independent variable IE) will

secant iteration

Constant establishing by what fraction of its permissible
range (rmax - rmin) the independent variable rO will
be biased in the first iteration when a guess I;guess is
available in order to establish a second point for the

secant iteration.

The slope of the line joining two successive points on the

transfer time interval vs. independent variable curve.
Previous value of m

Difference between desired value of the slope m (namely

zero) and the value calculated on most recent iteration.

Looop counter in the Marscher Equation Inversion

Integer number of complete 360° revolutions to be
made in the desired transfer. [Hence the transfer

will be between n and n +1 revolutions}.
rev rev

Intermediate vector variable normal to transfer plane
Semi-latus rectum of conic

Intermediate variable in the Lambert problem equal

to 1 - cos @

Intermediate variable in the Lambert problem equal

to cos 6 - (ry /_rl)

Normalized semi-latus rectum of conic transfer orbit
(py = p/ro).

Intermediate variable equal to 7\/sin2 Y

1




TEAN
st R }‘m“,“ el 3+

s
cone

S guess

s .
proj

R s ey

Initial or current inertial position vector (corresponds

to time to).

Terminal or target inertial position vector {corresponds

to time t] ).

Radius at terminal or target position (corresponds

to lime tl).

Switch used in Secant Iterator to determine whether

secant method or offsetting (biasing) will be performed.

Switch indicating whether the outcome of the cone test
involving the tolerance criterion €cone Was that initial

position Ty lies outside both of the cones around the

ositive and negative target position vector r s =
positive gativ get posi v —l(cone

0}, or inside one of these cones (s = 1). [See
cone

Section 4.7.]

Switch indicating whether the routine is to compute ils own .

guess of the independent variable _fo ‘to start the iterative

= 0), or is to use a guess I

procedure (8
guess

guess

supplied by the user (Sguess = 1)

Switch indicating whether the initial and target position
vectors, Iy and r,,»are to be projected into the plane

defined by the unit normal -iN before the main Lambert

computations are performed. If sproj = 0, no projection

will be made unless the initial position I, is found to

lie within one of the cones defined by € , in which case

cone

s will be set equal to 1. If s . = 1, the projections
cone proj
will be carried out immediately, and no cone test will

be made.
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S coln Switch indicating which of the two physically possible
solutions is desired in the multi-revolution case.

[ Not used in the less-than-360° transfer case] . In

particular, = -1 indicates the solution with the

s
soln
smaller initial fiight path angle ¥, measured from

1 local vertical, and s = +} indicates the one with
E | . soln
' the larger ¥ .

5180 Switch indicating whether the central transfer angle

¥ i} o o)
is between 0 and 180 (5180

and 360° (5,00 = "1+ The determination of which

one of the above two possibilities is desired is made

= +1), or between 180o

automatically by the routine on the basis of the di-

rection of the unit normal vecior _iN .
[In the multiple-revolution case, the number of com-

' plete 3600 revolutions is neglected; i.e., 5180 is the
sign of the sine of the transfer angle. ]

SorS(£)  Power series in ¢ defined in the text.

{ Difference belween specified time interval and that

err
calculated by Universal Kepler Equation [t .. =
at - At IE

Yo Inertial velocity required at the initial position L

to transfer to the lerminal point in exactly the

specified time interval At.,

vy Inertial velocity at the terminal position ry-

Vn . Intermediate scalar variables used in Marscher Equa-

(n=1.2..)} tion Inversion

w Intermediate scalar variables used in Marscher Equa-

{(n=1,2..) tion Inversion

S24-7
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il

x Universal eccentric anomaly difference corresponding

o

. 3 to the transfer from Lo tor, .
= - -1
i XN Normalized universal eccentric anomaly difference )
3 . A
4 gy =% [Vrg )
3 v

oy Reciprocal of normalized semi-major dxis of conic

transfer orbit (@ =r, / a).

Yo Flight path angle at initial position r, measured

from local vertical, i.e., angle from rgo to v,.

74 Flight-path angle at terminal or target position
measured from local vertical {corresponds to
time t,).
1“0 Cotangent of flight-path angle 'YO at the initial posi-
tion o measured from local vertical; i.e.,
cotangent of the angle between r, and v,. [ In-
dependent variable in iterative scheme] .
, .
I:) Previous value of I:)
7
] Iz)(l) The "i-th" value of I}
; I'l Cotangent of flight path angle ¥, at the terminal
or target position r, measured from local
vertical

Guess of independent variable rO coi‘responding

to solution {(disregarded when Sguess = 0).

Value of I‘O corresponding to the physically

realizable parabolic transfer
Upper bound on I-(‘)

Value of rO corresponding to the minimum energy i

transfer

S524-8
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Lin Lower bound on I}

1
f 7 at Specified transfer time interval (t1 - 1.0) between r
i} and ry
Atc 4 Value of the transfer time interval calculated in the

Universal Kepler Equation from the current value

= of 1'6 and the conic parameters
] 1
Atc Previous value of Atc
Atc(l) The "i-th" value of the transfer time interval cal-

culated in the Universal Kepler Equation as a
function of the "i-th" value IB(I) of I}, and the

conic parameters

Al-(') Increment in r()

aAA Increment in A

€ cone Tolerance criterion establishing small cones around

both the positive and negative target position direc-
tions inside of which the Lambert routine will define

the plane cof the transfer by the unit normal —iN

rather than the cross product of the initial and target

3 = sin (the half

position vectors, r _ and r cone

0 1

cone angle) J.

€, Primary convergence criterion: relative error in

transfer time interval

- 1 - I3 . I3 : -
€t Secondary convergence criterion: minimum permissible

difference of two successive calculated transfer time in-

tervals.

Convergence criterion in iteration to adjust rmin

and I in multiple revolution case: absolute
max

precision to which transfer time interval minimum

is to be determined

€ Tertiary convergence criterion: minimum per-
missible size of increment AIB of the independent

variable

524-9




. Tolerance criterion in iteration to adjust I';mn and
!7 -, in multiple revolution case: absolute dif-

XS

Jlarence of two successive values of independent vari-

able to prevent division by zero

saoeier angle (frue anomaly increment)

Ratio of initial position radius to terminal position
radius

Average of the two most recent values of 1'6 [A -
is used as the independent variable in the Multi-
r-.-.:ution Bounds Adjustment Coding Sequence

Firootion] .
Previous value of A

Gravitational parameter of the earth (product of

earth's mass and universal gravitation constant)

" he dimensionless variable ax?® = x? [a-= oy xz/

r .. [ Equivalent to square of standard eccentric

or - 'perbolic anomaly difference] .
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5. DETAILED FLOW DIAGRANMS

(R PR

5.1 Multiple- Revelution Lambert Required Velocity
Determination Routine

This routine utilizes the following subroutines or coding sequences, which

are diagrammed in Section 5. 3:

sLambert Transfer Time Interval Subroutine
* Marscher Equation Inver'sim:l Subroutine
» Universal Kepler Equation Subroutine

* Secant Iterator

eMulti-revolution Bounds Adjustment Coding

Sequence

«Secant Minimum Iterator

UNIVERSAL PROGRAM

CONSTANTS CONSTANTS INPUT VARIABLES
H €& EI‘ P At (X0 Iy At, "rev’ Ssoln’
imax’ ksm’ kbg Sguess’ I‘guess'econe' Sproj’ IN

y [ i

1"0 = Ir.()l' rlzll:li
Ir, © -r;O/rO‘-i-'rlz-El/rl

N -1 X 1i

-rg -r,

|sin al = |N |

| sin gle

cone

s
cone

Figure 3a. Multi-Revolution Lambert Routine
Detailed IFlow Diagram
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_E‘;a;
Y
- tll
3 S1g0 =~ ® "Lr{(f‘-Nx—‘ro)] o Dot tlyliy
4 sing = s. . i~ 8| ~1 REEST: ST SRR ST
cos § = —ir D, Ty = IEO!' ry= Ell
i e~
3 _L_N = N/sing 1 = -EO/rO'i 1‘1/1‘1
-0 1
lsin el = {4 X_lr
0 1
Sigg - Sign [—lr -(_LNX_l_r )] -
1 0
sing = 8.0 | sin 6| )
cos @8 = i i
o 7M1
A= ro/rl
Py = 1—cosf).p2=cose—7\
r . Sing /22
max Py \[p1
180 y
_ 7 1
I‘min_z p2/sin 6 Imin ™ -to0 )

. o '

Perform Multi-revolution
Bounds Adjustment Coding
Sequence (Section 5. 3. 6).

]

Figure 3b. Multi-Revolution Lambert Routine
Detailed Flow Diagram
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E
A

guess

sm

Call Lambert Transfer Time Interval Routine j

I,. P;. Py, sin 6, cos 8, ro,n

Aty py X & SE). CE

n

Figure 3c.

Multi- Revolution Lambert Routine
Detailed Flow Diagram
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- o

.

1

Call Secant [terator

Input:

1
s, At At Lt ATG T

rmin'

r .k

max

T

Output: AI‘O, T

min’

. S
max

=i+1

A

Figure 3d.

Y

Py A ( . Co )
Yo o IBLI"O * -I—N X-l—r‘o
VE Xt s -ni 4
v = -
-1 ry ~Ty
2
(l_xrb ))\—’O
\ 1 -
OUTPUT VARIABLES
!O’fx_l'ro'Scone’El.'.SinG'

oS 6, Q. Py X, £, S, C(

Multi-Revolution Lambert Routine
Detailed Flow Diagram

IR
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A 5.2 De-orbit Required Velocity Determination Routine

This routine utilizes the following subroutines which are diagrammed in

Section 53

® De-orbit Transfer Time Interval Subroutine

* Marscher Equation Inversion Subroutine

° Universal Kepler Equaticn Subroutine

® Secant Iterator

. UNIVERSAL PROGRAM
CONSTANTS CONSTANTS INPUT VARIABLES

1 3 ~
€4 et.er, 1max’ _r_'o. 'Yl, 11. At, Sguess,

ksm‘ kbg rguess’ -iN )
i Y r_
l

fo *lZol. ir *Xo/To

2 : 4 IR e v sl i
il gt o b ok oLt "al it Al

IR
u
+
o)
[]

max

1"
|
£
>
|
—

min

Figure 4a. De-orbit Routine
Detailed Flow Diagram
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P e IR

= No Yes

g . - S =0 )

guess

3 rﬂ i rguess FO } (rmin * I:nax)/z

. = k
k sm

Bl

Call De-orbit Transfer Time Interval Routine

Input: ]_‘0.)\. q. :["I ry

Qutput: Atc, EINE pN.x,g,

S{), C(t), sin 8, cos @

Y

terr = At - Atc

No t | < Yes

ers

"% Figure 4b, De-orbit Routine
: Detailed Flow Diagram
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- l- Call Secant Lioriws:
. : ii;rlf)ljlt: 5‘;:‘ at
) =7 e i ;V‘. l:l V

Output: -\1‘0, rmin' I _.s

sl i
[
n
—
+
—

£, = rl[(cosa).i_rof(sin 9)
(igxi_ )]
—-N —-ry,

0o 7 /p"_?u '(r‘oi_r +(_1in o))

0

VT x

v, = — (£S5 - 1) 1 +
1 lr'1 —To

2 |
X C(E))
(1 T,/ Yo

OUTPUT VARIABLES %

.
e
L
R
3

_\_’0: }:1-1-‘0: rl;Sin g, CoiéiglaN* pN- x,f,, S' C

. ,;\,_7-' .
E
Firs..."3c. De-orbit Routine
Detailed Flow Diagram
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5.3 Subroutins or Coding Sequences used by the Conic
Hegul TV Tocity D}wtcrmmatlon Routines

i
s
=
2

5.3.1 Lambert Iransfer Time Interval Subroutine

Ut VR
C(\x An137> INPUT VARIABLES

[ I lj,o, Py p2 sin g, cos 4, Yo Prey

y

PP A O AR

% P

é ;-’.i\"" I'(‘) sin6- p,

% 2

j r1a= 2—pN(1+I6‘) .
: L .

1
Call Marscher Equation Inversion Routine
Input:  sing, cos s, Iy rg @

N PN
Qutput: x, &, Cy. Co

2 .

. g -

¥ B
i

5 Ca 1.7+ - -rsal Kepler Equation Routine
:j ' Injp o €. Cg.X, & T
1 Output: At _, S, C()

. = -
3 i

; * ble Atc+nr‘ev ?"Tr-\/’rCJ/O{Nl /“

; - : _—% OUTPUT VARIABLES

; At an P % k. S, C(Q)

i

Figure 5. Lambert Transfer Time Interval Subroutine

Detailed Flow Diagram
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5.3.2 De-orbit Transfer Time Interval Subroutine

; INPUT
: VARIABLES
Iy » a Ij. Ty
E Y
» L0
J cot 5 = (Iy+ap) /(1 -a)
* 2(x-1)
PN T g -(1+ %)
ay = 2- py(1+T%)
g N PN 0
8.2 0.2
cos § = {(coty )" -1p/ f{coty )™ +1
5 sin 8 = (1-cosg) (cot y)
Call Marscher Equation Inversion Routine
Input: sing, cos 8, I, rg:@p Py
Output: ~, ¢, C 1* 9
-
Call Universal Kepler Equation Routine
Input: C_l’ C o X, £, ry
Output: At _, S (&), C )

OUTPUT VARIABLES

o @yr Prs X 0 SG)L CW

sin 6 , cos#

i

Figure 6. De-orbit Transfer Time Interval Subroutine
 Detailed Flow Diagram '

R AR

x;u..h,,_“ e
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b |

5.3.3 Universal Kepler Eauation Subroutine

: > This subroutine is identical to the one used in the Kepler and Theta problems.

UNIVERSAL INPUT
CONSTANTS VARIABLES

N s i o

7 Cys Cq x, &, r'g
v
2
1
s = & &+ A - .
1 g &2
C® =31 -3 YeT T .

At = [01x2C(E)+x(c;2x2

S¢) + ro)] N

OUTPUTy VARIABLES
At S, Cl&)

Figure 7. Universal Kepler Equation Subroutine
Detailed Flow Diagram
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3
]

5.3.4 Marscher Eg~tion Inversion Subroutine

A This subrou’i’. i identical to the one used in the Theta problem.
4 -+ .7 U'PUT VARIABLES

: N R .

3 iy 2=l 0," cos 6, {‘0 rg. Oy Py

- (No
) physically
realizable
i solution
possible).

|sin 6/ (Vpy (1 + cos o -
I‘O_sin o]

€
o
+
[y
]
+
| &
j=]
oo
+
Q
Z
+
=
5——
—
S
z
—
"

VvV, =1

Figure Ba. Marscher Equation Inversion Subroutine
Detailed Flow Diagram

SRS EE SR e ST




“
it L Rt i i )

2
3
4

n+t+1l n

\ -Jv 2+aN(}1/w1|)2+vn

w, = (yw /v,

f

OUTPUT

c =J‘T~ﬁr0

Cz:l'a

VARIABLES@
X, g: Cly Cz

FigureVSb. Marscher Equation Inversion Subroutine
Detailed Flow Diagram
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5.3.5 Ssacant Iterator
g This subroutine is identical (when k = 1/4) 1o the one used in the Theta
1) problem.
| INPUT VARIABLES
: ’ ‘ )
- s, Atc' Atc ) terr' AIZ), I‘O rmm, rmax' k
= 1 i
| ter'r'
; Y = ———-———A = i -
% i IE) Atc - .Atc‘ rO Al-‘0 sign (terr ) k(rmax l-x;win)
s =0

Yes

- Ty

Aly=0.9(I .

alp=0.9(T__ -Ty)
* -l .

OUTPUT VARIABLES Y
AI:(‘T rmin’ rmax’ s

Figure 9. Secant Iterator
Detailed Flow Diagram




5 3.6  Multi-revolution Bounds Adjustment Coding Scquence

(From Lampert Rou-
EN’;ER tine Figure 3b)
k = ksm
¢ = rgp-rj.ce = |el i =e/e
1-‘ME] : S180|-"—r0xic_|/(l-ki-ro'—l—c-)
If)arab . Sing ZA
p, V. ]
I =Tme- A1
ap = 2k (rmax i 1-‘min)
s = 1
i = 0

— —

Call Lambert Transfer Time Interval Rodﬁrie

Input: T, Pys Py. sing, cos, rg.n o

Qutput: Atc

Yes
- -
No
i = i+1 -
’ m'= m
L =1 at, - At
m -
at! = At Ion - 1o
L, =A+A A=A o
' : y A= (I + I Y/ 2

Figure 10a. Multi-Revolution Bounds Adjustment Coding Sequence
Detailed Flow Diagram
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Yes

Call Secant Minimum Iterator

nput: s, m,m', m ,
Inp P err

AMAT W T ok

OQutput: AA, B

[an - ap/2 |

1 o [, -a

Call Lambert Transfer Time Interval Routine

Input: Ip Py Pg. Sin @, cos 4.

n
Yo' "rev

Output: at |

v

Figure 10b, Multi-Revolution Bounds Adjustment Coding Sequence
Detailed Flow Diagram
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3

e il S Pk A U aul

ST
1
.

.—1

max

.

min

bg

Ksm

|

EXIT
(to Lambert Rou- v
tine, Figure 3b) ERROR EXIT .

(No solution possible to
this Lambert problem:
too many revolutions
for too short a speci-
fied transfer time in-
terval)

Figure 10c. Multi- Revolution Bounds Adjustment Coding Sequence
Detailed Flow Diagram
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5.3.7  Secant Minimum Iterator
—‘) This subroutine is very similar, though not identical, to the Secant
] Iterator. They can easily be combined into one routine, although they have

been diagrammed separately here for purposes of clarity.

INPUT VARIABLES

3 = 1

: s, m,omh mo. AN A .rmin' |

3

. i
mP]’LY‘_.
AN = m-m' AN
AA = sign (m g )!AA_’

: ¥

. -

] A+ AN Yes
-3
e = ma

3 No

‘3 Y

{ - AN =0.9(1 ., - A) A = 0.9(T  -A)

; y ny ¥

. OUTPUT VARIABLES ¥

3 AA. s

3 Figure 11. Secant Minimum Iterator

; Detajled Flow Diagram

1

1
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Submittal 27: Required Velocity Determination, Precision

1. INTRODUCTION |

_ Calculation of the precision required velocity which satisfies terminal
position and time-of-flight constraints in a non-Keplerian gravity field is a com-
putation time consuming process, especially in an on-board computer. There-
fore, targeting calculations prior to a maneuver are customarily used to predict
and compensate for the effects of the perturbations from a conic gravity field,
so that during the maneuver only the much simpler conic related computations

will have to be performed.

For Lambert aim point maneuvers (described in Reference 2} an
adjustment to the terminal (target) position vector will suffice to provide this
compensation. This adjusted terminal position, referred to as an offset tar-
get, must compensate for gravity perturbations throughout both the maneuver
and subsequent coasting flight. Then the required velocity determined by the
Lambeft routine to intercept the offset target in a conic gravity field is
identical to the velocity required to intercept the true target in the non-

Keplerizn field.

The traditional technique of predicting the effects of gravitational pertur-
bations over the trajectory involves approximating the maneuver by an impulsive
velocity change, and hence assuming a coasting trajectory between the initial
(ignition) and target positions. However, due to the non-zero length of the maneu-
ver, ihe actual trajectory will not follow the path preglicted by the impulsive
approximation, but rather a neighboring path. The difference in the perturbing
acceleration between the two paths accumulates over the entire trajectory, re-
sulting in a miss at the target. Since the coasting portion of the trajectory is
generally much longer than the thrusting portion, it is important to accurately
predict the perturbing effects over this portion of the trajectory. This is accom-
plished by determining the initial conditions for a coasting trajectory which is
coincident with the actual trajectory after thrust termination. A detailed deriva-
tion of this technique can be found in Brand (1971) (Reference 1), and a functional

descriptiori of the procedure follows.




2. ~ FUNCTIONAL FLMW DIAGRAM

A functional flow Vdiagram describing the calculations necessary to

determine the precision resn ¢ welocity and offset target is presented in Figure
1. Since this technigue ccs-Zws: s for the non-impulsive nature of the maneuver,
it requires an estimate of.: .. ¢ cted thrust acceleration, Then the initial

s

- position can be offset fromn. tiacial position such that a coasting trajectory
which is coincident with the actual trajectory after thrust termination can be

defined. Figure 2 illustrates the concept.

The calculation oi ’ir;e' coasting trajectory initial position requires an
estimate of the required velocity change, and therefore two passes are made
through the Lambert rout .j_:e’ $ef re numerically integrating to determine the
effects of gravitational pell“:u:i' Lacions. The first Lambert solution is used to -
determine the impulsive velocity change required. Based upon this, an estimate
of the initial position for the coasting trajectory canbe calculated, Then the
second Lambert solution determines the velocity required from the adjusted initial

position, thus defining the coasting trajectory.

For transfers angles which are odd multiples of 180°, Lambert's problem

has a partial physical singularity in that the plane of the transfer becomes inde-

terminate. A detailed de.- #<;..on of this singularity can be found in Reference 4,
To prevent possible pro‘uia"--—"' i both targeting and guiding a maneuver whose
transfer angle lies near this singularity, logic has been included in this routine
to determine whether the transfer angle approaches this singularity at any time
during the maneuver. If this is the case, the target vector is projected into the
orbital plane defined by the premaneuver position and velocity, thus preventing

any plane change.

If only conic calculations are desired, the routine is exited after the two

_ Lambert solutions are completed. If not, subsequent numerical integration de-
termines thé target miss resulting from the effects of grav{tational perturbations
over this path. To compc.:sate for these effects, the target vector for the Lambert
routine is offset from the actual target by the negative of the miss vector. Since
the adjusted initial position, target offset, and effects of gravitational perturba-
tions are all interdependent, the process is repeated until changes in the offset
target position are small enough to indicate convergence. Three passes (two

iterations) are normally sufficient to establish the offset within a few feet.
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EI\TER

E_j : Estimate thrust acceleration,

Initialize swiiches (set Sproj to zero).

=

Initialize iteration counter.

Set initial value of offset target equal
to actual target.

. A Y
Compute adjusted initial position based upon
required velocity change and thrust accelera-
tion (no adjustment on the first pass).

‘!
Use Lambert routine to compute velocity re-

quired to transfer from adjusted initial posi-
tion to offset target.

Set Sproj if transfer angle is near 180° during the maneuver,

Sproj Yes
set to

Yes

Yes

EXIT

; Numerically integrate the reciﬁiréd velocity from
4 the adjusted initial position through the specified
3 time of flight, including gravitational perturbations.

A
Figure la. Functional Flow Diagram
S527-3
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; k
; ) Compute target miss.
3 Update offset target. ‘
-
EXIT
i
Figure 1b. Functional Flow Diagram
:
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[

kb i

il i AR o
w
-]

facs

foms

max

rev

e

cone

4
S T T T

: NOMENCLATURE
Estimated m ;’ f the thrust acceleration
Number of co’tisi.. <’ inavigation filter weighiing matrix (set to 0 in

this routine cince the matrix is not r‘eguired)

Thrust

T s

Magnitude of the attitude control system translational thrust

-t s
>

~

Magnitude of . -..nal orbital maneuvering system engine

thrust

Unit normal to the trajectory plane (in the direction of the

angular momentum at ignition)
Current estimated vehicle mass
Iteration count;:‘-:k‘ '

Iteration limit

Integral number of complete 360° revolutions to be made in

» the desired transfer

Initial (ignition) position

A_djusted initial position used to define coaéting trajectory
Target positio “put to the ro'u.tine)

Terminal position (output of the routjne) :

Offset ta‘rget position

Switch set in the Lambert routine to indicate transfer is near

1800 (see Reference 4 for complete description)

527-6




TR A R 0

i

b

Seng
®rail

5
guess

pert

5 .
proj

s
soln

Engine select switch
Switch set to indicate non-convergence

Switch set to indicate an estimate of independent variable I'
will be input to the Conic Required Velocity Determination

Routine

Switch set to indicate which perturbing accelerations should be

included in the offset target calculation (Spert = 0 indicates

only conic calculations; see Reference 3 for complete descrip-

tion of other switch settings)

Switch set when the target vector must be projected into

the plane defined by —iN

Switch indicating which of two physically possible solutions
is desired in the multi-revolution transfer (see Reference 4
for complete description)

Igpition time

Target time of arrival’

Initial (ignition) velocity

Initial (and required) velocity on the coasting trajectory

Terminal velocity of a conic trajectory

- Terminal velocity (output of the routine)

Guess of the independent variable T used in the Conic Required

Velocify' Determination Routine
Target miss resulting from perturbations

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

vector
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N R dam]

o i 5

TR RILTERRCY- L YRTI DS

e

ER RN

€

T ey

Transfer time (t1 - to)

At

4¥g Required velocity change
Magnitude of the required velocity change

.3\0

Ceonv Convergence criterion: target miss of the numerically integrated
trajectory

‘oT Tolerance criterion establishing a cone around the minus
o direction inside of which the target vector will
be projected into the plane'_i_N [GGT = sin (half cone angle)]

0 Transfer angle (true anomaly difference) at the start of the
thrusting maneuver

e,r Approximate central angle traversed during the thrusting maneuver

Approximate transfer angle to the target at the termination

of the thrusting maneuver [91 =8 - BT]

Approximate orbital rate
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DUNIVERSAL PROGRAM INPUT

CONSTANTS ' CONSTANTS VARIABLES
{
i-OMS' ACS €conv’ "max’ tor Lo Yo b Iy ™
€
6T Doy Sgoln’ ®pert’ Seng

) \

Set f according to Seng
ar = f/m
At = tl -to
W = l_‘fol/‘fo‘
iy = unit (ry x vq)
d =0
Arproj =0
Sproj =0
8fail =0
Bguess =0
n =90
ne” oy rp = o
Iy " I

Call Conic Required Velocity Determination
Routine (Reference 4)

Input: 1y [EO} > Oe [21] At Nreys Sgopn’
Sguess’ rguess' €8T [Gcone] , Sproj'_iN

Output: y_b[go] > Tye [31] » vy [\_1]
, sing, cos @

]
Tguess, “cone

!
3

Figure 3a. Detailed Flow Diagram
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[, '
e Y | A X
Shiadunun i Bagid Lty mpions U Sl ESOANR 11

s b At d gl

Av
- 0
,GT = W _..aT—

szinBT = sin (GT)

cosBT = cos (eT)

sine1 = [sine cosBT

- cose'sineT] sign (sin8)

No Yes

<sin®@

foT

. =1 .
4 (Figure 3a) .
3 Yes

f!
2/ (Figure 3a) Figure 3b. Detailed Flow Diagram
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N

NS

v Sbdadn 4t &

ik

Z

S

BT

TR BT

SO pert T 9
+ No

L Yes

Call Precision State Extrapolation
Routine (Reference 3)

In put:; £'O {r

1
—o]’ ‘—’030]' ty

proj

b3

= (5—510)'—iN

" De

P

=y

r S
K‘?(Figure 3a)

Figufe 3c.

OUTPUT

VARIABLES

327-11

Ar‘pr'oj =arn e Iy
AL =Arn _-i—N Arproj
Staql = 1 -
” 1 1
rl, v, I v

o' Yo

De? —iN’ sproj

Ar

proj’ Staijl

Detailed Flow Diagram
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Submittal 51: Boost Abort Guidance

Equations and flow diagrams sre presented in this Section which

fulfill requirements for abort from boost to an entry path which.achieves
sat.isfactory landing at the launch site. Constraints and guidelines are

presented in Fig. 1. The trajectory and nomenclature are presented in

Figs. 2 and 3. A general flow diagram is presented in Figs. 4 and 5.

As shown in Fig. 2, landing is achieved in four phases: An open loop
- piase of powered flight wherein propellant is expended, powered-flight
) constraints are observed and conditions are reached where available AV
. equals AV required to get on the entry trajectory. A closed-loop phase
of powered flight achieves entry target conditions with very little fuel.
An unpowered flight phase follows where unpdwered flight constraints are
observed and the trajectory approathés the nominal entry trajectory. The
final unpowered phase consists of holding the entry trajectory, i.e.;
controlling to the trajectory through satisfactory landing. These phases
and their Guidance Equations are presented in Figs. 6 thru 11.

Figs. 12 thru 18 are the detailed program flow diagrams. Thereafter

follows a definition of terms used in this section.
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Figwe 3

PLANAR REPRESENTATION OF ABORT MANEUVER

2

OMINAL

LAUNCH
SITE

- OPEN CLOSED —
| Loop LOOP

1

—
T
——

OPEN
LOOP

= —

~ CLOSED ™

ABORT

SITE

< POWERED ——— e UNPOWERED o

LOOP
4

ALT

RANGE FROM LAUNCH SITE

O
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U SEPARATION REQUIRED?—) INITIAL CONDITIONS
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’ ; VS earnie i
= ) — 7
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SEPARATION l KPrASE = 27 |
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SITE X .
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GUI DANCE guinaszel |
NO . 1 :
- . Ng ——t—— |
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; . BURNOUT TARGETING
,a. \
d 4
) - cpLe=Re-C0S™ 1 (RP.RLEP/ (B2 1RLEF
e i €530 = 0
% Xg ' yz20h = 0
~— BURNGOUT TARGET
=\
3 4 e SECST = SRLS - SRED cacer
7 VZEQ = C1 + (T2 + C5-SRCST)-SRCS
’fiAQ;’i\\\\\ii\ s DVZed = VIED - YZ5dH
/ 7 VZED = V230 - DVZBL/2
/ g VZECH = V30 |
] v - S SREQ = (VE(3) * V220)-TZ0/2
g _ 027 |
; 6 .
\\ ( 't o
) DVZED <JVZECH
HBO J¥ES ,

[ vbs(3) = vzeo |

ouT ~

- LANDING SITE

Figure 5

TO EARTH CENTER

¢

551-5




9 eanBTd - | : . .. 3

i kY

03131430 SI INVTI3d0¥d NIHM ISYHd JIYNIWYIL ©
ATSNOINVIINWIS 139¥V1 IATIHIY ONV INVTIId0¥d 131430 ©

2 3SVHd

AR RER S Sl i

et S

TR

Vi = A0 NIHM 3SVHd 3ILVNIWYIL e

INVTI3dO¥d SSIOXI ISN ©
SINIVHISNOD ISYHJ QIYIMOd 40 NOILYIOIA QIOAY ©
L ISVHd

551-6

R

BT

e

SISYHA IINVAIN9 OML 40 GISOdW0D @

ISYHd INJOSY 01 SN0Y0TVNY @

(Fyicy Santinis:

= FchR
TR

Y3IANINVW IVL1§409NS 40 ISYHJ 0343MOd

T IR TN e Liice oo s R e i i S e B S i
o ; g SR S A TR e
,,,& ._J ; : . R



= - PHASE | GUIDANCE EQUATIONS
| o RADIAL < LATFORM X)
: ATC(1) = Kq(RDE - RG) + Ko(VDG(1) - VG(1)) - Gpr,
] "o RETURN TO LAUNCH SITE
| ATC(2) = 0
1 2 2y%
; ATC(3) = AH AH = (AT? - ATC(1)2)3
1 o  DOWNRANGE VDG(3) > VBOZD
1 € AGC(2) = 0
4 AGC(3) = AH
o  DOWNRANGE . VDG(3) < VBOZD
1. AGC(2) = AH . VG(2)/ IVG(2))
; AGC(3) = 0
o  TRANSFORMATION ‘
,% ATC(2) = AGC(2)UYGP(2) + AGC(3)UZGP(2)
K. ATC(2) = AGC(2)UYGP(3) + AGC(3)UZGP(3)
i
-
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_ Figure 8
Pks:o” 2 GUIDANCE EQUATIONS

AGC(1) = 2= (RDA(1)) - === (VDG(1) + 2V6(1)) - GEFF _

AGC(3)

I

(VDG(3) - VG(3))/TBO

AGC(2) = YSIGN(AT" - AGC(1)2 - AGC(3)2)%

ATC = AGC(1) UXGP + AGC(2) UYGP + AGC(3) UZGP
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Figure 10

PHASE 111 GUIDANCE EQUATIONS
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9n < 9n LIMIT

K
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R
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9h > 91 LIMIT

BUT

AMIN € ¢ SEMAX

Byg = _—150 - VG(2)/|VG(2)] | Yy > Yy |
Byg = -T.5° « VG(2)/IVG()] Wy W > Vo
Byg =0 Yy <Y

RATE LIMIT

.59/SEC IN PITCH
#y 1S TBD
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Fntry guidence telccver

SoMé@ roerel neton

Verdelles

Thrust ecceleraticn comnand in puidance coerdiretes,
Borizoniel ecceleraiion, ¥PES

Angic-ol-ntteck, dez

Commanded erngle-of-atteack, deg

FN

Tr. ast acceleration command in platfowa coordinetes,

Bark angle, roll absut veloeity vector, deg

.Bank engle comrand, deg

Delta~V aveilable, FFS

Delta-V required, velocity to be prined, FPS

Preiicted Zg cozponent of bturrnout veloclty rinus prevw

value
Accelerztion dus to gravity, PIS3 .

ha) 3 P ate TE-GRP PR -~ 3 ~
Relative flighi wath engic, dex

Effective gravity acceleration, IS

s
r’.
©
i
3
13
o
w

7 accelarztion at

Ly

Latitude ‘cf atort lending site, degrecs

Tougitude of sbort lending site, degrees

R
» L'(
(V4
97

Tize raie of change of norcmal ecceleration,

551-19

FP3S

foeus
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DEFINITION OF SWMAOLS

gib foigd LR ke @i

= Variables (couuarucd)

: 115350 Velocily heuding eniie, degreen
A o
; LAZ Leunch azicutl, deg

1iCH Mzch nunber )

A’\;‘ TR STV )

rI5iCH latforn pitch, degree

g

FITCHC Platform piich cortand, degrees T
Q Interzeldiate varizble
Q1 Internediate varizble )
Qz Internediate vurieble

Q342 Dynenmic pressure, PSF

eEieT Time rate of change of dynemic pressure, PSFS

nG Lltitude vsed in guidance egualion, Fi
IISE Position veclor to abort larnding site in gscpraphicel

cocrdinates, Ft

RLSZT Poslticn vector to abort landing site in irertial (geocentric)
coordinates, Fi ’
RSP Position vector to abort landing site in vietforn cuordinctes, Tt
ivd Pesition vector o vehicle in platfors ceoriinites, rt . -
SR30 Surface range to burnout, Ft
SrC3T Surface range fio. buraout to stort lendin i site, Ft . ;
SRIS Surfece rangs from current vehicle position +o atort iznding
g site, f1
3 120 Time-to-go until burasut (F depletiocn), Sec
& ]
3 %5 Tizme-from-turnout, Sac
Nz Time-from-1iftors, Sap
TROT Tize to rotate from current accelerstion vector to commanded
gcteleraticn
551-20
e R ‘.':**{‘——j:‘f +
R R REEDTRTY R R R TR T e TR T B BTy ok = R T




T DEFII 4 OF SIM3CLS

TTL Tize to thrust Uriting

T30 Time required to “ull lateral (VG(2)) velocity

UZcep | - Unlt vector representing I-guidence exds in platform coordinzt

CIG Unit vector represeuting Y-guidance logic in platforn
cooréinztics .

uzer Unit vector representing Z-puidance exis in rlatform
cocordinates

V& Exhsust ges veloecity, FPS

VG Relative velecity in gulcance coord ﬁutes, F'S

ypP Trertiel velocity in platform cooralnates, rPS

wp ' Reletive velocity in pletform coordinates, FPS'

VZB0 Interzediate variable used in targéting

VZBCD desiréd velie of burmout velosity uced in FPhase 1 puidance

vVZBol Intermediate variable used in targeting

W : Weight of venicle, Lb .

WDOT Time rate of change of vehicle welght, Lb/cec

¥DIR _wind vector in pletform ccordinates, rPS

[aer - Ezpty weight of orciter, 1lts

WOMS ' Weight of OLJ propellant, 1bs

VOB Weight of o*olter (including main propellant)

S51-21
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DEFINITION OF STX30LS

Variable Constantis

: ALIM | Thrust ecceleretion lizit, FPSS
) AN Maxioum engle-of-attack limit, radian
AUIN . Minirun angle-of-attack lirit, radian
. LS5ZP Desired engle—of-ettack for orblter-tank separation
j; ) BAYKO Bank angle cormanded during orbiter maneuver aw ay from
E ter (45 deg) |
g i BANY1 Possxble zegnitude of benk angle ceommand during phase IIX
} guidance (15 deg)
; BLYK2 Possitle mzgnitude of banx angle cormard dariug se III
g guidance
: BDOT Ban( angle rate limit duang orbiter-tank sepsration
BDOT2 Bank angle rate 1limit during entry (phase III)
BSEP Deéifed benk angle for orﬁiter—tank separation
¢1 : :
gg - Coefficlents used in bu;nout targeting routine
DT1 Powered guldance (phase I and II) cycle time, 1.sec
D712 Unpowered guldence (phase III) cycle tize, .2 sec
GLAT1 - Latitude of lénding site near launca pad
" GLAT2 Latitude of = downrenge 1&nding site
CL“NQT , Longitude of landing s‘te Lear iaunch pzd
GLONG2 Longituds of a dewnrange landing site
GNLIM Norzal ecceleration 1ixit ( 1.8 G)
- EB01 - ~Burnout altitude fer retura to tbp leunch site, 200,020 ft.
B2 Burrout altitude for ‘downrarge landing site,'ZEO,CuO £t
HE03 Socster harmeout altltude, T2D
S551-23
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E

AE D1
TEAD2

R3S BN

RIMJ

PDOT
pDOT2

PITCHT

PITCHD .

TITYTATT N e Ay 111-P\ 0
Al hanlava LY S 7

-

Variable Constants (contirued)

If FEAD E=iD1 39, AKX C = BAWX1

If BEAD2 (1°) EEAD HEAD1, BANKC = BANK2
Height of gantry
Distance {rom IMU to tail of orbiter
Inertial to platform transformation matrix
ititude gain used in phese I guidance
Altitude rate galn used in phese I gaidance
Altitude gz2in used 1n‘final portlon of phrse [I guidence
£1titude rate gain used in firal portion of'phaSe'II guidance
Earth gravitational constant
Pitch rate limit during orbiter tank separastion
Pitch rate lrnit dLring crtiter reentry
Platforn pitch required to.clear gan,~y for orblter pad a

Desired engle between X body exds and local horizoatal plan
during entry after powered aboru raneuver

ttitude rate limlt during powered atort
Dyranic pressure limit used for guidance purposes cnly
Desi?ed burncul altitude, ft |
Radius of the earth, ft

Shift in leti+ude, degree
3 =3

Shift in longitude, degree

enrle-gfegtteck error for orbiter tank senaruiica

+ o te .!
er tanit eapavation
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- DEFINITION CF STMBOLS

Vai.able Constents (concluded)

- TBO for sf”?uﬂfin guidance'equations (10 sec)

Exhau%t C%f‘}fj,éity for booster

" Exhaust gas velocity for ortiter

Desired alti*: dn rate at burnout for return to the leunch
site (0) » S

Desired a]H"me rate et burnout for downrange 1arm.'13
site (O) :

Desired qitxt e rate at booster ournoat orbiter T2D
Des.red orliter burnout weight weight, "BD

Angular rotailon rate of earth, deg/sec

Anguler velocity of earth in platform coordinales, deg/sez

Orbiter 1" .Alf weight, Ib
(for pare fuo,ooirn welght of orbiter sfter sepzration freoz
booster;. -, ., .variable)

.ﬂ> "
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B TR TR

Flage

K557 Set to 1 when booster is attached

LANIT Set to 1 if initial corditions for booster—ortiter are used

;
3

E JNCMIS " Set to 1 if nominel mission can not be contirued

é KORALT Set to 1 1f orblt can be achieved

% KP.SS Flag used to insure one pass through ». loop .

Ei KTEASE Flag indicgting guidance pﬁase

: ‘)TROPT : Set to 1 when booster propellent is depleted -
Ko ~ Set to 1 when orbiter propellent is dé;leted
FRETRY Set to 1 for return to the launch site following an ebort
FICRIT | Set to 1 if abort is time~critic&1
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