@ https://ntrs.nasa.gov/search.jsp?R=19740023207 2020-03-23T04:24:34+00:00Z

— Final Report
Contract NAS 8-28475

‘Targetting and Guidance Program
Documentation

by

" E. F. Harrold and J. F. Neyhard

- Submitted July 15, 1974 to
. National Aeronautics and Space Administration
George C. Marshall Space Flight Center
Marshall Space Flight Center
Huntsville, Alabama 35812

by -
IBM FederaT'Systems Division

18100 Frederick Pike
) . Gaithersburg, Maryland 20760

Work performed at

Advanced Systems'Design Department
3 New tngland Executive Perk
Bur]ington, Mass. 01803

((NASA-CR-120393) = TARGETTING AND GUIDANCE N76-31320

PROGRAM :DOCUMENTATION Final Report
|{Internathnal Business.uachines_Corp,}‘
fslmp HC $6.25 , CSCL .22a - Unclas

o . . _ . ... G3/30- 46510



TABLE OF CONTENTS

Introduction . . . . .. . e e e e
Program Overview . . « « & « v & v v & o & Ve e e e e e
User's Guide . . . . . . .. e e e e e e e e e

Subroutine MAIN
Subroutine AUXOUT
Subroutine BCBCB
Subroutine BVALS
Subroutine CBCB
Subroutine CKSET
Subroutine ELMNTS
Subroutine-FORWRD-
Subroutine GLMNTS
Subroutine NAVOUT
~Subroutine PHASE
Subroutine ROTATE
Subroutine STATIS
Subroutine UCOAST
Subroutine USTAT



Introduction

A FORTRAN computer program has been deve]oped which automatically
targets two and three burn rendezvous missions and performs feedback guidance
using the previously developed GUIDE algorithm. The program was designed to
accept a large class of orbit specifications and automatically chooses a two
or three burn mission depending upon the time alignment of the vehicle and
target. The orbits may be specified as any combination of circular and ellip-
tical orbits and may be coplanar or inclined, but must be aligned coaxially
(i.e. 1ine of intersection of orbital planes and orbital major axes coincident)
with their perigees in the same direction. The program accomplishes the re-
quired targetting by repeatedly converging successively more complex missions.
It solves the coplanar impulsive version of the mission, then the finite burn
coplanar mission and finally the full plane change mission. The GUIDE algorithm
is exercised in a feedback guidance mode by taking the targeted solution and
moving the vehicle state step by step ahead in time adding acceleration and
navigational .errors and reconverging from the perturbed states at fixed guid-
ance update intervals. A

The targetting and guidance algorithm converges all two burn missions
easily and exhibits good guidance behavior for these missions. Thrae burn mis-
sions were much more sensitive and reguired special loops to insure convergence.

The outbound ‘three burn mission had to be converged backwards in time and plane
change was most readily incorporated by eliminating the third burn and solving
the appropriate two burn mission, reintrodﬂcing the third burn at the end. In
a targetting mode these techniques cause no particular problem and insure con-
1vergence. In guidance mode the convergence problems are more difficult to com-
pensate for and may 1imit real time use. The program as it now stands attempts
. to optimize over all three burns and although it has maintained convergence for
all missions attempted, the guidance corrections have been larger than desired.
In the future it may be necessary to solve the guidance prob]em'over the first
burn as a rendezvous with the desired phasing or transfer orbit and to onTy
1ntroduce the third burn after completion of the first one.

Another study that needs to be undertaken is to optimize the soft con-
straint weights using the Monte Carlo capability built into the. progfam By
altering the we1ghts and noting the tradeoffs made between burn time and orb1ta]i
injection error, a better estimate of optTma] soft constra1nt we1ghts can be
obtained. o 7 o ‘ - ' : .



The remainder of this document describes the targetting and guidance
program in detail, giving an overview of the program control and organization,
a summary of program inputs and outputs and a detailed description of each of
the subparts of the program. Also included in the document is a description
of the GUIDE subroutine BVYALS, which wasﬁaitered to incorporate the soft con-
straint fermulation, and is fully documented. The other GUIDE subroutines are
essentia]1y'the same as the ones described in the GUIBE 71/6 document] and
are not described here. ' o

1 Cohen, A.O., "Guide 71/6 Program Documentation", IBM Federal Systems
Division,‘Bur]jngtqn, Mass., October 4, 1971. B



Program Overview

 The program is controlled by rout1ne MAIN, which oversees the impulsive
targetting, the convergence of the orbital transfer, and the feedback guidance.
The impulsive targetting is accompliéhed by first determining the elements of
" both orbits, then defining the transfer orbit and phasing orbit (3 burn onty)
and detelminung the velocities at apoges and perigee of each orbit. ilexc the
delta v's are calculated and. the burn and coast times calculated. The transfer
orbit is chosen to be tangent at both end points to the principal orbits, and
‘the missicn is classified as inbound or outbound depending on whether apogee
of the final (target) orbit is less than cr greater than apogee of -the initial
iorbit. The phasing orbit is chosen to lie as close as possible to the one which
results from splitting the burn at perigee into two equal halves. A closed-
form solution is used for initial costate.

The converged finite-burn solution is drrived at by repeatedly conver-
ging successively more complex missions, starting with a planar mission and
gradually adding in the plane change required (10° steps). To maintain con-
vergence for outbound 3-burn missions, it was necessary to rearrange each mis-
sion and converge it in a backwards fasnion, from the target orbit to the
vehicle (initial) orbit. The plane change mentioned above was facilitated by
changing the 3-burn mission to a 2-burn mission where the planar-converged
phasing orbit was substituted for the closer orbit. After converging the 2-
burn missicn with the total plane change, the 3-burn mission was reinstated
and converged. 'Finally, the 3-burn outbound mission is turned around to its
normal mode and reconverged.

After targetting has beén done; the guidance portion of the program
is run in a feedback mode, in which it is made to respond to simulated pertur-
vations. The routine MAIN calls BCBCB or CBCB-to propagate the vehicle along
each arc of the mission, and Monte Carlo statistics are collected at appropri-
ate points and summarized at the end. ' |

Further details of the operation of the program,las well as thé routines
employed, are described in the pages which follow.



User's Guide

The program is set up using NAMELIST input for ease of operation.
This allows default parameter values to be specified and reduces the amount
of input necessary for program execution. Typical space tug vehicle para-
meters are hard coded as default va]ﬁes and tug missions can be performed by
‘simply specn‘hng the desired initial and ‘,11 tal orbits. The basic program
philosophy is to use the orbital def1n1t1ons to define whether the mission
will be two or three burns. If the mission is circular to circular copianar,
or if the orbital elements are defined with no positions along the orbits given,
or if the‘positions of the vehicle and target allow a two burn rendezvous, a
two burn orbital transfer will be defined. Under all other conditions three
burn transfers wil]'be used. The integer NOTARG is used to control which por-
tions of the program are executed. If NOTARG=-1 only targetting is performed.
If NOTARG=1 a converged solution for the orbital transfer is read in using
NAMELIST NAMSLZ and only the feedback guidance part of the program will be
executed. If NOTARG is any other value both the targetting and guidance will
be performed. The inputs and outputs and individual subroutines will be des-
cribed in detail in the sections which follow.

Program Inputs

— - ~The-program—inputs—are-broken—into-threebasic—groups: thosewhich-de=
_ fine the vehicle's capabilities, those uSéd tb specify the initial and final
orbits,and those used to define the Monte Carlo and perturbation parameters
needed for feedback guidance evaluation.

A. Vehicle Constants

The following parameters are usedrto sbecffy the yehicle, and must be
in metric units. If specific impulse 1s'inputted it 1s used to calculate mass
rate. The default values for the parameters are typ1ca1 of a space tug con-
figuration.

Name ‘ Symbo ] Definition  ' ' Default Value

AMP my . Initial vehicle mass in kg 28803.1155 kg
- ) - . (63500 1bs)

THRUST T ~ Thrust in kilo-Newtons 66.7233 kn
_ T (15000 1bs) -



— —mun

- Name Szmbo] | ‘Definition . Default Value

SPFIMP ISp Specific impulse in seconds 440 sec
AMDOT Ch  Mass rate in kg/sec 15.4634 kg/sec

B. Orbit Snec1f1cat1ons

The vehicle and target orbits may be spec1f1ed in four separate vays
listed as sets 1-4 below. {It is assumed that both will be specified in the
same fashion.} For all of the orbital definitions the perigee directions must
be equal and coincident with the line of intersection of the orbital planes.

If sets 2, 3 or 4 are used to Specify-the orbits, these conditions are satis-
fied automatically due to the way the orbital positions and coordinate systems
are defined. If position and velocity vectors and times (set 1) are specified,
the program will test to see that the conditions are satisfied and will stop
if‘the proper perigee and line of nodes alignment is not found. When set 1 is
used to specify the data the relative inclination between orbits is measured

- from vehicle to target Qrbit at perigee. In all other cases relative inclin-

ation is set by the input data. If sets 2, 3 or 4 are used to specify the or-
bits and the true anomalies (TANOMP and TANOMT) are greater than or equal to zero,
they will be used to specify the orbital positions. If true anomalies are not

-specified -and TP and TT are greater-than-or-equal-to—zero—they-witl-be-assumed

to be mean anomalies and gsed to specify_the orbital positions. If neither of
the anomalies are specified, the orbital positions will be arbitrarily chosen

to allow a two burn rendezvous. If no complete set of vehicle and target orbital
data is available, the program will print the existing data and stop.

‘Name | Symbol Definition ‘Default Value
RP(3),va(3),T0 , FD’GO’tO  Position (km) and velocity .‘ CTP=-1

(km/sec) vectors at tg for
vehicle orbit

| RT(3}, VT(3); T Ft’Gt’ttf Position (km) and velocity  TT=-1

(km/sec} ectors at t, for
- target orsit
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Name Symbo1

Definition

Ap, ED ags €y
AT, ET 3, €

RELINC - i

TANOMQ TANOMT* £
!

W —Amw

TP, TT * M

Semi-major axis (km) and eccen- -

Ctricity for yehic]e orbit

Semi-major axis (km) and eccen-

tricity for target orbit

Signed relative inclination (deq)
as measured from 'vehicle to target
orbit

True anomalies (not reguired) {deg)

Mean anomalies if true anomalies:
not specified (not required) (sec)

* described more fully in text above

r
{

HAP@, HPGP -

HAPT, HPGT -

H

RELINC i

T, 1T,
TANOMD, TANOMT

ROMAG, VEMAG,  [Ryl [Vl

| rrme,vmime, IR, | v,

FLTT .. oy

RELINC

10, T,
| TANOM, TANOMT

Height at apogee . and perigee for
veh1cle orbit (km)

Height at apogee and perigee for
target orbit_%km)-

Same as set 2

Same as set 2

Magn1tude of pos1t1on and velocity
vectors (km) and flight angle be-

"~ tween them for vehicle orbit

Same for target orbit

Same as. set 2

]Samé as set‘Z'

Default Value

None

None

ROMAG: -1
FLTR: -1

FLTT: -1



C. Feedback Guidance Parameters

In order to exercise the feedback guidance portion of the program and
collect statistics on performance, the magnitude of the navigation update
errors at the start of the first coast; at the start of the second coast and
in the middle of the last burn need to be specified. The time between quid-
ance updates-on coast and burn arcs needs to be specified and the number of
separate Morite Carlo runs and time between ‘statistical samples defined. - The
acceleration noise added at each guidancé cycle is set at five percent of the
thrust during burns and about 1/2 of the worst case gravity errors during coasts
and can be changed if desired.

Nam Symbo1l Definition - Default Value
DELS(1) Aty Time between guidance updates 20 sec

' during burns {sec)
DELS(2) at, Time between guidance updates 100 sec

during coasts (sec)

~ NOISON - 0-- no noise
1 - navigation and accelera- O
tion perturbations

SIGMAR(1),SIGMAV(T)

R? Sy Standard deviation of position — Q0
and velocity navigation errors
(km/sec€) at end of second from
last burn (only used during 3-
burn mission)

O

| SIGMAR(2),SIGMAV(2) Sps Sy Same at end ag'next to last 0

burn {(km/sec

(o]
(=]

SIGMAR(3),SIGMAV(3) > Sy Same En'the ?iddle'of last: 0
burn (km/sec?) :

PERT(1) s, Standard deviation of accel-  .05*T
. eration errors during burns my
{added Sach guidance cycle)
(km/sec<) - : ‘
PERT(2) 6. . Standard deviation of accel- .5 10°%

~ eration_errors during coasts 2 -
(km/sec?) o , ‘



Name

MCARLO

PTB

PTC

Symbo]l

D. General Parameters

NAMELIST NAMLS1 input.

Name

NOTARG

NAVOFF

IOUTPT

EERROR

TERROR

RERROR

OBLATE -

Symbol

Pefinition

Number of Monte Carlo cases
to be run

Time between output samples
during burns (sec)

Time betwaen output samples
during coasts (sec)

Definition

-1 Targetting only
0 Targetting and feedback
guidance
1 Guidance on]y using para-
~ meters read in by NAMELIST
NAMLS2

0 Convergence status printed
whenever output sample is
“taken in guidancé mode

1 No print

Integer parameter def1n1ng
output device :

If ecéentricity less than
EERROR it is set equal‘to 0

If tug or target within this

~time (sec) tolerance of node

or some mean anomaly, consid-
ered at node or mean anomaly

Differences in angles {relative
inclination, etc) less than this
tolerance wi11 be ignored '

PERTO)

- Default Vélue

1

10 sec

100 sec

Included here are the remainder of the parameters which may be set by

Default Value

1

.01

10. sec

.5 degrees

we1ght1ng factor used in setting 0. 0
_oblateness effects (subrout1ne '



Name Symbol Definition Default Value
AXIS{I) - Axis of rotation of the earth, 0
‘ ‘ must be set in relation to co- 0
ordinate system chosen by target- 1

ting when oblateness is activated

_ E.. NOTARG:1, Guidance Only Parameters (JAMSL2)
The following parameters will define the orbits of the target and

‘vehfc]e, initial mass of the vehicle (all other vehicle parameters are set
by NAMSL1 or default options), the in{tial costate vector and times array -
" needed to define the burn and coast arcs.

Name Symbo1 Definition _ Default Yalue
NBURNS - Number of burn grcs' 2
Xg, TP EO’ tg State of vehicle at start of TP=-1
mission. t0 time at start of
mission.
XT, TT . iT’ t State of target at time t; CTT=-1
Q9 4§0_ Initial costate | : None
AMD om Initial mass 28803.1155 kg

(63500 1bs})

TIMES - " Array of times defining start  None
and end of coast and burn arcs
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Program Output

The exact program ocutput varies w1th the sett1ng of the output contro]
parameters WAVOFF, PTB, and PTC. The nature of the output, by subroutine, is
as follows: ' , ""

® MAIN - error messages, impLIsive approximation summary, program
.nftua of convergence status, an« canverged targetting summary
AUXOUT - summary of current convergence status , 35
PHASE - error messages, orbit-type message {e.g. "'CIRCULAR/CIRCULAR
INCLINED ORBITS'), coast messages (when states must be advanced until
proper phasing exists), and phasing-orbit messages {including rela-
tive geometry, "desired" phasing orbit, and allowable phasing orbit)
GLMNTS - orbital elements and designation as to whether they are re-
presentative of state at start or end of a burn. '

STATIS - Monte Carlo summary ' |

USTAT - state, costate, and magnitude of costate vectors =

PTB and PTC control the sample collection times in guidance mode, and HAVOFF
controls the shutoff of the convergence-status summary {from AUXOUT) during
guidance mode. In addition, there exists an internal program variable, IPRINT,
which when set to 1 produces voluminous output on each call to GUIDE, detailing
- state-and -costate—at-predefined-times-on-each-coast-arc-and-orbital-elements-at
the beginning and end of each burn. . Because it gives so much ocutput, and is
unlike1y4tb be needed over an entire run, IPRINT must be set'within the program.
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Interdependence of Subroutines

Note that the dashed lines indicate further calls which are adequately'des-
cribed in the GUIDE document (except for the addition, in subroutine GUIDE,
of calls to UCOAST and GLMNTS for output purposes).

I[ MAIN

P —_

M_#__J ROTATE

"——-—-*-~{-ELMNTS

| sTATIS
§ S, —CoAST - — -
L—— | PHASE ~| MEANOM ]
| == LLRoiate]
: COAST |-~ —
| CKSET RSN SQORST_+ - -
, ) — CKSET | - _RKGO~ }- ~ -
Devroe b - B} - - LFORWRD M BVALS }- - -
i — —Jﬁcs_ca_.:.-__-_.____ | GUIDE e
: B;BCB i U [—I NAVOUT [ AUxoUT !
S — NAVOUT! ] COAST |- - -
‘  AUKQUT LT 1— FORWRD |-——] RKGQ. _1 S

BVALS |- — —

— yggoql-_n-_r}g@égyl

——— | (BCB . i:@UIQE:jf COAST - - -

— - L{ FORWRD]-- %__E@ [
| BVALS } - -



Subroutine MAIN

A. Purpose

MAIN - 1

The MAIN routine controls the overall operation of the targetting and
guidance program. It has four major sections. The input section, which reads
the input da'.a described in a previous secticn and calculates the orbitzl and

vehicle paraneters needed to perform the targetting and guidance; the phasing
and impulsive-initialization section which determines the number of burn arcs,
rotates the target orbit into the vehicle orbit plane and calculates the planar
impulsive solution for the orbit transfer; the convergence section which first
converges from the planar impulsive solution to a finite burn solution and then
répeated]y reconverges with the target orbit plane rotated in ten degree steps
until the desired relative inciination is obtained; the feedback guidance sec-
tion which exercises the GUIDE algorithm in a realtime guidance environment,
continually reconverging in the presence of perturbations and co?]ectlng Monte

Cario statistics on the performance of the algorithm.

B. Major Parameters (Input parameters discussed in Section 3)

Name

© Symbol

HPGP , -HPGT5- HPGYX—
HAP@, HAPT, HAPX
AP, AT, AX, AP

£@, ET, EX, EP

VAPP, VAPT, VAPX, VAPP
VPG@, VPGT, VPGY, VPGP

" JAU@, TAUT, TAUX, TAUP

IBOUND

Definition

“Height—at perigee for vehicle, target and trans-

fer orbits (km.)

Height at apogee for vehicle, target and trans-
fer orbits (km.)

Semi-major axis for vehicle, target transfer
and phasing orbits (km.)

Eccentricity'for respective urbitﬁ

1 Velocity magn1tude at apogee for respeet1ve

orb1ts {km/sec)

Velocity maqn1tude at perigee for respect1ve
orbits (km/aEC) .

lPeripd for:respective orbits (sec.)

0 - Outbound mission ) | L
1 - Inbound mission ‘ S



C. Method of Computation _
After reading the data (as previously discussed), the routine deter-

mines whether a two burn mission will be sufficient. If the position and
'velocity vectors and the mean and true anomalies are not given, the true anom-
alies are arbitrarily chosen such that a *wo burn mission is possible. This
is accomplished by choosing the vehicle stﬁte, for TP=2000 seconds, at 1 node
'(perigee for ‘outbound and apogee for inbouhd) in a coordinate system where
per1gee is in the X1 direction. This forces the first burn to be centered at
2000 seconds and by choosing the target state at its opposite node (apogee for
outbound and perigee for inbound) at TT=2000 + TAUX/2.0 (TAUX is per1od of de-
sired transfer orbit) a two burn transfer is possible. For all other mission
definitions the PHASE routine is called and it determines whether two burns :
~will be sufficient and returns the state vectors defined at the time when the
- first burn is to begin.

Impulsive Initialization ,

An impu]siVe approximation is used as an initial guess for converging
"~ to the desired finite burn solutions. It is assumed that the optimal orbit
transfer always has a burn centered about the greater apogee and this implies
that the transfer orbit has as apogee the larger of the two apogees and as
‘perigee the perigee of the otherorbit By calculating the velocities at
apogee and perigee along the transfer orbit, the Av's'réqufred are easily de-
termined. By converting these Av's to finite burn times, while assuming that
the burns are centered at the respective nodes,and starting the mission 2000
seconds before the node,a reasonable time history for a coast-burn-coast-burn
mission is defined. A reasonable estimate of initial costate ﬁo is also needed
in order to converge the GUIDE algorithm.” By investigating the impulsive case,
it is determined that the direction of thrust at the node is parallel to the
~ velocity vector and that the rate of change of thrust direction is anti-paralleil
© to the radius vector. (The reverse directions when decreasing velocity is
required, on inbound missions.) By noting that the Iﬁol is arbitrary for the
boundary va]ue problem only one parameter was left to be determined, the -
" lationship between the fuj and lul (Note: g '(ﬁ , U ) ) Us1ng the fact
that the variations in r,v form the same class of solutions as u,u, and applying
the switching condition that Iul at per1gee must equal. the |u| at apogee, it
- was found that the 1mpuis1ve so]ut1on for u and u at apogee and perlgee bacomes
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where y vaiare the magnitudes of the position and velocity vectors at'apogee;
rp, vp are position and velocity magnitudes at perigee, and r, v are position
and velocity magnitudes at either apogee or perigee (depending on where qq is-
desired) along the transfer orbit. In the program these formulas are further

reduced and the |G| is chosen to be unit magnitude. The formulas bécome

=]
1
<)<

= -r + FACTOR

(=2 3]
;

where for perigee the factor becomes

(1 +e/2 - e&/2)y

= X e. - transfer orbit
FACTOR 3, ~ eccentricity
PP '
and at apogee it is
' p+VVY‘
FACTOR = —3;—-5131—-
ra(vp Va)

When the mission is inbound and velocity needs to be reduced, thé sign on
both u and 0 is reversed. Since this q0 is defined for the impulsive case it
is good at the node and needs.to be propagated back to T@, the chosen starting
time for the mission. The two burn approximate solution is now completed and
the program easily converges from this to the-true solution. o
The approximate solution for the three burn mission is identical to
that of the two burn ore, except for insertiun of a phasing orbit of perivd
TAUP. For the approximate solution the phasing'orbit is assumed to have the
same perigee as the transfer orbit and the vehicle orbit'(outbpund) or target
orbit (inbound). This implies that the burni at perigee is split into two
~ burns and TAUP is chosen in subroutine PHASE to allow these burns to be as



MAIN - 4

nearly equal as possible. The typical inbound mission approximate solution
thus consists of an initial burn centered at apogee of the vehicle orbit, a
coast from apogee to perigee along the transfer orbit, a second burn centered
about perigee of the transfer orbit, a second coast of the orbital period
(perigee to perigee) along the phasing orbit and a final burn centered again
at perigee. The costate vector for the inbound 3 burn planar mission (plane
change is added after initial convergence) was initialized using the same .for-
mulas as the two burn case and the inbound mission successfully converges.

For the three burn outbound mission, convergence proved to be more dif-
ficult. It was discovered that the switching condition along the transfer orbit
coast was very sensitive, and that the peaking characteristic of |u| at apogee
and perigee was impossible to ma1nta1n ‘when the phasing orbit was encountered
before the transfer orbit. It was found that by solving the mission backwards
and integrating over the transfer orbit first, reasonable convergence was at-
tained. In order to run the GUIDE'algorithm backwards from apogee on the tar-
get orbit to perigee on the vehicle orbit with increasing mass it was necessary
to make the orbits retrograde by changing the sign of their velocity vectors,
to change the mass rate from positive to negative, to change the sign on initial
u, to reduce initial mass and to alter the TIMES array. The TIMES array for the
backwards three burn outbound mission is initially targetting by choosing it to
be ' ' '

TIMES(1) = TP |

TIMES(2) = TIMES{1) + BURN3

TIMES(3) = TIMES(2) + TAUX/2 - *BURN3 + BURNZ)/Z 0
TIMES(4) = TIMES(3) + BURNZ

TIMES(5) = TIMES(4) + TAUP - (BURN2 + BURN1)/2. 0
TIMES(6) = TIMES(5) + BURND

Where BURNT is the length of the burn at perigee of the vehicle orbit, BURNZ

is the length of the burn at perigee of the phasing orbit, BURN3 is the length
of the burn at apogee of the transfer orbit and TAUX and TAUP are the periods

of the transfer and phasing\orbits reépectively. The initial mass is reduced to

.My =My - h(BURN] + BURN2 4 BURN3)
. where mis positive. QP is 1n1t1a11zed at apogee of the transfer orb1t and then
the last three components are changed in sign (u).
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Missign Convergence

Using these approximate solutions for the two and three burn missions,
the planar missions are converged in less than twenty iterations. At this
point the relative inclination, RELINC, between the target and vehicle orbits
js tested and if it exceeds some minimum value, the mission is altered to in-
clude the dex 1red plane change. The targe’ c/bit is rotated in maximum of 10°
steps from the vehicle orbital plane, and is reconverged at each step in the
process. The two burn missions converged readily using this procedure but it
was necessary to alter the three burn missions to two burn ones to obtain good
convergence properties. This was accomplished by replacing the lowest orbit
(target orbit for inbound and vehicle orbit for outbound) by the phasing orbit
found during the planar mission convergence. The inbound mission 1s converged
as a two burn one with the desired end conditions being the phasing orbit ro-
tated about perigee. The outbound mission is converged backwards rotating at
each step the target orbit as welf‘as initial costate and converging to the
phasing orbit. After inclusion: of the total desired angular rotation, the
third burn is again introduced into the m1ss1on definition and convergence for
the three burn mission is attained. The outbound 3-burn mission is then turned
éround and solved in a forwards fashion using the final costate as initial co-
state and the burn and coést times derived from the backwards convergence.

Feedback Guidance

At this point targett1ng is comp1eted and a converged so]utlon exists:
Vfor guiding the vehicle into the target orbit. In the MAIN routine the major
guidance function performed is to control the collection of and print the Monte
Carlo statistics generated when doing feedback guidance. The routines BCBCB
and CBCB called by MAIN add perturbations into the state of the vehicle and
move step by step in time through a full feedback guidance cyc1e. At several
points along each burn and coast arc, error statistics are gathered and an
gstimate is made of the error in meeting deﬁired end COnditions These sta-
tistics are colle¢ted over MCARLO separate orbital transfers and a summary
printout is odtained from routine STATIS.
_ This completes the description of ‘the MAIN routine. A math flowchart
of 1t is conta1ned on the next three pages | -
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e e B TOP o : MALQGT727
252 CONT ENUE - con e - e it e e e e — e i e BMALOUTES |

IE(ITURNR 200 ) AHITJ(IUUIPT.BEiI) LTER MALOGTSS
IR (ITURNR WEGel) wrETECIOUTPT 3204 LTER MAICO760
e IF U L TURNR o Cli e ) WHE T (TOUTRPT 3221 L1ER. e e MALGU TG L
o e AP T TURNR « S a3 ) ‘nllh(thIPT-JEJE)-ITLR , MALOULTOZ
m222 L FORMAT UYL GUIDANC L —LNLY CUNVERGES UL ACHLLEV, D IN 1,15, 1 a__:eA fIUNS.' IMALUC LS,

Y o AV S -_..._H__ e e e MALOC TS,
C ADD PLANL CHANGI MALULTOS
c ‘ ' _ : ‘ MALOGT66
DN § 378 of U] e et e e e e .- e et e . MALIQOTET.
......... - ANGLE=U o 0 ' ' et MAL UG 7B

S f

L IF S NO O PLANDG  CHANGE BTG
_A__,,__.....__»..«I FADAGS{REL LNC ) v L T e (i L)

o ——————————— o ek R b s 1w

ACHELVL LD Lid® s Tae?
ADGED- AN, CONVERGED IiN*s 13

LIERATIONS .

ITIIRATIONS. *) MALOOTS1

MALOOTSS

UMD VARLAGLES ANp S5TOP . MALGCOGT754

o _ L WALOUTES
a3 -1 u..:zg 5 O L __._’...:_ e e

e MALDOTIO.

SAALOQT2Z .

L_MALoOoT2o

BTLRATL (NS e %Y LMALUOGTOE,

e MATQUTSD

M ALGCT TG



MAIN ~ 23

TCAMBRIDGE MONLTO: SYSTEM

FILED MAIN | Fdiican
, \ 22 .
e G TRARSFURM - T -2 mLUiti M LIS Gie s Fuie e Dindlic LION-UF- PLANL - CHARGL — AALOUTL L.
‘ IF (NBURNS o NE«3) GU Ty 2060 o _ MALGOTTZ
TESAV=TIMLS(0) - o : MALOOTTS
i RS AVETT RS (D) m o v e e e ———a e : MALOCTZ4-.
S Timsav=TT X ' ' MATOUTTS
N PO 253 (1=1 .4 e T I e ... . MAlO0Q770.
*-dSS———J&MuS#?mI} Tl“;a(qwli : : N MALOQUYT 7
TIMES(2) =00 o ' MAL1COT75
TIMES(1)=Ua0 , MAIQOT79I
. e NOBP =0 e . e an e s s e o e = et e e - AR LG TB G
€ CALL GUIDL TU GINLiATL PHALING URsIT Zr CONDLTIONS MAIOOTS1
CALL GUlLL{uel) ‘ MALCOTEZ
DD 2 5l T = B {3 mm somm o mmeimm o+ i e £ i s o e — : . MALOQCOZ3S.
254 XPHASE (1 )=X41) : MAT 00754
T TETIMES (e T T T R - ' MAIQUTSES

e PG O CONT I NDE oo e = . AL QUTAE

C PERFORM REGUIRDD PLANG ChAdGE 1N 1L DEbRtE SILPY ~MAIQOT7S7T
e RELT=JALS (i 100 ) © . _.MAlUD7ES
25 ANGLEUMINI ASALS CANLL ) Pl e oL T ) i o s eme e MALQOTEY .
ANGL=DS TGN (ANGL o REL FRNC} : MAICQT790
DANGL=ANSL —ANGL.E : _ MAIGO791

e ANGLIEANGL e © e e el s e e e __MALICOLT79E.
e e WRITELIOUTRPT R4 CLU) ANGLU — . : . . OMALTUO?S S
4000 FORMAT({' ATTLmPT 14U CUNVLRGL *sFo.2,* DEGRLE PLANE CH NGEYY MALQUTOS
“4FJL51~WHLFHLK T ARGET -5 TA T AJMUhL-QFHNUDLS(UNLYMIF-PHASLMNUL_CALLLQJMW_MAlouzﬂﬁw
IE(IPHASE « NE LG ) G} Tiv &b7 o MAIQO790

. C RTSVT AT APUGE: UR PERIGHIZ.ROTATE THROUGH ANGLE MAIQOT7SY
- D Y T 3 O I S T T e e e AL OO TS D
2856  ATLI)=RT(L) R ‘ MATGUZ9Y9
XT{4)=LaU ' : L  MALOULEOG

XT-God =VT( o ;..:.‘)(_L,\, {andiol e DL CONY . e s _ MALCGULCL.

XT {3 )=VT {2 140S Tl AL L0 GCaNY MALOQ&OZ

. 6D TG luvu e : MATOUB0S
e CHECK.- TU-SCE LF GOV RGING - AN ARDS e o e et e . MA LU OBU S
257 IF(IUACK e SGGY G0 T 2ovu , MALOUEOL
_C CONVLRGING BALKYARULS uquT_ AG AND QO ' o : MATLOU306
CALL RUTATE{ AL s idinlil s DANGL F0EGCUNSG ) . —_ e e s e s A LG QU G T L

CaLl RUTATE (GG PG00 » DANGLFDEGUONS6) ' MALQOBGE

GO TO &5 ‘ : - , MALOOBOY

e C_CURNVERGING . FORWANRDS.F Lisw 15 2. 0RC 3 BURANS . et AL QG UE LU
25870, IF(NLURNSstwes ) G0 Yo T L , : - : MALOUB11
U o 2-—1:.UhN MISSIUNRUTATE POLSLiT AT - S MALOuwlZ2
{.AI.L._J-.L:T ATU LA T s vl e LIA NGLFED LL:L.UH @E Y o e . MA1G051 .4,

GU TU 1oCo . . o B MALCO&14

C 3-BURN FORWARL HUOTATLE X:Jt AS ‘ g L : MALLUBLS
258 AL RUlArr(APHHWL,V‘ULH‘UANQL*DJquNgb) o : o e e MAEUCH L S
MC“SLT UP 3-0Uni AS zZ—oURin S o . MALCOBL7
259 O £600 I=le0 _ - o : MALUOE18
2600 AT L) EAPHASELLY o O U S ol ‘ MALUUEL Y.
C ON FIRST PASS SET Ui’ AN INLITIAL COAST : : MA10GB20

| IF(ISECD LG GO VU 10UL0 P ' ' MAIQGBHEZL
—— e IBECD=L . . s e e s e e M ALGGBE R
e NO=0 ‘ L e ' .. MALODB23
. TBCT==500 S k ‘ - - ' . L MALOLER4

———-—--—--w-‘uALL. LuAbi {XiupweTilbs )-.t... yud pPHl ,PHI Yo e e e b i MALGOEZS .

s e o S e = 53 o ] i 4 . - e e e s hmieew aiagem A e et e o m e aea e C e e e v
Y i 3 - P, At dmin ¢ e s o st ——— e S s o

- e e wgAT e




o - B | ~ MAIN - 24
FILE: MATIf: T FORTRAN 7] ’ CAMBRIDGE MONITO W 3YSTEM

e TURTOHTUCT - e e e e e e e e e MALDOL26.
C* REDUCE INLTIAL MASYS TU wifFkndl LSTI“A[ D THIRD GURN MAlULGEZ Y
[IF(lbAalKtruew) OO TH LUQU : MAICGUBZE

rinmmmmrmsmsme e G AVE AMOD TR TORAV =T OSAN ) e o e o it e oo i e . MALOQOEZ2. .

- NEH(Le 132VEHIL o1 JHFAMBAV oo e s o i s e o e e - MA 10003360
e LOOU— CONT LN . e e e o e e s e i MAIQUGHL-

S oL % Ty SR 1 S TR H 1 g.ux\ml T 1 LN b et AN~ CHAL JbL-- - e e arem, MALLOKIZL.

CALL BVALSIRTyWusbPPTV e TV y—1) ) MAIOOt‘33

_ DO 261 I=1s6 ' o . - MAIOUS834
26 e LG L Y=0D{ 1) o d e < e+ e i e e srenmirr e e AL OO B35
VO ot T SO JNE S _ S o ‘ - ce - . L.MALCOUB30
e G ‘ : . L) MAlGOS3T.

- - ot e o i e o - S e e . ; MALOOH3E

€ TRY TO CONVERGE WLTH PLANL CHANGE IN LEe 30 1TERATIONS. ] MAL1CUB3S
e DO 290, LTER=1 ¢ 30 R o _ _ . MAlOoUB&D

e NP =Y . e e e e e e m T _MALGOQB4 1.
eenrermmeee— e A A A = uauur(uugu H,_-n.Ln._} 2 FGO (3 YRFD ).u. . e e MA L OGB4 2
PR b 14 | 20‘) 1=l ew e . - e e . - e MA LG OCA4 S
289 QOLTIZG (L )/ UMAG e o i ; - e e e MALO.Q UGG
CALL GUIDELL V) : o MAILUE4S
CALL AUXLQUT o , MAICOB4G
e CALL. CRSETATE Y © ot ettt e e e e e o oo o e e — e MAA L OO BE T
— e DEOMAX=G L & e e e - MALO UGS
e DTMAX= 0w U . e _MALULSLY
ERSTURS N o ¢ Y PO o e et o et e 1 et o e b : MALOOaNO..
DO 288 1=1s0 ' ‘ T . MATuuBH1
QO (1)=GUl1)+DGUL 1 )%UR ' ‘ MATL0B52

___“wﬁwIIMha(l)—TIVh“{l)+u:1ﬁg4(1)*L( e e - .”.MWHW_“#WwMAIUUébJ_'

e UIF(DAGSLDGULL) Y GT L HI0MARY DG Aﬂ"ouu(l) Co ' TMATUUEDS
..288 “IF(DAua(UTIAEJILJ)-ai.uf-AA} JTAAX—UAJv(UTIMLa(l)) ‘ MALGOUSS
AMLIZAMU o e e e e i et P SRR .7 . % § CL0F =151 < T
IF(ldALK.LJ-l)AAO'VLl(l.l)+(TIﬂLa{b)‘TiML%(D)+T[Mt5{4)-41“t5(3] MAIOGEST

1 +TIMES(2I=TIMes (1)) =amuuT . . CMATGUS5S
— e AMO={AMI+AAL T LD e et e AL OO E S
e FFLUTMAX el T a b e =0 A L H(li";u(u)}-AdU.quMnK LTo-OOL.Awnu ... .MALO005HUT
evrmre e L L DADSCAME—AMO) e TeVrril o 1 )% U~ ) el TOQ 291 . R MAIGOEO1

20 CONT DN e e e erer e e e e e _.__......._,,.....__..__._.,__._MAIQO{;' 2.

C DID NOT CONVERGE I.N S ITLHAIIGJ‘J . UUHP VF-«HIALJLCS A’\HJ STAOP - MAIQUHGI

WRITE(IOUTPT »300L6)  MATIQOBGES

e BO06— FORMAT (! GUT—UF—PLANS MI5SLDN"DLD:NUT,CUNVERGE.IN 30 I TERATIONS « _SMALUUSOS
L 1TOE L) _ o , : o . MALOQBG6
e L STOP . . o o S _MAL00EST

29l COMTINUE. - oeane e e e e . e MALQUSBA..

. WHth(IGUTpT-Jclai AJULL-ITFR : ) : MALOU369
3212 FORMATIF7.2.' DLGRoi PLANL CHARMGE cunvLeGLo 1m=.13. 1 ERATIUONS."IMALIDUET70
e IF(OAGS(ANGLLE) hL T2 ALS(RELINCGY). GU TO. 20 . . e e e MRALU0STL
,_C“CHANbQ pACK T 3=—3URNN 1P WL CL33ARY. . - . o . e oo MATGQRT2.
JIFINDURNS NS GO Ty 20 e e o . #MALOUSTS
_uu_gyb L Low B e e e e et s e MALOGE TS
292 T]McSKIJ—TIMLa(1+2) : - : ' T MAIGUBTS
: TIMES{S5I=THSAV o ‘ . B ' : MALOCBTSE

fﬂ,_m___xxmcb(u) =TaSAV . o . “w;wmmqnmt“m;m@,m,;w”“mm;mm_“m“m_1_ MALQOBT7.

OO 298 T2 w3 e e i e e et e AT GO B TS

VMWM__WWxrg1+4)——1ngAxt1+g; P e MALOUSTY
e PP XTI TUGSAV L) e A,n__-__r.__r?_,__ﬁ_;;,,_‘_‘ A - — MALGLQOSG.

T o e S ST .. A . e me e e J—




QO(I+3}==CQL1+3)
— AT(13=RA0(01
310 ATCIH3 ==X U Lea) .
‘ AMOSVEH( L. 1)

C CUOAST TUuLSAv T Al LG
e NI
Cale LuAaT(TUQLAV.;
LR EMI L

Wlith TLAZS (L)

C RECONVERSE ¥1Tn
I BACK=D. .

M-TALiGN:AU.QQUM-PHl.PHL)
HlSaluN

CRebL INC=0.0
ITURNR=L ‘
e GO TWL 205 L e e . .
..... 260 CONTINUE
C. VERIFY FINAL URBIT.
e U 202 I m S s e I R

B i Sy

. MAL0QO0921
. MALCOO0322
MALOQY2.H.
MALGUY24
MAIUOY2S
MALUUL9Z20
MALGGS27
MALLOU2E
MALOUYZS
MAI00930
. MAIO0S31
e MALUUY3Z
CMALUCUSS
MAICCG 24
MALUOY 2D

MALn - oo !
FILE: MALIN FORTRAN - 41 CAM3SRIDGE MUNLTOUR SYSTEM :
1
TEET LMSAV o e e et e e B} MALUUEEL
" RUELINC=WeU MAlG0E32
C ADD MASS TO FNITIAL MASS IF LACKWARDS MISSION MAluuaLS
LB IBACK e LIVEA ] ol JEVEGL L e 1) mAMSAN e o e MATONEES.
- - 1 TURNR =2 MAl1000BH
_C_RAOTATE XT..IF FORWARUS MILSIQN .o . o — . o _..MAIQUEBG
FELABACK e fid e LY Gl TLi 230 — MALOUABZ . §
DU 294 I=l1s3 ’ MAIQQEBSH
. XT{I)=RT(1) MAT GuBaY
Pl KT L3 )=VT LY - e e e e = _awm.w_._m“_m____.“MAlQudﬁo
CALL ROTATo(XT s Gl e Al \\;LLI“ULULCN\ s 12) . MATUULEYL !
y Gu T 203 - . MATOuE22 ‘i
ﬂL;JES$—Iu SEL L IRl S5 LN - TURISAKOGUND - LS HLCESSARY - e MALQQBYS. |
295 COUNT ENUE MAIOUGBYS %
IF{1HACK <NL«1) GO TU ZoU MATOUBYS |
e e e e e e e o e - I . MALOOLOL.. |
. C TURNAROUND MISBION Ars RHCORVLHGE LAMATOLEDT
C. _ . o _MALOUBYD |
ﬂ_c_shx_up 1ML S AIAY 0 s ARG L AND L ATl o ms omm s - i e MPLQUODD.
WRITC(IQUTPFsa00G1) ' MATODQ0C |
4001 FORMAT(® TURMAKLGUND MISSLIGN ) MALOOYUL
e B1 AT IMES (6~ Tl 5 5) et e e e e e MALOUSO2. |
e _CLIETEMES(S) =T EME S (4 . MAI Q090
e e, B2ETIMES(4) =T Lol b (5) _omaLVLI0s !
C2ETIMLSA S =T LAl 5 {2 ) o e o e+ oo s o e MALOUGILS..
BI=TIMLES(2)=TIMIS () MAIGUQUE
TALIGH=TT=T1IAES () S MAIOQO9OT
TILGNETIMAUS{LI=T0 . . - om e e et e MA LU QUG B
L TU=TALLGN®TIHTUS MAICGOUY
TIMES(1)Y=TO MATUOY1O
H._._-———.—-—--'-I LMES{ZYI=TiMES )+ O U GV TR e MAlOGoRll
' TIMES{EYETTNES (ZV+C ———e e MALLLGLE
TIMES(4)}=TIMIS Lo+ ) MAIOOG1 2
TIMES(S)=TIMIS (#1408 o o . e _MALOULYL S
e TIMES(EYSTIMLS (o) +ies CMALuuglL
e TT=TUO+TTLGH MAlulYlo
AMDOUT==AMDJT. .. . .. e e e e e MAL QO LT
VtH(l,é)”‘\lﬂ(l.r} MALGUDL o
DO 310 1=1.3 MAIOUYL Y-
P T N B B LIV G - . e e nrnine MAIOU92C



‘ - - MAIN - 26
CFILCE MAIN CFORTRAN CAMURIDGE "MUNITO ¢ SYSTUM
e RTAL LY ZX O ) e et e i e e e £ = ottt e MALGCwI0.
262 VTALT) =X (1+3) . MAI Q0337
CALL BEOMNTSIRTANV IAsAALALHA P GAYy TAUA) , : MAIOUILE
AR ITE CIOUTR T 3815 ) SVASVTAGAASLALNA sPGA P TAUA. MALOUS3D . .
3218 CFORMAT(Y, ORLLT. ACTUALLY ACHLEVLDI /s ... .. et e i e MATLO OGS
N . PDS].TI'JN";JUI"F.L)./;' VELOCITY=% 3014w b'/v. . .- e - - MALQuUO4 L. .
———ee 20 GEMI~MAJLR-ARLE D ST A2 /e ! e CCEMTIRICLITY = -JFb.b./.u MALIOQOS9G2.
3 HVECTOR=Y 40 la a0y o? iRl GEE= '13014-6'/" PEI(ID!.):';«-IU-EJ TMAI 00943
BURLI=TIMES(2) - Ixis (i) , - MAL 00944
e BURZETIMES (G -1 I MEH {2 e e e e ) v e e ~MMAL QG945
e BURZBSTIMES (&) =TI 3) . ) . e e L .-MALO0940
e GUASY=STIMES (3D ~To B ' e e L MALOULOAT
-—-—-wm_cuns4;T1McsL4)‘Ta.,‘Wme_m_”“_UMNWMM"_m__“»"m__muw;;__ MALLOSSE.
COASZ=TIMES (S} =T EmL5(2) _ ' . MAIDOQ4T
CAASI=TIHMUESIS)Y =T 1M rsla) MALTOGYS0

— P (NOURNSecwe2 ) W L TELOUTET + 3217 ICOASO, UUR?;CUA';;J #OUR . e . MALQU9LE
3217 FORMALL/ /' COnwvLivol CUA STS AND LURINSG FUR Z2=0URMN M1SS UNI"s/s . . .. MALJU9DLZ
1P IielTIAL COAST =Y arfloelal s .  FIRST LGURN="F1VeZs/a" s ECONRD.COASTMAILOSP0S . |

e R E I D R el et FLNAL I a F L el Jor i i e s MALGOS G |
c MALGO9DS
IFANBURNS st Gel) Wil Tu (IOUTPT 32181 LUA;ioJURl;CUA?& i s COAS3+BURMAIUUS50
—13 o - S . .. S — _MAIQQUYDT. |
B lB . FURMAT (Y CUvERGLY COABTS ANu [SYRIEITED FUK d—aURN MiSSIUN:'./.. . MALGUYLE |
e U ANETEAL CUASTE Y 9l L0 eZ el ? FLNST SDURNS"3F1lUe2s/ 2! ECUND COASTHMALLUUISY
Pl Fl0 el sy e B CLING D UNNE P I Ge e Ae b THLRD uUA=T—J’F10mZ Lo MALAUSLU.
‘ 3 FINAL BURN=®,F10e.2) _ o - MALGOS61
L c , MAT 00962
e G GU I DANCE--SECTLION .. e S At oOgod
IO SRR . ' ) o . i MAT GLS 4
N . L MALUUYED
e CHE CR - E Feo LD ANCE S b L e oo e e e e e e MALUCYOL
IF(NUTARG LU e=1) 57002 _ MATUGYG ¢
C CHECK IF 2 OR 3 LURNG. MAIQUY%6S
e e L CNBURNS o I 2 ) LU §i) 4 6. - : e e e e MA L Q096
DOLB_BURN MISSLUni. RLEMNOVe ALY InlTILAL CUAST. A .MALOQYTU
e LR LDALSSETU=TIMLS L) T e TrAIR) U TO &us ‘ . sAID0YTL
NO=0 e o . e ten e e I e g o e MALLULLTZ ..
CALL COAS T{XO.UU;YINLQ(1)—YU;A0,GU PHI-PHI) , MALOGOTS
TO=TIMLS (1) : o _ T MALOODYTY
B0 AMOSVEH(1.1) . ' e e - e e MALOU9T S
e TQINT=TLML5( L) T - S -MALLUYTo
e P LBOUND EG 1) G0 TU w1 ‘ L L S MALOULYTT
e CTURN-ARBUND  GU TBOUND - 370 URN - m1531unwmmm"_mm.mﬂmuﬁuﬂ;m_“;u MALQOYTE .
C Co _ MALOLG7S
C SET UP CSTATE AND TLIaL ARRAYS. _ ' ‘ ' : - MAloOgsG
e 3 -4 UB . T =1 43 : S P MAlGQuusl.
e e = ATS LY =0 (1 ] S , " . . .. MALULUWYBEZ
e XTSCL+SI=X0( LI+ S) L ) e . . MALUO9ED
- b TSI =QOL L) e - . et 14 ot ommmiime e ot e 2t et . _MALULYSG
GTS(1+3)=—00(L+3)} , S T , MALOCGYSE
AO{I43)==A(14+3) ‘ o ‘ , _ MALGu3BE
QO L I43 ) =G T+3) SR U O U e reriin MALQO9HT.
e ATH(IAB)EATS OIS ) e e : e e L MALOOIH S
e XO L 1)EX(T Y T S L L MALOGUSY
O B B S P O B e e e e e e ---——MAJ. LT

Lt o L —————— ey, [P - - O e - . . [ i :
- L e T



FILE: MAIN FLURTRAMN 2] : CAMORIDGE MAONITOR SYSTEM

T O B S A I o i e

.- -

“MAIN - &/

Bl=TiMLS(2)=TLlaes(1)
C1=TIMES(3)-TIimL=s{Z)

MALOD99Z
MALOODGSS
MATLUTY G

BT IMESEa ) =TEML S (0] o i i i i e s it ——
2=TIMES(S)I=TINi %]

. HASTIMIS{O)—TIMaG(D) - o : . AP

MATUUYID
-MATOO998
MALICUQ9.7...

TIMESEA)SZ20006 e — o e~ e - S
TIMES(2Y=TIMES L)+ ' :
TIMES(I)=TINMES(2) +LZ

TIMES{S)Y=T1MiS(4)+C1
TiMegst{o)=TiMZS (o))

T IMUS (4 ST IMEG LD D #0r? v v mmmmreme e v e o e s e e e o

MATIO0998
MAIOGO9=
MALOTGUL.
“MALIOGLOOL
MALlO0100Z
MALOLO0Q3 .

N AP DN CTIE-W U6 () YN DE PR R I ISIRNSPPRRTESI BB L L -
TT=TLIMES (&)
BURNT= DAdS(TIﬂL,(b)—liMqub)+TIML$l4)-TI%tb(3}+

AT IMES(2)=TIMES (1)) e e e e e e e e i o st e e s

AMOsviiH{1 .1 )-'.J'..Ji\’wa'F\«'.‘iri( et
e AMDUOTE=—aAMDUT

C SET UP InITlaL COALT FOR uALthRUS MISSTUMN.
NU=0

MATIG1CQ04
MAIO100D
-MAIO1006
. MALLLUUY

‘ L MATOLIODE
NEHEL 22 )Y ==VIEF( 142 ) - OO0 VU IVIP PSP UHVE e AL 0L LUS .

MATOQL1O10
MALIOLO011

*—‘_——w“CAbL-CUAﬁT(KCaQb.—bCh.1Xu.QUQPHI.PHI)N.‘WM.nmdmw“_WQHMW_ﬁmmum_m___;_MAL0L012.

e e e - TOETU—LUL .
S CLSET UP MONTE CARLO IHUNI.

MalGiuvls
MalOuldla
MALUIOLlL-

R gy e e s e S T s —

C
C CALCULATE END CONDITIONS

MAIOLIOlo

MAIC1017

e L O CALL - 3 VALG (AT s U+ 2 TV e T =10 . . e e e i e e MAL UL QL B

- ... b 4ll l=lso
Lall .o ccily=bD(il}

MAIU1019
MALUVIUZU
MAlullxl.

e G SAVE— I N IT{ AL CONDLITLONG Pl eX T MundT e CARLU. RUNe. e ——

0 415‘1=1-0
XusS{l)r=xXu({l}

MATQO1022
MALO10Z245

e 3OS (LI SLG (1) o Ce e e e e VU S PRURUUVRUUREII 7. § 3 & § & § by

o e e MEAS(OLI Y=V LH{ L 1)
v ee - TIMESS{IY=T1IMMIS (1)

415 Ces(ly=Cu(i)
VEHS(T)=vin(l, 7))

MALQLIOZ2S
MAlOlC2o

XTSCI)SXTLI) e s o -...__“H.‘,..w_...._._______.,_....m.,.___.._ﬂ.-,m_ o e e e MALO L G2 X

MAIOQOLUZ2E
MALCIUZ2%

T US=T 0O . . . . o ) - e e - e MAT UL O3 G

e e TTG=ETT
e e AMUS=AMY

S MalIGla3l
S MALOLLAEZ

TEOUNSSLGOUND ot -« o oo e s vn s o e ot cocminion o s o o men e s
C LOOP FOR MUNTE CARLL Hiuivba
IPRINT=1
e L lUIPDAT=U . . ‘ . _
LCORESTOR: VARl AL LG, : ) T

DO B2 L2186 e+ o et e e e e i« e
VEH{1les 1)=VEHS( 1) : .
Xo{1L)I=X05(1)

e, XT(I)=XTS5L1) - | S | i "
L QT (LY =GETS L) ' : : : : o :

—MALOLO3S
MA1G1034
MAIG1O3%

DI GP0 MONT O oMCAIRL o m o i s e s e e MALULO 3G

MALIO1057
MALOLGSE

e —MALGLI U3

" MATIO1040
MATO1041

QolIYy=swosil) - L L e AMhm__W.m“;qumuw_.m;ww““”“_mmm"“;w"__”MALoluqd_

MALOL1043
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Subrouéine AUXOUT
A. Purpose | ' (,"
‘ AUXOUT prints the status of the convergence, from the most recent
call to GUIDc. ‘ i
B. Input/Output Definition
Jnput Parameter Symbol Definitfon /
X(;) 1=1,6 X o Vehicle final state
XT%(I) 1=1,6 X7 _ Tafgét state at same time as above ;
TIMES(1) 1;1,6 - Array of times a£ énds of coast and
: _ burn arcs
p(1) I=1,6 ' EO _ Coﬁtate at start of mission
DTIMES(I) I=1,6 At - Requésted corrections to TIﬁES
DQR(I) I=1,6 o 'Aﬁo _. - Requested corrections to costate ﬁﬂ
T10UTPT | | ot Output device number - |

Output Parameter

None.

C. Method of Computation o .
The only variable calculated is the estimate of the total burn remaining

COST = |(TIMES(2) - TIMES(1)}+ (TIMES(4) - TIMES(3))
+ (TIMES(6) - TIMES(S))]
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Subroutine BCBCB

A. Purpose | ,
Subroutine BCBCB is used during guidance mode to take the vehicle

through the first burn of a 3-burn mission. It operates in either a back-
wards mode (outuound mission) or a normal moc¢e, and is called by MAIN at

the start of each Monte-Carlo run. It in turn calls FORWRD at regular in-
tervals until the end of the first burn, at which time it changes mode (if
béckwards) to the normal mode and calls CBCB to handle the remaining coasts
and burns. BCBCB also modifies the TIMES array on each cycle to reflect the
fact that part of the first burn has 6ccurred, calls GUIDE to reconderge the
mission with the new (possibly perturbed) vehicle state, and adds the resu1t1hg
corrections to the TIMES array and costate. On the indicated cycles (IOUT = 1
or next-to-last cycle in the burn arc), subroutine NAVOUT is called to collect
the Monte-Carlo statistics. On the last cycle in the burn arc, the call to
GUIDE (and the addition of the corrections to TIMES and Q@) is skipped and
CBCB is called with an initial step time of zero.

B. Input/Output Definition

Input Parameter ~ Symbol Definition

IBOUND ' : - 0 - outbound m1ss1on (implies backwards
mode)

1 - inbound mission -

TRINT _ - In backwards mode, the actua? va]ue
: : of Tﬂ
TRUEMS - : Vehic]e mass before start of burn

{normally equivalent to AMP except
when in backwards mode)

XT(1) 1=1,6 - ET Vehicle state in.baCKWardé mode
CTT o tT Time at start of first burn in ostbound
o . case '

TP tO. . Time at start of first burn in inbound
: case

10UTPT ‘j ' - Output.device nﬁmber



Input Parameter

DTYPE(I) I=1,2

TIMES(I) 11,6

Qutput Parameter

IPRINT
MODE
AMP

TIMES(I) I=1.6

(1) I

=1,6
TP
T
cc{I) I=1,6

C. Method of Computation

Symbal

- Symbol

s

k.

"BCBCB - 2

Definition

-I=1; normal guidance step size during

burn
I[=2; not used in BCBCB

Yeéfer of times at end of each 159 (or
start of each leg in backwards mode}

Definition

Always 0; shuts off printout resu1t1ng
from cal]s to GUIDE after first step in
first Monte-Carlo run

Always 0; restores mission to free-time
rendezvous (backwards mode only)

Mass at end of first burn

Vector of times at end of arcs, with f
first burn deleted from the vector
(TIMES(1)=0, TIMES(2)=0) and, in back-

-wards -mode,--the-vector restored to its-

normal form

Costate at end of first bern,

fime at end of first burn

Time for which target state is valid

New end conditions for target (backwards

- mode only)

After zeroing the time accumulator (used to determine when Mente-Carlo
statistics are to be collected), saving the vehicle initial mass, and ini-
tializing several control integers, BCBCB branches to one of two separate sec-
tions of code, depending on whether a normai 3-burn mission is being run. .In

~.either case, it is assumed that the first burn begins immediately, with no

initial coast.

i
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In the backwards mode, the TIMES array as supplied to BCBCB is already
reversed and ready to use, as are TP and TT. The weights are set to 1.0 since
the backwards mode works best with hard constraints and mode is set to 3 to
change to a fixed time rendezvous. Subroutine FORWRD is then called every
DTYPE(1) seconds during the first burn, with the exception of the last *wo
steps which are approximately equal to eich other and Tess than DTYPE(])[Z,
and TIMES(6) is updated. Each time_the,pfint accumulator exceeds PTB, subrou-
tine NAVOUT is called to collect Monte Carlo statistics, and the accumulator
is reset to zero. M/C statistics are also collected on the next-to-last step',”:dw_
in the burn arc. Also, following each call to FORWRD, except the last, GUIDE
is called and the corrections are added to QP and TIMES, QP is maintained at
unit magnitude, and the estimate of vehicle final mass is recalculated from the
mass rate, current mass, and requested changes in the burn times. On the next-
to-last call to FORWRD {(MLAST=1), subroutine GUIDE is called repeatedly (with
" no changes in vehicle state) until the miss in final position is less than ]
kilometer. On the last call to FORWRD, GUIDE is called but no changes are per-
mitted in the TIMES array and QP and the weights are restored to their originai
va]ue.‘ In addition; the flag is set to add the navigation update corrections
to vehicle state on the very first call to FORWRD from CBCB. The mission is
then_turned around_to normal mode, and the target end conditions reevaluated.

Finally, subroutine CBCB is called to handie the remaining coasts and burns.
In normal mode, BCBCB works in much the same way, except that the states
Vand TIMES array are not reversed, and T@ is updated rather than TIMES(8).



ZERO ACCUMULATOR (FOR PRINTOUT)

STORE INITIAL MASS

SET NOMINAL STEP SIZE (DTYPE(1})
STORE TIME AT END OF FIRST BURN

(BACKWARDS MODE OKLY)

SET STEP INDICATOR VARIABLES

iy

| SAVE WEIGH: Sy
FORCE HARD 2
CONSTRAINTS i,
(WEIGHTS=1.0) |

SET STEP
SIZE FOR
THIS STEP

[
CALL FORWRD,

YES
e

N

/

,/’BACKNARDS
MODE

‘\\jlwo

J,
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; SET STEP
SIZE FOR

Fvso \_(IBOUND=0)"
] N/

AND CKSET,
ADD CORRECTIONS
TO TIMES AND 0P

INCREMENT
TIMES(6) _J
] | CALL GUIDE
| N TURN MISSION
A AASTS. .. | AROUND; SET TO
STEP IN YES SOFT CONSTRAINTS
- BURN (WEIGHTS#1.0); -
, EG, RESET INITIAL MASS
MO B AMP; REEVALUATE
_ END CONDITIONS
SR ] SET NAVIGATIONAL
CALL GUIDE ! UPDATE FLAG

SET

NAVIGATIONAL ' YES
UPDATE FLAG |~ LAST STEP >

|
|

LTHIS STEﬁ___J
T

e —
CALL FORWRD,
INCREMENT

]
e 3

- TIMES(1)

P
1/

\/

[ NO

O
P )/\EH

( IOUT=1

sl

YES

v

N

. ———— | CALL CBCB
COLLECT AND RETURN -

Qﬂe 1 g}ETISTI cs e
m(//'_*r”‘ l
UPDATE MASS 1 |
| HO ,.’///l\\\ \YES : E aigglr‘END
NLAST=1 —1 CoNDITION
: | ERROR

A
f‘“““‘"‘ijémn N¢20.~

ISS>TKM

il
N

COLLECT
M-C

STATISTICS

]

NO)v

~'LAST,STEﬁ\\

-
-

o

"CALL GUIDE,
CALL CKSET

ADD CORRECTIONS

TO TIMES AND QP |

CALL GUIDE
QT;=08;
i=1,6

L

20

P
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FILED Loudis Fuie it sy 121 . CAMIRILGLH MOMNITOH SYSTEM

. MODE T e e T oY W £ 1V 15 1Y€
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Subroutine BVALS

A. Purpose
The new BVALS5 subroutine replaces the BVALS and BVAL6 subroutines in

GQUIDE 71/6. It calculates the miss in end conditions and partial derivatives
of the end conditions for either hard or solt constraint missions with'qp to
six end condition constraints and free or fixed terminal time. The subroutine
can also be called (for example, for initializing desired h and e) with
NBVAL=-1 to calculate the three components of the angular momentum vector h

and the three—COmponents of the eccentricity vector e, pointing toward peri-
gee with magnitude of eccentricity. BVALS calls the subroutine COAST to
obtain target state XTF at the end of the mission, TIMES(6).

B. Input/Qutput Definition

Input Parameter Symbol ~ Definition

XF(I) for I=1 to 3 r Final vehicle position
for I=4 to 6 v Final vehicle velocity
QF(I) for I=1 to 3 Cu Final control vector
for 1=4 to 6 . u Final (du/dt)
- 2Ty - ‘ L
PTV(I) for I=1 to 12 — Partial derivatives of T, with res-
% T.T T -TyT
pect to y=(r ,v ,u ,u )’ evaluated
in BUZZ
TV : - | _ TV Phasing transversality cqndition

w(rTu)/|r® + (v14) evaluated in BUZZ

NBVAL . 7 _ - Flag parameter indicating whether or
' not miss in end conditions and their
derivatiyes are to be calculated

UK u . Gravitational constant

c(I).for I=1 to 3 hdr Desired orbital anguTar velocity
for 1=4 to 6 . eq4  Desired eccentricity vector .



Input Parameter

2(1,d)  I=1 to 12
T J=1 to JMAXI

JMAX1
JLAST"

MODE

TIMES(6)

1T

XTF(I) for I=1 to 6

WT(I) for I=1 to 6

Qutput Parameter

D(E) for I=1 to 3
for I=4 to 6

DELTC(I) for I=1 to 6
XTF (1)

DC(I) for I=1 to 6

E(I,J) for 1I=1,6
S d=1,JMAXD

Symbo1l

AC -

VXT(tF) _

DC

&
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Definition

Partial derivatives of final

= (rT,vT,u ,uT)T with respect to

© JMAX1 independent variables

Number of independent variables

JMAXT + 1

- Flag to denote f1xed term1na1 time

mission
Terminal time

Target epoch (time at which x(T) is
valid) .

Target state at time T

Diagonal components of weighting matrix

ranging from 0.0 to 1.0. ?W(I)=1.0 if

the Ith end condition is a hard constraint.
W(I)=0.0 if the Ith end condition is un-

‘constrained. )

Definition

Orbital angular velocity
Eccentricity vector

Miss in end conditiqns
Target state at te

Weighted combination of transversality
conditions and misses 1n end conditions

a“t1a1 derivatives of 'S with respect

to independent var1ab1es
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C. Method of Computation 7 A
Components of the orbital constants h and v are calculated using the

expressions
h = rxv

(1)

(rxv)xv}

4]
L}

-y +

The subroutine COAST is ca11ed'to propagate XT(T) from T to te. If a fixed
terminal time mission is being flown (indicated by MODE=3), the parameters

JMAX1 and JLAST are each decremented by 1. This has the effect of eliminating —.

the dependent variable corresponding to the change in the transversality var-

iable across the last burn arc. It also has the effect of eliminating terminal

time as an independent variabie and of eliminating the appropriate row and

column of the E matrix.
~ The end condition miss vector ac is composed of scaled components of

ash, Ae and ar 1ying along the R and K =.?ﬁ? vectors and a scaled miss in or-

ac =/ ah K/]H] \

1
!
!
{

bital energy E.

|
T \
]

b pe'K ‘
¥ ) @
L anTR/[H] |
l .
. 2e'R t
. /
A ArTK /
Here, Ah:lhtarget - h.
A8 = Crarget = ¢

and Ac is evaluated at R = r and H = h. This constraint formulation has ex-

cellent convergence properties for well pesed orbit injection and rendezvous
missions of ail geometries. All companenis of ac are scaled to have the same

units as r.

g
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In order to avoid stability problems during the Tast leg of a mission,
the problem is formulated so that a weighted combination of fuel use and miss
in end conditions is minimized. The cost functional

te . T : |
= { [m]dt + 1/2 Ac Wac (3)
. .

is minimized. Here W is a 6x6 diagonal weighting matrix and |m| is the rate
of fuel consumption during burns. Minimizing this cost functional is equi-
valent to satisfying the costate equations '

' anc|T '
pe = {-af-] Wac (4)
where pr = (ﬁT.-uT) or equ%valent1y the equations

(1-w)8Tpg = wﬁc\x o 5 (5
=X .o

~ where B is a nonsingular matrix such that

B_ﬂ.x.).T[%-?(_E}T S | (6)

X=x

and w is a diagonal weighting matrix with ith diagonal component W related
to ith diagonal component W, of W by

% _ ‘ _ .
W = T , | (7)

"Whenever an end condition such as phasing is unconstrained, the corresponding
diagonal component of w is zerc. For hard constraints, w=I, the‘vector B Pe
is composed of six scaled transversality conditions. The sixth component of
BTpf is |rlT /|h] where T  is the phas1ng transversality condition calculated
in BUZZ. The components'of (1 w)B Py given in terms of mu]t1p]y1ng coe‘f1c1ents

13 defined in the code are
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ot T .
T T T
~Cgq(riu) + € p(riu) - Caalviu) oy
i

L, Tew . T
~L4]{hTu} + L42(h'u)

e At e )
e 7

CEI(rTG) + Céz(rTu) + C53(vTu)

\ C61TV o "f""'m”]

f

The DC vector calculated in BVAL5S corresponds to the miss in satisfying Eq. (5)

0C = wac - (I-w)BTp. - | (9)
Partial derivatives of DC with respect to the independent variables ¢ are
calculated via the chain rule.. '

M- E-EE

‘The 6 matvix in BVALS ¢orresponds td (' DL/ x ) “neglecting-derivatives-of—— -

scaling factors. From Eq. (8), it can be seen that the second term in Eq. (10)
_is efficiently evaluated by calculating terms such as hT %% s rT 381 and mui-

]
tiplying by the appropriate Cij coefficients.
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