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I] 1.0 Intoduction and Summary

A number of alternative approaches to rendezvous and proximity opera-
) tions activities have been proposed, and in some cases demonstrated,
rf in various manned spaceflight programs from Prcject Gemini to the
(&) Space Shuttle. These operations have generally been limited in scope,

and frequently depend heavily on ground support facilities and person-
} nel for both planning and execution. The difficulty of automating these
activities, and the resulting system performance requirements, are
strongly influenced by the operational techniques employed, and by the
B range of prospective operations to be carried out.

An examination of the Orbital Maneuvering Vehicle Phase B design refer-
ence missions reveals that as a group, they have the following charac-
teristics and implications for automated systems and operations:

a. They encompass a broad spectrum of operational activities
ranging from servicing and repair of low earth orbital plat-
forms, to retrieval and emplacement of payloads at altitudes
of up to 1000 nautical miles;

b. Nine out of ten missions involve at least one rendezvous,
— and seven out of ten involve two or more;

c. Mission design techniques must take explicit account of
i differential nodal regression effects between the point of
origination, target, and point of termination;

| d. Mission operational techniques must be capable of hand-
} day—-of-mission dispersions away from nominal conditions
without radical revisiorn of the operational plang

- e. A significant possibility exists that large software de-
velopment costs will be incurred for design of phase—-speci-
fic guidance and control functions, unless a unified ap-
| proach to guidance and control can be deviseds;

a1 As a result of these considerations, the contractor has developed a
i generalized mission design scheme which utilizes a standard mission
= profile for all OMV rendezvous operations, recognizes typical opera-

tional constraints, and minimizes propellant penalties due to nodal
regression effects. This scheme has been used to demonstrate a unified

| guidance and navigation maneuver processor (the UMP), which supports
all mission phases through station—-keeping. Section 2.0 describes the
ry approach to OMV operations analysis; a description of the resulting

mission design system is contained in Section 3.0, together with an
example of its application to the Large Observatory Servicing Mission,
which is typical of OMV rendezvous operations. The initial demonstra-
tion version of the Orbital Rendezvous Mission Planner (ORMP) has been
provided to the customer for evaluation purposes, and program operation
will also be briefly discussed.

| S—

Changes and additions to the BETELGEUSE basic simulation program have
incorporated the Unified Maneuver Processor (UMP), the derivation and
implementation of which i3 contained in Section 4 and Appendix A. Both
the ORMP and UMP emphasize the pertinence of the opening statement of
this section that the choice of operational technique is critical to
the automation problem, especially as regards on-board software over-
head and associated development costs.
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2.0 Requirements Analysis

Table 2-1, taken from the OMV Technical Requirements Document (1), sum-
marizes the early OMV design reference missions. As stated earlier, of
these ten missions, all
but one involve at least

MISSION TITLE RENDEZVOUS a final rendezvous with

PAYLOAD ! ORBITER |} the Orbiter, and seven

Large Observatory| 350 x 350 | 1460 X 160 require an initial ren-
( (1) dezvous with a platform.
Payload Placement i 160 x 160 In addition to the exnli-
| (2) cit plane change require-
Payload Retrieval| 378 x 378 | 1460 x 160 ments, very large out-of-
(3) 1 deg p/c, WTR launch . plane components arise at
Payload Reboost 260 x 260 ! 1460 x 160 some point in missions 1,
(4) 0o to 0 2, and 6 due to differen—-
Payload Deboost 160 x 160 | 160 x 160 tial nodal regression. As
| (5) e ry much as 1000 or more feet
Payload Viewing 1400 x 1400: 160 x 160 per second is exhibited
1 (6) 1 deq p/c each way in Mission 6. It is also
Subsatellite  ___________ ! 160 x 160 noted that these missions
{7) all return to their ini-
Multiple Payload 270 x 270 | 1460 x 160 tial starting point, the
( (D) deploy pavioad at 240 |} Orbiter, which implies
Upper Stage OMV derivative stage that the second rendez-
(9) no retrieval reguired vous design is constrain-
Early Limited as required! 160 x 160 od by the target orbit,
Servicing (10) within capabilities ‘ and the deployment orbit
of the shuttle. It can be

Table 2-1: Initial OMV Design Reference anticipated that unless
Missions a system such as GPS is

available, large naviga-
tion errors will occur between major burns, and that even with GPS, ap-
plication errors will cause significant dispersions at the targeting
end points. In either case, it seems that as many as three mission
phases may be required:

i) Initial boost, gross phasing, and out-of-plane correction
to an offset point in phase and altitudes

ii) Final boost, phasing, and out-of-plane corrections to re-
remove the major effects of accumulated navigation errors and
dispersionss

iii) Terminal area operations aided by vehicle-to vehicle na-
vigation, leading to the conclusion of the rendezvous phase.

These mission phases are fairly generic to all rendezvous operations,
dictated by the physical limitations of on-board actuators and sensors.
They do not of themselves prescribe a particular approach to mission
design and operations. Additional requirements which must be taken into
account in developing an approach to automated operations fall into
three general categories: 1) those dictated by the automation objective
itself; 2) those enforced by a desire for consumables economy and mini-
mal demands on sensors and subsystems; and 3) safety and operability
issues in the terminal proximity operations zone. The implications of

(1) RFP B-1-4-PP-02142, 3 January 1984, Attachment A, pp. 21-23
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these constraint categories will be summarized in reverse order, as
they tend to determine the functional requirements on the automated
system, which is the-ultimate topic of this section.

SAFETY AND OPERABILITY

-Control of terminal phase approach direction and braking off-
set, so as to protect payloads from accidental collision and
plume impingement, and facilitate the acquisition of station-
keeping and docking sensors.

~-Control of terminal phase arrival time so as to permit visual
monitoring of the final approach and subsequent proximity op-
erations activity.

-Control of the maneuver times so as to assure the operability
of optical sensors for navigation support, and permit moni-
toring of burn computations and applications.

-Graceful performance degradation in the face of off-nominal
initial conditions and sensor failures.

ECONOMY AND PERFORMANCE REQUIREMENTS

-Placement of maneuvers at or near the optimal times for maxi-
mum efficiency, particularly at nodal crossing points.

-Predictability of the pre-terminal phase conditions so as to
limit the tracking range requirements of RF sensors.

AUTOMATION REQUIREMENTS

-Capability to handle off-nominal dispersions without redesign
of the maneuver plan.

-Feasible software implementation requirements.

It is not necessary to search any farther than the Apollo/Skylab con-
centric flight plan technique to find an operational strategem which
meets all of the above requirements, with the exception of automated
stationkeeping. This will be dealt with later, after an exposition of
the design technique afforded by CFP, and the resulting approach to au-
mated mission design and automated orbital operations. Since it is the
terminal conditions of the operation that are ultimately of interest,
we begin with the design of the terminal phase, and proceed backward to
the initial conditions.

TERMINAL PHASE

Under a previous contract (2), the conditions for a minimum propellant
transfer to a coelliptic offset from a target have been derived. For
the special case where the initial orbit is coelliptic with the target
orbit, it can be shown that the sum of the thrust directions at trans-
fer and braking add up to 180 degrees, in the target local vertical
system. Furthermore, if the final approach to the target is from an
elevation of -26.72 degrees as seen from the target, the transfer ma-
neuver will be along the current line-of-sight at TPI, and the trans-

quirements Document, Appendix B, Contract NAS9-16896, 1 Dec 1983.
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fer interval is 151.75 degrees of orbit travel. These conditions are
independent of orbital altitude or initial range, providing the trans-
fer is accomplished upon the appearance of the 26.72 degree elevation.
Since it is desireabl=? to minimize excursions avay from the track at-
titude for performing 2fficient maneuvers, it seems reasonable to a-
dopt these as the nominal conditions for a terminal phase. If the time
of arrival is fixed to be shortly after local sunrise, and the rendez-
vous is from below, the target will be illuminatad from hehind the in-
*erceptor during the final braking phase. An entirely serendipitous
benefit of this choice results from the fact that in low earth orbit,
the transfer interval is almost exactly the maximum duration of a
nightside pass, so0 that target sunset occurs at approximately the time
of t ansfer, which 1is the optimum sun illumination angle for optical
tracking in reflected sunlight.

At any given target orbit altitude, the fcllowing events can now be
fixed in the prospective timeline:

1) TTSR, the time of target sunrise

2) TTPF, the time of braking (=TTSR + DTSR)

3) TTP1, the time of transfer, 151.75 deq of target orbit travel
before TPF

The targeting can aim the vehicle to any desired offset in altitude and
downrange to avoid plume impingement, and should include several nomi-
nally zero midcourse corrections between TPI and TPF.

PRE-TP1 TARGETING

In general, it 1is desireable to gquarantee a minimum length of time
prior to TPl within which both optical and RF (or other) tracking can
be accomplished. The first requirement is taken care of by the previous
specification of the TFPI conditions, which guarantee target visibility
with back illumination immediately prior to TPI. In order to accomodate
the second requirement, we specify the minimum interval prior tc TPI
during which the range to the target must be less than the maximum
tracking range of the RF sensor. Since the transfer optimality result
used in specifying the transfer phase conditions assumed transfer frcm
a coelliptical orbit, we require that the minimum dwell in the pre-TPI
coelliptical phase be given as DTCOE, and that the maximum range at the
onset of this interval be given as RMAX. We translate the dwell time
into an equivalent arc of orbit travel, WTCOE, and find that the coel-
liptical phase must begin at 1least (3/2)*WTCOE#DELTAH in curvilinear
distance from the TPI point, since the catch-up rate in coelliptical
rhase is well known as -(3/2) #W#DELTAH. Since the maximum range at this
point has been given, the required values of DELTAH and downrange dis-
distance, DELTAS, can be solved for. We assume, for the moment, that
the maximum range point corresponds to a coelliptical maneuver. We have
thus determined the additional constraints

4) DELTAH at the coelliptical burn

S5) DELTAS at the coelliptical burn

6) TIGCOE latest time of the coelliptical burn

7) Four additional conditions, imposed by the requirement to be
in—-plane and coelliptical
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PRE-COELLIPTICAL TARGETING

Conditions 4-7 above completely specify the conditions at the onset of
the coelliptical phase. Further specification of the placement and tim-
ing of prior maneuvers depends on whether, from a planning point of
view, the initial state of the interceptor can be considered uncon-
strained in some degree. The most readily available degree of freedom
at the onset of a rendrzvous sequence is the initial phase between the
target and the interceptor. Since typical operations of an OMV deployed
from either the shuttle or space station fix the orientation and shape
of the interceptor orbit, we consider that the OMV possesses sufficient
energy relative to the interceptor to select the initial phasing by
varying the time of the initial maneuver in the pre—-coelliptical phase.
The objective of the pre-coelliptical program must therefor be to deal
witlk the existing dispersions, differential altitude, and out-of-plane
conditions between it and the target. Operational and system perfor-—
mance constraints inevitably set a limit on the maximum time allowed
for the rendezvous phase of the mission. We take this limit, TMAX, as
given, and subtract from it the time required for the phases from the
coelliptical to the braking maneuver, TTPF-TIGCOE. In the error—free
case, the most efficient sequence of maneuvers for creating the requir-
ed conditions at TIGCOE result from a phasing burn at the largest in-
tegral multiple of interceptor orbits prior to TIGCOE which is greater
than time zero, followed by a height adjust mareuver 1/2 rev before
TIGCOE. At the same time, it must be noted that for large differential
altitudes, increasing the tota. time for the rendezvous sequence will
also increase the effects of ditferential nodal regression, which may
either decrease or augment the out-of-plane condition at TIGCOE. The
first candidate solution is obtained by noting that TIGCOE is ultimate-
ly tied to the times of target sunrise, which repeat each target orbit
period, and choosing the latest TIGCOE which does not violate the total
time constraint:

1) Choose latest TIGCOE such that TTFF .LE. TMAX;

2) Find the first time of nodal crossing ,TNODE, prior to TIGCOE;

3) Augment the time in the coelliptical phase by DT=TIGCOE-TNODE,
and the downrange target by (3/2)#DELTAH#DT*W;

4) Redefine TIGCOE=TNODE;

S) Find the largest integral number of interceptor orbits prior to
TIGCOE which is larger than time zero, TIG1;

6) Define TIGNH as being 1/2 rev prior to TIGCOE;:

7) Solve for the targets with burns at TIG1, TIGNH and TIGCOE.

The next candidate solution is obtained by repeating this process using
the next earlier TIGCOE (one target orbit revolution), until a mimimum
of the total propellant for the three burns is found, or until no fur-
ther reductions in total duration are possible. This procedure guaran-—
tees a minimum solution for the total problem under given specification
of the initial interceptor orbit, target orbit, and total time allowed.

Further reductions in total propellant may be achieved some of the ini-
tial interceptor orbit parameters are free variables in the design pro-
lem. In such cases, the initial 1inclination or ascending node may be
chosen so as to counteract the effects of nodal regression, or the ar-
ument of perigee and true anomaly fixed so as to place TNODE at the
original value of TIGCOE, and place TIG1, TIGNH and TIGCOE at relative
apsides of the interceptor and target orbits.

Once a minimum propellant solution hkas been determined, a final modifi-

NAS9-17274 -S- . SCIENTIFIC SYSTEMS, INC.
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cation is appropriate 1f a priori statistics are available on the ex-
pected envelope of dispersions, defined as the difference between ac-
tual and desired initial condition on the day of execution. The covar-—
iance of dispersions should be propagated to TIGCOE, and all maneuvers
forward 1n time by an interval which decreases the 1nitial phase by 2Z-
sigma of the expected up-range dispersion at TIGCOE. This guarantees
that any changes in maneuvers due to actual dispersions are in the
direction of decreasing relative energy between the initial and final
orbits. Also, the mission timeline must provide for a (nominally zerao)
out-of-plane burn at 1/4 rev before TIGCOE to handle out-of-plane dis-
per=ions on the day of execution.

Z.0 Orbital Rendezvous Mission Planner (ORMP)

Figure 3-1 presents the input data file for the ORMF, which 1s identi-
cal 1n format to that for the

O™ FTATE FIR LGGE SSSCIVATGT SERVICIES RISSIGN ORENAV variant of Program BETEL-

o e o Tl e . GEUSE delivered under this con-
TRACT. This program was devel oped

at SS51I to demonstrate the feasi-—
bility of automated mission de-—

ENTER WOELVER COMRNG FILE
MR TIME-SEC R DED BEC OR DEG DEL-M (L) WOR OFFSET(N.

TaIY?
| ML TIGLs .00 WTs W r LMt we120 . .
INTI K. DILONE M o W s eidlt sign using an approach proven on
TOP Tl WILITWTe 0.0+ 000 s 0018001 prograns previous to the Shuttle.
A COEL TCOEe $529.54 DWT= %000 S8 0K -2.420 A= (2,000 | 2111 0f int t i = ®q . _
SOUR TTiee TR W (W00 WOFFe 000 BAFFs 00212111 interest in Filgure 5—1 are 1
:uumuvmﬂuh 49,00 H-OFFs 000 §-0FFs a2 10111 tems 1n the maneuver command file
NC2 TTIGe (076,08 WTe 41,00 W-OFFs 000 B-0FF 00210111 : ;
RN TTIB 106738 DN+ AT.00 DTRR = 050 MELLe 100010111 which 1s set up to construct a
S PWAL TIRIe 1052937 WWTe 31,47 W-OFFe 000 B-0FFs 00823019 =
ol ol o 4 e g il two rendezvous sequence_ fpr oMy
11 08P TIGDe D0O32.17 WTe  %0.00 .00 . 00920001 OMV Design Reference Mission 1.
12 COEL TCOEw MITWR.07 OMT»  90.00 GO BN 2314 R-he (4.4 27211 | : i
I3 DFER TTI8= R3I90.17 WWTe  [9%.13 W-OFFs 000 §-OFFe ﬂw“llﬂ On input to the ORMP, the sign of
guumumnnm- 49.00 WOFFs 000 BFFe 022011 | the variable GSCGEN DH i1s examined
R ir to determine whether the rendez-
vous 15 to be from below {(“0) or
above (>0), and the the minimum
e "’.%”ﬁﬁﬁ"’mmmﬁ.d"m_ range at TIGCOE is given as R-NSR
Ry B18T TOMEHD L IZLEWS . O0EHA - TIENO 00060 .“.""..," = 12 nautical miles. On cards 4
WT-0F-PL L000E+00 0006430 . ISTENOA ,000EH0 000600 ,OONE40 5
e G T o e and S, the da &4eren;e between
+-NT(00) S 00EH00 L000EH00 .000EH00 .OOOESO0 .000E00 . DOREOS TTIG and TCOE (=18B00) 1s taken to
. SERESSS RSN IR RN ST RO he the minimun time to be spent
in the coelliptic phase prior to
OBSERVATORY STATE(LVLK)  COVARIAMCE (LVLN)1 GOTABE 2 MOLR F.T, %0 RIN MO TFI. H-OFF and S-0FF on card 5
PERIBEE  JAT.PM 2756404 000400 LO00EVO0 ,OMOEW0 .CONENN 0MOEWN specify that the TFPI targeting
WOREE  TN.001 000640 LEIOEMO4 0006400 ,0GOENO0 ,OOEHOD ,OMES : .
LS HOOE 170, 041% 000600 000640 . I01EW4 ,O0OEX0 OMEWD0 ,OMEWM will aim for .002 n.m. uptrack of
INCLINATH 28,30000 0006400 -, YSOE+00 0006400 ,000E+00 ,000E+00 ,OBAE+ -
MG PERIE 00000 - F0EM0 .000EW0 000400 L0ODEA00 00000 ,0ME+IY the targw: snQ &loig vehars 1he
PWEE 11097990 .OWEKD .M0EXN0 LOOOEWC .ONOEX0 LO0GEWO T variable DWT on cards 6, 7, and B
ot AR Pl PR specify degrees of orbit travel
at which each of these maneuvers
occurs foilowing the the one pre-—
MR- — V10ouSs. The braking maneuver of
REE I D O W (VR oo this particular example therefore
t':l“;!;m x: : z:;:: ::: M: occurs 139 degrees of orbit tra-
ICLUMTE 2.50000 .0etost - IME 0006V 71151 WOES00 ::«- vel after TPI. H-OFF and GS-0FF
M0 PERIE 00000 - 7NAEV00 .O00ECO0 L 0OMEM00 L ONOE(A 708 00O speci fy the same targeting for

PWEE P.A002 006000 . 0GMEW0 . O0EL0 . OMEWN | .
RS T the midcourses as for TPI. On

In card 8, DTSR specifi~es that
FIGURE Z-1: Planner Input Data traking will occur .05 hours af-
ter target sunrise, and DWELL
specifies that the next rendezvous canncu be initiated earlier *han 1
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O FTATE FOR LAMSE OBSERWATORY SERVICING RisSIlm
PERIGEE ALT APOBEE ALT LOMS NOBE INCLIMATION MA8 PERINEE P
1n.m 160000  200.00020  29.30001 00000 09.33Y04

ENVER MARVER COWNGE FILE
VR TINE#BEC OR DES GEC OR DER DEL-H (WLN.)  WOR OFFBET(N,

)

12 COEL TCOE= BIJV7.44 IWT=  90.00 BGm M L.I%1 RSk 22.M07
13 IFER TTI0= BA383.29 T+ 1Y3.00 N-OFF= 000 §-FFe 002
W WC TTIE B3I, 72 Wi 60,00 wOFF 400 §-OFF. .02
13 W22 TTIe BSTIL.07 WTs 4100 N-OFF« 000 §-0FFe 002
16 BRAC TTIGe BAATE.00 DNT= 4900 DTER = 050 MELL* 000

Tyl
| PWAL TIRI» 00 WTe .0 2,000 §-OFFe 0o 12010
1MCC] TIR2e 270040 NTe 100,00 . 000 . 0001211
1000 TIE3s 074,19 WTe P00 . 000 . 000 1A
4 CBEL TCOE= 537934 DéT= 90,00 BOM W 2,420 R -0 7L0 12000
S OFER TTI6= 0008.29 Wi+ 108,08 H-OFF« 000 §-OFF= M2121010
& WCI TTIEs 940610 DNT= 49,00 N-OFFe 000 §-0FF N0
T WC2 TTIGe (0073.646 WTe 41,00 N-OFFs 000 §-0FFe Ho2z1et 1
0 DR TTI6= 1007147 DWTs  49.0) DTOR = 050 DELLs 10010111
9 WAL TIGL= 10527.39 WTe 514, N-OFFs 000 §-0FF« oD 230100
10 W2 1162« TH370.33 INTe .00 . 000 . 00023111
1o TIEs 90030.27 WT+  N.0 . 000 . 0002000
22111
22111
20111
0111
20111

REFERENCE VENICLE LVLN SQUAREROOT COVARIARCE OF DISPERS.ONS

DELTAH LLO0EL04 L 000E+00 . 000E+00 .000E+00 -, Y00E+00 . 00NE 00
amy dinT J000E+00 L J2UEL0S .000E00 - YSOEHDD . 000E+00 . 0M0E0
L L000E+00 -, T0E400 .000E+00 ,000E+00 0¥ E+00 .O0OEN
00T (C0) -, 9006400 .O00ES00 .000E+0N 0O0E+0C .‘O0E+00 . O00E+00
1-W7 L000E400 L 000E+00 .O00EL00 ,000€+00 ,000E+00 .204E+41

OBSERVATORY STATE(LVLN) COVARTANCE (LVLN): GSTAMN 2 HOUR FIT, %0 RIN PROP
PERIGEE 150000 .2275E+04 1006000 .O00E400 .OOCE0 .000E00 . (ANE+0
MWPOREE I30.002 (0006400 .BIOTH04 000E400 ,000E400 .000E+00 . OONE00
LONS MOJE 198.841%0 .000E+00 OOCE+00 . IOIEGA .O00E+00 .000E+00 .ONOE+
INCLIMATE 26.49999 . 000€+00 -, Y30E+00 .000E+00 ,O000E+00 .000E+00 . 000K+
M8 PERIE 00000 -, TI0E00 .0O0EH00 000E+O0 . OODE00 .000E+00 . OMOE
PASE 110.97630 ,000E+00 ,000E+00 .000E+00 . 000E+00 .000E+00 . 11201

TARSET | RELATIVE PERIOD= 73146406403 BEC

WBITOR FTATE (LALH) COVARTANCE (LVLKI 1 BSTAM 2 WOUR FIT, %0 NIN MG
PERIGEL 15,997 22403 000600 0006400 . G00EL00 -.ITSECO] . OMECN
WPOREE 160000 .000E+00 . ISSECO4 00000 -, IISE«O4 .O00E+00 ,OMME+M
LONE RODE 200,00020 .000E+00 ,000E+00 AM4E40T . %00EH00 000E+00 . 000+
INCLIBATE 20.30001 .000€+00 -, IBAEM1 .000€+00 .2U1EXQL .000E+00 .0O0E+H0
0 PRI 00000 - Z3AE400 . 00REA0N L 00GESCY . 0NEW0  TTTECM 00N+
1 P 33V50 0000400 . D0OE00 . O0OEAOD . OMIESO0 . 000Ee 1MW

Figqure Z-7r Flanner Output Data
W T A Wie 0 MY -5 NTte - .0
WA 2 TIBe 27103 WE(Ds -4 WY(LIe 3132 WI(Die 119,05 RSS MW 0.0
BURN I TIBe W074.2 WVIO)e .00 VY0 00 Wile M -
WRN 4 TIBe SS2.3 WVICHe  -.07 OVY(De J20.% WI(H -119.4 R88 W 3248
WEe 242 WFe -I0T0 MFe .00 ORS00 WOMYe .4 ORI

TOTOLED REREFe M. ROV M M T

Figure 3-Za: First Rendezvous
Fhasing, NCC, 0O0FP, Coelliptic
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hcur after braking of the first
sequence. The same definitions
apply to the same variables of
cards 9-16 for the second rendez-
vous, which 1s a return of the
observatory to the 1nitial orbit
of the 0OMV. TTIG of card 16 spe-
cifies that the total sequence
must be cuncluded by 27 hours af-
ter burn 1 of the first rendez-
vous. No specification of this
limit on card B8 of the first ren-—
dezvous 1s interpreted by the
ORMF as freeing the arqument of
perigee and true anomaly of the
OMV to be chosen so as to min: -
mize propellcit requirements as
described above. Also included 1n
Figure 3-1 are the input initial
initial states, covariance of
target relative OMV dispersions,
and covariance of 0OMV-relative
target orbit uncertainties. Fig-—
ure -2 exhibits the output file
where the i1nput values of time,
coelliptical targets, and i1nitial
orbits have bazen replaced by
those resulting from the ORMP
construction of the mission. This
This data +file may be input to
ORENAV  without change for subse-
quent analysis of the total pro-—
pellant requirements. Finally,
Figures 2Z-Za and 3-3b summarize
the nominal maneuver solutions
for the TIG1 through TIGCOE se-
quence. The method of computation
of these solutions will be the
sub ject of the next section.

NN [ TIOe (03274 WLEO)e M WYiLe 250 IWLIGIe o W N9
W 2 Tib= 78378,% OVI/ ¢ <2045 DVY(L)s -300.23 OVI(D)e -120.43 RS§ DW= 132,07
WX 3 Tibe B0N.3 K 0 00 VY0 00 WItle  -.01 RSE I 0l
WA 4TIl Y70 P ilhe 20,03 PNV(LIe <2970 IND(LIe 114,37 Rl 0 JLMT

e LN e 2.0 N 00 Ol .00 VDT B e

3 CYLEN MOSIFe 0. ROOW- 07 BE RS- iT). 00

Figure 3-3b: Second Rendezvous
FPhasing, NCC, O0OF, Coelliptic
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4.0 Universal Maneuver Frocessor (UMP)

The classical solution to the minimum fuel n-burn rendezvous problem
has been treated by Lawden (2) and others, and shown to be a two-point
boundary value problem. In Lawden ' 's treatment, a primer vecrtor 1s de-—
fined which can be shown to foliow the Clohessv-Wi:ltshire Equations of
relative motion. For an impulsive sequence, 1t 1s known that the opti-
mal maneuver points occur at time when the magnitude of the primer vec-
tor approaches 1 from below (<1), and that tne thrust direction 1s that
of the primer vector at each such point. The bcundary value praoblem 1s
that of finding a solution to the primer vector equation such that the
sequence of 1mpulses result in attainment of the specified end rcnaol-
tions, given specified 1initial conditions. In general this problem can-
not be solved in closed form, and a different approach 1s more practi-
cal. By adopting coelliptica! conditions as the nominal final state of
various phases of the rendezvous sequence, i1t can be calculated wheat
initial phasing results 1n mimimal total propellant for a two-i1mpulse
transfer to a coelliptical final condition from arbitrary initial con-
ditions. If the relative state at each point 1s given i1in terms of posi-
tion, and velocity relative to coelliptical speed at that point, the
resulting prcblem can be minimized with resnect to transfer i1nterval,
which amounts to a solution to the primer vector boundary value prob-
lem. This has been done in the ORMP.

An 1mportant feature of the resulting mission plan 1s that dispersions
in relative motion due to i1nitial placement errors and resolved naviga-
tion wuncertainties dc not significantly affect the time placement of
maneuvers for the optimal sequence. Such effects as occur can be dealt
with by minor adjustments of the maneuver times, which do not alter the
basic timeline. Therefore, 1t 1s almost never necessary to re-solve the
planning problem in real time. Rather, 1t 15 only necessary to solve
for a specific set of maneuvers based on the current best knowledge of
th= state.

From an analytical point of view then, the maneuver computation problem
on a given day of execution can be characterized by a fixed number and
time of burns, with specified initial and terminal conditions. This
is true of both the terminal phase and pre-coelliptic phases, and since
in fact the terminal phase 1s a special case of the pre—coelliptic
phase resulting 1n coelliptic conditions at braking, al! the optimiza-
tion results derived for transfer to a coelliptic offset apply equally
to the terminal phase. It is therefore possible to devise a single com-—
putational algorithm which accepts specification of the burn times and
terminal constraints, and produces a minimum variance estimate of the
burn solution set. Such an alqoriihm has been devised as described 1n
Appendix A of this report, and i1ncorporated 1nto both the ORMFP and the
CRENAV  programs. The algorithm possesses the following i1important pro-
perties:

a) No computaticnal singularities, provided that a solution for
a given set of times and terminal constraints physically exists;

b) Specification cf 1 to 6 terminal constraints i1n position and
velocity;

(3) Lé&déh, D.E:;ioptxmal_T;ajectorxes fof_Spacé Navigation, Butter-
worths, London, 1963
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c) Specification of velocity offsets with respect to in—-plane
coelliptical speed:

d) Specification of out-of-plane position and velocity off-sets;

e) Minimizes the squared magnitude of each component of each
maneuver, and hence the sum squares of the total sequence;

f) Utilizes software functions typically provided fo:- state and
covariance propagation, and filter covariance measurement up-
dating;

g) Implicitly accounts for all modelled disturbing accelerations.

It should be emphasized that these characteristics do not depend on any
assumption of coelliptical initial or final conditions. The coellipti-
cal conditions are utilized only for mission design purposes to find
maneuver times and targeting conditions which are at or near the mini-
mum total propellant points that would be identified by an exact solu-
tion of the Lawden primer vector boundary value problem. The UMP can be
used to find the minimum-propellant solution to any set of fixed burn
times which have been derived by any other method, whether or not known
to be optimal, such as the current shuttle rendezvous baseline.

It was stated in Section 2 that the problem of station—-keeping remained
to be dealt with. The application of the UMP in this context 1s i1mmedi-
ate and obvious: One has only to specify the desired stationkeeping
position, and periodically cycle the UMP on to compute a two-impulse
solution from the current to the desired position. Other approaches are
possible but depend on specific and as yet undefined applications.
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GENERAL SOLUTION TO THE FIXED-TIME MANEUVER
COMPUTATION PRCBLEM

1. Mathematical Preliminaries

We are concerned with finding the best estimate of various vector-valued random
variables. In order to facilitate the analysis, the method of ortogonal projec-
tion will be employed. Using the Dirac notation, we define

|x> = x a vector-valued random variable

<y| = X? the adjoint of |y>

Gl =yl x = yex

| x><y| = E(Ex?) the expectation of EXT

Further, the orthogonal complement of |[x> with respect to ly> is defined as

X =[x - Aly>

with A chosen so as to mimimize J = |[X><X|:
3 =[]0 - Alp ]| - <y|a’]

in the usual way, we take the variation in J with respect to a variatic: . A
and require the result to be identically zero for an extremum:*

§J =-[|x> - A]y>]<yi¢>xT - 8A|y>[<x| - <y|AT]
vhich implies =4
[lx> = Aly>]<y| = [x><y| - Afy><y|
=6

or =
A= |x<y| |yx<y]

so that N -1
%> = |x> = [x><y||y><y| "|y>

= |x> - |%
|§> is called the orthogonal projection of |x> onto |y>, or in more mundane
terms, the best estimate of |x> given |y». It is straightforward to establish
the following further results:
|X><X| =¢

|Xo<y| =@
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| x><X|

|o<x] = |%<x|

|x<x| = |%<x| = |%<X|

As a practical example of tire application of these results, consider an ob-
servation process where

ly> = H|x> + |n>; |x><x| = P, |n><n| =R, |x><n| =¢
If there is no a priori estimate of |x>, the best estimate of |x> is given by

A -1

[0 = [0<yi|y>3<y| "y>

= PHT[HPHT i R]'1|y>

a familiar result. If an estimate of |x> has been obtained previously, we
construct a new estimate as a linear combination of the old estimfte and the
observation |y>. This is done by subtracting the projection of |[X> onto |y>
such that

17> = |y> - H|%
which has the property that

|P><X]|

[ly> - H|%1<R]

[H|x> - H|%> <X

]

H|%><X|
=¢

since by definition |X> = [x> - |X> and it has been shown that |¥X><X| =¢ .
Then

kS

%+ @]

%> + PHI[HPHT + R]™1[T>
Also, by direct calculation

P = |X>&| = P - PHI[HPH + R]™1HP
2.0 K i n-es

Let |X> be the relative state of the interceptor at tf, and |X,> be the
initial state. Define

Afo Bfo
Ceol -

Afo Bfo

-
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Then for any sequence of n maneuvers |vi> at times t., the final state is
given by

Xg> = CpolX,> + Ggy|vy> *+ Gpplvy> + = =+ Ggylvy

Further define

| = [X> = Cc |X )

F=1Gy Ggp - - Gyl
r
|V1>
|V>= |\-/2>
0
Then
|d> = F|»
and further,
o -1
|V> = |v><d| |d><d| ~|d>

If no a priori statistics are available on the space of |V>, we are at li-
berty to select the gauge condition |V><V| = I, so that d><d|=F|V><V|FI=FFT

V> = FLLEF ] 7L

which is the unweighted least squares estimate of |V>. Let U=|V><V|twith an
initial value U=I. Then we may at each point define |d> to be the i 1 com-

ponent of the deviation vector |Xc> - CfolXO>, where |Xf> is the desired

final state of the system. Thu= it is possible to recursively process the
constraint equation:

Viag> = V> + Uy Tniuih 171 a> =1, mm e
Ueg = Uy - Uyt 100 1R Vp = jo>

U = I

h-i - Fl,*

If the we define D = |d><d|, then the covariance of the solution vector (mot
the error in the solution vector) is given by

A .
D= |W<v| = FL[FFT]-Ip[FFT]-1F

=3=

> 4
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V> = FUFFILF

2.1 Conditions for Existence of |%>

A T.<
It is apparent that |V> exists if the inverse [FF ] 1 exists. this will be

true if the matrix FFT has full rank, i.e. its determinant is not zero. We
need only examine the deterministic case, that is the case where the number
of maneuver components is equal to the number of terminal constraints. If
the number of components is less than the num 2r of coustraint equations, a
solution will not in general exist except for unique values of |d>. If we
assume two three-asxis burns at different times, the F matrix looks like

S¢q 2(1-cf1) 0 Sgp 2(1-cf2) 0

0 0 0 0

1 °f1 S£2
Fsu =
* w(2-cfl) w(3wtfl-25f1) 0 w(2-cf2) w(3wtf2-3sf2) 0
gy vyl O o, wlepd) O
0 0 -wcfl 0 0 -wcf2

- L

Examining the out-of-plane submatrix. we see that its determinant is

w(sfzcf1 - sflcfZ) =w sin(wt21)

This will be zero for wt " n(pi), n=0,1,2... It is further apparent that if
Whey= Wte, + 2n{pi), thatlcolum 1 of F has the same value as coulmn 4, and

that F is therefore singular. We therefore find out-of-plane singularitiesif
all burns are n(pi) apart, and in-plane singularities if all burms are 2n(pi)
apart. This condition can be observed in the recursive solution process by
testing T

h.U.h, > 0

—ii-i

whereby if it fails, processing of that component should be aborted, and an
indicator set to draw attention to the improper specification of the burn
intervals.

)
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