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1. INTRODUCTION

During his visit to the United States in 1985 spent at CIMSS,
Madison, Wisconsin, Dr. Brian Taylor of the New Zealand Meteorological
Service, complained of navigational errors in the predicted position
of the NOAA-9 satellite when using orbital parameters obtained from
Part IV of the T-Bus message (sample attached) provided to
international users of NOAA data. The existence of the errors was
confirmed by other members of the International TOVS Study Conference
(ITSC) held at Igls, Austria during February 1985; an action item was
recommended to ascertain the nature of the problem, and to report
possible remedial action at the next ITSC meeting to be held in
Madison, Wisconsin in the summer of 1986. This report addresses the
investigation accomplished at CIMSS.

2. DESCRIPTION OF PROBLEM

For this investigation, orbital parameters obtained from three
sources were used. The first set was obtained from NOAA/NESDIS,
Orbital Mechanics Branch, Suitland, Maryland, using the subroutine
PSCEAR installed on the NAS 9000 system in Suitland. Definitive (not
predicted) parameters were gathered daily over a period of several
weeks from December 1985 through February 1986. Satellite positions
obtained from the most recent PSCEAR parameters were considered the
best available approximation to the truth, and were the standard
against which the predicted positions were compared. The definitive
parameters were usually used within one day of their epoch, and never
more than three. A second set of parameters was obtained
approximately daily from the T-Bus Part IV message received on the
McIDAS system at Madison. This is the same set available to Dr.
Taylor and others.

The T-Bus orbital parameters have the somewhat unusual property
that their epoch is the time of an ascending Equator crossing.
Presumably, a number of users around the world use a satellite
prediction system predicated on the assumption that the parameters are
valid at the instant of an Equator crossing. However, this involves a
possibly suspect interpolation since primary navigation parameters are
not provided in this way, and this question has been considered by
generating a third set of "pseudo" T-Bus parameters at SDAB, Madison,
for comparison with the T-Bus parameters cited above. These
pseudo-parameters were obtained from a program which extrapolates a
set of definitive parameters (our "truth") forward to the next
ascending Equator crossing. The short program which performs this
extrapolation is shown in the appendix below.
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The basic element of the study is the prediction of satellite
positions from either the actual or pseudo T-Bus, and the comparison
of this prediction with the position obtained from definitive
parameters. The subroutine used to predict satellite positions from a
given set of orbital parameters was obtained from OMB/NESDIS, in order
to use standardized software. The subroutine is known as BROLYD on
the NAS 9000, and appears in the present study as the vector-valued
function VBLMOD (Vector Brouwer-Lyddane Model). A complete listing of
the routine on the SSEC McIDAS IBM 4381 is given below.

Figure 1 illustrates the problem of which Dr. Taylor has
complained. The y axis is the epoch of whatever set of parameters is
used to make the prediction. The abscissa represents the time of a
prediction after the epoch of the prediction, each tick mark deline-
ating one day, the entire range being 27 days. The ordinate repre-
sents the along-track error of the prediction with the horizontal
lines positioned at *100 kilometers. The strings of semi-continuous
dots depict the navigation error as the T-Bus ages, and the continuous
line is a quadratic fit to these errors. Several points can be noted.
Firstly, there is an overall tendency toward degradation in that the
predicted positions generally fall further and further behind with
time. Secondly, the degradation occurs at a rate which is by no means
uniform, for certain sets of parameters tend to produce strings of
predicted positions which degrade much more rapidly than other strings
produced by other sets. Thirdly, the prediction error for any given
epoch is not continuous. The discontinuities are obvious and
occasionally very large as evidenced by the scattering of individual
dots. Finally, the error is frequently non-trivial even at the time
of epoch (the origin). It should be recalled that this navigation is
being used to locate the AVHRR data where an error of even a few
kilometers is objectionable.

Figure 2 is similar to Figure 1, but is derived from the pseudo
T-Bus parameters produced in Madison. In some ways, there is an
improvement. The short term error is reduced and it appears that
there is somewhat less long-term bias. However, the scatter of the
predicted positions is worse, with some sets of parameters producing
positive, and others negative errors, which become rapidly worse with
time. Hence, for long-term predictions, neither set is acceptable.

3. A METHOD OF REDUCING THE ERROR

We have not been successful in locating the source of the error
in the predictions from the T-Bus. Its elimination appears to involve
an in-depth study of the orbital prediction model which is clearly
beyond the scope of our effort. However, we can offer a palliative
which will generally make the navigation suitable over periods of up
to a week.

The fact that large along-track errors occur using either set of
T-Bus parameters suggests that for whatever reason, the mean orbital
period is badly predicted. Yet, the true orbital period is rather
well-known, for it can be obtained from the known times of satellite
equator crossings found in either the true or pseudo T-Bus parameters.
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-4, 4206979+00 -3, 3833865400 -7, 3933357-02
86 11370 86 2 7

SORRECTION IS OFF PARAMETERS: TBUS

Figure 1.

Prediction errors from standard T-Bus parameters; no periodic

stabilization.

-7.2421178+00 3.2980527+00  -35. 4370575-02
86 11570 86 2 7

Figure 2.

CORRECTION IS OFF PARANETERS: LOCTB

Prediction errors from CIMSS-generated pseudo-T-Bus parameters; no

periodic stabilization.
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Since these parameters always have an Equator crossing as their epoch,
one can divide the time elapsed between any two consecutive epochs by
the number of intervening orbits to obtain the orbital period.
Moreover, since this period is reasonably constant and changes
predictably with time, the knowledge of the period can be used to
correct, or at least to stabilize, the predicted satellite positions,
thereby reducing the extreme scatter seen in Figs. 1 and 2.

Figure 3 shows the change in the orbital period from 15 January
1986 to 11 March 1986 as the satellite speeds up. The points were
obtained by dividing the T-Bus epoch of consecutive elements by the
number of orbits occurring between them. They are plotted on a
greatly expanded time scale with the complete range of the ordinate
only 0.1 sec. Although there is considerable scatter, the pattern has
sufficient coherence to allow a curve to be fitted, as shown, and this
curve can thereafter be used to predict the orbital period a short
distance into the future, e.g. a week. The equation shown (constant,
first and second order coefficients) gives the predicted period in
days. Note that a mean error of only .l seconds in orbital period
leads to an accumulated along-track error of about 70 km per week.

With the orbital period known or reliably estimated, the
predicted satellite positions can be much stabilized as follows.
Beginning at the epoch of a given set of parameters, satellite
positions are predicted at every tenth orbital period thereafter, at
the times

ep, ep + 10*p, ep + 20*p, ep + 30p, etc.

where "ep" is an epoch time, and "p" the period. Ideally, the
predicted positions would always fall exactly over the Equator, since
the epoch itself corresponds to an Equator crossing. In general,
however, a predicted position will lead or lag an Equator crossing by
a slight amount which will increase with time. An empirical curve
fitted to the lead/lag values provides us with an estimate of the
amount by which the satellite is running "ahead" or "behind" schedule
at any given time; and thereby provides the amount of adjustment
needed to insure that the predicted positions will possess the desired
periodicity.

Let us denote by VSAT the vector position of the satellite in
celestial coordinates obtained by VBLMOD or other prediction program.
This is to be adjusted to conform to the desired periodicity.

Further, let VSATl1 and VSAT2 be vector positions similarly computed
representing the satellite's position about 10-15 minutes before and
after the time VSAT, respectively. Then in the notation of High-Level
Fortran (HLF), the vector orbital plane is given by

VOP = VUNIT4 (VSAT1 ** VSAT2)
where the double asterisk (**) denotes the cross (vector) product of

two vectors, and VUNIT4 is a vector-valued function which normalizes
its argument to a unit vector. Note that it is relatively
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7. 08911403-02 -1.44412825-08 -1.51148537-10

Figure 3. Change in NOAA-7 orbital period 15 January 1986 to 11 March
1986. The entire range is only about .l second.

unimportant if the two positions VSAT1 and VSAT2 contain slight
along-track errors, since the vector orbital plane precesses only very
slowly, about one-fourteenth of a degree per orbit.

The vector orbital plane VOP is one of three orthonormal vectors
which constitute a dextral coordinate set attached to the plane of the
orbit. VOP is normal to the plane of the orbit, and two other
orthonormal vectors in this plane can easily be found, as follows.

Let VEQ by the projection of VOP onto the plane of the Equator. Then
the cross-product VX = VEQ**VOP is a vector lying along the
intersection of the orbital and equatorial planes. Finally, VY =
VOP**VX points from the center of the earth, in the orbital plane,
toward the point of maximum satellite latitude. For example,

VEQ = VEC4 (vop(l), vop(2), 0.)
VX = VUNIT4 (VEQ ** VOP)
VY = VOP ** VX

The vector-valued function VEC4 returns a vector whose three
components are its three arguments. The three unit vectors thus found
(VoP, VX, VY) may themselves be regarded as the columns of a 3x3
orthogonal matrix MXR which transforms an arbitrary vector from the
basis of the orbital plane to the celestial basis. Moreover, its
inverse is also its transpose, and transforms a vector from the
celestial to the orbital basis. The angular adjustment "adj" to be
made to the satellite's position is known from the lead/lag values in
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the Equator crossings, and the matrix ROT which accomplishes this
rotation in the orbital plane is

cosine (adj) -sine (adj) 0
ROT = sine (adj) cosine (adj) 0
0 0 1

The routine VSADJ which computes the empirical equation for
angular adjustment, adjusts the predicted position in the orbital
plane, and re-transforms the adjusted position to celestial
coordinates, is shown in Appendix C.

Figure 4 and 5 are similar to Figs. 1 and 2, respectively, but
include the adjustment for periodic stabilization described above. In
both cases, there is far less scatter than in the two unstabilized
cases, which means that the remaining error is better described by a
regression equation whose coefficients are shown. This remaining
error arises from the fact that although the orbital period can be
accurately specified for the epoch time of a set of orbital elements,
there is;, in general, a slow change in period even from this estimated
value, and this change is not taken into account over the lifetime of
the orbital elements used in this study. In practice, it is assumed
that T-Bus parameters are received at frequent intervals, perhaps
daily, and hence would never be used for as long as three weeks (as
shown in these figures).

4, CONCLUSIONS AND RECOMMENDATIONS

It appears feasible even with imperfect orbital elements and
imperfect prediction programs to upgrade significantly the quality of
NOAA-9 (or other) satellite positions by making use of the orbital
period, which can be reliably estimated. To achieve this end, the
following general approach can be used, although its precise
application by any user will depend on the resources available at his
site.

(a) An archive of recent T-Bus orbital elements must be
available. The fact that their epoch coincides with an
Equator crossing is desirable, because Equator-crossing is a
moment of the orbit at which orbital periods can be easily
measured. If no T-Bus elements are available, but
definitive elements are known, the former can be obtained
from the latter using, for example, a routine such as shown
in Appendix A.

(b) With T-Bus or pseudo T-Bus elements available, a program
like that in Appendix B can be used to obtain a regression
equation for predicting orbital periods in the near future.

(c) With an accurate estimate of period now available for any
orbit, the known periodicity can be applied to stabilize the
orbital position in order to remove both bias and scatter
from the predicted positions. A routine like that shown in
Appendix C can be used.
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-3.8161341+00 2.0987209¢00 -1.5754559-01
86 1 1570 86 2 7

~ORRECTION IS ON PARANETERS: TBUS

Figure 4. Prediction errors from standard T-Bus parameters using periodic
stabilization.

-8. 94298785-01 6. 3904506-02  -7.5860887-02
86 11570 86 2 7

CORRECTION IS ON PARAMETERS: LOCTB

Figure 5. Prediction erros from pseudo-T-Bus parameters using periodic
stabilization.
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1 XXCROSS
AFFENDIX A .
* °
Subroutine Maino
X
X To extrarolate definitive orbital parameters to the next Eauator
X crossing following erochi to obtain alternate T-Bus elements.
X
X UFFER case variables are vectors and matrices? 1lower case
X are scalars.,
X
Implicit rezal%x8 (d)sy Vectorx4(v)
FParameter (dtster = 30.d+0/86400.d+0s drtd = 57.2957795d+0»
1 mr=5s rx=1.d+0/drtd)
c
Vectorkx4 (fIVBLMODr, VSAT(100)
Vectorx8 VECVELs»VBW
Matrixk4 (f)MSUBIA(1s11)y» MVSAT(35100)sBLELEM(S)
~ Matrixx8 AA(ilsmr)s UV(mr)y (PIMFITS8(mr)s»DELEMS(10056)sUPDELS(&)>
1 MX(11)yMCOEFS(mrsi)s (fIMSUBIB(11,4)sMSUB(11s8)>
2 DTT(100)»(PIMALLB(100)sDINELS(S)
X
common/blxtra/dtrrersUPDELS»VECVEL § Urpdated BL elements
common/vbl/ dterocsBLELEM
X
eauivalence( VSAT(1)s MVSAT)
X
c (afadaYafofofofof adadaf ol afafad ad afaf of of af af af aof af ol of af ad af of af af af ¥ af ad of ¥ af af af of ad f af ud of ad af af f af af nd nd o]
c
read(9s%X) Jdskir # skip-ahead time in hours
read(9s%X) Jusdmsddrkhrkmrsec # reads definitive eroch
dteroc = dabtim(Jyrdimsyddrkhrkmrsec) §# conv to Julian Day Number
write(és17) Jdskirsmr
17 format(’Oskir-ahead time and order of interrolation ‘v 2i6/)
X
read(9y%x) (blelem(Jdri)rd=1+6)} reads definitive elements
write(és1) Jyrdmsddskhrkmssecsblelem
1 format(’Ostarting time and elements ‘» 5i3»f8.3/ 1h » 3eléb. 67
1 1h » 3elé.6/) ;
c
do 2 J = 396 conv 3andles to radians
2 blelem(Jdrl) = .,01745329%blelem(Jdri)
c
dtdo = dteroc + dfloat(dskir)/24.d+0
c
do 100 n = 1,200 # find aprroximate start of ascending rPass
dt = dtdo + 3.d+0 %X dfloat(n)/1440.d+0
VWB = VBLMOD(dts flatsflondscd)
%

if(n +.ea., 1) then altitude and kinetic enerdy initially
dkinet = 1.,d+6 x VECVELXVECVEL
dzorid = cd

193




PR

s ey
FAGE 2 XXCROSS
53 ddfa = 9.8d+0 x (6371.d+0 / dzorig)xx2
54 write(é,»921) cdrdkinet
99 21 format(’0Initial altitude and enerdy ‘y f9.1y2%yd18.7/)
56 X
57 else
S8 dk. = 1,d+6 x VECVELXVECVEL
59 dr = 1000,d+0 %Xddfa X (dble(cd) - dzorig)
60 dtot= de + dk
61 write(é6+s93) nrdkrdrsdtot
62 ?3 format(4xy ié6y» 3d18.8)
63 end if
&4 X --
49 if(flat .1t., -75.) g0 to 102 close to mimumum latitude
bé 100 continue
67 c
68 102 do 110 n = 11007 search northward in small sters
69 dtt(ns»1) = dt + dtster % dfloat(n)
70 VSAT(n) = VELMOD(dtt(ns1)y flatsflondscd)
71 c VELMODI' also returns urdated BL elements thru common/blxtra/
72 110 DELEMS(ns$) = UFDELS
73 c
74 lit = 1litsch(MVSAT(3+$)y 100) i search for smallest z-comronent
73 X Litsch searches an array for the smallest absolute value.
7 X The 3rd row of MVUSAT is the z-comronents of rosition vectors.
77 X
78 Jgo = lit - 537 choose § points on either side near Eaquator
79 Jstor = 1it + S
80 MX = MSUBI4( MVSAT»3+100y 3»3y1y .dordstorsl)
81 MCOEFS = MFIT8(MXs DTT(Jgos1)y 11y mrs UV, AA)
82 X '
83 X We Just obtained mr coefficients fitting time as a3 function
84 X of z-comronent near Equator crossing. The constant term
85 X (the arrroximation when z=0) is the crossindg -time.,
8é c
87 dix = mcoefs(1ls1) interrolated crossing time
88 call tinver( dtxs nusnmendskhrkmekssy nth)
89 X Tinver converts Julian Day Number back to civil date/time.
?0 write(éy11) nysnmrndrkhsbkmsks
1 151 format(’Oarrroximate crossing time ‘y 6i3/)
92 c
93 c Extract the sub-matrix of orbital rparameters straddling Equator
94 MSUR = MSURI8B( DELEMS»100s6» .Jdosdstorslsy 15651) 5 11x6
EA DTT = DTT - MALLS8( dtxy» 100s1)3 subtract dtx from 3ll1 times
96 X DTT times are now relative to Equator crossing.
97 c
78 do 150 J = 1+6 % interrolate each of é elements to dtix
99 MCOEFS = MFIT8(DTT(Jg0s1)yMSUE($yd)s1lsmry VVsAA)
100 150 dinels(Jdrl) = mcoefs(1ly1)
101 X
102 = convert sarameters to McIdas storadge format
103 ecce = dinels(2y1)
104 ar = drtdXdinels(5Sy1)
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ra = drtdXdinels(4,1)
fincl = drtdXdinels(3,1)

sm3 = dinels(1,1)
fma = drtdXdinels(ési)

call tinver(dtxs Jeydmyddskhskmeksy nth)

frac = 86400.d+0 % (dtx - dabtim(Jysdmsidskhrkmeks))
sec = float(ks) + frac

write(6,77) Jusimridskhskmssecs smaseccrfinclsrasaryfma
format(lh »5i3sr6.2, £8.2y 9.6y f7.3y 3f8.3/)

Compute enerdies using the definitive elementss and also using
the pseudo-TBUS elements Just comrputed.

VX = VBLMOD(dtxs flatsflongrcd)

dkin = 1.d+6 X VECVELXVECVEL
drot = 1000.d40 x ddfa x (dble(cd) - dzorig)
dtot = dkin + drot

write(4,79) flatsflondsdkinsdrotsdtot
format(‘’Odefinitive lat/lond at erochs kinetics rotentials total‘/

ih » 2¢9,2/1h » 3d18.8)
dteroc = dtx ]
BLELEM = DINELS insert rseudo-elements Just comruted,

VSUDO = VBLMOD(dtx» flatsflondgscd)

dkin = 1.d+6 X VECVELXVECVEL

drot = 1000.d+0 % dgfas x (dble(cd) - dzorig)

dtot = dkin + drot

write(6s83) flatrflongrdkinsdrotsdtot

format(‘’Qusing pseudo-tbus rarameters ’y 2f9.1/1ih v 3diB8.7/)

c3ll mfstak(0)
return
end

tt*tttttt#x****tt*ttt*x*tt*xxttt*t*****tt**t***x*tt*x**t**t*tx**
Matrix Function MFIT8x8 (Xs9snsmy viyaaz)

UPPER case sumbols are matricesi lower case are scalars.

To obtain the m coefficients (ms1) for 3 least-sauares fit to -
N  Xr9 P3irs of data., See p., 278 on ‘Aprroximation’ in Froberd.

The functional value returned by this routine is the (msyi)

matrix of real%8 fitting coefficientsy in ascending POWETrs,

If this routine is called from 3 conventional Fortran Programs

the call is...

This routine is similar to MATFITs» but has REALXS inFuts.

CALL MFIT8( XLIST, YLISTs NPAIRS, MORDER» VsAAsy COEFS)
8 8 I4 I4 8 8 8

Matrixxs MFIT8(m)»AACnImM) s (fIMTRANB(msn) s (PIMSYMVUT (mym) 5
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157 1 Vim) s X(rd) e Y ()

158 c

159 vV = 0,

160 C

161 do 10 i = 1»n

162 aa(irl) = 1,d+0

1462 10 v(lyl) = v(1s1) + u9(isl)

1464 c

165 do 20 k. = 2wm

166 do 20 i = 1sn

147 aal(isk) = x(isl) %X 33(irk-1)

168 20 viksl) = v(ksyl) + 33(isk) X uw(isl)
169 ay

170 MFITB8 = MSYMVT( MTRANB(AAsnsym)XAAy m) %X V
171 return

172 end

173
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100

102

Subroutine Maino
¥l ml dl ¥2 m2 d2 cfile(locth)

To obtain coefficients for the redression ecuation for
Predicting orbital reriods

Implicit realx8 (d)

characterx8 cfilescre

Matrix%8 (fIMFIT8(3)s MCOFS(3)s AAR(20053)9VV (34 3)
dimension derers(200),dts(200)

common/vbl/dterocrselems(4)
common/tab/tabuf(33)

nxxxmxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
call encode( “(132xy ti1y
*Entering reriod on initiator *913/)’y tabufs luc(-23))
dtdo = dabtim(irr(1,88); irP(251)y iPr(3s1)sy 05050)
dtstor = dabtim(iPP(4!1)riPP(571)91PP(6!1)!010!0)
cfile = crp(7y ‘locth )
ca3ll encode( "(* file!: °y 38/)’y tebufsy cfile)
Jr = 0
ca3ll detble(cfiles dtdo)
if(dtdo .1t, dteroc) dtgo = dteroc + .01d+0
drer = 1.,701361111d440/24.4d40
dtlast = dteroc

dt = dtgo
demin = 1.d4+20
drFrmax = -demin

do 100 n = 151000000

if(dt .d4t. dtstor) g0 to 102
casll detble( cfiley dt)
if(dteroc .1t, 0.d+0) do to 102
if(dteroc .le, dtlast) do to 100

dlarse = dteroc - dtlast
norbs = dlarse/drer + ,5d440

JFe = e+ 01

drers(Jr) = dlarse/dfloat(norbs)
if(drers(ir) .gt. demax) dFemax = drers(dp)
if(drers(ir) .,1t. demin) dermin = drers(Jdr)

dts(Jir) = dteroc - dtdo
dtlast = dteroc
dt = dt + 1.d+0

domean = ,5440 X (drmax + demin)
call initrl1(0,0)
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110

112

120
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500.d+0 / (dteroc - dts=o)
400.d40 / (demax - demin)

xscale
yscale

do 110 J = 1ydrF

Jyp = 250, - yscalex(drers(d) - dumean)
Jxp = 90. + xscaleXdts(d)

call plot( Jduprydxrps0)

call plot(dur-1y Jdxersy 3)

do 112 J = 1P
call encode( “( ié6y 1h.» 4xy d20.10y d16.8/)’» tabuf,
Jr  dts(d)y drers(d))

MCOFS = MFITB(dts: drersy Jdry 3» VUVsAA)
The matrix MCOFS contains the desired coefficients.
kf = 0

Plot the resultin§ curve over the scatter.
do 120 J = 1520

Jxeg = 90, + 25.%float(J-1)

dex = float(dxe - 50)/xscale

dpy = MCOFS(1s1) + dexX(MCOFS(2y1) + drxXMCOFS(3+1))
Jup = 250. - uscaleXx(dry - dumean)

call plot(durrdxprkf)
kf = 3

call encode( ‘( %3d16.8)’y tebuf, MCOFS)
call wrtext( 420, S50y 7y tabuf, 48, 3)
call encode( ‘(/)’y» tabuf)

call endrlt

call mfstak(0)

return

end
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AFFENDIX C3

VECTOR FUNCTION VSADJX4 (dtsdtoridsdcerrcorrec)

To compute rpredicted satellite rositionsy maind addustment for
dradual chandes in orbital reriod

¥ ¥ W

Implicit real%8 (d)s VECTORX4(V)
Farameter( halferi = .5 %X 3.141593)

characterXx8 correc

MATRIXX8 (fIMFIT8(3)sy VV(3:y3)sy AA(3S5:3)» MADCOF(3)
MATRIXX4 (f)MTRAN4(3I»3)sROT(3»3)sMXR(3+3)

JVECTOR%X4 (f)VEC4»(PIVUNIT4, (f)VBLMOD

dimension dangds(35),dxs(33)sdcr(3)

common/vbl/ dterocy elems(6)
common/tab/tabuf (33)

equivalencel(vx(1)rmxr(1s1))s(vel()rmxr(1s2))s(vor(i)smxr(is3))

data dt1sdt2/ 2 % 0.4+0/» delast/0.d+0/» ROT/ 8%0.» 1./
c MMM MMM R MMM MK AR MM A MMM AU UK AU A KA U AR KUK H KRR KK ARAAK AR AR K AR ARRN
if(correc .ea. ‘off’) do0 to 30
dx = dt - dteroc
dx2 = dxXxdx
if( delast .ea. dteroc) do to 30

X Get 3 new estimate of orbital reriod.
dtx = dteroc - dtorigd
if(dtx +1t. 0.d+0) dtx = 0.d+0
drer = dcr(1l) + dtxX(dcr(2) + dtxkXdce(3)) $ estimated reriod
call tinver(dteroc» JurdmyJdskhskmrksynth)

»

c Comrpute lead or lag in future Ecuator crossinds
do 26 4 = 1535 o
dtx = dteroc + 10.d+40 X drer %X dfloat(J-1)
URLX = VBLMOD(dtxs slatsslondrcd) 3+ Sat pos near Ea crossing
Vaor UBRLX XX VBLMOD(dtx+.01d+0y slatisslondrcd)
VEQ VEC4( vor(l)s vor(2)sy 0.,)
VX = VEQ %X VOP X sign(l.» elems(3)-halfri)

dxs(J) = dtx - dteroc § times after eroch
6 dands(Jd) = angbtw( VUX»VBLX) X% sidn(i.» vblx(3))

% 3 M

...3nd det redression coefficients to estimate them.
MADCOF = -MFIT8( dxs»dands»35y3s VVsAA)

call encode( “( 6i3y dié6.8y di2.4y 2f9.1/ 1h » %X3dié6.8/)’>»
1 tabufs Jyrdmrddskhskmrkssdrersdands(35)sslatsvbln(3)y
2 MADCOF)

Gl 3 ¥ ¥ ¥

0 VSAT = VELMOD(dtr slatrslondrcd) ] unadJjusted rosition
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35
36
57
S8
59
40
61
62
63
64
65
66
67
é8
69
70
71
72
73
74
75
78
77
78
79
80
81
82
83
84

85

N

1

XXN

if(correc *eQ@¢ ‘oOn’) then

if(dt.lt.dtl eOr, dt.gt.dt2) then ; recomrute vector orbit
dt1 = 4¢
dt2 = g¢ + +02d+40
VoF VUNIT4¢ UBLHOD(dtl: slatlvslonslycdl) XX

VBLHOD(dt2n slat2rslon32:cd2)) }ounit vector orbital Flane
end if

a8dJ = madcof(1,1) + dx*(madcof(2v1) + dm*madcof(311))
Ansular adiustment which must be made to satellite Position

VER = yEga¢ Vor(1)y vor(2), o,) :

= VUNITY¢ VEQ xx VOF) x sign(1,, elems(B)-halfpi)

VY = yop Xx ux ; the matris MXR is roy defined hy ecuivalerce
MXR Converts 3 vector from celestial to orbitz] Frlane coorde
adj = detadJ/(dx2-+ 6.d+0) ; weights the 8diustment

rot(i1,1) = Cosine(ady)

rot(2,1) = sine(ad,)
rot(1,2) = =rot(2,1)
rot(2,2y = rot(i1,1)

VADJPOQ = ROT x HTRAN4(HXR:3:3) X VsaTr
Addusted Fosition vector in the Flane of the orbit
VSADJ = Mxg x VADJPO ; rotate back to celestial coorgs

else
VSADY = VSAT
end jf

delast = dterac

return
end
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TRVEL%OD

//VELP3ZET J2 CLASS=BeMSGLEVEL=("99)

TRVELI0C N 03/13/78€5 MOVEL I%PLICIT IN BROLYD
TRVECLMOD N Nn3/06/863% NSC
(@ THTS FROGRAM TS I™ THEZ PU3LIC DCMAIN

EXEC MFSUR4OPT=29CONDEDIT=(24LT) yLANGLVL=TT

//FORTeSYSPRIMT PO SYSOUT=A
//FCRTSYSIN CD =

VECTOR SATFLLITE POSITION RY 3ROUWER=-LYDDANE MODEL

VECTOR FUILCTION VBL™O0D#4 (DTIME, FLAT3FLONGCD)
SUFERNUTINE VBLMOD(DTIME, FLATSFLOMGsCDy VEC)

*OTIME® IS THE TIME FOR WHICH A SATELLITE POSITION IS DESIREDS
EXFPESSEDR TM JULIAN DAY NUMBERy WHICH IS NOTy REPEATy IS NOT
THE DAY OF THE YEAR. °*DTIME® MAY BE OBTAINED FROM ORDINARY
TINZ UMITS (YEARyMONTH9DAYsHOURMINUTE9SECOND) USING THE
FEAL#R FUNCTION *DARTIM®,

FGCR A DEFINITION OF ®JULIAN DAY NUMBER® SEE BOWDITCH,
*AMFRICAN PRACTICAL NAVIGATOR®y PURLICATION NOe 99 VOL IIy
Pe 469y (DEFENSE MAPPING AGEMCY)

THE RETURNED VALUES ARE GENCENTRIC LATITUPEs LONGITUDE,
CENTRAL DISTANCE (I<Ee FROM CZNTER OF EARTH TO SATELLITE,

IN KILOMETERS)y AND THE CELESTIAL POSITION VECTOR. THE LATTER
IS RETURNED THRU THE FUNCTION MAME IF THIS ROUTINE IS CALLED
A< A METEFOR VECTOR=VALUED FUNCTICM.

THE COrMON BLOCK /BLXTRA/ RETURNS THE B-L ELEMENTS UPDATED
T2 THE GIVEN INPUT TIME.

THE OQRZITAL PARAMETERS MUST ALREAZY HAVE BEEN PUT INTO THE
CO»MION 2L SCK /VBL/ BY SOME NTHER ROUTINEs SUCH AS °®VBLSET®
JR *GETHLE®.

THIS ROUTIME USES THE SAME déBITAL PREDICTICN SOFTWARE USED BY
NCAA/NESOISy AMD HEMCE CANMNOT FAIL TO BE UTTERLY CORRECT.

ppopeplonontcnNDDODDODDODNDCODDDODDODOCDDODDDOODDDDDDDODDDNDDDD
PAFAMETER? ( DTR = 6.28X185307179586D+0/360.D0+0)

IMELICIT RCAL+*8 (A=Hy0=2)
REAL+*4 GIVENSyVEC(3)9VLL(3)sFLAT9FLONGHCD

CIMENSIIG™ PBLLAST(E)y NSCUL(E) g AUX(S)
1 VECP53(ZX)

COMMON/LCNST/ DTSECSeCENDISsRADEARGRAVy DARGS(7)
COMMIN/VSL/ CTEPOCs GIVENS(A)
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s NeNasNel

900

TRVBLMOD
COMMON/BLXTRA/ DTPREPsDBLPRE(6)yVECVEL(3)

DATA DTLASTy BLLAST/ =1.D+0y 6#0.D+0/, ANOM/=99999,/
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX’XXXXXXXXXX!XXXXXXXXXXXXXY

IF(DTIME «LTe. DTEPOC) GO TO SO0

DO 10 U

] = 146
BLLAST(J) = 6

IVENS (V)

DTSECS = 86400.D+0 + (DTIME - DTEPOC)

IF(GIVENS(6)«NE<ANOM) CALL BROLYP( OSCULy BLLAST, Oy 19 1y AUX)
RE-INITIALIZES PREDICTION SOF TWARE IF WE HAVE CHANGED NIB/ITAL
PARAMETERS SINCE THE PRECEDING CALL.

ANOM = GIVENS(6)

CALL BROLYD( OSCULs BLLAST,y 2y 2y 14 AUX)

BROLYD COMPUTES OSCULATING KEPLERIAN VALUES VALID AT TIVE
DTIME FROM B=-L ELEMENTS VALID AT EPCCH *DTEPCC®.

RETURN UPDATED B-L ELEMS THRU COMMON /BLXTRA/
DO 20 U = 146
DBLPRE(J) = BLLAST(J)

DTPREP = DTIME
EPOCH OF PREDICTED PARAMETERS

CALL CELEM(OSCULy GRAVy VECPOSy VECVEL)
CELEM CONVERTS OSCULATING TO CELESTIAL

DO 30 U = 1,3
VEC(J) = VECPOS(J)

CALL VCOORD( DTIME, VEC,y *CLL *, VLL)
CD = CENDIS

FLAT = vLL(1)

FLONG = VLL(2)

RETURN -
FLAT = =-999999,

CD = 0.

VEC(1) = 0.

VEC(2) = 0.

VEC(3) = 0.

RETURN

END

RRRRRRRRRRPRRRRRRRRRRRRRRRRRRPRRRPRRRRRRRRRRRRRRRRRRRRRRRRRR

SUBROUTINE BROLYD
1 (OSCELEsDPELEyIPERTyIPASSyIDMEAN,OFREL)

c'...t..ti.ii'it't".‘t’."ii.l"'ﬁi.t'tt’iiti'titiit"ii".f.ltt',itt"tﬁ

Cw

REFe "* BROUWER-LYDDANE ORBIT GENERATOR ROUTINE®® b
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C
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TRVBLMOD

(X=553=70=-223)

®

BY EoAe GALBREATH 1970 f

------------------ croccccamaemcamg

MCOIFIED 7/31/74 VIONA BROWN AND R.A. GOPDON TO INTERFACE WITH GTDS*
FURTHER MODIFIED 11 DEC 85 BY F
PARAMETERIZE THE FRACTIOMAL CONSTANTS FOR GREATFR SPFED.

Cttttiﬂtttti.ﬁt’ittttt'i.tt".ttﬁ't".'t"t'.t"ﬁtiitt'.’.ﬁ'...'ﬁ"'ﬁ.ﬁl

M A M M X X X D X I M M M DX M X M M

IMPLICIT PEAL*8(A=Hy0=2)

PARAMETER(
F3D08=2.900/8.0D0+
F1D2=1.q00/2.0031
F3D2=3.7D0/2.CD0y
’104:1.000/4-090’
F504=5.002/4.0D0,
F1D08=1.5DC/8eCC0
F5012=5.C00/1240DGy
F1D016=1.CD0/1€.0D0,
F15D016=1S.000/16¢000
F5024=5,.000/24.90D0
F3032=3,000/32,9D"
F15D32=15.0C0/32+GD0
FS5D64=5.0D0/64.000,
F35384=35.000/384.0N",
F33576=35.000/576000¢
£15052=35.000/1152.000
F1D3=1.0D0/3eCDO0,
FSD16=51C0/160D0)

4 MAGLEs MOAA/NESDIS, TI

CIMENSION CSCELE(6)9DPELE(6)90RBEL(S)
COMMON /BLCNST/ TTOsRsAE sGMyBU29BU3¢BJ49BUSsFLTINVoXKEESQ

DATA RMUy RE/149P+0y 14005+0/y BKSUPC/001D+0/
DATA PI2/6.2831853C71795860D+0/

XOXXXXXXX XXX XXX XXX XXX XK XXX XXX XXX XXX XXX XX XX XXX X XXX XX

EK = DSORT(GM/AE#=2)
DELT = EK=*TTO
CC TO (109111 )y IPASS

Cle==mmmmcmmmmmcmeeeae R I
CI EPOCH CLEMENTS AT EPOCH TIME I

Clmm=memmmccccccccmcccmcccec—eea]

10

ADP = DPELF(1)/AE
ELP = DPELEC(2)
BICP = DPELE(3)

HOP = DPFLE(4)
GDP = DPELE(S)
BLCP = DPELE(&)
A0 = ADP

EQ = EDP

BI0O = BINP
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4 TRVBLY0D

HU = HDF
GC = GDP
BLP = RLDP
IFLG = ¢
(recmccccccccccecc e == 1
C COMPUTE MEAN MOTION I
(m===-ecceccccccccccna-" I
ANU=DSOGRT(BMU/AQ*#*2)
R ettt 1
C COMPUTE FRACTIONS I
(-==emcmcccccccccc—ax 1
BK2 = =F1D2#(BJ2*RE*RE)
BK3 = BJ3*REw#*3
BK4 = F3DR*(BJ4*REx*4)
BKS = BJUS*RE#=*5S
60 TO 153
c
111 IF(IPERTEQe0)GO TC 7
c
IF(IDMEANGNE.D) GO TO 202
c
ADP = DPELEC(1)/AE
EDP = GPELE(2)
BIDP = DPELE(3)
HOP = DPELE(4)
GOP = CPELE(S)
BLDP = DPELE(6)
c
153 EDP2=EDF*EDP
CN2=1.0-ENP2
CN23 = CN2+CN2#CN2
CN=DSORT(CN2)
GM2=BK2/ADP*»#2
GMP2=GM2/(CN2+CN2)
GM4=BK4/ADP =4 )
GMP4=GM4 /CN+»8 -
THETA=DCOS(BIDP)
THETA2=THETA+THETA
THETA4=THETA2+THF TAZ
c
202 IF(IDMEANCEQe0)GO TO 155
IF ( IPASS<EGe2 ) GO TO 150
(m==memccecccccccc e 1
C COMPUTE LDOTyGDOTyHDOT I
[ 1

157 BLOOT=CN*ANU*(GMP2*(F3P2#(3.0+*THETA2=1)+GMP2+F3D32+(THETA2
1% (=26eC*CN+30e0-S0e02CN2)+(16e0*CN+25C*CN2=-15.0)+THETAY
2% (144.0*CN+25,0+*CN2+105.0)))+EDP22GMP4*F15016*(2+3+35.0*THETA4
3=30e0*THETA2))
GDOT=ANU*(FSP16*CMP4*((THETA2*(12€4(*CN2=270e0)+THETAG*(385,.,0
1-189.0*CN2))=5e0*CN2+21eC)+GMP2*(F2IN32*CMP2*x( THETA4*(45,0*CN2
2+360e0*CN+385.0)+THETA2* (9P o C=192.C*#CN=126+s3*xCN2)+(24.0+CN
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2na 3+0540%C2=35))+F3D2+(5*«THETA2=1)))
21¢ HUCT=ANUX (G*P4*FSDA*THETA* (24 0=T7e0# THETA2)#(5.0=-3.0+CN2) +GMP2
211 Lae (PP +F3DAX (THETA* (12 o0 #Ch+9o0*CN2=5,0)=THETA*THETA2#(5.0#CN2
212 2430 40*CM+35,3))=3+THETA))

213 155 IF(IFLGeEQel1)GO TO 19

214 Cl===ceccccccccccccccccccccccccccccccccccmeee- I

215 CI COMPUTE ISURC TO TEST CRITICAL INCLINATION I

216 Clemeeccccccccccccccccccccccccccccccccccccmcaa= 1

217 BTSUBC=((1eU=SeG*THETA2) #2(=2))2((25,0+THETA4*THETA) #(349P2<FDP23))
218 IFLG=1

219 Clemcccmcccmcccccccccccccccccccccccccaee 1

229 CI FIPST CHECK FOR CRITICAL INCLINATION I

221 (o il T —— meemmcmcmceccce= 1

233 IF(PISURC.GT.BKSUBC)GO TC 158

222 ASSIGN 163 TO ID8

224 “60 TO 159

225 Co-memmeecccccccccccccccccccce e 1

226 C IS THERE CFPITICAL INCLINATICN I

227 (Ce==ccecrcccccecccccccccacccanaxs 1

228 19 IF(RISUBCGT.BKSUBC)IGO TO 150

229 152 IF(IPERT.ER«1)GO TO 150

230 GMI=BK3/ADFP ##3

231 o fMP3I=GM3/ (CN2+CN2+CN2)

232 "GMPI=GM3/CN23

233 GMS=BK5/ADP «#S

234 GMPS=CMG/C*w10

235 G3062=GHP3/GMP2

236 G4NG2=GMPA&/GMP2

237 GE[G2=GMP5/GMP2

23¢g (o R e Lt T 1

219 CI CONMPUTE Al1=AR T

240 (o e I

241 A1=(F1DR*CMP2#CN2) #(1e0=11e0*THETA2=((40c0*THETA4)/(1e0=5,0#«THETA2
242 1)))

243 A2=(FED12+G4DG2+CN2)%(1e0-((Re0*THETAS)/(1e0=5.04THETA2)) =300
244 1*THETA2)

245 AZ=GSNG2*((3e0*EQP2)+4.0)

246 A4=G50G2%(1e0=(24 4 0#THETA4) /(10=5¢ 0% THETA2)=9.0% THETA2)

247 AS=(GEPG2*(3e0*EDP2+444N) )% (1e0-(24e0#THETA4)/ (1e0=5.0«THETA2) =90
248 1*THETA2)

249 AE=G3DG2*F1D4

25¢ SINI=DSIN(BIDP)

251 AlG=CN2+SINI

252 AT=A6*AL1C

253 ABP=G5D52+EDP*(1e0=(16eC*THETAS)/(1eC=5.04THETA2) =5.0*THETA2)
254 AB=ABP*EDP

255 C

25¢ c COMPUTE #13-1F%

257 ¢

258 E13=EDP+(A1=A2)

259 Bl4=A7+F5D64#»A5%A10

260 B1S=AB«A1C*F35384
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261 C

262 C CCMPUTE Al11-A27

263 c ¢

264 Al1=2.0+EDP2

265 A12=3.0+ENP2+2.0

266 A13=THETA2+*A12

267 Al4=(540+EDP2+420)*(THETAG/(1e0=5.0+*THETA2))
268 Al7=THETA4/((1e0-5e0*THETA2)*(1.0=5,0¢#THETA2))
269 AlS=(EDP2+THETA4*THETA2)/((1e0=5e0*THETA2)*(1.0-5,0+¢THETA2))
270 AlE6=THETA2/(1e0-5.0+*THETA2)

271 Al1B=EDP+SINI

2712 A19=A18/(1.0+CN)

273 A21=EDP+THETA

274 A22=EDP2+THETA

275 SINI2=DSIN(BIDP/2.0)

276 CO0SI2=DCOS(BIOP/2.0)

2717 TANI2=DTAN(BIDP/2.0)

278 A2E=16e0*xA16+40,0*A1T7+3.0

279 A2T7=A22+F1D8%(11.0+200.0%A17+80.0*A16)

280 Cl-===e=cececeaca-]

281 ClI COMPUTE E1-B12 I

282 Cleemeeccccccnccaca I

283 B1=CN*(A1-A2)=-((A11-400.0%A15-40.0+A14-11o0%A13)*F1D16+(11.0+200.0
284 1#A17+80e0%A16)%A22#F1D8)*GMP2+((=8040*A15-8.0%A14=3,0+A13+A11)

285 2*F5D024+F5D12+A26%A22)*G4DG2

286 B2=A6*A19%(2.0+CN-EDP2)+F5D64*A5+A19+CN2=F15D32¢A4«A18+CN*CN2

287 1+ (FS5DE4~A5+A6) *A21+TANT2+4( 9. 0%EDP2+2640)*FS5D64*A4+A18+F15D32+A3
288 2*A21%A26*SINI*(1.0=-THETRA)

289 B3=((80e0*A17+540+4320%A16)*A22+SINI#(THETA=140)#F355764G50G2+EDP)
29¢C 1=C(A22+TANI2+(2.0+EDP2+43.0%(1+0~CN2+CN))*SINI)*F35D52+A8P)

291 B4=CN«EDP=»(A1=-A2)

292 B5=((9.0+EDP2+4.,0)+A102A4+FSDE4+AT) »CN

293 B6E=F35384*A8+CN2+«CN+SINI

294 B7=((CN2*A18)/(1e0=5e0+THETA2))*(F1D8%GMP2#(1+0-15.0+*THETA2)+(140
295 1-7.0*THETA2)*G4DG2+(=F5D12))

296 B8=FS5064+*(A3*CN2%(1e0-90+THETA2=(24,0*THETA4/(1.0-5.0+#THETA2))))
297 1+pA6%CN2 =

298 B9=A8+F35384 *CN2

299 B1CO=SINI*(A22+A26+G4DG2+F5D12=A27*GMP2)

300 B11=A21+(AS*FSD64+A6+A3*A26+F15D32+SINI*SINI)

331 B12==((80e0%A17+32.0%#A16+45.0)*(A22+EDP+SINI«SINI*«F35576+G5D62)+(A8
3¢c2 1*A21+F35052))

303 150 IF(IPERT.EQe0)GO TO 7

304 IF(IDMEAN.EQ.0)GO TO 4

3C5 Ceeemmmccccccncnccccce==]

306 C COMPUTE SECULAR TERMS 1

307 e e L ] i |

3es Clererrercccccccccnccccca=]

309 CI *°*MEAN®® MEAN ANOMALY I

310 Clo—ecencrenncccccaa s ]

311 BLCP = ANU#DELT + BLDOT+#DELT + BLO
312 BLDP = DMOD(BLDPyPI2)
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7 TRVBLMOD

IF(CLDP«LT«04000)BLDP = BLDP + PI2

(o T I
CI MEAN ARGUMENT OF PERIGEE I
o i T I

GDP = GDOT+DELT + GO

GDP = DMOD(GDPyPI2)

IF(GDPeLTe2.0D0)GDP = GDP + PI2
C MEAN LONGITUDE OF ASCENDING NODE

HDP = HDOT=#DELT + HO

HCP = D'0D (HDP,PI2)

IF(HDPeLTe0«0D0)HDP = HOP + PI2

C
4 DO 33 NN=146
33 OSCELE(NN) = DPELE(NN)
c
A = ADP
E = ECP
BI = BIDP
H = HOP
G = GDP
BL = BLDP
00 L I
CI COMPUTE TRUE ANOMALY (DOUBLE PRIMED) I
0D D I
EAGCP = DKEPLR(BLDPJEDP)
SINDE= DSINCEADP)
COSDE= DCOS(EADP)
SIKFD= CN*SINDE
COSFD= COSDE = EDP
FDP = DATANO(SINFDyCOSFD)
IF(IPERT<EQel) GO TO 7
c
c DADPR=(1.0-EDP*COSDE)**(=-1)
DADR = 1.D+0 / (1.,D+0 - EDP#*COSDE)
SINFD=SINFD=DADR
COSFD=COSFD*DADR
CS2GFD=DCO0S(2.0*GDP+2.,0+FDP)
DAUR2=DADR*DADR
DACR3I=DADR2*DADR
COSFD2=COSFD#COSFD
Cleemeccmccccccncc—= e e me==]
CI COMPUTE A(SEMI-MAJOR AXIS) I
Cle=mmmceccccccccca- e e e—e-—- I

A=ADP*(1e0+GM2#((30*THETA2=140)*(EDP2/CN23)#(CN+(10/(1c
1+CMN)) )+ ((2e0*THETA2=140)/CN23 )% (EDP*COSFD)*(3.0+3,0*EDP
2*COSFD+EDP2+COSFD2)+3.0%(1.0=-THETA2)*DADR3*CS26GFD))

SN2GFD=DSIN(2.0+*GDP+2.0*FDP)

SNF2GD=DSIN(2.0+«GDP+FDP)

CSF2GD=DCOS(2.0*GDP+FDP)

SN2GD=DSIN(2.0*GDP)

CS2GD=DCOS(2.0%GDP)

SN3GO=DSIN(3.0+GDP)
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CS3G6D=PCOS(3.C*GDP)
SN3IFGD=DNSIN(3«C+«FOF+2.0+GDP)
CS3FGD=DCOS(30+FNP+240+GDP)
SINGD=DSIN(GDP)
CCSGD=DCOS(GDP)
GC TO IDRy(1634164)

163 DLT1E=814*SINGD+5B13+CS2GD-R1E+SN3GD

BELCHP=HDP+GOP+BLDP+B3*CS3GD+B1+SN2GD+B2+C0OSGD
BLGHP=DMOD(BLGHPyPI2)
IF(5LGHPeLTe040D0)BLGHP=BLGHP+PI2

EDPDL=P4+«SN2GD=R5«COSGD+R6*CS3GD=-F1D4+*CN2*CNaGMP2*#(2,0*(3,0*THETAZ

1=1eF)*(DADR2+CN2+DADR+1eC)*SINFD+30%(1eC~-THETA2) «((-DADR2#CMN2
2=-DADR+140)*SNF2GD +(DADR2+CN2+DADR+F1D3)*SN3IFGD))
DLTI=F1D2+THETA*GHMP2*SINI# (EDP*CS3FGD+3.0#(ENP*CSF2GD+CS2GFD))
1=(A21/CN2)»(RB8&*SINGD+B7+«CS2CD~-BA*#SN3GD)

SIMDH=(14C/COSI2)*(F1D2+(B12+CS3GC+R11+«COSGD+B1N*SN2GD~(F1D2*GMP2
1*THETA*SINI*(EeC* (ECP*SINFD-BLDP+FDP)=(3C* (SN2GFD+EDP*SNF2GD)+EDF

2*SM2FGY)D)))

164 BLOGH=CLGHFP+((1el/(CN+1e())*F1D4+EDP#CMP2#CN2#(3.0*(140-THETA2)®

1(SN3FGN*(F1D3+DADR2+CN2+DADR) +SNF2GD*(1.0-(DADR2*CN2+DADR)))+2.0+#

2SINFO* (3 0*THFTA2=1e0)*(DADR2*CN2+DADR+1e0)))+GMP2+F3D2#%((=2,0*
ITHETA=1 o1 +5 e 0* THETA2) # (ECP*SINFR+FDP=BLDOP) )+ (3042 0#*THITA=5,0»
4THETA2) *(G¥P2+2F1D4*(EDP+*SNIFGD+ 3,0+ (SN2GFN+EDP+*SNF2GD)))
BLGH=DMID(ELGHyFI12)

IF(FLCHeLTeNeODO)ELGH=3LGH+PI2
DLTE=DLTIE+(F1D2#CM2#((340*(1e0/CN23)%GM2x(1,0=-THETA2)
1%*CS2GFDx (2. 3+EDP*COSFD2+3,0«COSFD+EDP2+COSFD*COSFN2+EDP))=(GMP2
2% (1le0=THETA2)*(3e0*CSF2GL+CS3FGD) )+ (3e0+THETA2=1,0)*GM2*(1.0/
ICMN23)*(ENF*CN+(EDP/(1eN+CN) )+ 3. 0+EDP*COSFD2+3.0«COSFD+
4ECr2«COSFD*COSFP2)))

EDPDLZ=EDPOL*EDPDL

EDPDE2=(ECP+DLTE) *(EDP+DLTE)

E=DSQRT(EDPDL2+EDPDE2)

SINDH2=SINDH=SIMDH
SQUAR=(DLTI*COSI2*#F1D2+SINI2)*(DLTI*COSI2*F1D2+SINI2)
SQRT=CSART(SINDH2+SQUAR)

COMPUTE BI (INCLINATION) 1
BI=DARSTN(SQRI)
31=2e0(*[1

BI=DMOD(RI4PI2)
IF(PTeLTeCs0DUIBI=BI+PI2
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CI COMPUTE TRUE ANOMALY I
o e i ——————T
EA = DKEPLR(BLsE)
ARG1 = DSINCEA) * DSGRT(1.0-E##*2)
ARG2 = DCOS(EA) = E
F = DATANO(CARG15ARG2)
c
OSCELE(1) = A*AE
0SCELE(2) = E
OSCELE(3) = BI
OSCELE(4) = H
0SCELE(5) = 6
0SCELE(6) = BL
c
7 DPELE(1) = ADP+AE
DPELE(2) = EDP
DPELE(3) = BIDP
DPELE(4) = HDP
DPELE(S) = GDP
DPELE(6) = BLDP
IF (IPERT.EQ.0)BL = DMODC(ANU#DELT4PI2)
ORBEL (1) = EADP-
ORBEL(2) = GDP + FDP
ORBEL(3) = GDP
ORSEL(4) = EK=*(ANU + BLDOT)
ORBEL(5) = FDP
R = A#AE+(1.0D0 = E+DCOS(EA))
GO TO 45
Cl=====mm ettt I
CI MODIFICATIONS FOR CRITICAL INCLINATION I
B R
158 DLT1E=0.0
BLGHP=040
ZDPOL=0.0
DLTI=N.0

TRVEBLMOCCD

IF(EeNEeDe0) GO TO 168
BL=0.0

H=Ce0

146 G=EBELGH=-BL-H
G=DMOD(GyPI2)
IF(GeLTe0s0D0)G=G+PI2
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10 TRVBLMOD

SINDH=0.0
ASSIGN 164 TO ID8
GO TO0 150

168 SINLDP=DSIN(BLDP)
COSLDP=DCOS (BLDP)
SINHDP=DSIN(HDP)
COSHDP=DCOS (HDP)

Clermececccecccccccccace= ]
CI COMPUTE L(MEAM ANOMALY) 1
Cl=-cecccccccccccccccaca=a 1

ARG1=EDPDL+*COSLDP+(EDP+DLTE)«SINLDP
ARG2=(EDP+DLTE)»COSLDP=(EDPDL*SINLDP)
BL=DATAN2(ARG1yARG2)

BL=DMOD(BLsPI2)
IF(BLeLT<0.0D0)BL=BL+PI2

GO TO 145
(o T T T ——— cecccscccccrccceccccceae- 1
CI COMPUTE H(LONGI TUDE OF ASCENDING NODE) 1
Cl-—ceccccccccaa ceccnmccmccccncsccnccccncces -1

169 ARG1l= SINDH'COSHDP*SINHDP*(FIDZ'DLTI'COSIZ*SIN12)
ARG2=COSHDP#* (F1D2+DLTI+COSI2+SINI2)=(SINDH*SINHDP)
H=DATAN2(ARG14ARG2)

H=DMOD(HyPI2)
IF(HeLTe0.0D0)H=H+PI2
GO TO 146

45 CONTINUE
RE TURN
END

o0

RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR
SUBROUTINE CELEM (ORBEL ¢GMCosPVyVV)
ORIGINAL VERSION eee1/22/71eeeeCHARLES Ko CAPPS
PURPCSE:
THIS ROUTINE CONVERTS CLASSICAL OSCULATING ORBITAL ELEMENTS
TO CARTESIAMN ELEMENTS.
CALLING SEQUENCE:
CALL CELEM(ORBEL¢GMCyPVyVV)
INPUT THRU ARGUMENT LIST:

ORBEL (1) = SEMI-MAJOR AXISysA (OSCULATING ELEMENTS)
ORBEL(2) = ECCENTRICITY, E

ORBEL(3) = INCLINATION, I

ORBEL(4) = LONGITUDE OF ASCENDING NODEs CAP OMEGA
ORBEL(5) = ARGUMENT OF PERIFOCUS,y OMEGA

ORBEL(6) = MEAN ANOMALY, M

GMC = GRAVITATIONAL CCNSTANT
OUTPUT THRU ARGUMENT LIST:

PV = CARTESIAN POSITION VECTOR
VV = CARTESIAN VELOCITY VECTOR
METHOD:

REFERENCES:
GTDS TASK SPEC FOR CELEMy CeEe VELEZy 13 JANUARY 1971

(slasNesNs NNl NN NeNaNeoNeNaoNaNaNaleNe Ne e
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PAGE 11 TRVELMOD

521 € CODS SYSTEM DESCRIPTICNe SURROUTINE KEPLRI1
522 C Fe EXCORAL=-*METHCDS OF ORRIT DFTERMIMNATIGN®
523 c X=552=-67=-42143*CCMPARISON FO ITERATIVE TECHNIQUES FOR THE
524 C SALUTION OF KEPLERS FQUATICN®y I.COLE AND Re BORCHERS
525 C PROCRAMMER:

526 C CHARLES Ke CAPPSy CiDE 553429 GSFC

527 C

528 IMPLICIT REAL*8(A=Hy0=7)

529 c

530 DATA MAX 710/

531 DIMENSTION PV(3)4VV(3)9CRREL(E)

532 DATA TOL /+2.5D-16/

533 C

534 ITER = 0

535 c FIND IF THIS IS ELLIPTIC OR HYPERBOLIC CRBIT
536 IF (CRRBEL(1)eLEe0eODOcANCeORBEL(2)eGTe1.,0D0) GO TO 50
537 C

538 C ELLIPTIC ORBIT TAKES THIS RNUTE.

539 C FIRST FIND ECCENTRIC ANOMALY VIA NEWTCNS (MILES STAMDISH VFRSION)
540 £1 = ORRBREL(%)

541 10 F = E1 - (PRREL(2) * DSINC(E1)) = ORBEL(6)

542 D = 1.007 = (ODRBEL(2) * DCOS(E1l = 0.5C0 = F))
543 E2 = EY:i="(CF .7 D)

544 IF (DABS (E1=-E2)=TOL )4C40420

545 20 ITER = ITER + 1

546 E1 = E2

547 IFC(ITER = MAX) 10410430

548 C SET UP ERK?R CODE TO RFTURN FROM SUBROUTINE
549 30 NERR = 13

550 C ECCENTRIC ANOMALY CONVERGEDy NOW GET X0y YOo R
551 40 CPSE = DCOS(E2)

552 SINE = DSIM (E2)

553 TEMP = 1.00C = CRBEL(2) # NRBEL(2)

554 XG = ORBFL(1) * (CCSE = ORBEL(2))

55S YC = ORBEL(1) = (NSQRT(TEMP)* SINE)

556 R = ORBEL(1) * (1.0D0 - ORBEL(2) # COSE)

557 XCP = (=DSORT(GMC» CREFL(1))* SINE)/R

558 YOD = (CSQRT(GMC*OREEL(1)=(TEMP))=*COSE) / R
559 GO TO 1132 =

Sh0 c

561 C HYPERROLIC CRRITS TAKE THIS ROUTE

562 50 E1 = CQPREL(A) / 2.000

563 62 F = ORECL(Z) * DSINH(El) = E1 = QORBEL(AR)

564 D = ORBEL(2) + DCOSH(E1l = 0e5D0 * F ) = 1000
565 E2 = E1 - (F / DM

566 IF (DAR® (C1=E2)=TOL )2099070

567 7¢ ITER = ITER + 1

568 El1 = E2

569 IF (ITER - MAX) 6904604FC

570 C SET UP ERRCR CPDE FOR MON=-CONVERGENCE PRIOR TO EXITe.
571 8C NERR = 14

572 C ECCENTRIC ANCHMALY COMPUTEN, NOW GET X0sYO4R

211



PACE

573
574
575
57¢
577
578
579
58¢C
581
582
582
544
585
586
587
588
589
50
591
592
593
594
59%
59¢
597
59§
599
600
6nN1
602
603
604
ECS
60€
627
ehe
6C¢
61¢C
611
612
613
614
615
616
617
A1b
619
6210
621
622
623
6c4
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s NelaEsEsEsEsN el NeNela) (o]

(@]

3

10

99

TRVBLMOD

¢ COSE = DCNSH (E2)
SIME = DSINK(E2)
TEMP = ORBEL(2) » ORBEL(2) = 1.0D0

XG = ORBEL(1)*(COSE- ORBEL(2))
YO = = NRBSL (1)*DSQRT (TEMP) « SINE

R = ORBEL(1)#(1,0D0 = ORBEL(2) = COSE)

X0D = (=-DSORT(=-GMC#ORBEL(1))*SINE)/R

YOD = (DSQRT(-GMC+*ORBEL (1)*TEMP)=*COSE) / R
f COSO = DCOS(ORBEL(5))

SINC = DNSIN (ORBEL(5))

COSOM DCOS (ORBEL(4))

SINOM = DSIN (ORBEL(4))
COSI = DCOS(ORBEL(3))
SINI = DSIN (ORREL(3))

B11 = COSO *= COSOM = SINO » SINOM + COSI
B21 = COSO + SINOM + SINO * COSOM  COSI
B21 = SINO * SINI

B12 = =SIND = COSOM = COSO * SINOM =+ COSI
B22 = =SINM * SINCM + COSO = COSOM = COSI
B22 = CO0SO + SINI

NOW MULTIPLY 3 X 2 MARTIX BY 2 X 1 VECTORS FOR POSITIONy VELOCITY.
PV(1) = BR11 + X0 + 812 + YO

PV(2) = R21 = X0 + B22 = YO

PV(3) = 8Z1 » X0 + B32 + YO

VV (1) = C11#X0D + B12 » YOD

VV(2) = B21 » X0D + B22 = YOD

VV(3) = R31 *+ X0D + B32 = YOD
9 RETURN

END

RRKRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR
PLOCK DATA
IMPLICIT REAL#*8 (A=Hy0=27)

NAME- BLCNST

LANGUAGE= FORTHXP TYPE- PROGRAM

THIS COMMON BLOCK WAS UPDATED MARCH 28y 1984 TO INCLUDE XKE AND ESQ
BY E. HARROD S/SP12

THIS BLOCK DATA IS COMPILED WITH THE ROUTINE PSCEARs ANY PROGRAM
USING PSCEAR DOES NCT NEED TO RECOMPILE THIS BLOCK DATA

*iitii'itittititt’ti*iiti'iiitﬁ'itiiti'..tﬁ'l"tﬁ'....ttt.i"...‘iiii’i'

COMMIN/BLCNST/ TTO9ReAE$GMeBU29BU39BJ49BIS9FLTINVIXKE$ESQ

CATA TTC9ReGM9AEsBU2yBU39sEJ49BUSyFLTINVeXKEGESG/2+0D00
» 398600.80096378e135D09-N+10826158D=0290.253881000-05+

+ [e1655C07C0D=0540.218482660-069298+25DC90.743669161D-01»
* £0.55943177782667210=-02/

END
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TRVBLMOD

X000 X000 XX XX XXX
REAL FUNCTION DATANO*8 (DAsDB)
IMPLICIT REAL*8 (A=-Hy0=2)

DATA PI2/6.283185307179586N+0/

DA = DATAN2(DA4DB)

IF(DA oLTe 0eD+C) DA = DA ¢ PI2

DATANC = DA

RETURN

END
RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR]IRRRRRR

FUNCTION DKEPLR(M,4E)
IMPLICIT REAL*8(A=Hy0=7)
REAL*8 MyPI2/6628318530717958600/4T0L/0.50=15/

SUBROUTINE TO SOLVE KEPLER®*S EQe

KEPLER®S EQeyRELATES GEOMETRY OR POSITION IN ORBIT PLANE TO TIME.

MEAN ANO™ALY (O0<M<2PI)
ECCENTRICITY
ECCENTRIC ANOMALY

EA=0

IF(M)1s2e1

EA=M + ExDSIN(M)

00 22 I=1+12

OLDEA=EA

FE=EA=E+#DSINC(EA)=M
EA=EA=FE/(1=-E+«DCOS(EA=0.5D0*FE))

C TEST FOR CONVERGENCE

22
2

/e

DELEA=DABS(EA=OLDEA)

IF (DELEALE.TOL)GO TO 2
CONTINUE
EA=DMOD(EA4PI2)
DKEPLR=EA

RETURN

END

//EDIT.SYSPRINT DD SYSOUT=A
//EDITSYSIN DD =

NAME
VR
//

VBLMOD(R)
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