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Introduction.

In 2008, an eclipsing model (Kouba 2008), based on a simplified appoddBar-Sever (1996), has been
implemented in a FORTRAN subroutirelipsf for the GPS Block IIA and IIR satellites. Namelfiet
Block 1A and IIR satellite behave the same during th@sitlg noon (when closest to the Sun) making
nearly 180 degree “yaw” turns (around the body-z axtdchvpoints to the Earth’s center). When the
nominal yaw-turn rate exceeds the respective maximurmkBlécand IIR hardware rates of 0.10 - 0.13
and 0.2 deg/sec, the GPS satellites start turning Wwehrmaximum hardware rate until the yaw-angle
“catches” up with the nominal yaw-rate (see Fig.This may take up to 30 min for the slow Block I1A
satellites. However, the shadow crossing behavior8lo€k IIR and IlIA satellites ares completely
different. The newer Block IIR satellites maintain th@mninal yaw-orientation during a shadow crossing
and only perform a turn, analogous to the above noonmtammeuver when they cannot keep up with the
nominal orientation (see Fig. 1). A Block IIA sataliupon a shadow entry, starts turning with a maximum
hardware rate (Fig. 2). Furthermore, upon the shadow tketBlock IIA satellites try to recover in a
largely unknown manner, this is why the first half anrhafier shadow exit, the Block IIA satellite
orientation is largely uncertain and the correspondiaig should be deleted (Bar-Sever 1996). For more
details on the Block IIA/IIR eclipsing, see Kouba (2008).

NIGHT TURN OF ECLIPSING GPS Block IIR SATELLITE PRN 16 on
Dec 25, 2010; beta= -0.65 degrees
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Figure 1. Yaw-attitude angles (the angle between the body-xlamstelocity direction) during a night-turn
maneuver Yaw_model) of the Block IR GPS PRN 16, on Dec. 25, 2010 (seeneat@®% stationconz).
Also shown are the nominal yaw-attitude angh¥asny nom). Note that noon-turn maneuvers of all the GPS
(Block IIA, IR (and IIF)) satellites are completely dogous, i.e., the maximum yaw turning starts only
after they are unable to keep up with the nominal yawatatmn.

In May 2010, the first of the new generation GPS satelBieck 1IF (PRN25/SVN62) has been added to
the GPS constellation of Block IIA and IR satellitdhe new satellite, apart from having a more stabl
clock, transmitting two more signals C2 (L2C) and L5, dias a different phase center variations (PCV)
and behaves quite differently from the Block IIA and IBRedlite during eclipsing (Dilssner 2010). While
the Block IIF “noon” turns are the same as for lafl GPS satellites, the night turns (shadow crossings) ar
different for each GPS Block type.



NIGHT TURN OF THE GPS Blk IIA PRN 30 on Dec 25, 2010;
beta = 1.9 degrees
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Figure 2. A night-turn maneuverYagw_model) of the Block IIA GPS PRN 30, on Dec. 25, 2010 (seen at
the IGS stationconz). Also shown are the nominal yaw-attitude angléaw( nom). Note that after a
shadow entry, a Block IIA GPS satellite starts yawiitp the maximum yaw-rate. After the shadow exit,
the Block IIA GPS satellite yaw-orientation is uneéntfor up to 30 minutes, so this data has to be deleted.
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The new Block IIF satellite behaves the same as bbekBIR for shallow night eclipsing (the anqlg| >
8 degrees (the Sun elevation angle with respect tartilglane)). However, Whe||1;’| < 8 degrees, after

the shadow entry, the Block IIF satellite starts tugrin the required direction with a constant rate of 0.06
deg,/sec until the shadow exit, then it tries to recoventiminal orientation. However, for noon turns, the
Block IIF satellite uses the maximum hardware yaw rat@.p1 deg/sec (see Dilssner 2010 for more
details). Note that a proper modeling of eclipsing yawndations is even more important/crucial for the
Block IIF than it is for lIA, due to a large body-x offs#t0.394 m (the Block IIA offset is 0.279 m).

GPSBIlock I1F Eclipsing Implementation

In order to distinguish the new Block IIF satellite, tiew block flag of 6 has been introduced for GPS in
the eclips.f subroutine (the flags are 11A=3. IIR= 4, 5), which ovpd&ollides with the GLONASS block
flags, which may also start with the Block flag of 6. Ganeently, the new version of theelips.f
subroutine, is using the satellite PRN numbers (&P32 and GLONASS PRN > 32 (l.e. GLONASS
R1=33 etc.)) to uniquely identify GLONASS and/or GPS.

Furthermore, as described above, the Block IIF employsique shadow-crossing scheme. Since the
Block IIF also has the 1A body coordinate frame (withBlock IR body-x coordinate axis reversals) and

the shadow crossing is similar to the Block I1A oties Block 1IF shadow modeling has been grouped with
the Block 1IA one. The only difference is that the &tdIF rotates with the constant rate of 0.06 deg,/sec in
the direction of the nominal night turning. Wh|§g| < 4 degrees, this scheme “overshoots” the nominal

yaw orientation at the shadow exit, the differenceremch up to 20 degrees f@ =0 degrees. This is

also apparent in shadow yaw angle solutions shown in7Fof Dilssner (2010). This is why a post shadow
recovery maneuver had to be implemented for the BlockRI§. 3) and for completeness, also for the
Block IIA (Fig. 4), even though this data interval shoutd be used, see below). So, both the Block IIF
and llA recoveries share identical source codeslips.f.



NIGHT TURN & RECOVERY MANEUVERS OF THE GPS BIk IIF
PRN 25 on Dec 25, 2010; beta = 0.8 degrees
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Figure 3. The GPS Block IIF night-turn maneuver (seen at thed@tonwtzr), implemented according to
Dilssner (2010): upon a shadow entry, the satellite staming with the 0.06 deg/sec yaw rate until the
shadow exit Yaw_model), after that it tries to recover to the nominal yaweistation Yfaw-nom) with the
maximum hardware rate of 0.11 deg./sec.

NIGHT TURN & RECOVERY MANEUVERS OF THE GPS BIk IIA
PRN 30 on Dec 25, 2010; beta = 1.9 degrees
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Figure 4. The original shadow crossing for Block Il1A (Fig. 2), ith the newly implemented shadow
exit recovery, (using the same post-shadow recovery logiws codes as for the Block IIF)



No modifications was necessary for Block IIF noomtmaneuvers and night turns whpg|> 8 deg.,
since they are the same for all the GPS Block tgpeksthe Block IIR, respectively. However, wlngps 8

deg., the Block IIF night-turn maneuver is unique, thoughlairo the Block IIA one. Namely, instead of
turning always in the positive direction with the maximibandware rate, the Block IIF satellite is turning
in the nominal night-turn direction, but with a lower stamt rate of 0.06 deg./sec. Both the Block IIF and
IIA satellites then try recover using the respectivaximum yaw rate after a shadow exit, which may take
only a few minutes for the Block IIF satellite (s=g@., Fig. 3) and up to a half an hour for the Block IIA
ones (Fig. 4). Unlike for the Block IIF, the Block IlAisorientation after a shadow exit could be large,
even close to 180 degrees, then it is not certain whichtlagatellite will try to recover. For various
reasons, Block IIA yaw orientations at shadow exity tmain error up to 10 degrees and more. So, even
with the new recovery scheme, still it is not recommdrdeuse the data from the Block Il1A post shadow
recovery interval (and in particular when the shadow exgorientation is near 180 degrees). So, it is
recommended that only the flagged Block IIA post-shadoavery interval is excluded (i.e. when the data
epoch is greater than the shadow exit time and the vatBBBLIPS=1 is returned). This, in most cases, is
much shorter than the constant 30-min recovery period, sudgeseiously by Bar-Sever (1996) and
Kouba (2008). For example, when a Block IIA happens tddse ¢o the nominal orientation at the shadow
exit, requiring only a few minutes to reach the noman@ntation. Then only a few minutes of data need to
be excluded (i.e. when are flagged WHBCLIPS=1), rather than 30 min of data excluded before.

GLONASSECclipsing

In 2008, no GLONASS specific eclipsing model has been imgriéad ineclips.f and none was needed,
since at that time all the GLONASS satellites wegctlly switched off during their eclipsing periods.
However, the new GLONASS M-series satellites (curreBdy now have replaced the old satellites. The
M-series satellites operate continuously, even duringtlipsing periods. A proper GLONASS eclipsing
is even more critical than for the GPS Block [1A/li&tallites, due to the large GLONASS satellite body-x
offset of =545 mm.

There was not any information available about GLONASEpsing until recently, when Dilssner et al
(2010) has studied the yaw-attitude behavior of GLONASSakélliges during shadow crossing and
eclipsing noon-turns. He has used a “reverse PPP” apprahene the GLONASS antenna offsets and
attitudes are determined from fixed orbits and clockaarf-eclipsing satellites, which is analogous to a
standard PPP. Based on these analyses, Dilssner 2014l) (has also developed a precise GLONASS
eclipsing model.

Unlike GPS satellites, during noon-turns, the GLONA®Satellites start turning with the maximum yaw-
rate of 0.25 deg./sec (the same for all the GLONASSlIsas) well before the nominal yaw-rate exceeds
the maximum hardware rate. Furthermore, the hardwarerg@aurning period is symmetric around the
eclipsing noon (Fig. 5) and it depends onghangle. The hardware yaw-rate turning period can last up to

12 min. forg = 0 deg. and it is about 0 min whﬁg{z 2.03 deg. Fon[ﬁ|> 2.03 deg. there is no need for

noon-turn maneuvers, as the hardware yaw-rate can kegjthujne nominal yaw-rates (see below). This
GLONASS noon turning is quite efficient, since in moases, except for wheg = 0, this noon-turn

maneuver approximates well the nominal yaw-orientatiamghnbetter than an asymmetric GPS noon-turn
maneuver does (compare Fig. 5 and Fig. 1). The GLONgk&8ow crossing is also quite different from
the GPS one, GLONASS M-series satellites start rigrnivith the maximum (hardware) yaw-rate

immediately upon a shadow entry and stop rotating wherstiadow exit yaw-orientation is reached,
which always happens well before shadow exits. Frometloar, until reaching the shadow exit, the
constant yaw-orientation is maintained (see Fig. 6YeNoat a GLONASS satellite is shadow eclipsing
when |,3|< 14.20 deg. and also note that Dilssner et al (2010) les®ichthe Block 1A GPS body x, v -

coordinate axis convention also for the GLONASS edciipsnodel (i.e., no Block IIR x-coordinate axis
reversal).



NOON TURN OF DEEP ECLIPSING GLONASS R1 SATELLITE
on Dec 07, 2010; beta=-0.15 degrees
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Figure 5. A noon-turn maneuvelivaw_model) of the GLONASS-M R1 satellite, on Dec. 07, 2010 (seen at
the IGS statiorconz). Also shown are the nominal yaw-attitude anghésay nom). The maximum yaw-
turning period is symmetric and depends on ghangle.

NIGHT MANEUVER OF ECLIPSING GLONASS SATELLITE R1
on Dec 12, 2010; beta = - 4.5 degrees
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Figure 6. A night-turn maneuverYéw_model) of the GLONASS-M R1, on Dec. 12, 2010 (seen at the IGS
stationconz). Also shown are the nominal yaw-attitude angksv nom). Note that after a shadow entry,
all GLONASS-M satellites start yawing with the maxim{mardware) yaw-rate, until the shadow exit yaw
orientation is reached, after that the shadow exit ya@ntation is maintain until the shadow exit when the
nominal yaw-orientation is then resumed.
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GL ONASS Eclipsing Implementation

The implementation of the GLONAS$®adow crossing model (Dilssner et al (2010), see also Fig. 6) in
eclipsf is fairly straightforward, since the timgsandt. of a shadow entry and exit are readily available
and computed here for all the shadow crossing satell#es Kouba 2008 for more details). For
GLONASS satellites it is based on the Earth’s umibred®?0 deg., rather than 13.25 deg. used for the GPS
satellites. The orbit anglet (the geocentric orbit angle between the satellitethecdrbit midnight, the

most distant point from the Sun, growing counterclockviis¢he direction of the satellite motion) of
shadow entry and exit can be easily evaluated for aDEASS satellites as

H, = =f1(t, =1)/ 2 M
and
Hy = fi(t, =)/ 2, @

where [/ =0.00888 deg./sec is the average GLONASS orbital angulacityelehanging slightly from
satellite to satellite). Then the yaw-anglé® ( (/) at the shadow start and exit can be obtained (recall
that we are using the Block IIA GPS body coordinate fraomvention):

Y, = ATAN2(-tang ,sirny, |, ©)

W, = ATAN2(-tang ,sinu, ), (4)
where ATAN2 is the usual FORTRAN function of tamiving signed angles betweer?g; 77).

The yaw angleg/(t) after the shadow start (i.e., for ty) is evaluated using/, (5, i) of Eq. (3):

Yt) =, + SGN[R ¢ ()] [t -t) , (5)
where SIGN is the Fortran sign functioR,is the GLONASS hardware rate of 0.25 deg./sec and the
nominal yaw-rate at the shadow entry is

W, = ftanB cogu, /(sihy + tahs . (6)
The yaw-turning of Eq. (5) continues until the exit yavglanis reached/(t) ={/,), which occurs well

beforet,, after that,y/(t) is fixed at thet/_ value until the exit timé.. After the shadow exitt & te) the
nominal yaw-orientation
@,(t) = ATAN2(-tang ,sinu ( ); t>t ©)

resumes (see Fig. 6, which was generated after anrmaptation of the above shadow crossing maneuver
in theeclipsf subroutine).

The GLONASSnoon-turn maneuver (Dilssner et al (2010); Fig. 5) looks simpt efficient, however an
implementation is far from simple or easy. In factrfuwst eclipsing, except for the deep ones vtk O,

the GLONASS noon-turns approximate well the nominak-gaientation (turns) of Eq. (7). All the
GLONASS satellites withs| < g3,, where

B, =tan™ (i IR), ®)

will not be able to keep up with the nominal noon-turml dave to undergo a GLONASS noon-turn
maneuver which, after the substitution of the GLONASS8stant hardware rate of 0.25 degree and

/1 =0.00888 deg./sec givess = 2.03 degrees. This is significantly smaller than thes GBon-turn
limits of 2.4 — 4.9 degrees.

The timet,, of a noon-turn middle is already available in ¢okepsf subroutine (see Kouba 2008 for more
details), so that one only needs to find out the yagleof the start/_ and at the en¢V/, of the

GLONASS noon- turn maneuver. Once we kniy and{//, , we can compute the start and end tintgs (

te) and the corresponding orbit angles ( £/,)



1
ts :tm_§|¢/e _¢’5|/R ) 9)

t =1, +%Iwe—¢g|/ R; (10)
My =180- it —t,)/2 (11)
M, =180+ 1. —t5) /2 (12)

Unfortunately, there is no close formula #t, and{/,, which depend on th@ angle. Namely, for3 =
0, the difference}l,l/e —¢/S|/2 will be about 90 degrees and @) = 2.03 degrees it will be nearly zero.

The Table 1 demonstrates the complicated dependen@#.of ¢/.), (L., 1) and(te, t) on the Sun
angle 3. Dilssner et al (2010) has used 4 iterations of a famlyplex, linear approximation formula.
Here, up to 3 iterations of Eqgs (9) - (12), together witfs E3) and (4) are used instead, starting the

iteration Witﬂl,lle —¢/S|/2: 75 degrees. Only one iteration is needed wjginis near zero and for
|,3| =2.0 deg. 3 iterations are required to keep the errc{t,é(eof-l/ls|/2 below 1.7 degrees.

Table 1. Dependence 0(4[/e —4[/5), (M- ) and(te - ts) on the Sun anglg, computed by the iteration
of Egs (9)-(12), together with Eqgs (3) and (4).

|'B| |l//'3 _l//5| (lLle- ﬂs) (te _ts)
deg deg deg sec
0.0 180 6.4 720
0.2 173 6.1 690
0.4 164 5.8 658
0.6 155 5.5 622
0.8 146 5.2 582
1.0 135 4.8 538
1.2 122 4.3 489
1.4 108 3.8 433
1.6 92 3.3 369
1.8 74 2.6 296
2.0 33 1.2 132

Oncey, U, and(ts, to) are known, the GLONASS turn is performed according to(E)qfor t > t; andt

< te, otherwise, the nominal yaw angfe, (t) of (Eq. 7) is used.

The subroutineeclips.f expects the input body x-coordinate unit vector (in ITRR] dnreturns the
properly yaw-oriented unit x-vector (with the sign reaérfer the Block IIR only) for all the GPS and
GLONASS satellites, together with the fldgCLIPS=1 and 2, for the night and noon eclipsing
maneuvers, respectively. OtherwiSECLIPS= 0 and the nominal yaw orientation of the unit x-vectmes
returned. For more implementation and usage detaiBs@leee the comments in deBps.f source-code.
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