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Launched	in	1997	

Arrived	at	Saturn	in	2004	

Saturn	Tour:	

•  4-year	Prime	Mission	(2004	–	2008)	

•  2-year	Equinox	Mission	(2008	–	2010)	

•  7-year	SolsKce	Mission	(2010	–	2017)	

	

	

	

Cassini-Huygens	spacecra]		

Prime	and	Equinox	
Missions	

Sols6ce	
Mission	

6	years	 7	years	

90	encounters	 70	encounters	

139	revs	 132	revs	

269	maneuvers	 205	maneuvers	

600	m/s	 147	m/s	
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Trajectory	from	June	2014	–	December	2015	
	
•  End	of	Second	Inclined	Phase	(In-2)	

•  T102-T103:	Titan	occultaKon	for	atmospheric	
studies	of	southern	polar	regions	

•  T104-T109:	Low	alKtude	flybys	at	high	northern	
laKtudes	around	lakes	region	

•  Second	Equatorial	Phase	(Eq-2):		
•  T110-T113	
•  D4,	D5:	Gravity	measurements	to	determine	if	

Dione	is	geologically	acKve	
•  E20,	E21:	Closest	targeted	flyby	to	Enceladus’	

plume	in	southern	region	

•  Beginning	of	Third	Inclined	Phase	(In-3)	
•  T114	increased	inclinaKon	to	set	up	E22	flyby	

(last	icy	satellite	targeted	flyby	of	mission)	

17	satellite	encounters:		
									12	Titan,	2	Dione,	3	Enceladus	



B-plane	Targe6ng	

AAS	16-243		 3	

No. ] Entry Dispersion Analysis for Hayabusa 5

S
M

IA SM
AA

T
^

θ

σB•R

σB•T

Dispersion ellipse

Hyperbolic path
of a target

B-plane

Trajectory
plane

Incoming
asymptote

S
BP

^

T
BP

^

Closest
approach

B

V
∞in

V
∞out

rp

R
BP

^

Fig. 5. Definition of B-plane coordinates

is compliant with IAU 2000A CIO based3.
B-plane is the useful plane to design the targeting con-

dition of entry and flyby. The plane is normal to the
incoming hyperbolic velocity (figure 5). The origin of the
B-plane coordinate system is the Earth center and the
horizontal axis (B.T) is parallel to the equator plane of
the Earth. The dispersion ellipse on the ground are calcu-
lated without considering the atmospheric effect, because
the purpose of this study is to compare the dispersion el-
lipse with and without optical observations and describe
the impact of ground based observations.
Three data sets are prepared for the observations and

summarized in table 4. Data set A is the all optical ob-
servation data taken by four observatories. Data set B is
the limited version of the radiometric data which assumes
that the Hayabusa spacecraft had an unexpected issue on
June 10. Data set C is the nominal case of the radio-
metric data which includes all the radiometric data until
June 13. Four cases are analyzed using the combination
of the data sets and summarized in table 5. Case 1 in-
vestigates the dispersion for the limited case and compare
with case 2 to understand the effect of the optical obser-
vation. The difference of case 1 and 2 is the availability
of the optical observations, therefore the difference of the
dispersion ellipse describes the impact of the optical obser-
vations for reentry object navigation. Case 3 describes the
nominal dispersion of the Hayabusa mission. The effect of
the tracking arc for radiometric measurement is presented
comparing case 1 and 3. Case 4 shows the dispersion only
with the optical observations and this case corresponds
to the test case for the Earth impact prediction of near
Earth objects.

3 http://www.iers.org

Table 4. Observation data.

Data Type Time [UTC]
A Optical 6/13 3:41

observation - 6:13
B Limited 6/9 11:00

radiometric data - 6/10 6:30
C Full 6/9 11:00

radiometric data - 6/13 0:00

Table 5. Analysis cases.

Case Observation Comments
data

1 B Some issue happen
in the spacecraft

2 A, B Follow up observation
by ground-based telescope

3 C Nominal case
(No trouble in the spacecraft)

4 A Optical observation only

4. Results and Discussion

The results of the orbit determination (OD) and the
dispersion ellipses are investigated in this section. The
post-fit residuals of case 4 are described in figure 6. Five
observations of Mt. Lemmon Survey are rejected due to
its large residuals. The observations of Subaru telescope
and Canada France Hawaii Telescope (CFHT) are quite
stable and all the observations fits within 0.5 arcsecond.
The rms of 2-way Doppler and range data are 0.064 mm
s−1 and 0.30 m, respectively. The standard deviations
of the position and velocity vector at the OD epoch are
summarized in table 6. The impact of the optical obser-
vations is found in the difference between case 1 and 2.
Especially, the uncertainties for the velocity dramatically
decrease. It would be due to the extension of the tracking
arc duration by the optical observation. However, the OD
solution using the full radiometric observation (case 3) is
much better than the hybrid case (case 2). Since case 4
have only 2.5 hours of optical observation, the solution
has a large uncertainties along both position and velocity
vector. The main uncertainty is along the velocity direc-
tion, because a optical imaging has no information along
the line of sight direction.
The 3 sigma dispersion ellipse on B-plane is described

in figure 7 and 8. The major axis of case 4 is 291 km
and it looks small compare with the uncertainty of the
OD epoch, because B-plane is orthogonal to the hyper-
bolic infinite velocity and the main uncertainty is along
the velocity direction. The dramatic improvement on the
uncertainties by the optical observation are found com-
paring the ellipse of case 1 and 2. The size of the ellipse
becomes about 1/600 of the original ellipse and the mean
value becomes much closer to the value of case 3. It is
natural that the ellipse of case 3 is the smallest in these
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is compliant with IAU 2000A CIO based3.
B-plane is the useful plane to design the targeting con-

dition of entry and flyby. The plane is normal to the
incoming hyperbolic velocity (figure 5). The origin of the
B-plane coordinate system is the Earth center and the
horizontal axis (B.T) is parallel to the equator plane of
the Earth. The dispersion ellipse on the ground are calcu-
lated without considering the atmospheric effect, because
the purpose of this study is to compare the dispersion el-
lipse with and without optical observations and describe
the impact of ground based observations.
Three data sets are prepared for the observations and

summarized in table 4. Data set A is the all optical ob-
servation data taken by four observatories. Data set B is
the limited version of the radiometric data which assumes
that the Hayabusa spacecraft had an unexpected issue on
June 10. Data set C is the nominal case of the radio-
metric data which includes all the radiometric data until
June 13. Four cases are analyzed using the combination
of the data sets and summarized in table 5. Case 1 in-
vestigates the dispersion for the limited case and compare
with case 2 to understand the effect of the optical obser-
vation. The difference of case 1 and 2 is the availability
of the optical observations, therefore the difference of the
dispersion ellipse describes the impact of the optical obser-
vations for reentry object navigation. Case 3 describes the
nominal dispersion of the Hayabusa mission. The effect of
the tracking arc for radiometric measurement is presented
comparing case 1 and 3. Case 4 shows the dispersion only
with the optical observations and this case corresponds
to the test case for the Earth impact prediction of near
Earth objects.
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Table 4. Observation data.

Data Type Time [UTC]
A Optical 6/13 3:41

observation - 6:13
B Limited 6/9 11:00

radiometric data - 6/10 6:30
C Full 6/9 11:00

radiometric data - 6/13 0:00

Table 5. Analysis cases.

Case Observation Comments
data

1 B Some issue happen
in the spacecraft

2 A, B Follow up observation
by ground-based telescope

3 C Nominal case
(No trouble in the spacecraft)

4 A Optical observation only

4. Results and Discussion

The results of the orbit determination (OD) and the
dispersion ellipses are investigated in this section. The
post-fit residuals of case 4 are described in figure 6. Five
observations of Mt. Lemmon Survey are rejected due to
its large residuals. The observations of Subaru telescope
and Canada France Hawaii Telescope (CFHT) are quite
stable and all the observations fits within 0.5 arcsecond.
The rms of 2-way Doppler and range data are 0.064 mm
s−1 and 0.30 m, respectively. The standard deviations
of the position and velocity vector at the OD epoch are
summarized in table 6. The impact of the optical obser-
vations is found in the difference between case 1 and 2.
Especially, the uncertainties for the velocity dramatically
decrease. It would be due to the extension of the tracking
arc duration by the optical observation. However, the OD
solution using the full radiometric observation (case 3) is
much better than the hybrid case (case 2). Since case 4
have only 2.5 hours of optical observation, the solution
has a large uncertainties along both position and velocity
vector. The main uncertainty is along the velocity direc-
tion, because a optical imaging has no information along
the line of sight direction.
The 3 sigma dispersion ellipse on B-plane is described

in figure 7 and 8. The major axis of case 4 is 291 km
and it looks small compare with the uncertainty of the
OD epoch, because B-plane is orthogonal to the hyper-
bolic infinite velocity and the main uncertainty is along
the velocity direction. The dramatic improvement on the
uncertainties by the optical observation are found com-
paring the ellipse of case 1 and 2. The size of the ellipse
becomes about 1/600 of the original ellipse and the mean
value becomes much closer to the value of case 3. It is
natural that the ellipse of case 3 is the smallest in these

�V = �K�1�B

for RCS maneuvers (at a 90% confidence level). At the end-of-mission, the 90% confidence level
studies predict that 23 m/s will be left of hydrazine and all of the bi-propellant will have run out.15

APPENDIX: B-PLANE TARGETING

B-plane (Body Plane) targeting is used throughout the Cassini tour to target the flyby conditions
for each encounter. The B-plane is defined as a plane which is normal to the incoming asymptote of
the hyperbolic orbit (v1), and contains the target body’s center of mass. The B-vector is the vector
from the target body’s center of mass to the point where the v1 vector intersects the B-plane9 (see
Figure 17). This vector can also be defined as the radius of closest approach to the target body, if the
target body were massless. Three orthogonal unit vectors are defined with origin at the target body
to describe the B-plane: ˆ

S, ˆ

T, and ˆ

R. The ˆ

S vector is parallel to v1, ˆ

T is parallel to a convenient
reference plane (usually chosen as the ecliptic), and ˆ

R completes an orthogonal triad.

Trajectory errors in the B-plane are characterized by a 1-� dispersion ellipse, shown in Figure 17,
where SMAA is the semi-major axis of the ellipse, SMIA is the semi-minor axis of the ellipse, and ✓
represents the orientation of the ellipse, measured clockwise from ˆ

T. The dispersion perpendicular
to the B-Plane is given as a 1-� linearized time-of-flight error, where the linearized time-of-flight is
the time that the flyby would occur at if the magnitude of the B-vector were zero.

The targeting maneuvers are generally computed using the K-inverse strategy, where three com-
ponents of the B-plane miss are corrected: B · R, B · T, and TF. The �V is computed as

�V = �K

�1
�B (1)

where K is a 3 ⇥ 3 matrix of partial derivatives of the B-plane miss parameters with respect to the
spacecraft’s velocity

K =

2
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and �B = [ �B · R, �B · R, �TF ]T is the B-plane error.
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(Inbound)
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(Previous Encounter + 3 days)

Apocrone

Pericrone

Approach Maneuver
(Encounter - 3 days)

Apocrone Maneuver
(Trajectory-Shaping)

Titan
(Outbound)

Figure 4: Navigation Strategy of Three Maneuvers per Flyby for Saturn Tour

employed for larger burns if the predicted burn time is at least 1.5 sec (actual burn time > 1.3 sec). This burn
duration minimum was set in the past to avoid a software limitation of 1 sec for burn times.14 Currently, this
translates to MEA burns that are at least 0.25 m/s. The first two maneuvers are usually deterministic and
optimized together in a chained two-impulse optimization strategy,17 which minimizes total deterministic
�V across several encounters while controlling asymptote errors without altering downstream flyby aim
points after each encounter. The three orbit trim maneuvers are targeted to the upcoming encounter’s three
B-plane18 flyby conditions: the spatial components B ·R and B ·T, and the time of flight, TF. These targets
were determined during the mission design phase and are defined in the reference trajectory, which provides
predetermined maneuver locations and flyby targets according to science sequence planning and objectives.

Each maneuver is executed in a turn-and-burn manner, that is, the required burn attitude is achieved by

Figure 5: Cassini Orbiter

performing a roll turn followed by a yaw turn (wind turns),
the burn is then executed and, after completion, the turns
are reversed to return to the original attitude (unwind
turns). Turns performed with the Reaction Wheel Assem-
bly (RWA) and roll turns performed by the RCS do not
impart �V to the spacecraft. Moreover, yaw turns exe-
cuted by RCS do contribute �V because these thrusters
are unbalanced about the YS/C axis. All roll turns and
the yaw turn for RCS maneuvers are typically executed by
the RWA. However, the yaw turn for MEA maneuvers is
usually performed by RCS thrusters. For this reason, the
computation of MEA maneuvers needs to account for the
�V imparted by the turns. Gates models19 of the maneuver
execution errors are implemented for statistical analysis, a
priori estimates for OD maneuver reconstructions, determi-
nation of maneuver delivery accuracies, and maneuver per-
formance assessments.20 The execution-error models have
been updated periodically based on maneuver performance
during the Saturn tour.20,21 For reference, the execution-
error models employed by Cassini since August 2012 are
summarized in the Table 1.

A planned maneuver can be canceled if it is determined that its execution will not improve encounter
conditions, yield downstream �V savings, or if a subsequent maneuver can attain the encounter conditions
at a lower �V cost. For instance, a common cancelation case is an approach maneuver preceded by accurate
shaping maneuvers. Regardless, these criteria are subordinate to science requirements.17 Depending on
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Orbit	Trim	Maneuvers	(OTMs)	
ΔV	≥	0.25	m/s		à		Main	Engine	Assembly	(bipropellant)	 																														
ΔV	<	0.25	m/s		à		ReacKon	Control	Subsystem	(hydrazine)	
	
3	OTMs	per	targeted	flyby	
B-plane	target	condiKons	
Cleanup	is	opKmized	with	Apocrone	maneuver	
	
Exploit	Titan	gravity	assists	
Titan	flyby	at	1,000	km	imparts	840	m/s	to	S/C	
98%	of	total	ΔV	for	the	mission	is	provided	by	Titan	

Key	Strategy:	propellant	preservaKon	is	highly	prioriKzed	over	maneuver	cycle	minimizaKon	
•  Downstream	ΔV	preservaKon	
•  As	close	as	possible	to	the	reference	trajectory	

50	Planned	Orbit	Trim	Maneuvers	(OTMs	383-433)	targeted	to	17	satellite	encounters:	

•  14	canceled	OTMs:	1/3	maneuvers	cancelled		
•  8	maneuvers	on	MEA	and	28	maneuvers	on	RCS	
•  Two	target	modificaKons	to	the	B-plane	spaKal	components	(ΔV	savings	downstream)	
•  Three	modificaKon	to	the	encounter	Kme	(increase	ΔV	to	implementable	size)	

12	Titan,	3	Enceladus,	2	Dione	Encounters	

•  Nine	resonant	transfers:	2:1,	3:1,	4:3	resonant	raKos	
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•  Titan-to-Titan	n:m	resonant	transfer	à	TOF	is	an	
integer	mulKple	of	Titan’s	period	
o  n	=	number	of	Titan	orbits	around	Saturn	
o  m	=	number	of	Cassini	revoluKons	around	Saturn	

•  Flybys	occur	at	approximately	the	same	place	in	Titan’s	
orbit	

•  Resonant	transfers	may	be	inclined	

Titan-102	 18-Jun-2014	 Alt.	3,659	km	

Titan-103	 20-Jul-2014	 Alt.	5,103	km	

Titan-104	 21-Aug-2014	 Alt.	964	km	

Titan-105	 22-Sep-2014	 Alt.	1,400	km	

Titan-106	 24-Oct-2014	 Alt.	1,013	km	
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Maneuver	 Epoch	 ΔV	

Titan-106	 24-Oct-2014	 Alt.	1,013	km	

OTM-395	 T106	+	2d	 0.062	m/s	

OTM-396		 ~	Apo	 0.198	m/s	

OTM-397	 T107	–	3d	 0.037	m/s	

Titan-107	 10-Dec-2014	
TOF	Shi^	+0.4s	

Alt.	980	km	
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Maneuver	 Epoch	 ΔV	

Titan-107	 10-Dec-2014	 Alt.	10,953	km	

OTM-398	 T107	+	3d	 0.196	m/s	

OTM-399		 ~	Apo	 0.968	m/s	

OTM-400BU	 T108	–	3d	 0.056	m/s	

Titan-108	 11-Jan-2015	 Alt.	479	km	

OTM-400	Geometry	
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Maneuver	 Epoch	 ΔV	

Titan-108	 11-Jan-2015	 Alt.	479	km	

OTM-401	 T108	+	3d	 0.229	m/s	

OTM-402	 ~	Apo	 1.268	m/s	

OTM-403	 T109	–	3d	 0.029	m/s	

Titan-109	 12-Feb-2015	 Alt.	1,036	km	

T108	Encounter:	No	period	variaKon	and	10	degrees	inclinaKon	reducKon	



The	Last	Targeted	Dione	Encounters	

AAS	16-243		 11	
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Maneuver	 Epoch	 ΔV	

Titan-112	 7-Jul-2015	 Alt.	10,953	km	

OTM-416	 T113	+	2d	 0.096	m/s	

OTM-417		 ~	Apo	 0.018	m/s	

OTM-418	 D5	–	3d	 --	canceled	--	

Dione-5	 17-Aug-2015	 Alt.	479	km	

OTM-419	 D5	+	3d	 0.058	m/s	

OTM-420	 ~	Apo	 --	canceled	--	

OTM-421	 T113	–	3d	 0.022	m/s	

Titan-113	 28-Sep-2015	 Alt.	1,036	km	
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The	Last	Targeted	Enceladus	Encounters	
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E20	Flyby:	North	Pole		 E21	Flyby:	Deepest	dive	through	plumes	
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Maneuver	 Epoch	 ΔV	

Titan-113	 28-Sep-2015	 Alt.	1,036	km	

OTM-422	 T113	+	3d	 0.252	m/s	

OTM-423		 ~	Apo	 2.626	m/s	

OTM-424	 E20	–	3d	 0.034	m/s	

Enceladus-20	 14-Oct-2015	 Alt.	1,846	km	

OTM-426		 ~	Apo	 0.070	m/s	

OTM-427	 E21	–	3d	 --	canceled	--	

Enceladus-21	 28-Oct-2015	 Alt.	50	km	

OTM-428	 E21	+	3d	 --	canceled	--	

OTM-429	 ~	Apo	 0.111	m/s	

OTM-430	 T114	–	3d	 --	canceled	--	

Titan-114	 13-Nov-2015	 Alt.	11,920	km	
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Table 5: Average Navigation �V Cost per Encounter, computed through 2015.

Mission Flyby Number Navigation �V Cost
Span of Flybys Mean (m/s) Std. Dev. (m/s)

Prime (7/2004 – 9/2008) Ta – E4 54 0.325 0.594
Equinox (9/2008 – 9/2010) E5 – T72 36 0.447 0.978
Solstice (9/2010 – 12/2015) T73 – E22 58 0.123 0.131

T102-E22 

(a) Total Mission �V (b) T102–E22 �V

Figure 16: Accumulated Flown �V Cost over Reference Trajectory �V.

comparison to the 5 km miss during T41 and the 10 km miss during T46, validating the navigation
strategy used during the Solstice Mission.

CONCLUSION AND END-OF-MISSION PREVIEW

The fifth year of the Solstice Mission maneuver operations was marked by a high percentage of
planned maneuvers cancelled, due in part to the ballistic nature of the trajectory with several icy
satellite targeted flybys during this time frame. The navigation strategy is to fly Cassini as close to
the reference trajectory as possible. However, as Cassini approaches the 2017 end-of-mission date,
preserving propellant is a high priority. Small maneuvers, as well as spacecraft pointing and mo-
mentum management, cannot be accomplished via the main engine. Therefore, most opportunities
to save small downstream costs have been taken, in the hope that these savings will translate into
hydrazine reserves for RCS usage. At the same time, main engine propellant is dwindling, and,
with several big deterministic maneuvers still planned, saving bi-propellant is also important. For
OTM-438, which will target T116, there is a 1.2% chance that bi-propellant will run out, and a 7.4%
chance of this occurring for OTM-444, which will target T118.

In September 2017, Cassini will pass 22 times within a few thousand kilometers of the cloud tops
of Saturn, ultimately impacting Saturn.4 To satisfy Planetary Protection requirements, the possibil-
ity of impact with any large icy moon needs to be prevented if propellant were to run out before
the end-of-mission. Several trajectory options are shown in Reference 11 for this scenario, as well
as a detailed trajectory dispersion analysis in Reference 14. As of January 2016, 18 m/s of us-
able bi-propellant �V is available for main engine maneuvers and 34 m/s of hydrazine is available
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•  Preserva6on	of	propellant	to	achieve	2017	end-of-mission	
is	highly	priori6zed	

•  Save	downstream	costs	to	ensure	hydrazine	reserves	
for	RCS		
•  Small	maneuvers	
•  Spacecra^	poin6ng	
•  Momentum	management	

•  MEA	Bi-propellant	is	dwindling	
•  OTM-444	to	target	T118	has	7.4%	chance	of	running	out	

DV	Available	
(90%)	

Jan.	
2016	

Sep.	
2017	

MEA	 18	m/s	 0	m/s	

RCA	 34	m/s	 23	m/s	
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