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EPOXI TRAJECTORY AND MANEUVER ANALYSES 

Min-Kun J. Chung, Shyamkumar Bhaskaran, Steven R. Chesley, C. Allen 
Halsell, Clifford E. Helfrich, David C. Jefferson, Timothy P. McElrath, Brian 

P. Rush, Tseng-Chan M. Wang, and Chen-wan L. Yen* 

The EPOXI mission is a NASA Discovery Mission of Opportunity combining 
two separate investigations: Extrasolar Planet Observation and Characterization 
(EPOCh) and Deep Impact eXtended Investigation (DIXI). Both investigations 
reused the DI instruments and spacecraft that successfully flew by the comet 
Tempel-1 (4 July 2005). For EPOCh, the goal was to find exoplanets with the 
high resolution imager, while for DIXI it was to fly by the comet Hartley 2 (4 
Nov 2010). This paper documents the navigation experience of the earlier ma-
neuver analyses critical for the EPOXI mission including statistical V analyses 
and other useful analyses in designing maneuvers. It also recounts the trajectory 
design leading up to the final reference trajectory to Hartley 2. 

INTRODUCTION 

The EPOXI mission is a NASA Discovery Mission of Opportunity combining two separate 
investigations: Extrasolar Planet Observation and Characterization (EPOCh) and Deep Impact 
eXtended Investigation (DIXI). Both investigations reused the Deep Impact (DI) instruments and 
spacecraft launched on 12 Jan 2005. Deep Impact encountered the comet Tempel-1 on 4 July 
2005, impacting with an impactor spacecraft for an investigation of the comet’s nucleus and sub-
sequently passing close by the comet with the flyby spacecraft.1 For the EPOCh investigation, 
EPOXI used the DI HRI (high resolution imager) on the flyby spacecraft to find exoplanets start-
ing in early 2008. For the DIXI portion of the investigation, the EPOXI spacecraft was tasked to 
encounter the comet Hartley-2 on 4 Nov 2010. 

In this paper we focus primarily on the navigation experience of the earlier maneuver analyses 
leading up to the encounter.† We discuss maneuver analyses found important and useful for the 
mission including statistical V analysis and other analyses in designing and, in some cases, 
canceling maneuvers. First, we recount the trajectory design leading up to the final reference tra-
jectory selected for the Hartley 2 encounter. 

TRAJECTORY DESIGN 

Due to the fact that EPOXI was an extended mission with an already established initial trajec-
tory and that the target was a comet with uncertain ephemerides, the reference trajectory needed 
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determined at the time of the data cutoff (DCO) for each maneuver and mapped to the next signif-
icant encounter event such as an intermediate Earth flyby or the final Comet flyby. 

For covariance analyses, an OD analyst begins by simulating Doppler and range radio data 
and optical navigation data.* These simulated data and the latest trajectory are input into a stan-
dard filter to estimate the spacecraft state, values for the maneuvers inside the data arc, and also 
the comet ephemeris when mapping to the comet flyby. Assumptions were made regarding the 
schedule of radio and optical navigation data, the number and timing of desaturation maneuvers 
(desats),† and the a priori uncertainties of all estimated or considered parameters (for example, 
the spacecraft and comet states, the maneuver parameters, desats, and solar radiation pressure). 
The filter estimates the spacecraft state throughout the data arc and maps this state and its uncer-
tainty to the next encounter event. Refer to Reference 5 for an overview of EPOXI OD process.5 

Monte Carlo Simulation Using OD Covariance 

An initial sample state is obtained as an offset from the OD solution (which is the initial ob-
served state) by sampling an OD uncertainty from the initial OD covariance (ODCZERO) that 
maps the uncertainty from the time of the OD solution to a future target event. Refer to Figure 5 
below for a simplified diagram of OD covariance propagation. At DCO of the first maneuver, the 
initial sample state becomes the observed state for the first maneuver. The commanded V is 
computed to shift the observed state to the desired state according to the specified maneuver op-
timization strategy. The actual V, which is the commanded V plus an execution error random-
ly sampled according to an execution error model (Gates model is used in EPOXI analysis),6 is 
executed to shift the observed state toward the desired state. The shifted observed state ’ is 
computed by 

’ =  + K • VA 

where  is the initial observed state, K is the K-matrix, and VA is an actual V. A K-matrix 
K(t, t0) at time t is computed by 

K(t, t0) = ∂∂X • (t, t0) 

where ∂∂X is the partial of the encounter (B-plane) state with respect to the Cartesian state 
transition matrix from t0 to t.‡ A sample state for the second maneuver is obtained by sampling 
from the OD covariance of the first maneuver. This sampled state becomes the observed state at 
DCO of the next maneuver. If there is a change in the target for the next TCM, the sample state is 
mapped from the current target to the next target. The mapped state ’’ is computed by 

’’ = KNext Target • KCurrent Target
-1 • ’ 

where ’ is the shifted state, KNext Target is a K-matrix mapped to the next target, and KCurrent Tar-

get
-1 is an inverse of K-matrix mapped to the current target.  

                                                      
*  For the initial predictions of future maneuvers, the OD process would be similar except that real radio and optical 
data would be used. 
† Desats were much more frequent than pre-launch prediction (p. 40, Reference 1). 
‡ The legacy JPL section software SEPV (a part of ODP) can write a K-matrix file when a maneuver search is con-
verged. SEPV is a trajectory target search program. 
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certainty at TCM-19 and (2) considering only the Hartley 2 uncertainty at TCM-20 via an a priori 
comet covariance. These cases were necessary to work with a limitation in the LAMBIC pro-
gram, which cannot separate the effects of both spacecraft state and target uncertainties at the 
same time. We wanted to confirm that both ways yielded satisfactory results. The two different 
ways were simulated by sampling two different sets of OD covariances. 

OD Covariances Used for the Analysis. Table 1 below lists a set of OD covariances used in 
the statistical V analysis with a particular OD solution numbered 225. One OD covariance is 
assigned for each TCM except for TCM-19 and 20. For TCM-19 and 20, two different OD cova-
riances are assigned. 

Table 1. Sample OD Covariances Used with the OD Solution #225. 

TCM OD Covariance 
name 

DCO 
(days) Maps to σ(B•R) 

(km) 
σ(B•T) 
(km) Remark 

- ODCZERO  DFB-2 2355 6476 Initial OD covariance 

16 ODC16 -10 DFB-2 39 36 Uncertainty mapped from DCO 

17 ODC17 -10 EGA-3 806 1184 " 

18 ODC18 -10 EGA-3 61 55 at EGA-3 – 40d 

19 
ODC19A 

-10 ENC 
6119 925 Estimate Hartley 2 ephemeris 

ODC19B 325 531 Not estimate Hartley 2 ephemeris 

20 
ODC20A 

-10 ENC 
147 139 Estimate Hartley 2 ephemeris 

ODC20B 6118 771 Consider Hartley 2 ephemeris un-
certainty a priori 

21 ODC21 -4 ENC 26 14 at ENC – 10d 

22 ODC22 -2 ENC 8 10 at ENC – 4d 

 

ODC19A pairs with OCD20A while ODC19B with ODC20B. The former pair estimates the 
Hartley 2 ephemeris uncertainty at TCM-19 and propagates the uncertainty forward to TCM-20, 
while the latter pair delays estimating the Hartley 2 ephemeris uncertainty until TCM-20, where it 
is dealt a priori. Note that the uncertainties decrease from ODC19A to ODC20A, yet it increases 
from ODC19B to 20B. 

To clarify the latter pair further, ODC20B is an OD covariance that contains the a priori Hart-
ley 2 ephemeris uncertainty at TCM-20 to determine the observed state at TCM-20. Although its 
uncertainty is large, the observed state will be fully resolved via optical observation at TCM-20.8 
Thus, its information can be used for the computation of the commanded ∆V at TCM-20. 
OCD20A is simply a normal OD covariance that estimates the states and propagates the uncer-
tainty at TCM-20. This OD covariance is not to be used for the computation of the commanded 
∆V at TCM-20. Its uncertainty is to be used to sample for the observed state of the next TCM, 
namely TCM-21. Figure 6 below depicts the two OD covariance pairs pictorially. 

We wanted to confirm that the former pair indeed returned a good result by actually perform-
ing and comparing to the latter pair, which is closer to what was expected with the introduction of 
optical navigation near the time of TCM-20. 
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OTHER MANEUVER DESIGN ANALYSES 

Given an OD solution by an OD analyst, a maneuver analyst designs the maneuver. This 
process may continue for several iterations as we observe the stability of the OD and maneuver 
solutions. When the DCO date nears, a stable OD solution is selected by the navigation manager 
to design the maneuver. The maneuver is designed and verified in the following steps: 

(1) Check the OD solution by propagating and comparing with the no maneuver solution. 

(2) Estimate the magnitude of the maneuver based on an impulsive model and deliver the 
magnitude to the Attitude Control System (ACS) team. ACS delivers the thrust and mass 
flow rate of the burn. 

(3) Design the maneuver based on a finite model using the information from ACS. Deliver the 
finite burn information such as the start time, magnitude, and pitch angles to the ACS 
team. ACS delivers the burn implementation parameters. 

(4) Verify the parameters by implementing the burn. 

There was a small limitation in verifying the MIF due to a small difference in thrust modeling; 
our software did not model the actual thrust tapering, which is particular to the thrusters on the 
EPOXI spacecraft. Nevertheless, according to past experience, if we could correct the target dif-
ference by a trivial amount of ∆V (usually at the mm/s level), everything would be fine. 

Updating the Reference Trajectory 

Each time before a maneuver design, the reference trajectory was reoptimized in CATO to 
minimize the total ∆V. For the CATO run, force models were set similar to the settings in the leg-
acy Orbit Determination Program (ODP) as much as possible. The CATO run yielded the inter-
mediate targets for SEPV.* The final comet encounter target remained fixed. This process ensured 
the minimum ∆V. 

Avoiding Vectorization of TCM 

The EPOXI spacecraft had a ∆V direction constraint for thermal reasons. The solar panel 
normal vector (+Y-axis in the spacecraft frame) was required to be within 65° of the Sun. Refer 
to Figure 8 below for the diagram of the thermal constraint. 

When an optimum maneuver violates this constraint, the nominal procedure would be vecto-
rizing the maneuver into two burns in sequence in two consecutive days. Unfortunately, the opti-
mum TCM-12 happened to violate this constraint, and thus it had to be vectorized. There were 
two disadvantages in vectorization. First, the program written to vectorize did not always produce 
an optimum result, thus, requiring more ∆V usage than necessary. As our ∆V budget was rather 
tight, this was not a good choice. Second, the vectorization added to operational complexity. 

The easiest solution would have been to use a trajectory optimizer that already implements 
such a maneuver cone constraint. Unfortunately, CATO did not support such a constraint. 

                                                      
* We used the legacy JPL section program, SEPV, to search the ∆Vs necessary to target the Hartley 2. For a longer 
trajectory, SEPV required intermediate targets. The new navigation software set was employed only several months 
before the encounter; however, the legacy software was operational in parallel to the end of mission as a backup and for 
a comparison purpose. 
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