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Abstract

This paper discusses the operational, scientific, and resource implications of
extending the Ulysses mission from September 2004 to March 2008". This study was
proposed by the Ulysses science team in spring 2002, and undertaken by the ESA-
NASA Mission Operations Team at the Jet Propulsion Laboratory (JPL). The
extension will push Ulysses well beyond its originally designed mission and enable a

third set of Solar Polar passes, thus further enhancing its unique scientific return.

Ulysses was launched on 6 October 1990 on a 5-year mission. The unique orbit has
yielded a number of important scientific discoveries pertaining to the Sun, Solar Wind,
and Interstellar Medium. Completing another full orbit is considered to be highly

desirable by the scientific community.

The spacecraft's robust and reliable design, along with careful power and propellant
management has twice extended this successful mission until September 2004. In
order to survive a further 3.5 years of operations with decreasing resources, numerous

tradeoffs have to be made including:

Science requirements versus payload power sharing
Payload power sharing versus thermal margins
Tracking coverage versus science return

Mission duration versus personnel and knowledge retention
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Pushing Ulysses well beyond its designed lifetime requires an acceptance of some

increased risk. Areas of risk include:

Possible propellant freezing due to severely reduced thermal margins

Failure of a thermally critical unit

Failure of the remaining X-band Traveling Wave Tube (TWT)

Controlling the orbit-geometry-induced Nutation anomaly with non-continuous

coverage

This paper summarises the results of this study and outlines the operational
philosophy that will be used to achieve the proposed 2004-2008 extended mission

goals.

Mission Overview

Ulysses is a joint ESA-NASA mission, originally launched in October 1990, to explore
the Sun beyond the ecliptic plane in a near polar-orbit, and create a 3D model of the
Heliosphere. In February 1992 a gravitational flyby of Jupiter propelled Ulysses into its
unique orbit around the Sun, achieving maximum heliographic latitudes of 80 deg

(see figure 1).

Figure 1: Ulysses orbit for the 2004-2008 extension.



NASA’s Deep Space Network (DSN) in Goldstone (USA), Canberra (Australia) and
Madrid (Spain) has provided the nominal mission ground station support. However
ground stations at ESA Kourou (French Guiana), ESA New Norcia (Australia), DLR
Welheim (Germany) and University of Chile, Santiago (uplink only) have also

supported Ulysses during non-routine operations.

Ulysses was originally designed for a 5-year mission, ending after the completion of its
first pair of Solar Polar passes in September 1995. It has been extended twice: initially
until December 2001, and then until September 2004, each time by a joint inter-
agency Memorandum of Understanding (MoU). Each extension has required Ulysses
to operate further beyond its original design limits. To sustain operations until 2008

requires further operational ingenuity, and acceptance of increasing operational risk.

In 2002, due to the continuing success of the mission, the Ulysses science community
asked the operations team to assess the technical feasibility of operating to the end of
the third set of solar polar passes, in March 2008. The resulting study” concluded that
while technically challenging, Ulysses could be operated with sufficient payload items
to justify a request for a mission extension. The Ulysses scientists submitted their
request’ to NASA’s Senior Review in 2003, where it was approved. ESA’s Science

Programme Committee (SPC) approved the extension in February 2004.

Now in its 14" year of continuous operations, Ulysses’ simple yet robust design has
demonstrated remarkable reliability, providing a stable scanning platform for its suite

of 9 international experiments. The only significant anomalies to date are:

A data corruption of the backup onboard computer

Plume impingement from one of the 4 axial thrusters used for routine
manoeuvres

Nutation which occurs around perihelion due to a solar-induced oscillation
of the axial boom

Suspected failure of one of the two X-band TWTs
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Spinning at 5rpm, Ulysses has ample propellant for the remainder of the mission. The
Radioisotope Thermoelectric Generator (RTG) provides exponentially decreasing
amounts of electrical power to the platform and payload according to predictions. As
the mission has progressed this has resulted in a mission operations strategy focused
on maintaining margins for the power and thermal subsystems while satisfying the

payload power requirement to achieve the desired scientific goals.

Extension Trade-offs

Ulysses operated with its full complement of science instruments until May 2002,
when payload power sharing began. A comparison of operations during the Prime
(1990-1995) and Extended (1996 onwards) missions reveals the increasing

complexity necessary to deliver the maximum science (see figure 2).

Figure 2: Ulysses mission extension trade-offs

Initial power saving measures were simple to implement:

Platform power loads such as tape recorder, catalyst bed heating and uplink
operations were scheduled as consecutive instead of simultaneous events
Non-critical hot-redundant units were switched off

Power and thermal margins were gradually reduced to compensate for reduced

power for internal heating due to the decreasing RTG power output.



However, these operational strategies had more subtle implications. Higher playback
rates were necessary to retrieve data from the onboard Data Storage Unit (DSU)
during each pass. If an outage occurred during high-rate playback, this would result in
a larger data loss (typically 3 times as large) compared to the conservative playback
rate used initially. Turning off hot redundant units meant accepting longer recoveries
should there be a prime unit failure. In a deep space mission with non-continuous
tracking coverage, this also raised the possibility of “recovery in the blind” i.e. having
to attempt a recovery with no data to indicate what caused the loss of contact. Power
sharing and shorter commanding windows meant fewer opportunities for anomaly
recovery. The procedures for anomaly recovery have been modified by operations
constraints. Recovery from DNEL (Disconnect Non-essential Loads, an electrical
power safing mode) has been changed from the initial cautious unit-by-unit command-
verify type approach, to a “fast recovery” where it has to be assumed that multiple
commands will execute correctly, as it is more important to quickly return to a stable
thermal configuration. Even Nutation control during perihelion phase will have to be

modified, to reduce the demands on scarce tracking resources.

Extension Risks

The extension study identified several prime areas of operational risk during the 2004-
2008 period. For each case, one or more mitigation factors were available to reduce

the risk to levels deemed acceptable by the operations team (see table 1).

Risk Mitigation

] Avoidance
Freezing of propellant .
Contingency plans

Failure of thermally critical unit e.g. heater ]
] Thermal design has some redundancy
or experiment

] o TWT1 relatively unused
Failure of remaining TWT
Use S-band, lower data rates

Table 1: Extension risks and mitigation factors




Freezing the propellant is the primary risk. Since Earth-pointing manoeuvres are
needed every few days to maintain the data link, propellant freezing could lead quickly
to loss of attitude and end of mission. The prime risk reduction strategy is one of
avoidance. Continuous close monitoring and thermal analysis will allow the team to
reconfigure the spacecraft (switch off a payload element) at short notice, should
hydrazine temperatures approach predetermined limits. Fortunately the orbit is such
that thermal changes due to orbit distance occur relatively slowly. Presently the
primary thermal influence is the RTG decay rate, and hence power available for
internal heating. The Cold Case heater, used to keep critical Reaction Control
Subsystem (RCS) components from freezing during most of the orbit, will be switched
off around May 2007. This will release power for internal heating, marking the end of

this thermally critical period.

Failure of a thermally critical unit, either a heater or an experiment (dissipated heat is
vital for localised heating), is a significant risk. This risk will increase as the spacecraft
continues to age. Fortunately the thermal subsystem has some built-in redundancy,
and should an experiment cease to operate, it may remain powered, if its heat

dissipation is considered critical to the spacecraft’'s thermal balance.

In March 2003 TWT2 was declared non-operational, after a total of 12 years of service
(11 of which were continuous). TWT1 is now in use and has accumulated 1.5 years of
service. Should TWT1 fail, the mission could switch from X-band to S-band downlink,

although data rates may decrease, depending on Earth range.

The Nutation anomaly® ® will return in February 2007, for one year. Following its initial
discovery in November 1990, Nutation returned as predicted during the two perihelion
passages in 1994-95 and 2000-01. Continuous uplink from ground stations was used
to activate a conical scanning (CONSCAN) function of the onboard Attitude and Orbit
Control Subsystem (AOCS). CONSCAN commands axial thruster firings to maintain
Earth pointing within a pre-defined deadband. Fortunately the CONSCAN control loop

has a damping component, and thus reduces the nutation levels. Experienced gained

*K. Chan, E.S. Paredes, M.S. Ryne “Ulysses Attitude and Orbit Operations: 13+ Years of International
Cooperation”, SpaceOps 2004, Montreal, May 2004.
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during the two previous yearlong periods of Nutation operations provided confidence

that this critical period could be endured.

General mitigation factors

Although an old design and relatively simple to operate when compared to more
capable modern missions, Ulysses has nonetheless proven to be robust and reliable,
as evidenced by the low anomaly rate shown in figure 3. The anomaly rate is following
the classic “bathtub curve” shape typically observed during a spacecraft lifetime.
Following the initial “burn-in” period of operations, the anomaly rate has been only 2-3
per year for most of the mission. Although the anomaly rate will probably increase
during the remaining mission this low anomaly rate, together with the excellent
spacecraft health (see Mission Overview), gave both the engineering team and the

science community great confidence that the mission could be further extended.

Figure 3: No. of Ulysses anomalies 1990 —2004

Following the initial “burn-in” period of operations, the anomaly rate has been only 2-3
per year for most of the mission. Although the anomaly rate will probably increase
during the remaining mission this low anomaly rate, together with the excellent
spacecraft health (see Mission Overview), gave both the engineering team and the

science community great confidence that the mission could be further extended.



Throughout the mission the Flight Control Team (FCT) has used a very conservative
operations approach. In most cases the prime unit would be used until failure. By
reducing the number of switchings, this would increase the reliability and time to
failure. Thus TWT2 was continuously used as the prime unit from December 1991 to
March 2003. The only major exception to this strategy was for the DSUs, which have
been swapped approximately every 3 months to maintain distribution of lubricant in

each sealed unit.

The spacecraft FCT, co-located at JPL with the NASA ground segment operations
team, operates Ulysses. Despite the longevity of the mission, turnover of personnel
has been very low, resulting in good retention of operations knowledge. One further
general mitigation factor is that Ulysses has already been hugely successful. As such,
any further science gained will be a bonus on top of the 13+ years of data already

gathered.

Evolution of mission risk

The evolution of mission risk for Ulysses can be summarised into 3 main periods (see

figure 4).

Figure 4: Evolution of Ulysses mission risk



white paper As RTG power decreased, mission risk and complexity increased, primarily because it
resulted in steadily decreasing margins for the power and thermal subsystems.

Risk Level 1  During the Prime Mission phase from launch until the end of 1995,
Ulysses operations were very flexible and power and thermal margins
were very healthy. There were fewer operational constraints, and
additional science such as Radio Science, requiring simultaneous X-

band and S-band transmission could be supported.

Risk Level 2  The initial prime mission power requirement from the RTG was 235W.
When this was transgressed in 1997, the operational risk and complexity
had entered its medium level, where platform power sharing was
required, and power and thermal margins became an increasingly scarce
commodity. Non-essential redundant units were switched off, and

general operations became more conservative.

Risk Level 3  From around 2002 onwards, the mission crossed into the region of
highest risk and operational complexity. Payload power sharing began
and power and thermal margins are almost non-existent and the
spacecraft is operated in whatever minimum power configuration will
prevent freezing of the hydrazine propellant. Most operations require
careful co-ordination and scheduling to ensure adequate power and

thermal safety.
Extended operations philosophy

The continuity of the Ulysses mission depends dramatically upon the spacecraft power
management, i.e. the availability of power for critical platform instrumentation, for the
scientific payload, and for thermal dissipation. The spacecraft thermal control is
achieved through passive means, mainly by the use of heating elements and thermal
dissipation from the experiments. The spacecraft platform and payload configurations
take into account the exponential power decay of the RTG. Since 1996 power saving
measures have been implemented to cope with the ever-decreasing available power.
These measures included the scheduling of routine power-hungry operations at
different times. Playing back data from the DSU could not be coincident with the pre-

manoeuvre catalyst bed heating, or with ground station uplinking. In 1998 the



spacecraft backup receiver was switched off for power saving reasons. Since 2002 the
available power is not enough to support the full scientific payload. Gradually, most
instruments had to relinquish the use of their internal heaters. Well co-ordinated
heater switch off operations ensured that the thermal transients were smooth to avoid

damage to instruments, particularly detectors cracking.

The plan for payload power sharing, implemented since 2002, ensures that there is no
power shortfall for critical operations, and that some power can be redirected to the
Internal Power Dumpers (IPD) in order to provide enough internal heating and
maintain the spacecraft fuel above freezing point. The payload power-sharing plan
was developed by trading off the experimenters’ requirements for maximum science

return versus the power and thermal constraints necessary to ensure mission survival.

The thermal environment follows closely the power management. As the power
available for internal heating through the IPDs and the general thermal dissipation
from the instruments decreases, the mission continuation depends increasingly on the
thermal well being of some critical units and subsystems. The coldest phase of the
upcoming orbit will be in 2004-2006. During this cold phase the spacecraft's thermal
environment — in particular the RCS fuel lines’ temperatures — will come very close to
the acceptable limits. It is important to notice that the definition of acceptable limits has
changed throughout the mission as the available power decreased. Some measures
that provide temporary improvement include reduced uplink windows and higher
telemetry rates to accommodate increased DSU playback rates and thus reduce

playback time.

Provisions for power or thermal shortfalls must also be taken into account. The
immediate impact of prolonged low power availability will be felt on the fuel lines.
Some sections of these lines are more susceptible to low temperatures. Depending on
the cause, different contingencies have been studied. In the extreme case of imminent
fuel freezing danger, a localised and controlled solid-freezing action may be possible,

which would still allow use of some thrusters.

The Nutation control strategy in 1994-95 and 2000-01 was to minimise spacecraft
oscillation, requiring a near continuous uplink. The Nutation operations plan for 2007-
08 specifies routine (10 hours per day) rather than continuous tracking coverage. This

will allow Nutation to build up between passes, resulting in potential data losses due to



increased oscillation. Relaxing the Nutation control limits is deemed an acceptable
risk, given the two years of accumulated Nutation operations experience, and the

lower priority of an extended mission.

Operational Challenges

As the spacecraft approaches its power, thermal, and lifetime limits, the complexity of

operations increases. Some of the challenges the operations team faces include:

Coarse Telemetry - as operations continue beyond nominal operating limits,
telemetry resolution is often reduced. Although power consumption is managed
down to tenths of a Watt, telemetry only gives a 1.8W resolution at low power
levels. At times, this uncertainty could mean the difference between having an
instrument on or off.

Indirect and Derived Telemetry - several parameters including fuel available and
RTG power output, are not actually direct measurements but are calculated. RTG
power is calculated from bus current and voltage measurements, in combination
with the experiment and instrument power ratings. Unfortunately, this does not
account for daily fluctuations or peak instrument power ratings. In addition, fuel
measurements are calculated on ground, based on the pressure and temperature
of the fuel tank and an assumed fuel/thruster pulse value.

Thermal Model limitations - the thermal model of the spacecraft was designed for
the prime mission configuration and when used with the new power sharing
configurations reveals significant deviations from observed values. In addition, the
model is a steady-state representation and does not provide minimum or
maximum temperatures encountered during various platform reconfigurations.

No Spacecraft Simulator - a spacecraft simulator, which would allow the team to
predict spacecraft behaviour and practice complex operations, was never
developed for this mission.

Shrinking DSN allocations - through the years, the DSN has become increasingly
oversubscribed. As a result many missions operating past their prime missions
must yield time. Ulysses coverage will be reduced from 70 hours to 35 hours per
week from October 2004 to November 2006, except when more time can be
negotiated for operations and emergencies. This will lower the data rates and
greatly increases the complexity of planning operations, as more time must be

devoted to playing back data and less time for uplinking commands. In the future



many commands may be time-tagged to avoid the necessity for long uplink
windows.

Loss of Design Knowledge — As the Ulysses mission enters its 14" year of
operation, many of the spacecraft and experiment designers have retired, taking
with them a wealth of design knowledge. Such expertise becomes increasingly
necessary as the spacecraft ages.

Maintaining science return — Figure 5 details the actual and planned utilisation of
the 9 payload elements for the Ulysses mission, plotted against mission phase,
solar activity (as shown by Sunspot number® and solar range. The full payload
complement was used continuously until the early part of the second extension in
mid-2002. Through careful power and thermal management, the core payload
elements should have adequate power for the complete mission. The
discretionary payload was fully powered until payload power sharing began in May
2002. For the remainder of the mission, it will still provide a significant contribution

to the overall science return.

Figure 5: Solar Range, solar activity, and Mission phase and payload utilisation for Ulysses

® Sunspot data courtesy of Solar Physics Group, NASA Marshall Space Flight Center
http://science.msfc.nasa.gov/ssl/pad/solar/




Despite these challenges, the Ulysses operation team continues to utilise the
resources available to complete this mission. This is exhibited most clearly by the
recent power-savings operations to turn off the Gamma Ray Burst instrument’s heater
and attempt to run the experiment in this mode. Not surprisingly, the instrument was
not originally designed to run without the heater nor did it provide an adjustable heater
to run at lower levels. In order to avoid cracking the detector's crystals, the
instrument’s cooling must be regulated at 10 deg. C/hour. Simply turning the
instrument off would result in a much faster rate of cooling. The only plausible
scenario to control cooling was to cycle the heater OFF and ON in increasing intervals
until reaching its equilibrium temperature. This would require thousands of commands
be sent to the spacecraft over a period of days. Sending that number of commands to
the spacecraft in real-time was not feasible and presented a great risk to the
instrument if an uplink should be dropped. The solution was to utilise a spacecraft
software program originally designed to perform repeat manoeuvres during solar
conjunctions (an alignment of the Earth, the Sun, and Ulysses with the Sun in the
middle), when uplinks and telemetry may be corrupted due to solar interference. After
testing, the program proved adequate to repeat a cycle of heater OFF and ON
commands. However, the interval of heater OFF time had to be gradually increased
over the course of the operation, requiring disabling the program and re-loading a new
program sequence several times. This was achieved by disabling the program,
utilising time-tagged commands to continue the cycle during the new program load,
and continuing with a new heater OFF sequence. Precise timing was imperative to this
operation and a series of planning tools were developed to help eliminate timing
errors. Thus a simple-sounding heater switch off operation became a marathon effort
requiring 9 different program loads during a 47-hour period of continuous uplink, which
was only available from the DSN during a holiday weekend. The adaptability of the
spacecraft, and the creativity of the operations team and ground station network
exhibited in this operation exemplifies the approach necessary to extend the Ulysses

mission, while maintaining substantial science return.

Summary and Conclusions

The unique Ulysses trajectory and impressive longevity have produced a wealth of

scientific data and numerous important discoveries in heliospheric science. To date

over 60 PhD theses and 2000 papers have been written using Ulysses data.



By adopting a low risk, conservative operations strategy and accepting an increasing
level of mission risk, Ulysses will potentially operate for 3.5 times its original design

lifetime.

The mission will probably end when the Cold Case heater has to be turned on in early
2008, in order to maintain thermal margins. At this point the power available for the
science payload is unlikely to be sufficient to justify further operations. However
Ulysses will have been operating continuously for a total of 17.5 years, making it one
of the longest continuously operating science missions ever, and leaving behind a

wealth of solar data for continued analysis.



