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overview of Cassini’s trajectory during the Grand Finale phase, and
the spacecraft state, with an emphasis on the RTGs, will be presented.
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I.

Cassini Power Over Time

Cassini launched on October 15, 1997, and the mission ended on
September 15, 2017, with a final plunge into Saturn’s atmosphere.
Figure 1 shows the entire power history telemetered by the spacecraft,
including the very last data point sent just before the end of the
mission. The overall RTG power decay shows an exponential
behavior going from 882.1 W on the first day of the mission to
600.3 W on the last day. This corresponds to a power decay of 32%
over the 20-year mission. The total power prediction in effect since
January 2012 was generated by an RTG model developed at JPL
called “Degra” [5]. This prediction was generated with the telemetry
available in May 2010. All of the data plots indicate nominal RTG
performance, with some peculiarities. During the first 3 years of the
mission, the power output decayed by 70 W at an accelerated rate due
to the dopant precipitation in the SiGe thermocouple, which reduces
the available current carriers. After that initial period, the decay rate
decreased to get closer to the 238 Pu radioactive decay rate. Figure 1
demarks four distinct mission phases just above the horizontal axis:
a) the Venus–Earth gravity assist, b) the cruise to Saturn, c) orbiting
Saturn, and d) the Grand Finale. The power data associated with the
first three phases were described in an earlier paper [6]. On July 1,
2004, when Cassini arrived at Saturn almost 7 years after launch, the
power output was 745 W, 15% lower than that at the beginning of the
mission. The Grand Finale started on April 26, 2017, when Cassini
dove in between Saturn’s rings and the planet’s upper atmosphere for
the very first time. During a 5-month period, Cassini passed 22 times
through that gap until the final plunge. Over the whole mission, the
electrical output of Cassini’s power system decayed consistently,
without any major deviation from power predictions.
At the time of the development of Cassini, the choice of using
RTGs as a power source was essential. A Cassini-type solar-powered
Saturn mission would have required a solar array of about 600 square
meters [6] using solar photovoltaic technology at the time of design,
development, and launch. Solar cell technology has improved by a
factor of two since the development of Cassini; however, even this
amount of corresponding required solar array area (i.e., 300 m2 ) is
challenging on a spacecraft like Cassini. Therefore, even given these
recent advances in solar cell/array technology, a Cassini-type mission
today with a similar science instrument payload would most likely
still require an RTG power system solution.

Introduction

T

HE NASA-ESA Cassini mission ended on September 15, 2017,
after almost 20 years of operations and, as for all spacecrafts,
Cassini required electrical power to accomplish its mission.
Currently, spacecrafts are powered using photovoltaic (PV) arrays
with batteries or radioisotope thermoelectric generators (RTGs) [1].
RTGs are static thermal-to-electric energy converters that can provide
hundreds of watts of power in extreme environments by converting
heat from the nuclear decay of radioactive isotopes [2]. RTGs have
been used to power space missions since the early 1960s [3], and for
Cassini, it was decided to use RTGs [4]. The Cassini spacecraft was
powered by three RTGs connected in parallel, which generated
882.1 W at the beginning of the mission. At end of mission (EOM),
the power level was 600.3 W. Electrical power telemetry data are
presented for the entire mission from launch to EOM. The electrical
output of Cassini’s power subsystem decayed consistently, as
predicted, during the entire mission between October 1997 and
September 2017. Power predictions compared very well with power
actuals from spacecraft telemetry downlink data, indicating that the
three RTGs operated as expected throughout the 20-year mission.
Environmental heating during early Venus flyby portions of the
mission did temporarily decrease the RTG power output, but the
power performance reduction was successfully analyzed and
explained. Further, no heating of the RTGs was reported in telemetry
during the last minutes of the mission, nor was there any variance
apparent in the final output of the three RTGs that is attributable to the
final plunge into Saturn. This paper presents the power telemetry data
for the entire mission. It then discusses the last hours and minutes of
power telemetry data during the final plunge of the Grand Finale, with
a focus on the last 20 min of the mission when Cassini entered
Saturn’s atmosphere through spacecraft destruction. Finally, an

III.

Final Power Subsystem Status

The Cassini Power and Pyrotechnic Subsystem (PPS) relied on
three RTGs connected in parallel, with very limited energy storage [6]
(e.g., electric capacitors) as the existing electrochemical energy
storage technology at the time did not provide a viable alternative for
Cassini. The power bus was regulated at 30 V with a linear-sequential
shunt regulator and contained about 1200 μF for bus stability. The
Cassini functional block diagram [7] is depicted in Fig. 2, in which
average voltage, current, and resistance values are shown during the
last hours of the mission. Because the three RTGs were connected in
parallel, the current generated by each RTG was additive and the three
RTGs operated at the same voltage. The graph shown in Fig. 2 plots
the total power output and the load and margin values during the last
35 h of the mission. The load was the actual power consumption of
the spacecraft and the excess in power, or margin, was discarded
through thermal radiation via the shunt regulator assembly (SRA).
The drop in load 14 h before the end of the mission corresponds to
when the reaction wheels were powered off. The increase in load at
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Fig. 1 Cassini recorded power output telemetry data over the entire mission between launch and EOM.

Fig. 2 Cassini functional block diagram. The plot shows the total, margin, and load power during the last hours of Cassini starting from Spacecraft Event
Time (SCET) 2017-257T00:00.

10 h before the end of the mission corresponds to radio science
equipment powering on.

IV.

Cassini End of Mission

Nine years before the EOM, planning began for the last phase of
the Cassini mission at Saturn. Several potential scenarios were
studied. Putting the spacecraft into a long-term, stable Saturn orbit
was one option. Another was to use a Titan gravity-assist to leave
Saturn orbit entirely. But the most scientifically rich possibility
required plunging into the gap between Saturn’s rings and
atmosphere in a final “blaze of glory.” The reason this idea was of
great interest was that it involved hopping over the rings with a

trajectory that would fly, once a week for 22 weeks, through the ring
plane inside the rings and just above Saturn’s cloud tops (Fig. 3). This
hop over the rings was accomplished by one final low-altitude Titan
flyby gravity-assist 4 days before the hop. Only a small ΔV maneuver
was required to achieve the required hop thanks to Titan. A 3000-kmwide “clear zone” was predicted just above Saturn’s atmosphere and
inside the inner edge of Saturn’s rings. Cassini had never flown
through that gap and might encounter dust dense enough to disable
the spacecraft during these 22 ring-plane crossings. It turned out that
there was even less dust than predicted. The Grand Finale orbits were
an unprecedented opportunity to obtain new science. By flying so
close to Saturn, Cassini was able to map its magnetic field and gravity
in great detail. By flying between the planet and the rings, Cassini was
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22 Grand Finale
orbits in a 62º
inclination orbit
Fig. 3 Depiction of the 22 Grand Finale orbits of the Cassini spacecraft
at Saturn, ending with the final plunge. Courtesy NASA/JPL-Caltech.

able to separate the gravitational effects of the rings from Saturn
itself. This allowed Cassini scientists to establish the aggregate
mass of the rings, which was a key clue to learning how old the
rings are.
Spectacular Earth and Sun occultations of the rings made the
proximal orbits of great interest. Cassini began each proximal flyby
of Saturn by gliding down from Saturn’s northern hemisphere as it
skimmed above the rings themselves. Each approach was on the
sunlit side of Saturn (near noon, local Saturn time). Cassini passed
inside the inner D-ring in the 3000 km gap just above Saturn’s cloud
tops, and reached its periapsis just 3 min after the descending ringplane crossing and roughly 5° below Saturn’s equator. The Earth and
Sun were occulted by the rings for about 27 min beginning at the
moment of ring-plane crossing. About 42 min after closest approach,
Cassini came within 51,000 km of the south pole of Saturn. Orbits 18
through 22 of the Grand Finale (known as Revs 288 through 292 of
Saturn) skimmed well into Saturn’s atmosphere as depicted in Fig. 4.
To avoid tumbling, the spacecraft reaction control system (RCS) was
placed in thruster control about an hour before periapsis in each of
these orbits. RCS control provides about 10 times more control
authority than the reaction wheel control system.
As the Grand Finale began, the first ring-sampling measurements
returned to Earth after the first inside-the-rings crossing showed that
there was even less ring dust than predicted. This was great news from a
spacecraft safety standpoint, but in order to maximize dust sampling,
additional commands were uplinked to point the dust detectors as
close as possible toward the incoming particles. These commands
overlaid the normal background sequence, so that the dust-sensing
spacecraft orientation superseded the original attitude command
(high-gain antenna toward the dust). As a result, some unique ring
particle measurements were directly made, for the first time ever.
The final five orbits dipped into Saturn’s upper atmosphere so that
it too could be sampled, just as had been done at Titan and the plumes
at Enceladus earlier in the mission. During the last of these
remarkable high-inclination orbits, a final nudge from Saturn’s moon
Titan put Cassini on a flight path that skimmed even closer to Saturn’s
atmosphere—so close in fact that the flight path angle and
atmospheric drag guaranteed that the spacecraft would thermally and
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structurally break apart, ending the mission in spectacular fashion.
The final plunge into Saturn allowed the best-ever in situ sampling
of Saturn’s atmosphere for several precious minutes until the
aerodynamic torque overwhelmed Cassini’s thrusters and caused the
spacecraft to tumble and turn away from Earth point. Just before loss
of signal, thruster firings reached a maximum and engineers
measured Saturn’s atmospheric density one final time. It showed a
density four times greater than any of the previous five orbital dips
into Saturn’s atmosphere. Scientists got a strong and surprisingly
complex set of atmospheric compound measurements just before
communication was lost.
Science and engineering data were successfully transmitted back
to Earth right up to the very last second when the atmosphere
overwhelmed Cassini’s ability to stay Earth-pointed. At 3.5 h before
loss of signal, Cassini transitioned to transmitting data in real time.
The high-gain antenna made an angle of 114 deg with respect to the
velocity vector during the plunge, and stayed Earth-pointed with an
angle of less than 0.5 mrad until Cassini began to tumble. It is
estimated that telemetry was lost when the high-gain antenna moved
about 4 mrad away from the Earth-line as the tumbling started;
however, the carriers hung on 10–15 s longer as they can still be
received out to several degrees away from the Earth line. The
spacecraft started to tumble at an altitude of 1414 km, which is
defined as the distance between the spacecraft and the 1 bar surface in
the planet’s atmosphere. The attitude control thrusters were firing at
100% of capacity in order to keep the spacecraft’s antenna pointed at
Earth. During those last seconds, the spacecraft was traveling at a
velocity of about 123;000 km∕h and was able to sample Saturn’s
atmosphere from about 300 km deeper into Saturn than on any of its
previous orbits. On September 15, at Spacecraft Event Time (SCET)
2017-258T10:31:49, at an altitude of 1402 km, an atmospheric density
of 1.3e − 10 kg∕m3 and a velocity of 31.0 km∕s, Cassini permanently
lost contact with Earth. Soon after, Cassini burned up and
disintegrated. This represented the successful EOM [8]. Figure 5a
shows the altitude of Cassini during the last 20 min of the mission. The
altitude showed a deceleration of the spacecraft as it was entering
Saturn’s atmosphere. There were no altitude telemetry data, but
the plotted altitude was within 200 m of the final radiometric
reconstructed ephemeris altitude. During that 20 min period, the last
four power telemetry data points were recorded and are shown in
Fig. 5a. These are also the four data points from Fig. 1. The last power
telemetry value was recorded at SCET 2017-258T10:23:50, 8 min
before final loss of signal. The last-case temperature telemetry data are
presented for RTG1, RTG2, and RTG3 in Fig. 5b. The last temperature
telemetry value was recorded for RTG3 at SCET 2017-258T10:31:18,
just a few seconds before final loss of signal. Figure 5c shows a CAD
rendering of Cassini pointing toward Earth and sending final
measurements in real time during the final plunge. The velocity vector
is pointing toward the reader; therefore the atmosphere was impinging
upon RTG2 and RTG3 as it descended into the atmosphere. Neither
power values nor RTG case temperatures varied from their trend before
the final plunge. As Cassini was entering Saturn’s atmosphere, heating
of the RTG cases and decrease in power output could have been
observed; however, signal was lost before any appreciable heating of
the RTG cases or power output decrease had occurred.

V.

Fig. 4

The final five periapses of the Cassini mission at Saturn.

An Aside on Aerodynamic Heating

This section compares the aerodynamic heating of the Magellan
spacecraft with the Cassini plunge. It can be seen that two of the three
RTGs faced “into the wind” as depicted by Fig. 5c. RTGs 2 and 3 are
visible in Fig. 5c. All of the RTGs on the Cassini spacecraft were
equipped with resistance temperature detectors (RTDs) affixed to the
outside of the RTG housings near the spacecraft mounts (see Fig. 6).
The RTDs on RTGs 2 and 3 were most likely to see a rise in
temperature if one occurred before the EOM, but this did not happen
even though the spacecraft was traveling at approximately 31 km∕s
relative to the freestream, V ∞ , of the atmosphere of Saturn.
A few years before the Cassini spacecraft was launched, the
Magellan spacecraft was being prepared for aerobraking in the
Venusian atmosphere. The periapsis of the Magellan spacecraft’s
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Fig. 5 a) Cassini final power telemetry and b) RTG case temperature telemetry for the last 20 min of the mission on September 15, 2017. c) Cassini
pointing toward Earth and sending final measurements in real time during the final plunge.

Fig. 6 An example of placement of the Cassini RTG RTDs.

orbit was lowered from 150 km of altitude above Venus to ∼136 km
through aerobraking and the orbit was circularized. The spacecraft
was traveling at approximately 8.541 km∕s at periapsis during
aerobraking as derived from the elliptical orbit parameters in Ref. [9].
The spacecraft controlled the dynamic pressure peak to 0.35 N∕m2
or less while aerobraking. That dynamic pressure induced a ∼80°C
temperature rise on a thermocouple on the leeward side of one of the
solar arrays on day-of-year (DOY) 165 of 1993. Atmospheric density
was estimated as ∼6.13e − 9 kg∕m3 at an altitude of ∼140 km [10],
which was achieved by the spacecraft on DOY 165 in 1993 [9].
Table 1 provides some key data for comparing the Cassini-EOM
and Magellan aerobraking. The values of density are far apart, a factor
of ∼47. Estimated dynamic pressure on Magellan was much greater
than that on Cassini, a factor of ∼5.56.
Table 1

EOM state of Cassini and the state of Magellan during
aerobraking on DOY 165 of 1993

Freestream flow, km∕s
Estimated atmosphere density, kg∕m3
Sensed temperature change, °C
Dynamic pressure, N∕m2

Cassini
Magellan
31.0
8.541
1.3e − 10
6.13e − 9
0.0
∼80
0.063 (est. EOM) 0.22 (est.)

Fig. 7 Dynamic pressure of Cassini compared with altitude above a
1 bar atmosphere on September 15, 2017.

Dynamic pressure rose very quickly on the Cassini spacecraft as
the EOM approached. Figure 7 plots dynamic pressure in the final
20 min of the mission. The last RTG housing temperature
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measurement was time-stamped 31 s before the official EOM when
dynamic pressure was estimated at 0.02 N∕m2 , a factor of ∼18 lower
than the Magellan limit of 0.35 N∕m2 . A short time later, at EOM,
the dynamic pressure experienced by the Cassini spacecraft was
estimated at 0.063 N∕m2 . Magellan experienced a maximum
dynamic pressure of ∼0.35 N∕m2 on multiple orbits and experienced
temperature rises on the order of 80°C at a thermocouple on one of the
solar panels. The temperature rise took approximately 5 min [9]. The
extended duration was likely because of the hardware between the
heated surface on the forward portion of the panel and the heat
transfer through the panel to the thermocouple. In other words, the
temperature rise on the forward side of the array was likely shorter
and sharper.
Dynamic pressure on each spacecraft was a function of the
atmospheric density and the velocity squared. The velocity was
nearly constant for Cassini in the final 20 min of the mission.
Therefore, the trajectory was such that it must have caused a very
rapid rise in freestream atmospheric density as Cassini descended
through the Saturn atmosphere during this period.

VI.

Conclusions

Cassini delivered incredible science about Titan, Enceladus, and
Saturn and its rings throughout its amazing mission lifetime. It
provided science that will rewrite the textbooks about these bodies in
our solar system and provide us with an abundance of clues and
conclusions about our solar system dynamics, past and present. Like
so many components of the Cassini spacecraft, the radioisotope
thermoelectric generators (RTGs) functioned right up to the very last
second of science and instrument telemetry data. It was a fitting end to
a remarkable space mission using RTG technology.
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