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DOPPLER MEASUREMENTS AS A SOURCE OF ATTITUDE INFORMATION FOR THE ULYSSES
SPACECRAFT

J A Massart & A Schiiltz
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ABSTRACT

Ulysses is a spinning spacecraft on an inter-
planetary trajectory whose prime objective is the
exploration of the solar enviromment at high solar
latitudes. When the spacecraft's spin axis is
not pointed to the earth, the capability of the
Attitude Measurement System is limited to the de-
termination of the spin period and the sun asrpect
angle. This limitation of the Attitule Measurement
System is highly critical for the first few days
after the injection and for the first Trajectory
Correction Manoeuvre (TCM). We demonstrate that
the Doppler radiometric measurements, collected
primarily to estimate the spacecraft trajectory,
are a valuable source of attitude information and
that the Attitude and Orbit Control System can be
fully calibrated in flight using Doppler amd sun
data. We show that these special techniques can
be used to determine the spacecraft attitude
after injection and to ensure that the first
Trajectory Correction Manoeuvre is accurately
carried out.

Keywords: Attitude Determination, Thruster
Calibration, Dopoler Signature, Tracking Data.
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JPL Jet Prooulsion Laboratory
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Administration
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SAaR Sun Aspect Angle
TCM Trajectory Correction Manoeuwvre

1. INTRODUCTION

1.1 Ulysses Mission
Ulysses is a joint ESA/NASA programme whose prime

objective is the exploration of the solar system
enviromment at high solar latitudes. To reach
these latitudes, the spacecraft will be launched
by the Shuttle in a low earth orbit amd injected
by an Upper Stage into an internlanetary trajec-
tory aimed at Jupiter. The target opoint is selec-
ted in suwch a way that Jupiter's qravitational
field will deflect the spacecraft into a solar
molar orbit which brings it successively over the
two noles of the sun.

The spacecraft, which carries a mixed US/Eurovean
mayload, is mrovided by ESA. MASA will launch the
spacecraft and provide telemetry acquisition,
tracking support and cammand transmission through
its Deen Space Network (DSN). Spacecraft
operations and control will be corducted by an
operations team transferred fram the European
Space Operations Centre (ESOC) in Darmstadt,
Germany, to the Jet Propulsion Laboratory (JPL) in
Pasadena, California. The JPL team will determine
the spacecraft trajectory amd supply the
scientific canmunity with mayload data. ESOC
provides the software necessary to contral the
smacecraft, to verify the qood performance of the
payload anmd to design, execute and monitor
attitude and Trajectory Correction Manoewres
(TCM) .

Spacecraft telanetry data amd radiametric data
(Doppler and Range) will be acquired by the DSN
stations. In general there will be one eight hours
contact period per day. During this period the
station generates for the spacecraft an uplink
carrier (S-Band) modulated by cammands and ranging
while at the same time it separates the spacecraft
downlink signal (X or S-Band) in its camponents:
Doppler shift, Telemetry and Ranging.

The telemetry transmitted by the spacecraft is
routed to JPL where the real time telemetry is
immediately orocessed in order to establish the
health of the spacecraft and to verify the correct
loading and execution of telecommands. The Flight
Dynamics (FD) system evaluates the soacecraft
attitude to derive the magnituie of the depointing
of the High Gain Antenna (H®) fram the earth and
to generate the cammands necessary for an eventual
correction. These will then be transmitted to the
station and wplinked to the spacecraft. The small
correction mancewres will normally be executed
outside ground contact, so as not to disturb the
camunication link.
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sinilarly the radiometric data recorded at the
station are transmitted to JPL where they are
routed to the Navigation Systam. "hile trackim
the s,macecraft,DSN generates so called Donnler
'nmseiio residnals'. They renresent the deviation
between nredicted amd actual measurements amd can
be 1561 tn mwonitor, not only the smacecraft
track, but also critical events such as attitide
and orbit manoewres. The Navigation systen
evaluates the spacecraft trajectory amd provides
it to the FD system. There it is used together
with telenetry and Dopnler data, to camnute amd
control the spacecraft's attitude and the
critical TCMs necessary to correct the injection
errors and to trim the trajectory before Juniter
swing-hy. The Navigation systam also provides DSN
with predictions of the data necessary for the
station to acquire amd track the spacecraft.

1.2 The Spacecraft

1.2.1 Overview. The Ulysses spacecraft is shown
in its ocerational confiqguration in Figure 1.1.
It has a mass of 370 ky amd is spinnim at 5
rom. The box type structure is daminated by the
large parabolic HGA that provides the
canmunication link with the earth and by the
Radioisotope Thermoelectric Generator (RTG) that
supnlies the spacecraft electric rower. In
addition to the narrow beam HGA, two Low Gain
Antennae (LGA) provide amnidirectional telemetry
coverage during the first two weeks of the
mission. Experiments requiring electromagnetic
cleanliness and minimisation of the RTG radiation
have been mounted on a 5.5 m radial boam located
on the opmosite side of the spacecraft to the
RTG. This boam stowed during launch is released
soon after injection. A 72 m tip to tip dipole
wire boam and a 7.5 m axial boam, serving as
electrical antennae, will be deployed one month
later.

Figure 1.1. The Ulysses spacecraft

The HGA is aligned with the spacecraft spin axis
which must periodically (ca. every day) be
realiqned with the Earth direction in order to
maintain the comunication link. The size and
direction of the required attitude adjustment
mancewres are derived onboard by a CONSCAN

systen which senses a radio frequency (RF) signal
sent fron the grounmd station to the spacecraft.
To camnletely determine its attitude, the
spacecraft is also enquipped with two redundant
sin sensors which nrovide spin rate, snin vhase
anl sun aspect amgle information.

The Reaction Control Equimment (RCE) which carries
out, not only the small attitude trimming
manoewvres, but also the large TCMs, consists of a
simle fuel tank (with a capacity of 34 kg of
hydrazine) aml eight 2 N thrusters.

The Attitude anmd Orbit Control System (AOCS) is
highly sorhisticated and includes many autonomous
control loops amd failure detection functions to
assure fail safe operations, particularly when the
spacecraft is mot visible from a groumd station.

The Communication system provides capability for
telemetry (with bit rates up to 8 kbits/s),
ranging amd telecammamd. It onerates in X-Band
(downlink) and SBand (up- and downlink). The
S-Barmd antenna beam is slightly offset fram the
X-8and beam (itself aligned with the spacecraft
spin axis) to enable RF sensing of the attitude
nointing error with the CONSCAN system.

1.2.2 Measuring the spin period, spin phase and
sun aspect angle. The spinning motion of the
spacecraft causes the sun to cross the slits of one
or more sun sensors. The transit times of the sun
in the slits of an X-beam sensor mrovide the data
necessary to estimate the spin period, the spin
chase and the sun aspect angle. This X-beam sun
sensor contains two slits having a field of view
of 120 deg x 1 deg. One slit is parallel to the
spacecraft meridian plane. The other is tilted at
an angle of 14 deg. Both slits intersect 40 deg
above the spacecraft equatorial plane. The
meridian slit overlaps the spin axis by an amgle
of 10 deg; the sun crosses it twice per spin in
the overlapping region.

When the sun crosses a slit, a pulse is generated
by the detector amd routed to the electronics
where its leading and trailing edges are datated
aml stored in registers, each update overwriting
the oreviously stored datation of the same type.
These datations are sampled in the telemetry
stream with a frequency which depends on the bit
rate and on the type of telemetry format (short
Engineering or long Science) that is being
generated. Sampling frequencies may vary between 2
and 512 sec for a nominal spin period of 12 sec
(or 6 sec during large TCMs). On receotion at JPL,
the sequence of sun transit times is extracted
fron the telemetry amd processel to provide
instantaneous values of the spin period and the
sun aspect angle. An initial quess is usal to
solve ambiguities caused by low sampling rates,

if two successive datations are separated by many
spin reriods. This initial estimate is normally
provided by a smoothing process carried out on the
instantaneous values. Alternatively an estimate
canputed onboard can be used. The smoothing
process carried out on ground is based on a Kalman
type filter whose statistical properties (system
noise, measurement noise, initial uncertainties)
are dictated by the actual spacecraft dynamic
configuration (pure spin or actively controlled,
with or without deployment of the flexible
apnendages, etc.).
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The spin period is determined first and its
estimate is used to campute the sun aspect argle,
for which two different methods are used. Figure
1.2 illustrates the two measuring principles. For
large sun aspect angles (e.g. larger than 12 deg)
the sun crosses both the meridian and oblique
slit of the X-beam sensor. The difference in
crossirg times of the two slits is then a measure
of the sun elevation. Unfortunately, in the
telemetry stream, both crossings may differ by
many spin periods and, for the oblique pulse,
only the trailing edge is available, Particular
care is therefore exercised when processing this
type of information to derive a sun aspect amgle.
In practice, a spin angle (which corresponds to
the time interval separating the trailing edge of
the meridian slit fram the trailing edge of the
oblique slit) is constructed amd a look up table
is interpolated to derive the corresponding sun
aspect angle. This look up table takes into ac-
count the spin axis tilt and will be updated when
new estimates became available. For small sun
aspect angles the sun cannot cross the oblique
slit., Then the time difference between the
leading edge and the trailing edge of the
meridian slit pulse becames the prime measure of
the sun aspect angle. Here also, special care is
taken to cope with spin axis tilt and datations
that do mot belong to the same spin period.

(a) in meridian slit (b) in meridian and cblique slits

Z: Spin axis
B8: Sun Aspect Angle

a,L: Obligue Slit Mounting Angles
wi Slit width

o€ = w—>5 8E = w, (t; - T,)

sin(wv )

1 s
sin(@) = Sin(3E) tar(-j -e)- 8in(AE + a) tan(C)

Figure 1.2. Sun aspect angle calculation

The spin axis tilts are essential parameters to
the above process and are easily obtained
inflight when the sun is in the meridian slit's
overlapping region and crosses the slit twice per
spin period. Figure 1.3 illustrates the basic
principle. An offset of the spin axis fram the
sensor optical plane yields a discrepancy between
the time difference separating the leading edge
of the first pulse fram the trailing edge of the
secord pulse, and the time difference separating
the trailing edge of the first pulse fram the
leading edge of the secord pulse. This provides
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the canponent of the spin axis tilt orthogonal to
this slit. Since the spacecraft is equipped with a
second X-beam sensor whose meridian slit is
orthogonal to the one of the first sensor, the
second orthogonal camponent is also available.

Z : Spin axis
2a.2 v lt‘—t1l

7|
’
|

20,3 W “3"2'

l‘1 tan(l, ) = tan{@)cos(a;)

i
1
Fr=<(r »rzl

|
i
3
o il ,\,g”)- 2"
b |
,1

Figure 1.3. BEstimation of the spin axis tilt

1.2.3 Measuring the earth aspect angle and P
The HA S-Band boresight is slightly offset (1.8
deg) from the spin axis. Hence the antenna gain
pattern is not symmetric with respect to the spin
axis. This causes a slight decrease in the signal
level at the receiver's input if the direction of
the incaming signal (i.e. the ground station) is
aligned with the spin axis. If, however, the spin
axis is depointed fram the earth, a modulation of
the strength of the incoming signal takes place at
the spin frequency. The amplitude of the
modulation is proportional to the size of the
offset of the spin axis from the earth. Its phase
is related to the phase of the earth with respect
to the spacecraft meridian plane containing the
tilted S-Bamd feed. This is illustrated in Figure
1.4,

The Receiver's AGC signal, containing this
modulation, is transmitted to a 'CONSCAN'
processor to derive its amplitude and phase with
respect to the sun. This processor is also
provided with the spin frequency, derived fram the
sn pulses, in the fom of two square waves
approximating cos (vt ) and sin(w t ) and phased
with respect to a sun reference pulse. By
convoluting the input signal with these basic
square waves for two camplete spin periads, the
processor generates two signals X =A sin(¢ ) and
Y = cos( ¢ ) fram which the amplitude A and phase
9 are readily obtained.

Onboard the processor handles earth offset angles
of 5 to 6 deg. The amplitude and phase derived by
the measuring electronics are provided to the
Conscan control electronics which, if enabled,
precesses autonamously the spin axis towards the
earth within a dead band of ca. 0.1 deg. The
measuring electronics store the X and Y output of
the integrators in two B-bits registers which are
regularly sampled in the telemetry. Earth aspect
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Figure 1.4. The CONSCAN principle

angle and phase can then be calculated on ground
and merged with sun aspect angles to reconstitute
the canplete attitude. The maximum amplitude of
the X and Y signals included in the telemetry has
been limited to 2.25 deg since an optimal down—
link can only be achieved for small depointing
angles (less than 0.5 deg).

1.2.4 Executing attitude and orbit control
manoeuvres. Figure 1.5 illustrates the location
of the thrusters on the spacecraft platform. All
thrusters can be fired either in a continuwous
mode or a pulsed mode. To satisfy a diversity of
mission requirements, the pulsed mode supports a
large range of duty cycles.

Attitule precession manoeuvres use one or two
axial thrusters firing once per spin or every
secord spin. The balanced mode uses one upper and
one loweraxial thruster to reduce as much as
possible the resulting velocity changes which
affect the spacecraft trajectory. Spin rate
correction manoeuvres use one or more spin
thrusters in pulsed mode.

Trajectory Correction Manoeuvres can be carried
out in two different ways. In the first mode, the
spin axis is precessed to the direction parallel
to the required velocity increment, two axial
thrusters are fired to provide a delta—v parallel
to the spin axis direction, and the spin axis is
then returned to its earth pointing direction.
This mode will only be used when a telemetry
downlink can be maintained through the LGA. In
the second mode the spacecraft stays pointed at
the earth and the velocity increment is
decanposed in a camponent parallel to the spin
axis and a canponent perperdicular to the spin
axis. Fuel efficiency dictates that the deltav
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perpendicular manoewre is carried out first.

PIN AXIS

SPIN THRUSTER

Figure 1.5. Thruster location

1.2.5. Preparing attitude and orbit manoeuvres.
When camputing the manceuvre camands, the
software takes into account the individual per—
formances of each thruster. These performances are
derived fram the 'thruster acceptance tests' which
provide records of the thrust level, the thrust
centroid and the specific impulse against number
of pulses for different propellant supply
pressures. A typical transient behaviour of the
thrust level amd the specific impulse is
illustrated in figure 1.6. One sees that for a
given injection pressure they can be modelled as
exponential functions of the form

Flp) = Fo (1 = agKP-1))
where F(p) is the thrust level for pulse p
F = is the steady state thrust level
A ard K are the parameters obtained through
a least squares fit.

when modelling the spacecraft performance the
software camputes for every spin period amd for
each thruster activation the resulting force and
torque in body axes, ard the fuel used. Then, in
inertial coordinates, it computes the velocity
increment and the change in angular mamentum.
After each spin period the new fuel mass is

used to adjust the injection pressure ard hence
the thrust level for the following pulses.

When calculating manoeuwvre parameters the program
iterates. For example, for a precession manoeuvre
the program starts by camputing the rhumb line
parameters (angle amd length) and convert them in
spacecraft parameters such as a number of pulses
amd a thrust pulse phase delay with respect to the
spin axis-sun plane (assuming a constant
precession rate camputed from input parameters
representing the spacecraft status at the start of
the manceuvre). Then the manceuvre is simulated
step by step, each step corresponding to one spin
period. The resulting end attitude is campared to
the desired one and the initial conditions (number
of pulses, thrust phase delay) are automatically
adjusted to start a new iteration. The iterations
terminate when the differences between desired and
achieved attitudes are such that they fall below
the resolution of the telecammands. The program
provides, at the start of every spin periad,
intermediate values of essential monitoring
parameters such as the sun aspect angle, the earth
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Figure 1.6. Transient thrust level as function
of pulse number

aspect argle, the spin rate, the radial component
of the velocity increment, etc.

1.3 Critical Flight Operations

After injection amd acquisition of the spacecraft
by a DSN station, the flight control team will
check the naminal performance of the spacecraft
whose transmitter will be connected to the LGA.
In particular the spacecraft spin period amd sun
aspect angle will be verified. Since at that time
the spacecraft is not pointed at the earth, the
full attitude cannot be reconstituted. Next, the
radial boam will be deployed and the spin rate
adjusted to its nominal value of 5 rpm.

Then the attitude reorientation manoeuvres
necessary to acquire the earth with the HGA will
start. These mancewres will be performed in a
way that allows in-flight calibrations of the
thrusters and verification of the aligmment of
the HA& with the spin axis. In order mot to
interfere with the determination of the
spacecraft trajectory and the assessment of the
injection errors, the earth acquisition exercise
is split in two parts separated by four days
during which the trajectory will not be perturbed
by activation of the thrusters. During this time
interval the spin axis will be directed within a
few degrees of the sun in order to evaluate the
spin axis tilts. The earth acquisition will be
canpleted 8 to 10 days after injection.

The FD team will now generate the sequence of
manoeuvres necessary to reach the target at

Jupiter. The first TCM will be carried out 10 to
12 days after injection. Using more than fifty
percent of the fuel, its success is vital to the
mission. Real time processing of the spacecraft
telemetry (to assess the spacecraft's performance)
and of the stations's doppler residuals (to
monitor the change in radial velocity) will
therefore be carried out.

During the next two weeks, the trajectory is re-
evaluted and the thrusters can be calibrated by
canparing the manceuvre actually carried out with
the predictions. These calibrations together with
the newly estimated orbit are then used to cal-
culate the second TCM which will be executed four
weeks after injection. ILater the 72 m tip-to-
tip wire boans are deployed and the spin rate
adjusted. This critical manceuvre will be closely
monitored in order to ensure a symmetrical
deployment of both wires. Next the axial boam is
deployed and this terminates the critical early
orbit phase.

The spacecraft now enters in its routine opera—

tions phase characterised by the periodic atti-

tude precession manceuvres necessary to keep the
H®A pointed towards the earth.

On its way to Jupiter the spacecraft will still
meet two critical periods: the first opposition
and the first conjunction. During these periods,
the suin amd the earth will appear in line when
seen from the spacecraft. Special attitude manoeu-
vering strategies will be used in order to satisfy
the radio science requirements without endangering
the spacecraft by pointing the spin axis to the
sun. During conmjunction, the sun will lie between
the spacecraft amd the earth amd block out commr
nications for a few days.

Two weeks prior to Jupiter's encounter, the
Ulysses trajectory relative to Jupiter will have
been established and a third TCM can take place to
trim the arrival parameters to the target
parameters. The target is selected so that the
spacecraft is deflected out of the ecliptic plane
on a heliocentric orbit passing successively over
the two poles of the sun. Trajectory Correction
Manoeuvres are no longer relevant after fly-by,
ard only daily precession manoceuvres will be
necessary to keep the H® pointed at the earth.
Two further oppositions amd conjunctions take
place after Jupiter encounter. The scientific
mission is temminated after the crossing of
Ulysses over the second pole of the sun, when the
spacecraft's heliographic latitude drops below 70
deg.

2., [USE OF DOPPLER (ATA IN THE FLIGHT
DYNAMICS SYSTEM

2.1 Basic Principles for Doppler Measurements

2.1.1 Measuring 'two-way Doppler' at the ground
station. Neglecting relativistic effects, the
bBoppler shift between the frequency fyp trans-
mitted by a source and the frequency fp Measured
by a receiver moving with radial velocity r with
with respect to the transmitter is obtaired from
the relation

fr = fp (1 - 1/c)
where c is the speed of light.
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The principle psed to measure the spacecraft's
Doppler shift at the ground station is
illustrated in Figure 2.1 for the 'two-way

Doppler' systenm.

DOPPLER R'D" 0T
COUNTER
REAL oF
TIME PSEUDO RESIDUALS
E

PRED. | TRAJECTORY

Figure 2.1. Generation of Doppler residuals for
two-way Doppler tracking

At the station the transmitter generates the
uplink carrier of frequency f;. The spacecraft
radial velocity ¢ relative to the station causes
it to detect a signal whose frequency equals the
tranamitted frequency multiplied by the Doppler
uplink factor ky(= 1 - f/c). The spacecraft
translates this frequency k; £ in its downlink
frequency by multiplying itl'l:ly the 'turn around
ratio' k (= 240/221 in S-Band) of the trans-
porder. The resulting signal of frequency k kjy fT
is generated by the spacecraft as downlink
carrier. This signal, affected by the downlink
Doppler factor kj (=1 - g /c), is detected by the
stations's receiver as a signal of frequency fI‘ =
kp k ky £7. It is then passed to the Doppler
extractor where the incaming frequency £ is
canpared to the transmitted frequency f; multi-
plied by the spacecraft's transponder turn around
ratio k. The Doppler Extractor gives an output
signal whose frequency D is represented by

D’{k‘fT"'fB)'fR

where fp is a bias frequency (typically 1 MHz),
added to k £, to ensure that the resulting
frequency is always larger than f; (so that we
can later distinguish between negative and
positive Doppler shifts).

The output of the Doppler Extractor is fed to a
Doppler Counter which increments by one at the
beginning of each cycle of its pericd input
signal D and, at the instant of sampling, re-
solves the phase (fractional cycle) of the cycle
in progress. This counter has a resolution of
0.001 Bz and is regularly sampled (e.g. every 0.1
sec) to save the data. A Doppler frequeny may
then be retrieved fram this record in the form of
an average frequency between sample times.

In the above description, the spacecraft's
transponder generates the downlink frequency by
reference to the uplink. This produces 'two-way
coherent Doppler' if it is being measured by the
same station that is providing the uplink signal;
otherwise the station that is receiving, but not
transmitting, measures 'three-way Doppler'. If

the spacecraft uses its internal frequency
reference to generate the downlink, the Doppler
produced by the Doppler Extractor are called
'one-way Doppler'. Note that the incaming
frequency fR is treated in exactly the same way
regardless of its origin.

2.1.2 Generation of Doppler pseudo residuals.
while monitoring the performance of the tracking
system, the 'real time monitor' program campares
the measured Doppler frequency to predictions
based on the best available spacecraft trajectory
ard on the known motion of the station. To produce
Doppler residuals the camputer calculates a
Doppler frequency fram the original samplings of
the Doppler Counter. To reduce the noise level in
the Doppler frequercy, one selects samples
separated by a larger time interval, typically in
the range 1 to 60 sec deperding primarily on
expected spacecraft activities. The resulting
average frequency is then campared to the
predicted and pseudo residuals, expressed in
milliHz, are generated (these residuals are called
'pseudo’ in order to dissociate them fram the
residuals obtained during the orbit determination
process) . Inadequate performance of the tracking
system will be reflected in the Doppler residuals,
either as large biases (e.g. incorrect frequency
settings...) or excessive noise (e.g. instabi-
lities in the receiver phase lock loop, errors in
the timing system...). Normally the residuals
will be small: inaccuracies in the trajectory
contribute only to a fraction of a Hertz in cruise
phase, although this may be strongly magnified
near a gravitating body. Since spacecraft
manoewres are not modelled in the predictions,
they will be directly apparent if they affect the
spacecraft radial velocity. Residuals will
suddenly start to ramp when a manoewre is
activated. Figure 2.2 illustrates the occurence of
four small attitude precession manceuvres of the
Pioneer Venus orbiter. At that time the
spacecraft to sun separation as seen fram the
earth was small, explaining the high level of
noise apparent on the illustration.

2,1.3 Conversion to radial velocity measurements
For a two—way Doppler system, the Doppler
frequency D can be related to the spacecraft
radial velocity by observing that, for
sufficiently slowly varying radial velocity,

r= 0.5 (ry + £p) and fg = k £fp (1 - 21/c).

This yields

= (D - f5) /(2 fp)

The Ulysses spacecraft has an S—Band downlink
frequency k centered at 2293.14815 MHz; this
gives a ratio of 15.29 Hz per m/sec. In general
Doppler frequencies expressed in Hz are corwerted
to radial velocities expressed in m/sec by multi-
plying them by the factor

F = ¢/(k fp n)

where n = 1 for one-way Doppler and n = 2 for two—
and three-way Doppler.

2,1.4 Accur of radial velocity. When converted
to m/sec, the residual Doppler frequencies provide
us with the difference between the predicted
spacecraft radial velocity and the one measured
through the Doppler shift. Under normal com-
ditions, the noise -in the Doppler frequencies is
ca 0.1 Hz for a 1 sec sampling pericd. As the
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Figure 2.2. Precession manocewres of
Pioneer-Venus orbiter

noise reduces with 1/ V5, an accuracy of 1 my/s
will be achieved for a samoling period of 60
sec. This provides visibility of many small
changes in the radial velocity of the
spacecraft's radiatimy source.

Although the average residual velocity should
ideally be zero, this is generally not the case:
slowly moving biases originatimg from inaccurate
predictions are usually present. We show in
section 2.3 that they can easily be taken care
of.

2.2 Visibility of Attitude Motions on Donnler
Data

2.2,1 The effect of spacecraft spin. For two-way
Dopoler data, the spinnimy circularly opolarised
antenna of Ulysses drops 1 cycle for each
revolution when it receives the siqnal sent from
the station and drops k (= 240/221) cycles when
it transponds the signal. This loss results in a
frequency bias of (1 +k) £, where f, is the
spacecraft spinning freaquency. For the 5 rmm snin
rate of Ulysses it amounts to 0.1738 Hz (or 1.1
an/sec). This bias is taken into account by the
Navigation system when estimating the smcecraft
trajectory.

Ulysses rear LGA is mounted at a distance h (ca.
1.2 m) of the spacecraft's spin axis. Therefore
the radio centre of the antenna has a circum
ferential velocity v, (=hw ) relative to the
spacecraft's centre of mass. The radial commonent
(i.e. the orojection on the earth direction) of
the rotating velocity vector oscillates in a
simple harmonic motion (see Fiqure 2.3) and is
described by

vgr(t) = vesin(w t) sin(EAA)

This oscillation at the spin frequency is super-
imposed on the radial velocity of the centre of
mass ard is reflected in the Dopnler data. Tow,
when canputing residuals from the sampled
Doppler counts, the station's Real Time Monitor
progran removes the effect of the predicted
radial velocity of the centre of mass therehy
leaving, in the residual frequencies, the effect
of the antenna motion with respect to the centre
of mass. This sine wave in the Dopnler residuals
is nomally sampled at discrete time intervals

EFFZCT AND RADIAL VELOCITY OF ULYSSES LGA

Figqure 2.3, Rear antenna qeometry

(e.q 1 data every sec, 1 every 10 sec or 1 every
60 sec, etc.), amd each sampled moint corresponds
to an average frequency over the sample time
interval. For a samplim pericd of s sec, the
average at time tn is given by

! [l
- ;" wtlae
s t,- s

Tis vields
2 s s
Htn) = (=) h sin(BAA) sin(w — ) sin(w (g~ —))
s 2 2

which can be written in the fomm
v(t) = vo+u(s)-sin(BAA) » sin(w t-¢)

where

The anlitule
V = vo+u(s) sin(EAA) (1)

denends on the velocity V. of the antenna
ralio centre, the earth asrect arrjle FAA and the
attenuation factor y,(s) which renresents the
averaning effect caused by the discrete samnling.
As can h» seen fron Fiqure 2.4, this attenuation
factor is close to 1 from snall averaqing times
armd temd to 0 for very lare samolimg neriaods.

For Ulvsses (5 rrm, h= 1.2 m), a 1 sec samnlim
reriod vields an amnlitide in the oscillations of
the radial velocity of 621 mm/s for a 90 deq EAA,
reducing to 10.3 mms for a 1 deqg FAA.

If the samnle reriod is close to a multinle of the
snin neriod a beat effect will take nlace (see
Fiqure 2,5).

The zero crossings of the sine wave take nlace
when the circumferential velocity of the antenna
is orthoqonal to the nlane containing the spin
axis aml the earth. Therefore hy relatim the
Farth Receivad Time of the siqgnal tn the
Snacecraft time, the nhase of the oscillation in
the NDomnler residuals qives the rosition of the
rotatim antenna with resmect to that plane.
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Figure 2.4. Attenuation of amplitude as function
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Figure 2.5. Miltiprobe orbiter Doopler residuals

The time of the zero crossing can then be
canbined with the time at which the sun crosses
the meridian slit of the XBS sensor to derive the
phase amle between the plane (spin axis - sun)
and the plane (snin axis - earth). When
caomnuting the attitude fran intersections between
the sun cone and the earth cone, this angle is
used to select one of the two possible inter—
sections.

2.2.2 The effect of attitude/orbit manceuvres.
The effect of mamoeivres on the spacecraft
velocity is detected in the Dopnler residuals.
Precession manoewvres carried out in the
unbalanced mode (i.e. using one axial thruster)
induce a velocity change of the centre of mass in
a direction marallel to the snin axis. The radial
conmonent of this delta-v is observed in the
Dobnler residuals. During the manoeuvre, the spin
axis moves aromd the sun on a rhumb line
trajectory, chaming gradually the direction of
the velocity increment and the size of its
nrojection on the earth line. The total change in
the residual velocity represents the camponent
alom the earth line of the cumulated velocity
increments immvarted during the manoewre. If the
nrecession manoewvres are carried out in a

balanced mode (i.e. using two axial thrusters
giving opposite velocity increments) the net
resulting force should ideally be zero. In this
case the change in radial velocity will reflect
effects such as thruster migmatch and plume
impingement.

During the routire phase of the mission, daily
precession manoewres of ca. 0.5 deg will keep the
HGA pointed to the earth. The resulting velocity
increment (=£6.4 mw/s) is along the earth line and
directly observable in the Doppler residuals. Such
manceuvres are normally carried out in unbalanced
mode since their cumulative effect is used to bias
the Jupiter arrival corditions by selecting the
axial thruster (upper or lower) which will yield
the desired effect.

Spin rate correction manoceuvres are also detected
on the Doppler residuals. Changes in the spin rate
affect the bias shift caused by the circular
polarisation of the antenna signal. Furthermore,
if the spacecraft's rear LA is used, the
frequency of the oscillation will adjust to the
new spin frequency. Spin rate corrections which
are carried out in pulsed mode by firing one spin
thruster once rer spin period will induce a
velocity change (naminally 8.0 mm/s per pulse) of
which the radial component will be visible in the
Doppler residuals. This canponent can be
maximised by properly selecting the phase of the
thruster firing. If the mancewre is executed by
firing the spin thruster twice per spin period,
half a pericd apart, the net velocity change per
spin period should average to zero, but individual
firings will be apparent for fast sampling rates
of the Doppler counts.

The radial camponent of velocity changes imparted
during trajectory control is observable in the
Doppler measurements. For the nominal spin reriod
of 12 sec, the 4 spin thrusters used together
impart a delta-v of 33 mm/s (for a 45 deg pulse
width) in a direction orthogonal to the spin axis;
the 2 axial thrusters used in continuous mode
yield 131 my/s each spin periad in a direction
parallel to the spin axis.

2.3 Use of Doppler Data for Flight Dynamics

2.3.1 Measuring the earth aspect angle. When the
rear LGA is used, the spin signature in the
Doppler can be wsed to campute the EAA from (1).
The amplitude V amd phase ¢ of the oscillations
in the radial velocities can be estimated by
fitting a sine wave at the spin frequency through
the residual radial velocities. Iong term trends
ard any residual bias are taken care of in the
estimation process. The accuracy 9, of the
estimated amplitude deperds of the noise in the
residual Dopnler frequencies and of the number of
measurements. By taking 10 to 15 minutes of data,
the amplitude can be estimated to an accuracy
better than 1 mw/s.

The accuracy of the EAA derived fram (1) can be
analysed as function of the three sources of in-
accuracies: oy = 1 mys, oy = 5mmand o =
5.10 rad/s. e have: “’

2 9 2
G2 s | 02+1tan(EAM| g+ s tan(EAM|o!
EAA ws g nshy s
2hsm-2— cos(EAA) h 2 tan(y 5)

This shows two simqularities: first when w-s/2 is
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a multiple of n (i.e. when the sampling reriod is
a multiple of the spin period) amd secomd, when
the BEAA approaches n/2. The contribution of the
different sources of error is illustrated in
figure 2.6 for different samoling reriods. We see
that a large samplingy period will provide
inaccurate estimates of the EAA and that, for
lower sampling pericds, the dominant contribution
to the wncertainty camnes from the 5 mm uncertain—
ty in the distance of the antenna fram the spin
axis. The high accuracy of the spin period makes
negligeable its contribution to ogpa as long

as the sampling period is not a multiple of the
spin period. Figure 2.7 shows the rss of the
three contributions for a range of sampling
intervals. We see that an accuracy of 1 deg in
the EAA can only be achieved for EAA below 75 deg
ard sanpling periods which do not attenuate to
much the signal.
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2.3.2 calibrating the thrusters efficiency
Without resorting to orbit determination, which
may take a few days and attitude determination,
which is limited to sun aspect angle and spin
period, we shall highlight the conditions under

which the Dopnler residuals acmired durina axial
arml radial Aelta-v manoewres contain sufficient
information to calibrate the thrust force and the
thrust centroid. Thromghout this section we shall
work with the following assumntions:

- the radial camponent Ar of the velocitv change
Av can be estimatel to an accuracy oAb =1 my's
- continwous axial delta v manoeuvres will have a
minimun lemgth commatible with the 32 sec reso-
lution of the onboard time taqg, Av = 350 mm/s
- nulsed radial manoceuwvres have a minimum of 25
thruster actiations; this nrovides a minimum
= 660 mm/s

We shall aim at calibratim the thrust efficiency
to 1% and the thrust centroid delay to a anjle of
1 deq (for a 45 deg pulse width).

Axial delta-v calibration of thrust efficiency

Deroting by k the thrust efficiency factor,by AT
the radial component of the velocity increment Av
estimated fran the Doppler residuals, amd by n the
angle between the delta-v direction and the earth
direction (i.e. the EAA for axial manoeuvres), we
have

k Av cosn = Ar (2)

where Av is the velocity increment mredicted by
the manoewre nreparation software.

The accuracy 9 ) of the estimate derived fram (2)
is a function of the measurement accuracyd,, and
the model erroro (i.e.opap). We have

ar + (tann)2o, 2 ) (3)

Figure 2.8 shows the different contributions to
"kr as function of n , for different uncertainties

(i.e. the attitude error]. We see that the
mea.surenerrt uncertainty 9,; is neqligeable as long
as n stays below 70 deg. and that large attitude
uncertainties will yield inaccurate estimates when
N increases ahove a few degrees. This contri-
bution of o, to oy is illustrated in figure 2.9
where we show, as function of o, the maximum n
for which oy will still be below 1%.
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Fiqure 2.8. Thrust Efficiency Calibration
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Consequently, the calibration of the axial
delta-v manoewre should be carried out in the
"Earth pointing attitude", when n=0 amd 4n is
gmall.

Radial deltav calibration

Radial delta-v manoceuvres use the spin thrusters
in a pulsed mode with 45 or 90 deg pulse width.
These manocewres will be calibrated, when the
spin axis is orthogonal to the earth direction,
by producing two velocity increments of equal
size in two orthogonal directions around the spin
axis.The first Av increment will be such that
the naminal thrust centroid is aligned with the
Earth, whereas the secomd Av increment will take
place 90° after the first one. The Doppler
residuals will provide the radial camponent Afy
ad At; of both velocity increments. Figure 2.10
illustrates this basic principle used to derive
the thrust efficiency factor k amd the thrust
centroid 6. from Afy, Afy and Av, There it
is assumed that the spin axis (Z) is exactly
orthogonal to the Earth (E) and that the rhase
amgle £ (between the plane (%, S) and the plane
(Z,E)) at which the thrust centroid must occur, is
per fectly known. In practice these assumptions do
not hold: although we know accurately the sun
aspect angle, we canmot determine accurately the
phase around the sun or the earth aspect angle.
The effect of an incorrectly assumed attitude is
illustrated in figure 2.11. The rhase error Aa
(in the spin axis position around the sun) causes
an error AE in the rhase of the thrust centroid
with respect to the real (Zr,S) plane, and an
error AEAA in the earth aspect angle. If the SAA
is small a small error Az will yield a large
error Ac which in turn yields an error AE (nearly
equal to Aa),

Figure 2,12 illustrates this effect. There one
has plotted A as a function of the sun aspect
angle for different values of Az. This magni-
fication of error between 4z and AL does mot
occur between Az and AFAA, for which the

Figqure 2.10.

Figure 2.11.
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max imun magni fication fator is 1. The radial
canponent of the 2 velocity increments is given

by:

k av cos (r_sg+6c) cos (AEAA)

k Av sin U.\C-!-ﬁc) cos (AEAA)
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from which we derive the thrust efficiency factor
k = VAZZ + AfZ / (Av cos (AEAA) ) (4)

and the thrust centroid delay calibration 6,
fram

-Ar

2
e, (5)
In practice we do not know AEAA amd AE.
Therefore by assuming them to be zero our
estimates k and will be in error. It is
readily observed that if AFAA (or Az) is
limited to 6° then the differences between k ard
k is less than 0.5%. We can show that o)
canputed fram (4) is identical to (3) if n is
replaced by AFAA and 02" by ( Afi+ AE ). There-
fore the same conclusions apoly as for axial
delta-v manoewres: the attitule must be known to
better than 5° for a reliable estimate of k.

tan (AE +6c) =

Fran (5) we can show that
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Figure 2,12, Error in nhase amle (A£) as
function of sun aspect amle
different attitude uncertaim
ties (A7)

This indicates that the sum 4E + 6. can be
accurately determined but that the accuracy Y6,
is totally Aaminated by Uag . Therefore a
calibration of the thrust centroid should only be
attempted when o,; is less than 0.5°. This can
only occur for sun aspect angles of 90° + 5°,
(See fig. 2.12).

2.3.3 Monitoring attitude/orbit manoeuvres. In
section 2.2.2 we mointed out that nearly all
attitule amd orbit control activities will be
directly detected in the Doppoler residuals. Since
these data are available in the control center in
near real time, they can be uwsed to monitor the
progress of mancewres, as a canplanent to the
spacecraft telemetry data which are essentially
limited to the sun aspect anqle and the snin
period. The changes in radial velocities caused
by the manceuvre will not only indicate
satisfactory per formances of the thruster bit
also that EAA follows the predicted trend. For
this purmose the cumulative change in ralial
velocity is campared, every spin period, with the
predictions fram the manpewvre preparation
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program. Unexplainable deviations may help to
detect potential problems with the spacecraft or
the ground system.

3. ELEMENTS OF THE EARLY ORBIT FHASE OPERATIONS

After separation from the Upper Stage, the
spacecraft spin axis lies on a 80° sun cone,
roughly opposite to the earth. The nominal EAA is
about 150°. By processing 10 to 15 min. of Doppler
residuals acquired 4 to 5 hours after separation,
the EAA can be accurately determined (see section
2.3). The rthase of the signal is used to determine
the Barth Phase fram the soin axis sun plane (see
section 2.2): the intersection between the sun
cone ard the earth cone provides 2 solutions,

the solution which corresponds to the measured
Earth Phase Argle is selected.

Thruster Calibration

A camplete calibration of the thrusters must be
carried out before the first TCM. We have shown
how Donnler residuals can be usel to calibrate
trajectory correction manoewres. Attitude
manoewvres are calibrated by observing the changes
in sun aspect angle and spin reriod caused by
specially designed manoeuwvres. Two points are
worth mentioning. First, the calibration of
torques as derived from attitude manceuvres
(efficiency factor k, centroid delay 6.) cannot
directly be used as a calibration of forces for
delta-v manoewres and vice versa. Uncertainties
in the manents of inertia amd thruster mament arms
play a significant role (particularly after
deployment of booms) in the calibration of the
torqes from precession manocewvres, whereas
effects such as plume impingement affect the
delta-v calibrations. Therefore, the torques and
forces are calibrated in an independent manner.
Secomd, the performance of nrecession manoceuvres
is stromgly denmendent on the actual spin rate
change mrofile during the manoeuvre: a larger spin
rate decreases the ner formance, first because the
anqular inertia is increased and, second because
the duration of the firim is decreasel for a
constant nulse width of x deqree. Therefore, afer
each calibration manoeuvre, the axial cammonent of
the tormue (affecting the spin rate) is calibrated
first, s» that the nredicted snin rate change (if
any) fits the ohserved chanqe in spin rate. The
radial conmonent of the torme is calibrated next.

Takim into accownt the limitation of the attitule
measurement system, two manoewres (see fiqure
3.1) are carrial nut to calibrate nrecession
manoewres for a smecific thruster cambination and
a 1iven duty cvcle. One of the manoeuvre nrecesses
the spin axis towards the sm (or away from it)
anl the chame in sun asnect amle, canparal to
the chanje wrelicted (after matching the chanqe in
snin rate) will nrovide the ralial torque
calibration factor k. Note that for this tyre of
manoeivre, '® can nejlect uncertainties in the not
yvet calibratel thrust centroid delay 6-. The other
manoewwre nrecesses the snin axis aroumd the sun
cone. A chande in sin asmect amle will reflect an
error in the torqe centroid, thereby providinm
the data to calculate the centroid delay 6 ,. Best
results are obtained for sin asmect amles close
to 90°. For this second tyre of mameiwre, we can
nejlect incertainties in k shen estimating 6 ..
Fach calibration (delta-v, nrecession, snin rate)
is validatel hy imnlementing the new ~fficiency
factor k ani the centroid delav 6 . in the
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manoeuvre rreparation software and making a
detailed pulse by pulse simulation.

CICIBRATION OF 1

S = SuN DIRECTION

[ = IniTiaL ATTiTUDE

T = Targer ATTITUDE
Sk = OBSERVED SUN ANGLE AFTER MANCEUVRE
£ = AcTuaL ATTITUDE

Figure 3.1

Applicable Constraints

For Ulysses, the actual sequence of flight
dynamics operations which lead to the execution
at day 12 of the first trajectory correction
manocewre depends on the date of launch. However,
the following constraints must always be
satisfied:

1) leave 4 days of undisturbed orbit (i.e. no
mancewre) so that the spacecraft trajectory
can be accurately determined

2) acquire the Earth with the HG, as soon as the
sun-probe-earth angle drops below 90° and the
smacecraft thermal constraints are satisfied

3) while moving from the injection attitude to
the earth pointimy attitude, go sufficiently
close to sun to estimate the spin axis tilt

4

calibrate to high accuracy one mrecession
thruster to move accurately from the earth
nointing attitule to the delta-v mointing
attitude aml two axial thrusters to provide an
accurate axial delta—v

5) calibrate two spin thrusters in pulsed mode so
that accurate radial delta v's can be obtained
in earth mointing mode.

4. CONCLUSIONS

Joint simulations were carried out for two
different launch dates within the May 86 Jupiter
window, between the JPL navigation team and the
flight dynamics team. Different scenarios
resulted for the two launch dates. Both scenarios
took into account the technimes rnronosed above
to estimate the earth aspect anjle amd to
calibrate the thrusters from the Doppler
residnals. In both cases, the simulations
resiulted in a successfull mission, althomnh the
real proof of the techniques will only be
dmonstrated in real life, after launch.
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