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ABSTRACT

A new mechanism for pointing of electric
propulsion thrusters for the European satellite
ARTEMIS is presented in this paper. The pointing
range is at least a 6° halfcone angle to the center
of gravity of the satellite, which is achieved via the
two degrees of freedom of the ITAM mechanism.
The objective of this paper is to describe the
mechanism design and performance, and
highlighting and explaining the main features. An
overview concerning next generation mechanism
activities will be given at the end of this paper.
The ITAM design is patented [1], and is
considered to be a low-mass, simple and reliable
design. A follow-on development is currently
performed for the commercial space industry to
upgrade the mechanism for thrusters with
increased mass and power.

INTRODUCTION

lon propulsion is baseline to be used for orbit
control of the geostationary communication
satellte ARTEMIS, which was developed in
Europe under ESA responsibility with ALENIA
SPAZIO as the prime contractor. An lon
Propulsion Package (IPP, lead by DASA
Ottobrunn) is installed on the satellite, consisting
of two Radiofrequency (RIT, developed by
DASA) and two Electron Bombardment (EIT,
developed by MATRA MARCONI SPACE UK)
lon Thrusters. One of each thruster types will be
mounted on an lon Thruster Alignment
Mechanism and located on the north- and south
facing S/C panels, developed by the Austrian
company AUSTRIAN AEROSPACE GmbH
which shall perform the pointing of the two
thrusters to the CoG of the satellite for the
north/south station keeping during its 10 years
mission time.

The ITAM mechanism has been successfully
qualified in 1996 and the two flight models
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delivered to the customer in 1997. The
ARTEMIS satellite is currently scheduled for
launch in February 2000 aboard a Japanese
H2A rocket.

Austrian Aerospace (AAE) has been founded in
1997 as a merger of the two former companies
ORS  (Osterreichischne  Raumfahrt-  und
Systemtechnik) and SAE (Schrack Aerospace),
and is the largest aerospace company in
Austria. AAE has been and is involved in nearly
all European space projects and has made
significant contributions in the area of on-board
mechanics (mechanisms and structures),
electronics (digital signal processing), thermal

hardware (muilti layer insulation) and
mechanical & electrical ground support
equipment.

The development history of the ITPM and the
qualification test results have already been
presented on European and US aerospace
mechanism symposias [2,3].

DESIGN

The main assignments of the ITAM (see
figure 1) are the following:

e To support two ion thrusters during launch
and in orbit

e To steer the ion thrusters around two axes

e To provide a thermal barrier between the
thrusters and the spacecraft

The ITAM mechanism basically consists of
five main items (see fig. 1 & 2), which are the
Platform, the Single Point Hinge, the Drive
Units, the Strut Units, and the Hold-Down and
Release Mechanism (HDRM).

The two lon Thrusters are mounted to the
Platform, which has a box-type design and is
optimized with respect to mass and stiffness.
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Figure 1: ITAM Front View (Qualification Model)

The Strut Units are made of a titanium alloy
out of one piece. Selflubricating spherical
bearing assemblies (rod ends) are directly
screwed to the struts. There are two types of
Strut Units, two Movable Strut Units (MSU) and
one Transverse Strut Unit (TSU, which belongs
kinematically to the platform).

Drive Units

Figure 2: ITAM Back View

The Drive Units are operated via permanent
magnet disk stepper motors, which drive a

preloaded Recirculating Roller Screw (RRS) via
a coupling. The spindle provide a linear motion
for the gimbal joints, where the MSU’s are
connected to.

Both spindle and gimbal joint are supported
by preloaded angular contact ball bearings.
Bearings and spindle are coated with a dry
lubricant to ensure low wear and friction over
the required temperature range and life-time.

Redundant limit switches indicate the
extreme positions of the spindle. If both nominal
and redundant limit switches on one side are
defect the mechanical, non-jamming end stop
(dog-stop) restricts the movement to avoid
damage of the parts.

The Hold-Down and Release Mechanism is
an Aluminum lightweight construction and has a
Ball-Cup I/F to the platform which is insensitive
against small misalignments. The HDRM is sup-
ported by two preloaded duplex angular contact
ball bearing pairs. Redundant spring actuators
rotate the structure out of the moving zone of
the platform after release. A damper pad
reduces the kinetic energy in the deployed
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position. Redundant limit switches indicate the
end position of the HDRM.

A pyrotechnically operated redundant cable
cutter releases the HDRM in orbit. The cutter is
mounted directly to the S/C panel to avoid
introducing shocks into the mechanism during
firing, and to protect therefore the acceleration-
sensitive ion thrusters.

The tensioning cable connects the platform
and the HDRM directly at the spherical
interface, and is guided through the HDRM
down to the cable cutter via circular deflection
segments.

All tribologically stressed parts are dry
lubricated to minimize wear during operation
and also to minimize contamination sources.
The ball bearings are coated with ion-plated
lead and lead-bronze cages, the roller screw will
be coated with sputtered Molybdenum
Disulphide. The spherical bearings will be
equipped with self-lubricating reinforced Teflon
liners.

The heat emitted by the thrusters during
operation will be radiated into space and a small
part will be conducted into the S/C. Thermal
barriers inside the mechanism will ensure that
this heat flux will be below a certain level.

Only one thruster is operated at one time,
approximately 80% of the dissipated energy will
be radiated into space by the thruster itself, the
rest is dissipated via the platform.

The platform with the thrusters is almost
thermally disconnected from the rest of the
mechanism. The bottom surface of the platform
will be isolated with a MLI (Multi Layer
Insulation) tent to minimize heat radiation to the
spacecraft.

The thermal conductance to the spacecraft is
minimized via thermal isolation washers
between mechanism and S/C panel.

The Platform is further equipped with heaters
and temperature sensors to avoid temperatures
below -40°C during shadow phases without
thruster operation.

The outside of the ITAM mechanism is
painted with a white inorganic thermal control
paint, which is necessary to keep the thrusters
and the stepper motors in the specified
temperature range during worst case hot
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phases with full sun exposition, operating
thrusters and actuators.

The lightweight and stiff ITAM design was
achieved by implementing integrated structural
parts providing multifunctional features. The
complete mechanism was built with components
that are already space proven or used in similar
space applications.

Kinematics

The requirement on the kinematics is to
provide an unambiguous and stabile mobility of
the platform by means of two linear drives. The
platform is fixed via a ball joint to the spacecraft
which provides three rotational degrees of
freedom. The Transverse Strut is equipped with
two ball joints, one fixed to the platform and one
to the spacecraft panel, and fixes one rotational
degree of freedom of the platform.

The remaining rotational axes are
determined by the center point of the ball joint of
the Single Point Hinge and the two pivot points
of the Movable Struts, which are fixed on one
end to the platform and on the other to the nut
of the linear drive.

This arrangement with platform, two moving
struts and the spacecraft panel forms a four-
linkage gear, which becomes stable by means
of the other supports of the platform (Single
Point Hinge and Transverse Strut).

The position of the Platform is defined by the
position of the linear drive nuts, the center point
of the ball joint of the Single Point Hinge, the
fixation point of the Transverse Strut on the
spacecraft panel and the three fixation points of
the struts on the Platform. Except the last three
points, all others are constant or pre-
determined. The remaining three points are
known to have fixed distances to the other pivot
points of corresponding struts, to the ball joint of
the Platform and to each other.

For determining the position of the Platform it
is required to calculate the coordinates of these
three points. The required equation system to
solve the kinematical problem is based on the
fixed distances between the corresponding
points. Three equations for three points yields a
nine equation system, which has to be solved
simultaneously, because the equations are
interdependent.

The special kinematics of the mechanism
result in a parallelogram-like shape of the
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effective alignment range which exceeds in the
edges by far the required circular half-cone
range of 6° (see fig. 2).

The two symmetrically arranged ITAM
mechanisms equipped with two thrusters each
allow an spatial deviation of the S/C CoG within
a sphere of 340 mm diameter from the nominal
position of the ARTEMIS satellite.

Figure 2: ITAM Alignment Range

Drive Unit

Two Drive Units are required for one ITAM,
in order to operate the two DOF’s of the
Platform. Each Drive Unit (see fig. 3) consists of
the following main components:

e Spindle-Nut Unit (1)
e Spindle Bearings (2)
e Gimbal Joint (3)

e Coupling (4)

e Stepper Motor (5)

e Limit Switches

Mechanical end stops (Dog-Stops) are
provided at each end position of the nut housing
to prevent the nut housing from touching the
bracket of the Drive Unit due to a failure of the
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redundant) micro switches. The nut housing has
protruding edges on each side. Dog-Stop
brackets are mounted on the screw shaft in
each end position. When the nut housing
approaches one end position, there will be a
radial contact between the edge of the housing
and the edges of the Dog-Stop brackets, which
will stop the rotation of the motor radially,
without storing elastic energy in a jammed
situation (positive releasing).

1 S
f— _\
\

|'smm -

Figure 3: Drive Unit Assembly

A preloaded Recirculating Roller Screw
(RRS) has been selected to transform the
rotational motion of the stepper motor into linear
motion. The main advantages of those type of
screws are:

e Excellent tribological behavior, which is of
high importance concerning the required
lifetime of 10 years in orbit.

e No extreme miniaturization with 1 mm lead.

e Lowest part number for this type of non-
sliding screws.

The RRS is "hard" preloaded to avoid
backlash, which is acceptable for this
application because isoexpansive materials are
used for spindle, rollers, nut and housing.

One pair of spring preloaded angular contact
ball bearings is used for support of the spindle.

Stepper Motor

The actuator is a 2 phase disk magnet
stepper motor with redundant windings. This
type of motor was mainly chosen because of the
good ratio between output torque and mass
(direct drive), winding redundancy, and use of
this type in previous space missions. However,
the follow-on development uses an alternative
frameless stepper motor which also avoids the
coupling and yields a more reliable and compact
design.

The stepper motor is controlled by means of
electronics which applies rectangular impulses
on the windings with a gap between each
impulse, while the motor is without current. The
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motor operates in open loop control, the
extreme respectively reference positions will be
indicated by redundant limit switches. The
nominal and redundant parts of the ITAM work
in cold redundancy.

Structure & HDRM

The basic idea behind the general
arrangement of the mechanism is to decouple
the majority of the launch loads from the
sensitive Drive Units and to transfer the loads
via Platform, HDRM and Single Point Hinge into
the S/C panel, in order to allow a dimensioning
of bearings, roller screw and especially motors
without taking into account the forces exerted by
the payload of the mechanism.

It was also an important requirement to fix
the ITAM during launch in the in orbit nominal
position, which resulted in the structural design
described in the following.

It has to be noted that a launch fixation in the
lower extreme position of the mechanism would
result in a stiffer and more lightweight overall
structural design with less dynamic input to the
thrusters.

Ball/Cup Interface,|
Platform Side

|
Release Arms ‘;7
v " 4 A\

\

Figure 4: Deployed HDRM

The task of the Hold Down and Release
Mechanism (HDRM, see fig. 4 & 5) for the ITAM
is to support and hold down the platform during
the launch phase and to allow deployment by
activating the pyrotechnically operated Cable
Cutter, cut the locking cable and release the
Platform.

After firing of the cable cutter are two
separate actions activated at the same time:
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e The release arms of the ball/cup interfaces
between platform and HDRM rotate back
actuated via redundant springs to release the
Platform and to carry the separated cable
into its stowed position.

e The HDRM support structure hinges back for
25° actuated also via redundant springs.

Both release arms and support structure are
latched in the deployed position by means of the
actuator springs, redundant micro switches are
indicating the successful release of the HDRM.

Platform and HDRM are interfacing via a
Ball-Cup Interface. The ball is represented by a
half-sphere mounted to the HDRM support
structure, the cup is mounted to the Platform.

The cable is routed from one release arm
with turnbuckle through the support structure via
deflection disks down to the Cable Cutter, which
is located at the S/C panel, and symmetrically
up to the second Ball/Cup I/F.

The qualified Cable Cutter consists of the
redundant cutter itself located in an
encapsulated u-shaped housing and two
pyrotechnic initiators with two cutting blades
therefore being redundant up to the final cutting
action. The cable has a small stop cylinder
attached on each side, which allows a
movement just until this cylinder reaches the
end stop at the deflection disks.

Therefore the cable is prevented from
slipping totally out of the support structure and is
kept in this stowed position.

Figure 5: HDRM Back View

Two face-to-face "hard" preloaded and lead
lubricated duplex pairs of angular contact ball
bearings carry the support structure.
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The main advantages of the ITAM
mechanism can be summarized as follows:

e low-mass mechanism due to use of novel
kinematics concept

e inherent platform inclination required for
station keeping

e inherent thermal barrier between thrusters
and spacecraft

e adaptation to customer needs possible(e.g.
S/IC & thruster interface, motor control,
sensorics, pointing range, ...)

PERFORMANCE

The main technical performance parameters
are given in the following (without thrusters):

Mass: 4.3 kg
(for thruster mass of 2x2.2 kg)

Dimensions: 653 x 288 x 330 mm
(length*width*height, stowed)

Mass Moment of Inertia:
X-Axis: 0.050 kgm’
Y-Axis: 0.137 kgm’
Z-Axis: 0.145 kgm’

Eigenfrequencies: (rigid S/C interface)

Mode ITAM ITAM+Thrusters
(Axis) [Hz] [Hz]
1. (X) 129.1 85.4
2.(2) 219.0 99.5
3. (2) 2324 127.8

Vibration Levels:
Linear Acceleration: 20g
Sinusoidal Acceleration: 15g up to 100 Hz
Random Vibration: 12grms

Pointing Range: > 6° half-cone

Pointing Speed: 1.54° / minute (average, at
12 Hz step frequency)

Resolution: <0.003°

(actuator 100 steps/rev)
Power: 19 W peak, 7 W average
Lifetime: > 13000° X pointing angle

> 15000 actuations
(at the same position)
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Output Torque: > 10 Nm
(at thruster platform)

no unpowered movement
under external torques
<10 Nm

Steady-State:

NEXT GENERATION

The ITAM being the “first generation”
thruster pointing mechanism and developed by
AAE for the experimental ESA satellite
ARTEMIS, AAE is currently working on the
following “next generation” thruster pointing
systems:

e |TAM for Hall Effect Thrusters = ITPM,
mounted on a common baseplate which
accommodates also Xenon flow controllers
and filter units, with mainly modified
structural and thermal design.

e Thruster Gimbal Mechanism for large

angular range pointing of next generation
thrusters with further increased thrust and

mass, to be used for combined North-South
and East-West station keeping and also orbit
raising of the spacecraft.

e Thruster Pointing Mechanism to be used for
thrusters acting as main engine for scientific
deep space missions, which could be based
on either ITAM type or Gimbal type
mechanism principles.

ITAM for Hall Effect Thrusters = ITPM

This mechanism uses the same kinematics
as the ITAM and is mainly structurally and
thermally upgraded to cope with the higher
mass (2x3.5 kg) and thermal dissipation of the
current generation of commercial hall effect
thrusters.

The main modifications being made are:

e Use of a common baseplate for mounting of
thruster ancillary equipment and for
simplified integration of the system to the
spacecraft.

¢ Redesign of thruster platform and HDRM to
cope with higher mass and vibration
sensitivity of the thrusters.

e Use of a frameless stepper motor to yield a
more compact and thermally stable design.



e Use of a new thermal design avoiding
conductive white thermal paints, with a
platform radiator and a combination of Multi
Layer Insulation (MLI) and Optical Surface
Reflectors (OSR’s) surrounding the
mechanism for minimized heat transfer to the
spacecraft.

e Use of potentiometers instead of micro-
switches for absolute position feedback to
the S/C.

Thruster Gimbal Mechanism for
angular range pointing

The role of electric thrusters in proposed
commercial spacecraft is expanding from the
North-South station keeping, which requires
only limited angular pointing range, to include
East-West station keeping and Orbit Raising
maneuvers. Thus the number of thruster
pointing mechanisms required with large
angular pointing ranges is increasing. AAE has
therefore started activities to develop a simple
low cost two axis gimbaled pointing mechanism
with large angular range (+ 35° in both axes).

large

This development focuses on mainly the
following targets:

e Use of a standard gimbal mechanism
concept with geared rotatory actuators.

o Development of flexible fuel feed lines and
electrical harness compatible with the large
bending angles and counting for low-torque
and high-lifetime and pointing cycle
requirements under high fuel pressures.
Furthermore, the highly flexible piping
system has to cope with the severe launch
vibration environment.

 Development of a static, hardmounted Hold-
Down and Release mechanism supporting
the thruster payload in an extreme position
optimal for launch (avoiding large moving
structures), and sized for 2 next generation
electrical  thrusters including ancillary
equipment with a total mass in the range of
20 - 25 kg.

e The overall objective is to provide a low unit
recurring cost two-axis thruster gimbal
mechanism for the commercial space
industry.

Thruster Pointing Mechanism to be used for
thrusters acting as main engine

As electric propulsion is the baseline main
engine concept for all present and future (small)
deep space probes (like DS-1 of NASA, or

|EPC-99-057

SMART-1 planned by ESA), pointing and hold-
down is also required on these missions. If small
two-axis pointing (< + 8-10°) is required an
ITAM-type mechanism concept can be used,
which features a horizontal thruster platform by
means of a slightly modified structure. In case of
larger angles required the gimbaled thruster
mechanism is to be used, optimized for the
electric thruster type and quantity selected for
the mission.

CONCLUSION

A new mechanism exclusively developed for
pointing of electric propulsion thrusters is
presented in this paper. The alignment range is
at least a 6° half-cone angle to the center of
gravity of the satellite, and the hold-down and
release mechanism is part of the system.

The ITAM is considered to be a simple and
reliable mechanism and can also be used for
pointing of small appendages like antennas,
mirrors or similar devices which need relocation
during in-orbit life.

A further development of this mechanism
has started under ESA and AAE-internal
funding which focuses on the upgrade for
commercial hall effect thrusters with higher
thrust and unit mass, for use onboard of
commercial telecommunications satellites.
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