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Abstract

This paper presents several piezoelectric motors from Cedrat Technologies (CTec) that can be used in
hard environments such as those found in space applications. These motors have been designed starting
from CTec’s proven space technologies. However, they may have been designed for a different field of
applications. A consequence is that they can fulfill even harder requirements than those usually found in
space actuators.

The first motor is BSMA which has been designed for the space instrument IASI-NG onboard METOP-SG.
Results from the 8 delivered flight models are presented. Then several original precision actuators are
presented, along with key experimental results. A specific focus is placed on the requirements fulfilled by
these mechanisms, such as thermal, mechanical and radiative environments, which can significantly
exceed the usual space requirements.

Introduction

Many applications, and more specifically space and instrumentation projects, show needs for a stable sub-
micrometer positioning actuator combined with large stroke. They are typically needed to adjust the position
of sensitive instruments after launch during initialization or throughout flight life to accommodate aging and
other long term variations.

A common requirement is also that, as long periods can be expected between position changes, the
actuator should preserve its position in a passive way (i.e., not powered) once the adequate position has
been achieved. This characteristic is a key feature for all the motors presented below.

Piezoelectric motors can cover such needs of fine positioning with long stroke and locking at rest. They are
widely available for high precision in quiet environments, typically thermally stabilized clean rooms for the
semiconductor industry. On the other side, space is a very demanding environment either due to launch
vibration or for radiation once in flight. These conditions are obviously not friendly for high-precision
piezoelectric motors.

BSMA is a new piezoelectric motor that has been successfully developed by Cedrat Technologies (CTec)
to fly inside IASI-NG space instrument onboard Metop-SG. This paper first presents the latest results from
the production of the flight models .In addition to BSMA, CTec has succeeded with providing piezoelectric
motors for others applications that also face harsh environmental conditions in the fields of defense,
industrial, scientific, and nuclear. This paper presents several of these motors with their respective
characteristics.

Beam Steering Mechanism for IASI-NG

Motor presentation and general requirements

A major piezoelectric motor for space, called BSMA, is onboard the new IASI-NG instrument developed by
AIRBUS DS for CNES. The IASI-NG instrument is one of the key payloads on board METOP-SG which is
a new EUMETSAT meteorological satellite for Europe. This linear piezo motor offers a 40-nm resolution
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and maintains its fine position over weeks, thus allowing a very fine tuning of the IASI-NG instrument while
in flight.

Figure 1. BSMA Engineering Model with connector saver and CAD cut view

The major requirements for the BSMA are:
e Movement: 45-nm resolution step motion over a +40 pum range with up to 20-N force
e Launch: withstand launch including up to 50-N force on output shaft
¢ Unpowered position stability:
0 0.15 pm over 24h/1K stability
0 0.30 pm over 6 months
0 1.4 pm long term
e Driver capability:
0 Piezo: Max voltage 120 V, Max current 0.1 A
0 Mag: Max voltage 50 V, Max current 0.3 A
e Cold redundancy

In order to meet the requirements, the BSMA motor is based on a combination of a differential screw and
an inchworm rotating motor patented by CTec. The major specificity is that the clamp is driven by an
electromagnetic actuator that allows large displacement. Details of the internals and on the development
have been presented during former ESMATS [1] and AMS [2] symposiums.

One Engineering Model, one Qual Model and eight flight model BSMAs have been built and delivered to
ADS. Because of the cold redundancy requirements, each actuator has two inchworm piezoelectric motors,
hence a total of 20 motors. It must be noted that this successful work has been possible thanks to an
excellent collaboration with ADS Toulouse and CNES.

Assembly and fine adjustment of key elements

During design, a key element was the balance between clamp stroke and clamp force. On one hand, a
maximum force is needed to ensure the proper transmission of the piezoelectric stage torque to the rotor.
On the other hand, sufficient clamp stroke is required to ensure the proper release of every clamp tooth
and ensure that no transmission occurs when the piezoelectric stage returns to its base position.

Optimizing the rotor integration alignment is then a key factor to ensure the motor works but also generates
sufficient driving torque. During the Breadboard and initial Engineering Model phase, this was found to be
a key issue and rotor adjustment was frequently failing. For Engineering Model and following models,
adjustment screws were then added to allow fine tuning of the rotors during assembly. The alignment was
finally achieved through first a methodical integration under a 3D CMM to ensure the proper alignment
when stacking the various elements. Once this was done, a clever yet simple procedure, which includes
some driving of the clamps, was found that allowed to check and finely adjust the center of the rotor.

During design, a second element of concern was the adjustment of the end-stops. The stops prevent the
rotors from exceeding their rotation range which would ultimately endanger the differential screw. The key
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issue is that the rotor rotation range is several turns. The end-stops positioning needs then to be very
precise in order to catch the proper turn.

This issue was anticipated when designing the end stops. A specific yet simple tooling was added that
would allow the operator to position the end stops before locking them in position. Another specific concern
during parts design was to anticipate and take every simple opportunity to reduce sensitivity to friction. The
concern was to minimize random micromovements that occur when tightening the screws that would lock
parts in place.

Although minor adjustments had to be made versus the initially foreseen procedure, assembly and
adjustment of the end-stops was finally found to be rather easy.

BSMA is a very delicate mechanism to assemble and many issues were faced with first Engineering Model.
However, these issues were finally solved and the assembly process is found to be reliable.

Clamp torgue margin acceptance test

In order to verify the proper behavior of the BSMAs, the clamp torque margin was verified with every model.
The test principle is to underpower the clamp until the motor is unable to move anymore. To accept an
actuator, the minimal ratio between the nominal current and the minimal driving current is set to 3 (in order
to reflect ECSS requirements).

Figure 2. Measured clamp margins

Figure 2 shows the minimum measured margins between nominal and redundant clamp at various steps
of the acceptance tests. The 2.9 margin results were accepted as they were due to test constraints; the
margin was verified with steps of 0.3, hence either 2.9, 3.2, 3.5, ... The effective threshold is then expected
to be better than what is visible on this graph. This proves the repeatability of the clamps behavior, including
between air and vacuum.

Step size acceptance test

Step size has been found to be a revealing property for piezoelectric inchworm motors. Its value as well as
its stability is a good indicator for the assembly quality and more generally of the motor good health. For
BSMA, the measurement is a little more difficult because the steps are 40 nm and being very small, parasitic
behaviors can mix in the measurement (test bench relaxation, dynamic thermal expansion, ...).

Figure 3 shows a typical improvement that can be achieved when re-assembling a BSMA that was not
properly adjusted.
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Figure 3. Step distribution for a motor before and after re-adjustment.

However, it was found that for all 10 models that were built (20 motors), step sizes showed a stable
behavior, both for average size and dispersion. Figure 4 shows the average step size for some flight models.

Figure 4. : Mean step size measurements

Lesson learned
A major lesson learned is that it is the simplest solution, most of the time, that offers the best results.

Therefore, it is usually worth it to start with simple solutions and update them in the simplest way when
problems are found. Meanwhile, anticipation of problems (especially during design but not only), has one
include simple details to parts or procedures that can be game changers during assembly and integration.
This was found to be especially true for very fine positioning operations such as those needed within BSMA

assembly.
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AUDACITY Motor

A High-force Piezoelectric Inchworm motor

The AUDACITY motor is a large piezoelectric motor of Inchworm type [3]. It has been designed and tested
during a project funded UE and targeting aeronautic applications. This motor has great potential for space
applications as it is relying on materials that are used within space-qualified motors or mechanisms, such
as BSMA (onboard IASI-NG) or Midas (onboard Rosetta). This especially true for the friction materials,
which is key element for inchworms.

In practice, the clamp is designed to support a 500-N sliding force without slippage at room temperature.
Combined with a 150-um driving actuator, this achieves a 15-mm stroke with a ~10-mm/s speed under
maximum load.

Figure 5. AUDACITY Inchworm motor

Tribological tests

The friction materials selection is a key element of the AUDACITY inchworm actuator. The pair chosen
provides a high friction coefficient as well as limited wear. It is important to note that slippage is very limited
when using the inchworm principle as the clamp is released before moving it versus the friction surface.

The high friction coefficient is needed to minimize the forces in the clamp as well as contact pressures when
it is locked. A complete and detailed study has been performed by the AUDACITY partner UNIROMA, and
thanks to a dedicated test bench codesigned between UNIROMA and CTec, the most suitable materials
have been embedded in the actuator.

Figure 6. Main instrumentation and sensors embedded in the setup
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Figure 7. Friction coefficients and Microscope images of the worn surfaces after 20106 sliding cycles

The friction coefficient measured with the bench is suitable and stable enough for the application, and the
inspection performed after the test campaign shows a good behavior with less than 1 mg of measured mass
loss and a homogenous wear on the friction pads.

Performance tests at -55°C and +71°C

Operating piezoelectric motors over large temperature ranges is challenging as deformation from thermal
expansion becomes larger than the piezoelectric effect. This is true for most types of piezoelectric motors
whose performance decrease with temperature and even fail below -20°C [4]). For Audacity, the motor
uses a new clamp which can accommodate >100K temperature variations thanks to the addition of thermal
compensation.

The motor has been tested in a thermal chamber by CSEM under constant load from -55°C up to +71°C.
The motor was operated versus a preloaded spring and therefore test load increased over the 14-mm travel.
The 350-N load is achieved at mid position.

Figure 8. Speed and step size at -55°C @ 350 N
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Figure 9. Speed and step size at +71°C @ 350 N

The resulting speed variation is limited when operated at -55°C. On the other side, the speed variation is
much more significant when the motor is operated close to its maximum temperature (+71°C). Due to
remaining thermal mismatch, the clamp is nearing its slipping threshold and motor speed falls significantly
when the force exceeds 350 N.

Conclusion

Thanks to thermal expansion compensation, this rather large inchworm (~2 kg unoptimized) has proven its
capability to provide 350 N over a large temperature range (-55°C/+71°C). This type of motor could prove
useful to move or deform active optics and to move large mirrors in ground telescopes.

Performance Value
500 N (room
Stall force 350 N EOp. te)mp.)
Max weight <2kg
Stroke 15 mm
Speed > 9 mm/s
Expected lifetime 130000 cycles (>3.5 km)
Op. temperature -55t0 +71°C

Based on some of the knowledge acquired with Audacity motor, Cedrat Technology is now working for ESA
on several nonmagnetic high-force inchworm piezoelectric motors. These motors are targeting various
needs for the future Laser Interferometer Space Antenna (LISA) mission.

RSPA XS Micromotor

Inertial piezoelectric motors

An alternative class to Inchworm piezoelectric motor is the inertial motors. They are simplified compared to
inchworm actuators as they rely on a passive (instead of active) clamp. Only one driving electronic channel
is required. The drawback is that higher currents are required to generate the inertial forces needed to
achieve clamp slippage.

Based on this principle, Cedrat Technologies is building inertial motors using amplified actuators. Larger
pulse amplitudes can then be achieved, allowing longer pulses and less current. This eases the
requirements on the electronic driver compared to direct piezoelectric actuators.
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Also in regards to amplified actuators, this patented principle is intrinsically better suited for small motors
where current is very significantly reduced due to downscaling. It has to be noted that piezoelectric principle
is usually becoming increasingly interesting over magnetic forces when size is reduced.

RSPA 30uXS micro-motor

A typical example of such a robust miniature piezoelectric motor is the SPA25uXS. The piezoelectric
ceramic is as small as 2x2x5 mm3. This allows building a complete piezoelectric motor in a volume as small
as 20x17x6 mm3.

The motor generates roughly 500 mN-mm which is much more than electromagnetic motors of comparable
size while offering a much simpler construction. A key characteristic for this motor is the electrical pulse
characteristic. Thanks to the amplification, driving pulse duration can be extended to 0.2 ms for a 100 V
leap, thus only requiring a maximum 60 mA.

Figure 10. RSPA 30uXS performance, driver 0-100V 60mA

Extreme shock tests

The motor is designed for a special application that requires extreme shock capability. In addition to rather
conventional 20g RMS random vibrations, nine 500 g shocks were applied on all six directions. The motor
showed no significant change of performance throughout the test campaign.

Figure 11. SRS profile measured during one of the shock tests.
The only minor issue during the shock test campaign was the failure of two glue dots. These dots are used

to secure the path on to the frame for the wire that provides electrical power to the piezoelectric ceramic.
In practice, this had no impact on motor powering and therefore functionality remained unaffected.
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It must be noted that the shock levels where limited by the test bench capability. The expectation is that the
motor would have passed significantly higher levels.

Temperature
The RSPA has been measured over -45°C to +120°C. As expected, speed changes with temperature and

shows a maximum close to 40°C. This is due to the optimal combination of the preload (which decreases
with temperature due to thermal expansion mismatch) and temperature (which decreases piezoelectric
effect when going to lower temperatures).

Figure 12. : RSPA speed vs temperature

However, it is important to note that, as long as the motor rotates, the generated torque does not change
significantly with SPA motors. This advantage was measured by ESTL during a test campaign [5] where a
linear SPA motor showed stable force generation (less than 25% decrease) from 0°C down to -180°C (90K).

RSPA SM Motor for ITER

Introduction

Another larger RSPA motor [3] is currently being designed and tested to be used within the Tokamak of the
ITER project. This motor is much larger (50 x 35 x 50 mm?3) and is expected to deliver roughly 1.5 N and
therefore a torque of 25 N-mm for track of @35 mm.

As can be expected, this motor is fully non-magnetic: it is designed to avoid disturbances of the high
intensity field of 3.5T that surrounds it. Similar to space, the motor is operated in vacuum. This work is
partially funded by European Commission including F4E.

Figure 13. View of ITER Tokamak
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Radiation test

A key requirement for equipment used in the vicinity of the Tokamak is their ability to support high radiation
levels. In order to validate the RSPA piezoelectric actuators, several amplified actuators have been built
and exposed for 3500 hours at rates of roughly 300 Gy/h (or 30 kRad/hour). The resulting TID (Total lonizing
Dose) was a little more than 1 MGray or 100000 kRad. It is true that the radiation profile is not the same as
what can be expected in space but this remains relevant to demonstrate.

Figure 14 (left) shows photos of a standard amplified actuator. Due to the radiation, the powering wire
insulation (which is PTFE) is badly damaged and sections have even turned to dust. For Figure 14 (right),
the ceramic was upgraded with Kapton wires. This is the usual practice for actuators delivered for space
projects.

Figure 14. Pictures of two amplified actuators after exposure to 100 000 kRad
left is using PTFE wire, right is Kapton wire

Several ceramics suppliers were tested during that campaign. The major conclusion is that, for all tested
actuators, no degradation was measured aside from the wires. Actuators remained fully functional with no
significant variation of behavior such as their stroke or resonance frequencies. PTFE wires were badly
damaged whereas ECS- compliant Kapton wires showed no degradation. This result proves the common
practice at CTec to replace the standard PTFE wires with Kapton ones for mechanisms submitted to high
levels of radiation.

Lifetime test at high temperatures

Another important test for this application was to perform a lifetime test at 70°C in vacuum. Due to the
unusual high temperature, a specific friction pair was selected for the application. A dedicated test bench
was built and operated. The test bench includes unbalance masses which make the motor operate with
varying torque conditions.

During the 1-month test, the motor achieved ~200k revolutions with an average speed of 6 rpm and a
cumulated distance of 20 km. The removed material at the friction interface was estimated at 40 um which
is quite acceptable for the application. This result demonstrates the capability for RSPA motors to be
operated over long distances.
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Figure 15. RSPA lifetime test bench

Conclusion

The RSPA motor for the Tokamak has been verified for several major characteristics of RSPA piezoelectric
motors. The first characteristic is that piezoelectric ceramics and overall piezoelectric ceramics have the
capability to withstand large radiation doses. In addition, a lifetime test was done with a new friction material
pair and the wear of the friction track over a 20 km displacement was measured.

SPA-FSM : 3 Axis RX, RY, TZ Piezoelectric Motor

Motor principle and harsh operating conditions

Three specific small (approx. 5 x 8 x 13 mm?3) MSPA35XS piezoelectric motors [6] are assembled in a 120°
pattern surrounding a @20-mm moving element. The three SPA are driven independently, thus allowing a
3 degrees of freedom movement of the moving element: RX, RY and TZ.

Figure 16. View of FSM-SPA and its principle

The present configuration is optimized for TZ displacement. In practice, the achievable strokes are
+2.5 mm for TZ and 75 mrad for both RX and RY axis.

At the origin, this 3 DOF mechanism has been designed to replace another micro-mechanism that suffered
regular failure. The cause is a very close liquid nitrogen blow which at times can spread on the mechanism.
Due to the cryogenic capability of SPA motors [4], the SPA-FSM actuator easily supports this event without
loss of performance.

Position measurement

Position is measured using 3 COTS low-cost high-resolution magnetic linear encoders placed in a similar
120° pattern (i.e., similarly to the actuators). These sensors offer a resolution below 1 um and stroke is only
limited by the magnetic track target length.
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An interesting feature of these sensors that has been validated with this mechanism is their ability to
measure the position even if the target is not moving in a very straight manner, which an implicit requirement
for this multi-axis actuator. Using the sensor feedback, it is possible to measure the position with a ~1-pm
resolution for TZ and ~50 prad for tilt. Alternative contactless sensors (however more expensive) would
allow better performance.

Mixed closed loop control

Based on the sensor feedback, a multi-axis closed-loop control is implemented that mixes pulses to make
steps as well as fine positioning mode. The resulting performance is that the mechanism is able to move
close to the final position with steps and then achieve a fine positioning. The movement resolution is then
mainly limited by the electronic SNR. In practice, TZ resolution is on the order of 1 nm and tilting resolution
is 0.1 prad.

Serial production and reliability

Close to 200 SAP-FSM actuators have been produced and delivered over the last 6 years. They are being
used by customers for lab equipment to automate measurement and allow high duty cycles. Over the last
six years no issues were identified with the core functionality (i.e., 3 axis movement and closed loop
positioning).

This result proves that, although the contact conditions may vary significantly in a random way (because of
the tilt movement), the performance of the motor remains stable over time and meets operational
requirements.

Figure 17. View of SPA-FSM batch

Conclusion

The 3 axis SPA-FSM is currently produced and delivered for a ground application. This mechanism is based
on the same actuators and materials as the RSPA XS (presented in above section) which has proven its
capability to support hard environment conditions.

It also must be noted that SPA-FSM construction shows major similarities with a much larger breadboard
that is currently being built and tested at CTec for ESA. This motor has already passed initial room
temperature tests and will be tested in cryogenic conditions in the near future.

Conclusion
Several piezoelectric motors that support hard operating conditions are presented in this paper. It must be
reminded that all of these motors are based on the same key materials (piezo ceramic, friction materials...)

as other mechanisms from CTec which already have a flying space heritage [7,8].

Some of these hardened motors, that may not be fully space compliant at this time, could be upgraded to
meet complete space requirements.
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