Pneumatic locking device for magnetic bearing reaction wheel
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ABSTRACT

Due to the launch vibration environment, the use of
locking device is necessary for large or heavy
mechanisms. This remark is true in particular for the
inertial actuators like magnetic bearing reaction wheels.
These actuators have a rotor that is in magnetic
levitation without any contact with the stator.

Locking device is mandatory to maintain the rotor
during the launch vibrations. To avoid contact between
rotor and stator during the functional phase, the link
created by the locking device must be completely
released.

This article presents a pneumatic locking device with
pyrotechnical sub-systems that have been realised by
"ALCATEL Space Industries" for the reaction wheels
development in the frame of a CNES satellites family.

The first paragraph presents the wheel functioning and
briefly describes the Electro-mechanical components of
the reaction wheel.

The second paragraph describes a device based on a
metallic bellows ring. A nitrogen pressure in the ring
allows pushing the rotor against the stator. The rotor
release is obtained by drilling the system tubing with a
pyrotechnic valve.

The third point describes the qualification tests and the
resulting data. Some functional tests are made in warm
and cold case with the locking device in order to
improve some mechanical characteristics including the
locking effort generated and the leakage rate. Launch
vibrations and thermal tests have been realised and the
good functioning of the mechanism is proven. At the
end of these tests, the qualification has been
pronounced. The device is now implemented within the
reaction wheel. This equipment should flight in 2004.

The next paragraph presents the works realised under
CNES Research and Technology contract. The
objectives were the characterisation of metallic bellows
and some technological studies to improve the
knowledge of the mechanical and functional

characteristics of these elements. The first study was to
create a Finite Element model of a bellow in order to
describe its behaviour when it is submitted to pressure
loads. The resulting data were strengths and force
versus displacement. In parallel some test have been
realised to verify the adequacy of the model.

The last part synthesises the advantages and the
drawbacks of the mechanism and the lessons derived
from the study.

1 -INTRODUCTION

To rotate a satellite which is an isolated mechanical
system, only the action/reaction principle is available.
The satellite attitude can be controlled along the 3
degrees of freedom by thrusters (momentum exchange).
Another way to obtain the tilt is to exchange torque
between the satellite and a reaction wheel. This wheel is
made up of a ring, which is accelerated or decelerated in
order to create torque. This torque creates acceleration
and thus a rotation of the satellite in proportion to inertia
ratio (wheel/satellite).

A wheel is composed of a fixed part, the stator, which
allows the fixing of the equipment on the platform and
contains the control loop electronics. The rotating part,
the rotor, creates torque during acceleration or
deceleration phases. In our case, a magnetic bearing
ensures the centering between rotor and stator.

In this equipment there are functions, either directly
related to the mission of the control attitude actuator, or
related to the choice of a rotor magnetic suspension.

The suspension function ensures the rotor centering
with respect to stator. It is a magnetic bearing with 2
active radial axes and the third degree of freedom
passively controlled by permanent magnets. It allows
also the rotor levitation when the control loop is
switched on.

The rotation function allows the rotor drive thanks to
an ironless, brushless D.C. motor with electronic
commutation.



The "back up bearing" auxiliary function allows
thanks to a pair of dry lubricated bearings, on the one
hand to receive the rotor when radial control-loops are
switched off, and on the other hand to limit the tilt of
the rotor.

The locking function allows to maintain the rotor
related to the stator during the satellite launch phase. A
pyrotechnic device ensures the unlocking function. It
permits to release the rotor once the satellite is in orbit.
It includes an ejection function, which in fact is
provided by the passive stiffness of the bearing along
the wheel rotation axis.
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2 - PRESSURED LOCKING DEVICE
This mechanism developed by the PerkinElmer
Company is composed of two subsets:
a) The locking ring consisting of:

A crown shaped enclosure including 60 communicating
rooms and containing the pneumatic pressure. This
enclosure is fixed on a housing, which is fastened by
screws in its lower part with the wheel stator.

the enclosure with 60 bellows in it

- 60 welded metallic bellows carrying out a
displacement and transmitting the locking effort, which
is a function of the pressure,

- A push rod equalizing the displacement of the 60
metallic bellows,

- 60 Vespel washers, screwed on each bellows and on
the push rod. These washers are in contact with the rotor
stainless disc during the locking phase.

b) A piping subset including:

- A distributor with a pressure sensor for the pressure
control. The distributor is screwed on the locking
housing fixed itself on the stator,

- A connection piping between the distributor and the
locking crown on the one hand, and between the
distributor and a pyrotechnic valve on the other hand.
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2.1 - system functioning

The pressurisation of the locking device presses the 60
metallic bellows. Those move the push rod with Vespel
washers. The washers push the rotor against the stop of
locking.

The crown pressurisation allows to ensure a locking
stress to lock the rotor, which depends on the applied
locking pressure. Inside the crown, the pressure is about
a few tens bars.
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An inflation interface on the distributor allows to
pressurise the locking device. A pressure sensor gives
the pressure level in the locking crown. The leakage rate
of the whole system is very weak and it is possible to
remain without reinflate during 2 months.



Unlocking is carried out by boring piping thanks to a
pyrotechnic valve and thus involves the setting of the
locking crown to the vacuum. The retention of particles
that may be located in the pressurised part is obtained
thanks to a filter positioned at the end of the piping.

The pyrotechnic valve selected is a normally closed
pyrotechnic valve developed by Aérospatiale under
reference: TYB 6600.

2.2 - Qualification tests
The device was submitted to the following tests:

a) Functional tests at ambient temperature followed
by 7 days under pressure

We measure the stress delivered by the device for a
nominal pressure of 40,1 bars at 22 °C.

Verifications: After deflating, the device must go back
to its initial position and the time of unlocking must be
lower than 5 seconds.

The locking mechanism is mounted on a dedicated
assembly. This test consists in pressurising the device,
then isolating it from the pressurisation system and
measuring the pressure evolution inside the mechanism
during seven days.

At the end of the test, the pressure loss of the crown
must be lower than 0,06% (25 mbar during 7 days) that
is to say a leakage of 1x10-7 Atm.cm3/s.

Measurements show that the pressure did not vary.
b) Tests of cycling without margin

120 cycles of locking at storage pressure of 13,3 bars
are carried out, then 120 cycles at operational pressure
of 46 bars and finally 10 cycles at proof pressure of 75
bars.

A control of the sealing is carried out after the test. It is
checked that the bellows go back well to their initial
position after unlocking without any deviation.

Results: the elastic stroke is correct and the leakage rate
is lower than 1x10-9 Atm.cm3/s.

¢) Functional tests at ambient T°, max T°, min T°

The measurements realised during this test are identical
to those of the test reference a).

The maximum temperature is 65°C and the minimum
temperature is 5°C.

In all cases the checking of the sealing did not show a
leakage rate higher than the specification. Unlocking
proceeded nominally.

d) Thermal cycling

This test is carried out in a climatic chamber at
atmospheric pressure. Sensors give the temperature in
various points of the crown and of the tests assembly.

The locking mechanism is pressurised with 41 bars at
23°C.

h)

Thermal cycling

At the end of cycling a checking of the leakage rate was
carried out (< 1x10-7 Atm.cm3/s), then an unlocking
was done. This unlocking occurred nominally.

e) Vibrations tests

The locking mechanism was submitted to the following
environments:

Sinusoidal vibrations:
From 5 to 26,6 Hz: amplitude =t11 mm
From 26,5 to 100 Hz : acceleration =30 g

Random vibrations

longitudinal axis transverses axes

Fréq Hz DSP g*Hz | Fréq Hz DSP g*Hz
20 0,02 20 0,01
100 0,4 100 0,21
320 0,4 280 0,21
350 0,17 369 0,12
400 0,17 400 0,12
530 0,6 550 0,45
680 0,6 650 0,45
700 0,3 800 0,04
800 0,3 950 0,04
950 0.4 1000 0,2
1200 0.4 1100 0,2
2200 0,015 2200 0,01

A low level control sine allows to check that the eigen
frequencies did not shift during the vibratory
environment test.

An unlocking was realised after checking for leak test.
No noted anomalies.

f) Cycling tests with margin

500 cycles of locking at the storage pressure of 13,3
bars are carried out, then 500 cycles at operational
pressure of 46 bars and finally 50 cycles at proof
pressure of 75 bars.

It is checked that the bellows go back to their initial
position. A control of the sealing is carried out after the
test.

Results: the elastic stroke is correct and the leakage rate
is lower than 1x10-9 Atm.cm3/s.



3 - R&T WORKS

Works consisted in the characterisation of welded
metallic bellows associated with technological studies in
order to better know the mechanical and functional
characteristics of these elements.

F.E. Models were carried out by the BESystem
Company and the tests of characterisation by the
PerkinElmer Company.

Initially, two bellows F.E. Models (elastic approach
then plastic) were done to predict the behaviour of this
element.

For each model two functioning modes were studied:

- Bellows with internal volume at the atmospheric
pressure

The required characteristics are:

Axial stiffness, constraints for a deflexion of
7,35 mm

The radial stiffness for an offset from 0 to
0,5mm with the length lo (10mm)

- Bellows filled with a liquid and sealed
The required characteristics are:

The axial hydraulic stiffness, the constraints
and the internal pressure for a deflexion of 3 mm

Radial hydraulic stiffness for an offset from 0
to 0.5 mm with the length lo (10 mm).

3.1 - Bellows at atmospheric pressure
Axial Behaviour
Setting models.

The bellows has an internal diameter of 26,3 mm and an
external diameter of 39 mm and a free length of 10 mm.

From the geometry of the bellows blanks, a 3d inite
Element Model was generated. This model comprises
only one convolution. In order to be most
representative, the welding geometry is taken into
account as well as the mechanical process of
convolution shape setting.

The model here after includes 5847 nodes, 3340 3d
elements, and 1104 plate elements.

R=13.163

R=19.271

Voir § 4.2

3D FE bellows blank model

R=19.488

v

Welding area model

Axial stiffness

The axial stiffness is calculated by applying a
displacement and collecting the reaction stress at the
node where displacement is imposed. Displacement is
imposed at the higher blank (external diameter), and the
lower blank is maintained by a support. The border
effects are not taken into account.

The graph below shows that there is no difference
between the elastic approach and plastic before contact.
The axial stiffness is equal to 8,82 N/mm in the linear
part (without contact) then it increases up to 25500
N/mm in the non-linear part (with contact).
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The constraints evolve linearly as long as there is no
contact. Then, they remain almost constant because of
weak displacements of the blanks.
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Radial behaviour

The bellows F.E. Model is done with plates elements.
The symmetrical aspect of imposed radial displacement
allows to analyse a section of 180° with symmetry
conditions. This model consists of 37800 elements,
40042 nodes.



3 D FE Model

The radial stiffness of the bellows is calculated with two
functioning points i.e. for a displacement of 0,5 mm and
0,1mm.

The radial stiffness calculated from these two points is:
Kr=140,2 N/mm.

Constraints

The 3d FE model and the plates FE model give, with the
same loading, similar values for the constraints. The 3d
FE model shows higher constraints at the weldings (780
MPa). There is no difference between the elastic
approach and plastic, the obtained constraints are lower
than the material yield strength.

325 MPa 4220004

487MPa 350 MPa

325000

68700

plates FE model constraints
3.2 - Bellows filled with a liquid and sealed
Axial Stiffness or Hydraulic Stiffness

In this case it is necessary to take into account the fluid
compressibility. The reverse of the compressibility

v
modulus (y =——3% a— ) is comparable to an elasticity

modulus.

V :volume and p : pressure

An iterative process is set up which consists in
calculating the deformation of the bellows so that, at
given pressure, the volume of fluid satisfies the state
equation Av = —v* ¥ * Ap . Initial volume and
volume after loading are calculated by considering a
half-section of the convolution.
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= Bellows internal volume calculation :
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Imposed displacement depends on the internal pressure.
It is about 0,3 mm for a convolution.

The internal pressure varies between 0,5 and 20 MPa.

The results show that the bellows filled and sealed is
very few compressible. Two zones of contact appear
successively, first after a displacement of 0,61 mm
(Ap=0,5 MPa) and after a displacement of 1,16 mm
(Ap=1,2 MPa), causing the nonlinear increase of the
hydraulic stiffness which varies from 693 N/mm with
11921 N/mm.

The curves here after show that the hydraulic stiffness is
not very sensitive to the plasticity.
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The Von Mises constraints show that the yield strength
is reached for the first increments of pressure.

The yield strength is reached for a displacement of 0,61
mm and the ultimate strength for 1,3 mm corresponding
to a pressure of 2 to 3MPa.

The study shows that the constraints are identical for the
2 approaches as long as the yield strength is not
reached. Then the constraints rapidly increase for the
elastic approach and follow an asymptote for the plastic
approach.
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Radial stiffness

According to the pressure/volume relation
Av=-v ZeAp)e , a variation of pressure is



generated only if a volume variation is created during
the imposed displacement. During a weak displacement,
if the volume does not vary, the pressure does not
change either and thus the presence of the fluid does not
influence the radial hydraulic stiffness.

In our case, the 0,5mm bellows radial displacement
involves a difference of 0,015 %, between the two
surfaces corresponding to a Ap of 0,1918 MPa. This
difference is negligible and thus the fluid does not
modify the bellows radial hydraulic stiffness for small
displacements.

3.3 - Characterisation of the bellows
3 series of bellows were tested

Free Length: 10 mm

Internal diameter: 26,3 mm

External Diameter: 39 mm

Bellows 294901-0: thickness of blank 0,102 mm
Bellows 294902-0: thickness of blank 0,0076 mm
Bellows 294903-0: thickness of blank 2x0,0076 mm
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Characteristic of the bellows

The bellows to be characterised are positioned in a
testing device, which allows to realise axial and radial
stiffness measurements. According to the test, one or
two bellows are installed in this device. The strength
measurement is done by a force sensor.
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Radial stiffness measurement configuration

Mechanical axial stiffness

One bellows on the test device.

294901-0 294902-0 294903-0

Stiffness in | 6,53-7,73 | 3,18-3,37 | 7,76 -8,31

N/mm

Bellows 294901-0
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A radial displacement of 0,5 mm was applied to the
bellows.

Two pairs of Bellows are installed on the test device

294901-0 294902-0 294903-0
Stiffnessin | 116 54 99,5
N/mm
Bellows 294301-0
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Curves above show that axial stiffness (8,82 N/mm) and
the radial stiffness (140,2 N/mm) resulting from FE
model are slightly higher than that measured.

Axial hydraulic stiffness during compression

One bellows is mounted on the test device.
The pressure varies between 0 to 20 bars

294901-0 294902-0 294903-0
Stiffness in | 300 -570 150 -164 360
N/mm range: 0 - range: 0- |range:0 -
0,2 mm 0,2 mm 0,2 mm
Stiffness in | 640 - 770 224 -260 530
N/mm range : 0,8 - | range : 0,8 - | range : 0,6 -
1 mm 1 mm 0,8 mm




Bellows 294901-0

3000

2500

2000

1500

Force (N)

3
3
3

0 0.5 1 15
Deflexlon

Radial hydraulic Stiffness

A radial displacement of 0,5 mm was applied to the
bellows.

Two pairs of bellows installed on the test device

294901-0 294902-0 294903-0

Stiffness in | 121 51,5 109
N/mm
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Mechanical Endurance Test

Amplitude: 0,5 mm
Cycling: 30 cycles per minute
Bellows internal pressure: 0,1 bar

The bellows was submitted to 300000 cycles without
rupture.

Hydraulic Endurance Test

The tests of cycling were carried out on bellows type:
294901-0.
Cycling: 20 cycles per minute

Pressure Cycling: between 0 and 5 bars

The rupture of the bellows took place to the
94908 cycle.

The failure zone is located at the blank welding
on a flange tip. It corresponds to a zone of maximum
rigidity of the blank clamping.

Cycling between 0 and 10 bars

The failure took place at the end of 4466
cycles.

The failure zone is identical to that of the
preceding test.
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Failure zone after the cycling pressure tests

Failure pressure test
The test was carried out on two bellows:

Thickness blank (0,112 mm)=> bursting pressure: 165
and 204 bars.

The pressure of 165 bars was obtained for the bellows
having undergone the mechanical endurance.

Thickness blank (2x0,076)=> pressure of bursting: 470
and 412 bars.

i
Bellows burst at 204 bars

Weldings geometry

An examination under the microscope of 4 sections
from an interior welding and an external welding was
carried out on the blank of bellows 294901.

These investigations show the conformity of the
geometry of the weldings.

The following hardnesses have been measured (required
hardness is 432 Hvt 62,5).

On blank : 490 Hv

On brazed flange : 425 Hv

On transition zone: 450 Hv




4 - LESSONS AND SYNTHESES

The pressured locking device is consisting of very
simple mechanical elements such as bellows and welded
elements. The vacuum setting is done by drilling.

Its functioning is perfectly reproducible. This
mechanism has a very good tightness. The bellows
behaviour during launch vibratory environments and the
system capability to provide a rotor holding load during
those environments have been demonstrated.

The critical element is the fluctuation of the locking
force (generated by pressure) according to the
temperature. During launch the temperature can vary
between + 5 °C and + 50 °C. The required force must be
always in a range to ensure the rotor locking and to
avoid the rotor buckling.

This locking effort also depends on the bellows
mechanical stiffness. That stiffness varies from one
bellows to another because it depends on the bellows
blanks geometry and their welding. This led to set up a
specific control and manufacturing unit in order to
obtain the most similar elements for the locking device.

This system developed by PerkinElmer was qualified
alone. The qualification of the wheel with the locking
device integrated in it did not show particular problem.

Concerning R&T works

For the bellows at the atmosphere, the axial and radial
stiffnesses obtained by FE models are slightly different
from these measured. FE model axial stiffness is 23%
higher than the average measured stiffness. FE model
Radial stiffness is 20% higher than the measured
stiffness.

This difference could be explained by the models,
which do not take into account the plastic buckles
during the setting to free length of the bellows.

This assumption remains to be checked.

For the Bellows filled with a liquid and sealed, the
curves shapes resulting from tests correspond to these
given by FE models.

A change of direction appears when a contact is
established between the blanks.

On the other hand the stiffness values are very different.
FE model:

The stiffness varies inside the compression range. The
stiffness goes from 700 N/mm at the beginning of
compression to 5800 N/mm after a compression of 1
mm. The stiffness diverges rapidly after a 1,2 mm
compression.

Measurement:

The stiffness remains in range of 300 - 600 N/mm until
a 1,2 mm compression. After a 1,3 mm compression the

stiffness is quasi-linear (3500 N/mm) in a range of 0,4
mm.

The origin of the difference could not be clearly
explained. An explanation could be the presence in the
assembly of a swivel joint. This joint, under high
pressures, is compressed and brings a new stiffness
which must be taken into account with the bellows's
one.

For the moment the validation of the calculation method
for the prediction of welded metallic bellows hydraulic
stiffnesses cannot be pronounced.
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