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ABSTRACT/RESUME

The first part of the paper describes the “Maeva” hinge
whose 18 models has been successfully used in orbit to
deploy 6 solar arrays, 4 antennas and the 2 meters long
Demeter mast.

Main properties of this reliable hinge are presented.
(stiffnesses, positioning accuracy, cost, mass, driving
torque,...).

In the second and main part of the paper, tests and
analysis performed to study the deployment kinematics
of the solar arrays are presented.

Indeed, “Maeva” hinges do not allow to control the
opening sequence.

Thus, deployment tests have been carried out in a
micro gravity campaign on Zero-G flights and
correlated mathematical model has been specifically
developed using commercial “Solid Dynamics”
software.

Taking into account variation ranges for critical
parameters and following the “Monte Carlo” statistical
method, more than 1000 deployment simulations have
been calculated.

Based on this work results, we determined which
parameters were influent on the deployment
kinematics.

Then, worst combined conditions have been simulated
in order to demonstrate that there was no risk of
incorrect solar arrays deployment (no interferences of
the solar arrays with the satellite, no collision between
solar panels, no hinges jam).

1. INTRODUCTION

New satellites require adapted mechanisms with good
efficiency for low cost and mass. It is therefore very
attractive first to integrate several functions in the same
device, and additionally to develop generic
technologies that may be reused for several missions.
Following this philosophy, CNES and 01dB
METRAVIB developed a self actuating, guiding and
locking hinge for space appendix deployment (antenna,
mast, solar array, baffle, cover plate,...).

This particular hinge named ‘“Maeva” has been
successfully used in orbit to deploy 6 MYRIADE
psatellites solar arrays (Demeter, Parasol and 4
satellites Essaim), 4 antennas and the 2 meters long
Demeter mast.

2. THE “MAEVA” HINGE
2.2 The concept

The “Maeva” hinge basic concept lies upon a particular

arrangement of three spring strips.
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Fig. 1. “Maeva” Hinge
The starting idea below the concept tried to simplify
the traditional space "spring" based hinges by reducing
the number of mechanical parts and avoid
sliding/moving interfaces.
In the past, Carpentier Joint principle, which consists in
a steel strip with a curved cross section, has already
been used for its capacity to combine guiding
(anisotropic stiffness), actuating (spring effect) and
locking (high stiffness contrast due to post buckling
behavior).
In the present case, a particular arrangement of three
Carpentier strips (see figure 1) has been selected to
provide a guiding behavior. Compared to a single
Carpentier Joint, such a geometry provides a high
stability versus twist during opening, and increases
both the driving torque and stability after locking



(holding torque and forces, and stiffness). Both the size
of the strips (that may be different from the centre to
lateral ones), and their relative position in the plane of
the bases provide the flexibility to adapt the design to
various compromises versus twist stability.

2.2 The main properties
General :
Mass : 8¢
Dimensions : 70 x 20 x 105 mm®

Performances
Angular position accuracy : < 1°
Driving torque : >0.15N.m
Open stiffness (Kgz,) 1000 N.m/rad} see §3
Holding torque : >4.5N.m
Compatible environmental conditions :

Temperatures : -75°C /+105 °C
Outgassing : Compliant with ESA PSS.
2.3 Specific behaviour

Fig. 2. “Maeva” Hinge locking sequence

As shown in the above figure, the hinge locking
doesn’t systematically occur when hinge reach its final
configuration. Depending on inertia and energies, the
“Maeva” hinge can pass its final angular position for
few degrees but it still goes back and finally locks in its
final configuration.

3. MAEVA HINGE’S CHARACTERIZATIONS

3.1. Stiffnesses measurements

This test is realized in a vertical position to avoid
gravity effect or unlocking. It consists in a modal
analysis of a system {hinge + inertia arm}, to
determine open hinge’s stiffnesses.

Kxa = 32.10° N/m Koxa= 9000 N.m/rad
Ky, =27.10° N/m Koya= 75 N.m/rad
Kz, = 12.10° N/m Koz= 1000 N.m/rad

3.2.  Holding torque measurements

The holding torque measurements consist in loading
with increasing masses the same system placed now
horizontally, up to unlocking.

Holding torque is different in both directions on the
hinge due to the unsymmetrical design.

Typically, mean holding torque values are 12 N.m in
the “normal” sense of deployment and 8§ N.m in the
“reverse” sense.

Actually, Holding Torque depends on the shear loads
and so, measurement method (arm length, load) could
affect the values measured on the test bench.

Thus, for the same “Maeva” hinge, measured Holding
Torque can range from 4.5 N.m to 20 N.m.

3.3 Driving torque measurements

For driving torque measurements, friction and gravity
effects introduce too much perturbations due to low
lateral stiffnesses.

Fig. 3. “Maeva” Hinge low lateral stiffnesses

This justified the development of a dedicated test
bench able to reproduce the "in plane" kinematics of a
single hinge system.

This bench (see figure 4) is composed of:

1. A vertical rotating axis on which the hinge is
mounted, driven by a motor to control the
angular position for torque measurements;

2. An arm (adjustable inertia) mounted on the
hinge, which extremity may slide on an air
cushion table (no  friction,  gravity
compensation) for deployments;

3. Angular position sensors (each 10 degrees) for
deployments kinematics measurements;

4. A force sensor to estimate driving torque when
rotating about central axis.

Air
Cushion
table

Force sensor

Fig. 4. : Dedicated deployment bench
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A direct exploitation of this experimental set up
consists in measuring the driving torque of “Maeva”
hinge with or without electrical cables versus opening
angle and versus temperatures (see figure 5).
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Fig 5. : Driving torques (N.m) with DEMETER
electrical cables / versus temperature (°C)

34 Microgravity tests

In the intention of kinematics predictions and of
correlating the global model (see § 4), deployments
have been carried out during a micro gravity campaign
on Novespace Zero-G Airbus flights.

A specific bench (see figures 6 and 7) has been
developed to release easily the dummy and relocks it
quickly (practically, the time between two parabolic
flights is limited to few minutes) and to realize a
parametric study over arms inertia, with possibility for
2 arms - 2 hinges systems.

During deployments, base forces and accelerations are
measured. The kinematics are recorded by a numerical
camera.

Magnetic locking
Accelerometers device

Force
transducer

First Hinge Second Hinge

Fig. 6. : Microgravity test bench in locked
configuration

After first parabolas, it appeared that residual micro
gravity (about 0,05g) were still impacting significantly
the kinematics. Therefore, deployment with smallest
inertia as possible have been proceeded to correlate the
simulations with minimum perturbation.

As the example shown in figure 7 (configuration with 2
arms), several “Maeva” hinge locking / unlockings
could be necessary before reaching the ending open
position.

For further exploitation (correlation with global
model), video images have been translated in graphs
with angles versus time (see figure 9).

Fig. 7. : Micro-gravity two hinges / two arms
deployment

4. DEPLOYMENT SIMULATIONS

4.1 The tools
4.1.1  Monte Carlo statistical method

This statistical method is used to determine the worst
cases for phenomena which depend on several critical
parameters.

Taking into account variation ranges for these critical
parameters, more than 600 parameters combinations
have been randomized and then, corresponding
deployment simulations have been calculated.

Based on this work results, the most influent
parameters on the deployment kinematics have been
identified.

Using variations curves, the main tendencies have been
determined in order to define the worst parameters
combinations.

Then, worst combined conditions have been simulated
to evaluate the risk of incorrect solar arrays
deployment (interferences of the solar arrays with the
satellite, collision between solar panels, hinges jam).

4.1.2  “Solid Dynamics” Model

The SA deployment model has been developed using
“Solid Dynamics” software. This tool allows to
perform kinematical and dynamical simulations of
mechanical assemblies such as mechanisms.

This software provides interactive, simultaneous and
associative visualizations of 3D animations with
trajectories, velocities, forces, graphical and numerical
results.



Model Description

It is composed of two flexible panels, 2 “Maeva”
hinges, 3 holdown and release points, 1 Solar Array
Drive Assembly (SADA).

The 2 “Maeva” hinges are mechanically similar but
their driving torque is different due to the electrical
cables number and routing.

More over, main appendages (TMTC antenna and bolt
catchers) have been added respectively on the satellite
platform and on the external panel of the Solar Array in
order to evaluate distances between these components
and other parts.

Rolt Catchars

Hinge 2
inter panel

Hinge 1 S i

SADA / panel

Holdown and
release points

Satellite
Platform

TMTC
Antenna

Fig. 8. : “Solid Dynamics” model

A shown in figure 9, deployment tests performed
during the Micro-gravity campaign (see § 3.4) have
been used to correlate kinematics calculated by the
model to the measured ones.
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Fig. 9 : Correlation simulation / 0g tests

5. DEMETER SOLAR ARRAY DEPLOYMENT
STUDY
5.1 Hypothesis — Datas
Solar Array (SA) characteristics :
Mass : 6.3 kg
Panel bending stiffness : 1400 N.m/rad
SA first mode : 1.2 Hz
Cant Angle : 12.5°

Fig. 10: Solar Array “Cant” Angle

Satellite Platform
Mass : 130 kg
Dimensions : 600 x 600 x 800 mm3

Solar Array Drive Assembly (SADA)
Maximun torque : 0.29 N.m

Fig. 11: SADA torque

5.2 Simulations plan

Taking into account variation ranges for critical
parameters, more than 600 simulations have been
realized. These critical parameters and their variation
ranges are :

Hinge stiffnesses
Stiffnesses  measurements  performed on all

manufactured “Maeva” hinges shown a very good
reproducibility of this parameter. Thus, the variation
range is :

K:+10%.

Satellite inertia

Isatellite (25 %.




Centre of Gravity position

Xeog - 20 mm Yo : £15 mm Zeoy : =15 mm

Satellite spins :

10°/s

Fig. 12: Satellite Spins

Spin X and Y : 0°/s to 10°/s
Spin Z : -10°/s to 10°/s

Hinge Holding Torque
Taking into account § 3.2 data :

4.5 N.m < HTeyerse < 13.3 N.m
6.75 N.m < HT,otma1 < 20 N.m

Holdown and release pyrotechnical device initial
impulsion

To maintain symmetry, the last point to be released is
the one which is near the SADA. The impulsion is
simulated as a load I during 2 ms :

100 N <I<400N

Hinge Driving Torque (HDT)
(including electrical cables resistant torques)

Taking into account measurements performed with the
specific test bench (see Fig. 4), “Maeva” Hinge driving
torque range is described in figure 13 for hinge 1 and
in figure 14 for hinge 2.

For each simulation a Hinge Driving Torque curve is
calculated using the below formula where x% ranges
from 0% (HDT ) to 100% (HDT ) :

HDTX%(G)Z Tmaxi(e)f( 1 'X%)- [Tmaxi(e)mein(e)]
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Fig. 13 : Maeva Hinge 1 with Electrical Cables Driving
resistant Torques Range
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Fig. 14 : Maeva Hinge 2 with Electrical Cables Driving
or Resistant Torques Range

5.3 Observed parameters and main results

Statistical results

641 simulations have been performed.

- 589 simulations shown a correct deployment
(complete with no collision and no jamming)

- 39 simulations led to unfinished deployment with
jamming of panel 2 at ~90°

- for 13 simulations, collision between the two panels
or between panel 2 and the satellite platform occurred.

The 52 incorrect configurations are due to low driving
torque in the hinges (especially in hinge 2). They
correspond to low temperature deployment (T<-45°C).
Therefore, the main recommendation of this study is to
deploy the DEMETER Solar Array before the eclipse
entrance in order to guaranty that temperature is greater
than -45°C during the whole deployment.

Assuming that this fundamental recommendation is
fulfilled, only the results from the 589 correct
simulations are studied.



So, probability to observe incorrect deployment
kinematics for the DEMETER Solar Array is
calculated using Monte Carlo abacus (see figure 15).
With 99.9 % chances, this probability ranges from 0 to
1.2 % (=7/589).
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Fig. 14 : Maeva Hinge 1 with Electrical Cables Driving

Distances

All distances are greater than 0 which means that there
is no collision. Minimum values are obtained in the
beginning of deployment, just few seconds after release
of SA. The distance Panel/satellite remains greater than
25.5 mm ... due to the satellite spins and to the low
hinges stiffnesses, a small “twist” occurs in the hinge
as shown in figure 15 then the distance slowly
decreases from 29 mm (= distance when the SA is held
on the platform) to 25.5 mm.

Due to the same phenomenon, the distance between
Panel 1 and Panel 2 decreases from 10.4 mm (=
distance when the SA is held on the platform) to 10.3
mm.

Fig. 15 : Minimum distance

Other distances observed are still greater than the
initial values and are not critical concerning collision
risks.

Deployment durations :

The maximum duration is 41s; the mean value is 12 s.
These values are coherent with durations observed for
deployments performed during micro gravity campaign
on Zero-G flights.

SADA rotation

23 simulations show that the Solar Array may drive the
SADA during the deployment phase. Rotation angles
may be great but this phenomenon cannot lead to
collision between Solar Array and platform.

Morover, it doesn’t degrade SADA because of its
technology : SADA = ball bearings+ DC Stepper motor
+ slip rings.

5° deployment durations

The duration to reach 5° panel deployment corresponds
to the maximum duration allocated with the rod to be
removed from the panels into the bolt catcher.

This duration must be higher than 20 ms which is the
value measured with a Pyroalliance Pyrotechnic device
(ejection of the rod at 6 m/s).

The minimum calculated values are 0.58 s for panel 1
and 0.14 s for panel 2. Thus there is no risk for the rod
to jam the panels deployments.

Maximum hinges angles

Maximum angles for the hinge 1 between panel 1 and
satellite (see figure 16) and for hinge 2 between panel 1
and panel 2 (see figure 17 have been calculated to
determine the worst configuration during the Solar
Array deployment.

For DEMETER, critical hinge 1 angle is 157° and
critical hinge 2 angle is 159° (see figure 18).




Fig. 17 : Hinge 2 angle between panel 1 and panel 2
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Fig. 18 : Worst DEMETER Solar Array deployment
configuration

Worst cases :

Several worst cases have been simulating by
combining the worst tendencies. Especially, high
satellite X spin, low Holding Torque and high Driving
Hinge Torque lead to correct deployment without
collision.

6. MYRIADE SOLAR ARRAY DEPLOYMENT
STUDY

The MYRIADE Solar Array deployment study is the
same one as that done for DEMETER. Only the Solar
Array mass and the Hinges drive torques were
modified.

Effectively, due to DEMETER instrument
electromagnetic susceptibility, shielding has been
implemented in solar array panels and electrical cables.
This specificity led to panels higher mass and electrical
cable higher electrical resistant torque for DEMETER.

6.1 Hypothesis — Datas

Myriade generic Solar Array (SA) characteristics :
Mass : 5.17 kg
Panel bending stiffness : 1400 N.m/rad
SA first mode : 1.6 Hz
Cant Angle : 0° to 20°

6.2 Simulations plan
Myriade Hinge driving torque
(including electrical cables resistant torques)

As electrical cables for MYRIADE SA are not
shielded, their resistant torque is negligible even at low
temperature. Thus, for MYRIADE simulations :

DHT : DHT without electrical cables + 50 %

Cant angle :

Fig. 19 : “Cant” angle

0° < 8gs < 20° ‘

Satellite inertia

Isatellite 1120 %. ‘

Centre of Gravity position

Xeog : £ 50 mm Yeop 0 15 mm Zeoy : =15 mm ‘

6.3 Observed parameters and main results

680 simulations have been performed and 680
simulations shown a correct deployment (complete
with no collision and no jamming).

So, probability to observe incorrect deployment
kinematics for the DEMETER Solar Array is
calculated using MonteCarlo abacus (see figure 14).

With 99.9 % chances, this probability ranges from 0 to
1 % (=7/680).

Distances

As for DEMETER simulations, most of observed
distances are still greater than the initial values and are
not critical concerning collision risks.



Deployment durations :
Mean duration =12 s,
Maximum duration = 31 s.

SADA rotation
148 simulations show that the Solar Array may drive
the SADA during the deployment phase.

5° deployment durations
Minimum value =0.12 s

Maximum hinges angles
Critical Hinge 1 angle = 142°
Critical Hinge 2 angle = 105°

7. DEMETER IMSC BOOM DEPLOYMENT
ANALYSIS

The “Maeva” hinge mathematical module developed
for Solar Arrays deployment model has been used to
develop the DEMETER IMSC boom deployment
model.

It has been used to demonstrate that the deployment of
this boom was not critical.

Moreover, influence of the IMSC boom deployment on
the Solar Array behaviour has been studied

>
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_

Fig. 20 : DEMETER IMSC boom model
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Fig. 21 : DEMETER SA + IMSC boom model

8. CONCLUSION

These analyses demonstrated that DEMETER IMSC
boom and MYRIADE/DEMETER Solar Arrays
deployments present no risk of incorrect deployment or
of interferences.

These results has been confirmed in 2004 by the
correct in orbit deployments of DEMETER IMSC
boom and DEMETER, PARASOL and ESSAIM Solar
Arrays.

“Maeva” Hinges can now largely be used for all small
appendage (arm, boom, panel, cover,...) to be
deployed in a satellite.

Fig. 22 : DEMETER satellite with deployed IMSC
boom and deployed Solar Array
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