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ABSTRACT

In the frame of an ESA ARTES 5 Contract, SENER has
performed the design, manufacturing and testing at
component and mechanism levels of a High Detent
Torque Rotary Actuator (DTA in short), i.e. with high
capability to hold a payload when unpowered.

Two configurations were developed to allow the use on
specific application flight opportunity; both are identical
in terms of architecture, lubrication, structural and
thermal design. The exception is the angular position
sensor type: the DTA 100 with contactless sensors and
the DTA 120 with potentiometers.
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Figure 1.- DTA 100 (left) & DTA 120 (right)

The DTA is a fully european technology. This paper
provides a synthesis of the obtained parameters in front
of the requirements, the evolution from the initial
concept to the final configuration and the results of the
extensive test campaign (DTA 120). Lessons learned
and the readiness for use at upper level are also
highlighted.

1. INTRODUCTION

The objective of this development has been to
demonstrate the feasibility of a competitive technology
for a rotary actuator, usable for the operation of
reconfigurable appendages or payloads on board of
telecom platforms.

SENER based the design on its heritage on already
space rated and flight proven rotary actuators. The
HDRA (Harmonic Drive Rotary Actuator) is currently
being used in the scope of some space programs such
as:

e The GAIA DSM, where two units are present
on the Sunshield Deployable Mechanism; have
been launched and have already performed its
mission successfully

e Sentinel 1, where several units on a deployable
mechanism SAR (Synthetic Aperture Radar)
are already flying and have completed the
mission successfully

e Sentinel 2, within the Calibration and Shutter
Mechanism (CSM) for the Multi-Spectral
Instrument  (MSI), already flying and
successful so far

Based on this development, SENER is preparing a
family of high detent torque rotary actuators based on
“building blocks” that can be combined to get different
products.

2. DESIGN REQUIREMENTS

The requirements definition was based on the ESA ITT
spec, on the information from industry coming from the
First Workshop on Technologies for Hold-down,
Release, Separation and Deployment Mechanisms (held
at ESTEC) and finally on the needs of RUAG
Aerospace Austria and Airbus D&S. The major
requirements for the DTA are summarised as follows:

Torgque Performance

Running torque > 45 Nm
Unpowered Holding torque (Detent) > 15 Nm

Velocity performance (at the output shaft)

Nominal angular speed up to 0.1 °/s
Minimum angular speed up to 0.004 °/s
Maximum angular speed up to 1 °/s

Positional performance (at the output shaft)

Angular resolution < 0.01° within the range of motion.
Angular accuracy < 0.019°.
No backlash

Load capability
Axial load, 10000 N (Fz),

Radial load, 8000 N (Fx or Fy)
Bending torque, 250 Nm (Mx or My)

Stiffness

First eigenfrequency > 140 Hz on rigid interfaces.
Axial (Kz): 45¢10° N/m

Radial (Kx or Ky): 45¢10° N/m

Bending (Kgx or Kgy): 50000 Nm/rad

Torsional (unpowered) (Kgz): 12000 Nm/rad

Mass
A design goal in the order of 1.75 kg w/o harness
(without position sensors)
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Thermal Interface Requirements
Operating Temperature [° C]: -40... +100
Non-Operating Temperature [° C]: -60...+120

Lifetime
The lifetime was defined to cover different applications.
Number of
. Cycles
Environment| Name Withou¥ With Output angle
margin | margin

Deployment 10 40 0°—200°—0°
Mission 1 10 0°—8°—-8°
reconfiguration —0°

Onground  |Thermoelastic |1 10 0°—2°—>0°
distortion
Trimming 1 10 0°—0.1°—0°
continuous
Deployment 3x1 3x4 0°—>200°—0°
Mission 3x 3x 0°—8°—-8°
reconfiguration | 60 260 —0°

In orbit Thermoelastic | 3x 3x 0°—2°—0°
distortion 1825 4337
Trimming 3x 3x 0°—0.1°—0°
continuous 116 667 | 171 520

Table 1.- DTA life profile definition
3. CONCEPT DEFINITION
The DTA is based on the following block diagram:
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Figure 2.- DTA block diagram

The initial concept of achieving the high detent torque
was based on the motor capability (a specific
development by SOTEREM under other contract with
ESA was done) but the breadboard models using
magnets in the stator were not successful due to the
variation of the detent torque with the angular position
so0 the design was shifted to a ‘low’ detent torque motor,
with a more classical configuration (rotor including
magnets, stator equipped with windings) and to add
another component to provide the extra detent torque, a
passive magnetic brake (the angular hysteresis of the
brake is less than 1° at motor level).

For the angular position knowledge, no sensors were
requested at the beginning but due to the interest of
having this information, two options were considered:

e Contactless Angular Position Sensors from RUAG
Nyon (currently on qualification campaign under
ESA contract)

e Potentiometers from Eurofarad, the only to-day
acceptable approach for the Customers, due to its
flight heritage.

Two redundant sensors were implemented: one at rotor
level named as “fine”, which runs at high speed and it is
able to detect the step loss; and another one at output
level named as “coarse”, which runs at low speed and
detects the output position sector at which the actuator
is pointing. Both sensors are identical and the final
position is obtained by combining both signals, so the
actuator position can be determined with the required
accuracy.

Because it was not possible to cover all the above
aspects in one model, SENER adapted the DTA design
to take into account these performances by developing
and manufacturing 2 models (100 & 120) but the
exhaustive test campaign has been completed on the
DTA 120 so far (CAPS is under qualification).

4. DETAILED ANALYSIS

Several analyses of the actuator were done. The
structural analysis includes the modal analysis and the
strength analysis considering the applicable load cases
using a dedicated FEM.

Figure 3.- FEM of the actuator
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Figufe 4. Parts structural analysis

There are also some other analysis to define the
lubrication, the mass budget and the air gap effect.
Thermal analysis was also performed to determine the
appropriate temperature distributions in order to carry
out the thermo-elastic analysis. Finally, adding the
acceptance and the qualification temperature margins,
the DTA extreme hot and cold temperatures were
obtained. These temperatures were compared with the
components allowable temperatures.



5. TESTING

The next figure shows the different tests the DTA 120
was submitted to.
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Figure 5.- DTA test campaign
Subassembly testing

The subassembly of the integrated bearings, output
flange and harmonic drive was tested in hard vacuum
environment and at extreme temperatures to be able to
characterize the internal friction levels of the actuator.

Figure 6.- DTA BBM testing in TVAC

The purpose of the low level tests was to determine the
resistive torque generated by the Harmonic Drive gear
and the bearings and also to determine the efficiency of
the subassembly (mainly due to the HD). The efficiency
is understood as the relationship between the input
torque and the output torque.

The test was performed with several output loads in
order to reproduce the expected in orbit condition loads
and check the efficiency of the internal components of
the actuator.

This test provided the necessary information to provide
a representative motorization margin analysis.

Physical measurements (Mechanical interfaces)

All the measurements were compliant with the
tolerances shown on the DTA IF drawing.

Fixed interface (1) Qutput interface (2)

Figure 7.- DTA 120 mechanical interfaces
Electrical measurements

All the resistances are compliant with the specification
and the motor is compliant with the existing platform
electrical interfaces for both 2 and 4 phases
configuration about 111Q for single phase and 55.5Q
for 2-ph in //. The inductance measurement is about 90
mH for the 4-ph configuration and about 64 mH for the
2-ph in parallel configuration, both at 200 Hz.

Magnetic Moment Test

The test was performed at ESTEC (Ulysses Mobile Coil
Facility), in ON and OFF modes for both DTA 100 and
120, they are both compliant to their specification of

~ ‘nd [ o

Figure 8.- DTA 120 Magnetic Moment tes’E set up

The results were:

.....

Test case Total dipolar | Magnetometers
magnetic moment used

Powered OFF 117.6 mAm? 1,2,3,4

2-ph//,1 ON 117.7 mAm? 1,2,3,4

2-ph//,2 ON 117.6 mAm? 1,2,3,4

4-ph, 1 ON 89.8 mAm? 1,2,3,4

4-ph, 2 ON 88.1 mAm? 1,2,3,4

Table 2.-DTA 120 Magnetic Moment



Stiffness and Load capability tests

The stiffness tests consisted in apply a load and to
register the read-out of the dial indicators. The load
capability test was performed applying bigger loads as
per the requirements specification, the load was applied

by Belleville springs.
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Figure 9.- Radial test set-up
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" Figure 10.- Axial capability test set-up
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Figure 12.- Torsion load and Detent torque test
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K [Nm/rad] Motor ON Motor OFF

K1 (0 to 7.5 Nm, in

£7.5 Nm cycle) 11 617 Nm/rad

12 830 Nm/rad

K1’ (0 to 7.5 Nm, in

£25 Nm cycle) 12 479 Nm/rad

10 684 Nm/rad

K2 (7.5 to 25 Nm, in

£25 Nm cycle) 19 777 Nm/rad

14 818 Nm/rad

K1” (0 to 7.5 Nm, in

£50 Nm cycle) 12101 Nm/rad N/A

K2’ (7.5 to 25 Nm, in

£50 Nm cycle) 19 719 Nm/rad N/A

K3 (25 to 50 Nm, in

£50 Nm cycle) 28 825 Nm/rad N/A

Table 3.-DTA torsional stiffness
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Figure 13.- DTA 120 detent torque capability

Functional tests

The functional tests included several checkings as
motion direction (backdriveability), continuous rotation,
minimum speed, step command mode (wave drive and
full step modes have been tested), angular resolution
(0.00625° was checked during the precision tests),
position sensors power consumption (nominal power
consumption is 2.5 mW (0.5 mA)).

In addition a health test was done and repeated through
the test campaign in order to check the status of the unit.
lit consisted on measuring the threshold voltage to
follow the command at nominal speed (20 steps/second)
and measuring the maximum no load speed at nominal
voltage (26 V).

The result was very stable through the test campaign,
providing the following result:

Motor i speed (Hz or deg/s)
configuration |- ¢4 ( 40°c) Ambient (20°C) Hot (100%)
TC Cold case Average case (After sine) TC Hot case

2 phases in //

o = 295 360 335
Wave drive
2 phases in /f

D 445 510 475
Full drive
4 phases /

o 60 185 145
Wave drive
4 phases

Co _ 140 285 255
Full drive

Table 4.- Max no load speed test
For the torque tests, the following tests were performed:
Holding torque

The holding capabilities of the actuator were tested
under different voltages. Reaching risky values was
avoided by limiting the input voltage in some cases until
the load was about 100 Nm. In these cases the value for
nominal voltage is estimated:
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Table 5.-DTA Holding torque

Note*: The dashed lines are the predicted values considering the
trend lines



Running torque

The following table provides the results for the nominal
conditions (the duty cycle during the test was 100%):

Motor configuration Running torque (Nm)

Speed =20 Hz with Vyom, Without SC With sC
2 phin /i (Wave) 63.5 54.6
2 phin /i (Full) 78.5 75.8
4 ph (Wave) 26.6 25
4 ph (Full) 38.8 38.6

Table 6.- Running torque
The influence of each parameter is:

 Short circuit: The short circuit reduces the running
torque performances. This value is highly unstable,
being the maximum loss about 23%. The average
loss is about 10%.

« Phases: The 2-phase in // is much more powerful
than the 4-phase configuration

* Drive mode: The Full step mode is much more
powerful than the wave drive mode

» Voltage: Higher voltage means more running
torgue in all the cases

» Speed: The results for 20°/s and 50°/s are generally
almost the same. Higher speed is always
detrimental for the running torque.

The figure below shows the effect of the speed vs. the
input voltage for the main windings in 2-ph
configuration, wave drive driving mode and without
short circuit:
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Figure 14.- Running torque
At nominal voltage, the actuator provides more than 50
Nm (almost 55 Nm) with commanding frequencies up
to 100 Hz. The influence on the speed within the
mentioned range for this actuator is not very relevant
(less than 10 Nm from 20 Hz to 100 Hz), and it is more
or less constant regardless the input voltage.

Torque against the End stop

The aim of the test was to define the momentary peak
running torque of the motor under max power when
hitting a rigid end stop.

The maximum measured end stop torque was 96 Nm (2-
ph in parallel with full step driving mode). The force
seen by the end stop is P = 1780 N.

The test also allowed to discard any relative motion
between the output flange and the motor rotor during
the test.
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Figure 15.- End stop test set up

Precision

The test consisted in performing twelve (12) rotations of
180° output at nominal speed (20 Hz), all the sensor
signals and the encoder were acquired.

Angle
A
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Figure 16.- Precision test sequence

From these values, the accuracy, repeatability and

hysteresis were calculated.
Pl |
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Figure 17.- Precision test set up
At the end of the test campaign, the test was repeated in
order to check the evolution of the performances after
vibration, lifetime etc.

Measurement
Characteristic
Initial Final
Accuracy +0.0120 +0.0098
Repeatability <0.0138 < 0.0099
Hysteresis <0.0114 < 0.0090

Table 7.- Precision test results.

Although the results are analogous, a mismatch of the
reference initial position must be considered when
comparing the results charts.



Regarding the angular sensors, potentiometers for the
DTA 120, the following results were obtained:

——Main Coarse ——Red Coarse

Output position (Deg)
o
7]
8

120 _ﬁ/
. /
On m 800 1000 1200 1400
. I|II||||I|||I|||||I||II|I|I||I|II|||I|||II|||III||I|||II|I||I|||I|||II|I||I||"
2... WHHeR iRt
£~ JLHRLA AR RO R

Time (s)

Figure 18.- DTA 120 pots (Coarse and fine) signal

Considering the DTA application needs, the sensors are
compliant.

Shock test

Following the ECSS, 18 shocks were applied to the
DTA: 3 in each direction of each orthogonal axis
(3x2x3 = 18). The test set up configuration, provided
the acceleration on both directions for each axis.

In order to check the integrity of the equipment, prior
and after the shock tests, low level sine sweeps were
performed.

Figure 20.- Shock test set up

No difference was noticed in these resonance checks.
Besides, reduced functional tests prior and after the
shock tests were performed. No difference was observed
in the reduced functional tests.
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Figure 21.- Shock level applied

Vibration tests (Sine and random)
Regarding the simultaneous loads to be withstood
during vibration, the following load combinations were
defined:
1) Random loads (assuming 3c values):
¢ 10000 N of axial force for out of plane () vibration
¢ 8000 N of radial force + 200 Nm of bending
moment for in plane (X) vibration
¢ 6000 N of radial force + 300 Nm of bending
moment for in plane (Z) vibration
2) Sine loads:
¢ 30 g quasi-static axial vibration with dummy (about
1000 N of axial force)
¢ 30 Nm of torsional moment during X vibration
e > 75 Nm of torsional moment during Z vibration

For sine, the in plane vibrations (X and Z axis) were
performed with a dedicated eccentric mass in order to
produce a torsional moment. The dummy mass was
adjusted to get a torsional moment applied to the
actuator of 78 Nm. For the random tests, a 4 kg
dedicated dummy mass was attached to the actuator, in
order to introduce the loads to the outpout.

Type Level

Sine vibration 30 g, 2 oct/min (dummy mass)

Random vibration 32 gRMS axial, 29 & 20 gRMS in
plane 120 sec (4.1 kg dummy mass)

Quasi-static loading | 30g, 30 Hz with random dummy

Table 8.- Vibration test levels applied
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Figure 23.- Random vibration test set up




Figure 24.- Sine vibration test set up

Survey Frequency (Hz) | Freq variation
Initial 645.0
First freq ) o
(Rotation Y) Final 643.6 0.22%
FEM 667.1 +3.43%
Initial 1298.0
Bl B 1266.7 2.44%
(Bending) na i A4
FEM 1190.1 -8.31%
Initial 1565.0
Third freq - o
(Radial) Final 1519.9 2.88%
FEM 1747.53 +11.7%

Table 9.- In plane (X) resonance check

The results both prior and after the vibration tests are
the same, even considering that the accelerometers have
been installed and uninstalled between both tests. Both
the modes and the amplifications stay within the same
range. Besides, comparing to the FEM results, the DTA-
120 is in line with the test prediction.

For Random vibration, the DTA 120 survived to more
than:

- 33 gRMS input vibration in Y axis with more
than 9 000 N (3 sigma) of axial force

- 29 gRMS input vibration in X axis with a load
combination of more than 5900 N (3 o) of
radial force and more than 290 Nm (3 o) of
bending moment

- 19.5 gRMS input vibration in Z axis with a
load combination of more than 5750 N (3 o) of
radial force and more than 350 Nm (3 o) of
bending moment.

For the quasi-static vibration, the load applied at the
output was 1205 N, no amplification was observed at 30
Hz. A low level sine survey was performed to confirm
the integrity of the equipment. The frequencies, the
amplitudes and the overall shape of the curves were the
same at the beginning of the test campaign (prior to any
test) and at the end.

Thermal Cycling Test

The climatic environment was 1 + 9 cycles with a
maximum non-operating temperature of 130°C and the
minimum non-operating temperature of -65 °C. The
maximum operating temperature was 101°C and the
minimum operating temperature was -41°C.

T setpoint () TOUT () T chamtier (') Tife) T2i%) T3 (o) Ta (o) T5(e0)
150

Temperature ['C]

Time (Date Hour]

Figure 25.- Thermal cycling test

Functional & life tests in Thermal vacuum chamber

The life test had to be performed with an output load in
the actuator of about 20 Nm. The motor configuration
during the complete test was 2 phases in parallel, 1
phase ON (Wave drive).

For the in orbit environment, each cycle quantity (with
margins) had to be performed at each ambient, cold and
hot temperatures. In addition, it was also recommended
to perform final functional tests at cold temperature
after all the lifetime.

In order to perform the final functional test at cold
temperature, the cycles at this temperature were splitted
in two parts so the sequence of the in orbit lifetime
together with the functional performances was as
follows:
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Figure 26.- Life test profile

Combining both in orbit and on ground cycling, and
considering all the tests performed to the DTA, the total
amount of 34.242.960 steps have been performed.

A resistive torque provided by means of an
electromechanical brake (friction torque around 20-25
Nm) was applied during the life test.

The functionality under vacuum comprised the
following tests: Detent, Holding and Running torque.

Before life After life
Ambient [ Hot Cold Cold | Ambient
Average temperature (*C) 222 1059 -30.2 422 202
Test amplitude (output deg) +360 +30 +30 +30 +30
Average rotor speed (%s) 112 131 80.9 17.5 69.5
Mean Detent torque (Nm) 295 268 416 482 324
Detent torque amplitude (Nm) +2 15 j;s +36 +15

Table 10.- Detent Torque vs Temperature.



Motor configuration 2p10n 2p20n 4p10n 4p20n
Ambient initial ~ 20°C ~ 180 ~270 878 ~150
Hot initial 110°C ~125 ~ 185 706 ~110
Cold initial 42°C ~ 250 ~320 ~ 140 ~180
Cold final -46°C ~210 ~320 ~120 ~180
Ambient final 25°C ~ 150 ~270 ~100 ~150

Table 11.- Holding Torque vs Temperature.

The running torque was measured at three different
speeds (20 Hz, 80 Hz and 160 Hz), at three different
voltages (minimum, nominal and maximum) for four
different motor configurations (2/4 phase and
Wave/Full).
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Figure 27.- 2-ph// Wave Drive running torque (26 V)

Power consumption
The average power consumption is below 20 W (except
for the 2 phase in parallel and full step driving mode).

ge Power 2 phasein // 4 phase
i Wave ‘ Full Wave ‘ Full
V=26V, T=20°C | 1219 | 2437 609 | 1219
DTA 120 nominal power consumption
LR (j: IJ::) "\("z“oh::::';t U o :C)

2 phasein// Wave 19.22 14.75 11.25
(Vmax = 28.6 V) Full 38.44 2049 22.51

4 phase Wave 11.44 8.77 6.70
(Vmax = 31.2V) Full 2287 17.55 13.39

DTA 120 maximum power consumption

Table 12.- Power consumption vs. Temperature

6. STRIP-DOWN EXAMINATION

At the completion of the testing, the DTA 120 was
disassembled and the resistive torque was measured
again at subassembly level (Integrated bearings + HD +
motor and Integrated bearings and HD). The values are
in line with the ones prior to the test campaign.

DTA historical Mean No load Friction torque

——fefore TV —— TV st amb ——tter TV —— BM fast —— After motor removal —— DTA 120/88M — AFTER TEST CAMPAIGH DTA 120 B84

mo

1000 10 0, 0 20 000
Spwed deg/s)

Figure 28.- DTA Friction evolution
After these tests the following inspections on the DTA
and its components were performed:

o Detailed visual inspection of key elements,

e Perform a strip-down examination in order to
examine the extent of degradations according to
the verification approach. The DTA was entirely
disassembled.

Figure 29.- DTA 120 disassembly

No degradation has been noticed after a detailed visual
inspection.

7. REASSEMBLY AND READINESS FOR
UPPER LEVEL QUALIFICATION

To certify the DTA 120 is ready to be delivered for
upper level test at the Deployable Panel Radiator (DPR)
of ADS, a reassembly process was done including
additional tests:

e An initial activity where the friction at internal
rotational axis level has been measured. This
measurement has been performed in three stages:

- A first stage where the resistive and efficiency
test were carried out only with the Harmonic
Drive and the integrated bearings system
subassembly.

- A second stage where the resistive torque test
was repeated adding the motor rotor to the
previous subassembly.

- Athird stage where the magnetic brake and the
position sensor were added to complete the
assembly of the DTA 120.

e A second activity where the low level sine
vibration test was performed to check structural
integrity of the actuator.

o A final functional health test

The results after the re-assembly are exactly the same
as during the test campaign, for both actuator-alone
and actuator 4 kg dummy configurations regarding the
resonance check.

Regarding the health tests, the results are in line with
those measured during the test campaign and all the
telemetries are working properly. As a summary, the
reassembly has not modified the performances of the
actuator.



8. LESSONS LEARNED

o The motor configuration using the magnets on the
stator does not allow a constant detent torque

o The magnetic brake hysteresis can affect the
performances if the angular stiffness is similar to
the step angle of the motor for low duty cycles.

o The self-heating of the actuator in hard vacuum
environment plays a positive or a negative role on
the performances. It is related to the power
consumption and hence, this effect has greater
relevance for the 2-ph in parallel Full step (both
phases ON) configuration (very high power
consumption), has a remarkable relevance for the 4
phases full step and 2 phases in parallel wave drive
configurations (regular power consumption) and
very low effect on 4-ph wave drive configuration
(low power consumption).

9. CONCLUSIONS

The main conclusion of the tests results is the validity of
the DTA 120 to comply with the requirements and
successfully survived to the extensive testing campaign
meaning the actuator is a product that can be space
rated.

In fact, among other interesting characteristics, the DTA
120 has proven to provide a very high unpowered
holding torque (over 25 Nm) for all the operating
temperatures, remaining constant after the lifetime,
fulfilling the most important requirement of this
development.

The DTA 120 also provides an excellent positioning
measurement by means of each two fully redundant
potentiometers, and temperature control by means of the
motor windings embedded thermistors.

The vacuum does not affect to the performances of the
DTA, the temperature must only be considered.

The SC does not play a paramount role in terms of
torque (~20% in worst case)

The final disassembly also showed no evidence of
damage, neither the resistive torque measurements
performed (that provided almost equal results to the
values measured at the beginning, during the initial
assembly).
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