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ABSTRACT 

As a result of the ongoing restructuration of today’s 

space market, mechanism developers increasingly need 

affordable and sustainable solutions to motion their 

products. The rotary actuator is here one of the main 

cost drivers.  

Where in the past highly specialised devices used to 

equip a given program’s hardware at small number, 

today’s constellations and telecom platforms represent 

an emerging demand for a polyvalent rotary actuator. 

Cost effective solutions for small series up to a few 

hundred items are mainly found in the US. 

Destined as alternative for European actors in space 

industry, Thales in conjunction with the CNES is 

currently developing a multi-purpose and multi-mission 

product, based on a modular concept. Each actuator 

consists of a permanent magnet stepper motor, a 

planetary gearhead, a speed sensor, and an output 

interface. Applications are as varied as solar array drive 

mechanisms, antenna pointing mechanisms, or scientific 

instrumentation. 

 

This paper describes the development of the actuator 

and its components. The formulation of a technical 

specification encompassing the various operational 

needs is discussed, as well as the development tests 

needed to minimize risks. 

 

INTRODUCTION 

Thales Avionics Electrical Motors (TAEM) is a French 

motor fabricant for the aerospace sector based in 

Conflans-Sainte-Honorine near Paris. Mainly known for 

their products in the avionics sector, TAEM has also a 

long heritage in space applications, in particular in 

scientific missions (SPOT, PICARD, EXOMARS) and 

launchers (Vega, Ariane 5, Ariane 6). There has been 

identified the need for more European actors to propose 

actuators for space mechanisms. Since TAEM has space 

and industrial heritage in stepper gear motors, a co-

financed development was initiated with the French 

CNES agency. Prior to kick-off, a survey of several 

application cases led to the identification of typical 

operational requirements. The rotary actuator is usually 

used at mechanism level before a last gear stage. 

 

 

 

A modular design approach for the rotary actuators 

allows carrying out different configurations while 

benefitting from the reuse of existing building blocks. 

 

SPECIFICATION 

In order to cover as many applications as possible in this 

development, two different qualification models had 

been specified. Their main difference is the speed ratio 

of the gearbox. Principal mechanical characteristics at 

rotary actuator output shaft level are: 

 

 QM1 QM2 

Running torque 2.88 Nm 6.78 Nm 

Unpowered brake 

capability 

1.0 Nm 6.0 Nm 

Angular resolution 0.42 ° 0.07 ° 

Max. Output speed 6.7 °/s 1.1 °/s 

Angular play < 0.35 ° < 0.35 ° 

Table 1 

Electrical specifications are: 

 Full step driving at 26V 

 Current driving 

 Full redundancy 

 

Physical specifications are: 

 Mass < 0,7 kg QM1 and < 0,8 kg QM2 

 Length < 130 mm QM1 and < 140 mm QM2 

 Diameter < 42.5 mm 

 

Environmental specifications comprise: 

 Operational temperature -50°C / +80°C 

 Random vibrations : 21.5 gRMS 

 

Lifetime cycles: 

 15 years orbit mission 

 

 QM1 QM2 

Continuous rotation  

(orbit) 

1.5Million 

rotations 

 

 

Oscillations 

(orbit) 
 30000 cycles of 

+/-0.07 ° 

Table 2 

  



 

DESIGN 

Each rotary actuator consists of a permanent stepper 

motor module and a planetary gearbox module (see Fig. 

1). All modules are easily assembled with threaded 

housing interfaces. 

 

 
Figure 1. Rotary actuator assembly 

Architectural choices 

For the motorization, a permanent magnet stepper was 

chosen since this technology, existing at TAEM, offers 

a simple and robust design with high detent torque. 

For transmission, a planetary gear box seemed to be the 

best choice for its high-power density and concentric 

design. A particular attention was paid on a minimal 

angular play. All friction interfaces are fluid lubricated 

due to high load and an important number of duty 

cycles. 

The output interface, a genuine centring flange and a 

10mm diameter shaft can easily be customized, for 

example with a pinion. 

The opposite actuator side can optionally be equipped 

with sensors to capture motor step position. 

 

Permanent magnet stepper motor design 

 
Figure 2. Stepper motor module 

The permanent magnet stepper has got a resolution of 

24 steps. The samarium cobalt magnets are protected 

under a sleeve. All electro-magnetic dimensioning was 

carried out with ALTAIR Flux2D software. On fig. 3, 

one sees calculated torque curves for different phase 

currents, comprising detent torque. The  difficulty of 

this design was to find a good balance between detent 

torque and running torque. Some positioning 

applications require enough detent torque to hold the 

output position event when powered-off. On the other 

hand, this same detent torque needs to be overcome for 

each step during normal operation, thus requiring some 

extra current in the coils. 

 

 
Figure 3. Stepper motor calculation 

Planetary gearbox design 

The elements for the planetary gearbox were 

dimensioned with KISSsoft. The gears need to 

withstand the duty cycles, perform the right stiffness, 

and have the manufacturing tolerances for granting the 

specified output angular play at all temperatures. 

As many components as possible are reused at different 

locations in the assembly. The output stage is reinforced 

for higher load capacity. 

 
Figure 4. Planetary gearbox module 

Bearings 

There are two pairs of ball bearings in each actuator for 

carrying the motor shaft and the output shaft. The motor 



 

bearings are deep groove ball bearings. They are soft 

preloaded in a face to face configuration in order to 

minimize thermoelastic consequences and support the 

random vibrations during launch. The output bearings 

are of angular contact type. They are rigidly preloaded 

in a back to back configuration in order to raise their 

stiffness and load capacity against the output shaft 

external loads. All rings and balls are made of stainless 

steel, the cages are from a cotton reinforced phenolic 

resin impregnated with oil. The whole bearing furniture 

is procured from GRW (Rimpar, Germany). 

 

The ball bearings were computed with RBSDYN, a 

software designed and distributed by the CNES for 

calculation of dynamic load distributions between 

mechanical assemblies and ball or roller bearings 

subjected to vibration and shock environments. The 

model of the actuator is shown in Fig 5. 

 

 
Figure 5. RBSDYN model 

To validate the design against launch loads, random 

vibrations according to the PSD defined in Fig. 6 are 

applied at the stator mounting interface. Fig. 7 displays  

an example of a response at one of the motor ball 

bearings. Peak values for the contact hertzian stresses in 

the bearings are well below tolerable values for this type 

of bearing. 

 

 
Figure 6. Random vibration excitation 

 

 
Figure 7. Motor bearing response to random vibration 

The bearings supporting the output shaft need to 

withstand external loads. An example is the permanent 

radial force due to gear mesh forces acting on the output 

pinion (see Fig. 8). The radial force Fn acting on the 

pinon is calculated with Eq. 1, where T is the torque 

acting on the pinion, d is the primitive diameter, and α’ 

is the 20° normalized pressure angle. The force acts on 

the shaft at the position specified by an arrow on Fig. 5. 

 

 
Figure 8. Output pignon gear forces 

 

𝐹𝑛 =
𝑇

0.5 𝑑
∙ tan(𝛼′) = 215 𝑁 (1) 

 

This radial load adds to the axial load from the bearing 

preload. Fig. 9 shows polar plots of the resulting contact 

stress in the two output ball bearings. Maximum contact 

stresses are slightly above 2000 MPa and one ball is in 

gapping position, which means it does not contribute to 

load the carrying. This condition requires an optimal 

lubrication to withstand the high number of duty cycles.   

 



 

 
Figure 9. Output bearing static loads 

Lubrication 

To achieve extended lifetime, all mobile parts of the 

actuator are grease lubricated with MAPLUB SH101-c 

from the fabricant MAP coatings (Pamiers, France). It is 

a grease which was developed for long lifetime 

applications under ultra-vacuum. The formulation is 

based on a low outgassing synthetic hydrocarbon oil 

(NYE 2001a), PTFE and MOS2 particles. Since 2020, 

the already qualified space grease is elaborated with a 

solvent less process [1]. The grease is applied on the 

gearbox elements and inside the ball bearings in 

conjunction with the oil impregnated cages. 

 

In order to prevent grease from creeping away, a varnish 

barrier from 3M NOVEC2708 is applied on surfaces 

adjacent to the lubricant. 

 

DEVELOPMENT TESTING 

Prior to development, a risk analysis was carried out. 

Several items of  uncertainty were related to the 

performance of critical  functions. To mitigate these  

risks, it was decided to build an engineering model for 

each module, to test it  separately and eventually 

assemble all modules together to form an actuator 

dedicated to  the system tests. 

These engineering models (EM) are representative in 

terms of all active elements. However, housing and 

output shaft geometry differs from the final design for 

easier testing, and some material choices are 

preliminary. 

 

Motor testing 

The motor EM electrical measurements are shown in the 

tab. 3 and compared with calculations. The 

measurements match well. A 6% higher phase 

resistance was observed which is due to the larger end 

winding room required for the redundant coils. 

 
 Calculated value Measured value 

Phase resistance 85 Ω 90 Ω 

Phase inductance Lq = 51mH 

Ld = 35 mH  

Lq = 47.4 mH 

Ld = 34. 5 mH 

Table 3 

For EM torque measurements a test rig was used that 

controls the rotation angle of the rotor and measures the 

reaction torque with respect to this angle for different 

phase currents. An example of a measured set of curves 

is represented on fig. 10. The measurement compares 

well with the predicted curves from fig. 3. 

 

 
Figure 10. Static torque measurement 

Gearbox testing 

Two gearbox EMs were carried out, one with two gear 

stages and one with three. For their characterization, a 

test rig was made allowing precise torque and angle 

measurements. 

 

Fig. 11 shows a measurement of the output torque 

versus the angular position with the input being 

blocked. The central flat region represents the lost 

motion due to the functional play in the gear mesh. The 

specified 0.35° of angular play (see tab. 1) are obtained 

with an applied torque of approximately 0.7 Nm (see 

fig. 12), which is 10 % of QM2 nominal torque.  

Beyond this rotation angle, the stiffness is fairly linear. 

The measured stiffness results (orange curve), after 

correction from a parasitic torsion due to the test 

configuration, into an gearbox torsional stiffness of 

approximately 14 Nm/° (800 Nm/rad). 

 

 
Figure 11. Output angular play and stiffness 

 



 

 
Figure 12. Lost motion 

Actuator testing 

The assembled EM actuators were tested under different 

conditions. One test consisted of lifting a weight 

attached to a pulley. Fig. 13 shows the measurement of 

the minimum current necessary to initiate the movement 

of the two stage EM at cold and ambient temperature. 

 

 
Figure 13. Actuator torque measurements 

Other tests on the assembled EM were performed using 

a thermal vacuum chamber (see fig. 14). A vacuum 

level less than 4e-7 mbar (at ambient temperature) and a 

with a temperature range between [-50°C/+100°C] was 

performed (see fig. 15).  

The tests at the beginning of the sequence allowed a 

validation of the outgassing behaviour for the chosen 

materials. Next, hot operation tests were conducted with 

the aim to validate coil compatibility with hot ambient. 

The third part of the test sequence aimed at exploring 

the (unloaded) starting torque at different temperatures. 

Although a continuous operation range of  

[-40°C/+100°C] is specified for the grease [2], the 

actuator could be started at temperatures above -50°C. 

The base oil pour point being at -55°C, this leads to an 

important increase of the resisting torque when 

operating at the lower end of the temperature range.   

 
Figure 14. Installation in TVAC chamber 

 

 

 
Figure 15. Pressure and temperature curves   

 

QUALIFICATION PROGRAM 

The objective of the next program phase will be the 

production of two qualification models, one for each 

specification case. The test sequence is outlined on fig. 

16. After initial assembly, physical conformity is 

verified with mechanical and electrical measurements. 

Functional conformance will be verified with a test rig. 

Different tests are carried out, for example the 

measurement of the deliverable output torque for 

different conditions of power supply. The functional 

conformity tests are repeated between each one of the 

following tests. Shock and vibrations on a shaker as 

well as thermal cycling in a vacuum chamber is going to 

stress the hardware at a representative qualification 

level before its lifespan is performed in an accelerated 

sequence that is scheduled for lasting up to 9 months.  
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Figure 16: Qualification test sequence 

 

CONCLUSION 

The development and coming qualification of a new 

product line of modular rotary actuators for space 

mechanisms is presented in this paper. 

 

By the time this article was submitted, the design phase 

is accomplished with a passed CDR. At this stage of the 

development, a TRL 5 is achieved thanks notably to the 

testing of an EM under thermal vacuum conditions.  

The next step is the manufacturing of qualification 

models, which will raise the TRL level up to 6, the most 

complete qualification sequence that can be performed 

on the modular actuator when tested alone.    

 

When selecting their motorization, European space 

mechanisms designers will see their choice enriched 

with a new offer of versatile and cost-effective 

actuators. The gearhead motors can easily be adapted 

for specific needs by reconfiguration of the modules or 

by customisation. When needed, the modular concept 

can be extended to other frame sizes or integrate 

functions such as a sensor or an anti-backlash device. 
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