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Abstract

This paper presents a synopsis of the article “Novel concept for large deformable mirrors” appearing in SPIE 45, July 2006.  The article is interesting, not just to a small audience working in astronomy, but to anyone interested in precision electro-mechanical actuators and sensors.  While the hardware solution and principles are applied here to an astronomical problem they could equally be employed in other applications where it is necessary to build a low-cost, high-accuracy dynamic motion system.

Introduction


Modern optical telescopes increasingly employ adaptive optics to compensate for atmospheric aberrations and even static deformations due to the motion and position of the telescope structure.  In the past, deformable mirrors (DMs) have been small due to the difficulty of achieving high bandwidths necessary for atmospheric compensation in a large mirror.  However, large DMs eliminate the need for lossy relay optics and make for a smaller telescope system, and may even be necessary for next generation extra-large telescopes (ELTs). 


The high cost and the difficulty of constructing large DMs has so far prevented more than a very few from being made.  Recent advances in carbon-fiber-reinforced polymer (CFRP) substrates and commercially available voice-coil actuators and a new low-cost velocity or position sensor promise to make such a project much more affordable and feasible.

Overview and Requirements


Adaptive optics for ELTs must correct not only for atmospheric aberrations but also for aberrations introduced by deflections of the telescope itself due to wind, gravity, and system noise.  The dynamic range for atmospheric compensation is around 3-5 um and may be as high as 20 um for telescope aberrations, leading to the following specifications for actuators and sensors.


Successful actuators need:



Stroke  

> 20 um 



Force


+/- 2 N



Spacing

<20mm



Bandwidth
 
>1 kHz



Mounting tolerance
1-2 mm  (perpendicular to mirror mounting surface)



Be quickly replaceable



Not cemented to mirror back



Not require external cooling



Low cost


Sucessful sensors need:



Noise level 

<50 nm  (for K-band operation ~2.2 um)



Bandwidth 

<20 to >1,000 Hz



Mounting tolerance
1-2 mm  (perpendicular to mirror mounting surface)



Spacing 

<20 mm



Low cost

Comparison to existing systems


Existing systems use 1000’s of expensive capacitive sensors and voice-coil actuators glued to the back of the mirror with tolerances of 10 to 50 um.  Air gaps in these systems are on the order of 200 um for actuators and 50 um for capacitive sensors.  These small dimensions require expensive machining and aligning and require protection from dust and air-borne particles.   In the event of a failure, the defective actuator leaves a dead zone on the mirror surface.  Because of the difficulty of ungluing an actuator to replace it without damage to either the mirror or other surrounding actuators, the dead device is often left as is for the rest of the mirror service life.


The actuators and sensors being developed can absorb tolerances of 1 to 2 mm.  Gaps are such the dust is not an issue.  Both are attached to the mirror back by pressure only-no glue is used-by rubber bellows, making replacement in the event of a failure a relatively easy and low risk task.  In addition to these beneficial performance features, the cost per actuator is only about $800 and per sensor about $10.

Actuators

The actuators are made from commercially available voice-coils attached to the mirror back with a suction cup evacuated with a vacuum hose.  The suction cup is a soft structural member and its use means that the movement of the actuator rod will be on the order of 10 times larger than the mirror.  This requires a position sensor to feed the rod position back into a servo control, see figure 1.  
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Figure 1.  Actuator Schematic

A mechanical model of the actuator/mirror system is shown in figure 2.   The force acting on the mirror is proportional to the difference in position of the actuator rod and the mirror back.  Since the actuator travel is up to 10 times the mirror travel, a lower degree of accuracy is required and a low-cost LVDT sensor is used on the rod in a local feedback control mode.
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Figure 2.  Mechanical Model of Actuator/Mirror System

Xa and Xm are the displacements of the actuator rod and mirror surface respectively.  Ca and Cm are the damping of the actuator bellows and the damping of the local mirror mass to the rest of the mirror.  Ka and Km are the stiffness of the bellows and local mirror.

Prototype DM Tests
A prototype unit was tested on a 2mm thick aluminum plate serving as a dummy mirror surface.  Mirror deflection was monitored both with the sensors described later in this paper and a laser velocimeter.   The measured transfer function from position of the LVDT to [mirror] position estimated by the observer shows a small about 2 db high peak at about 300 Hz falling off to about –10 dB at a kilohertz.  However, closed loop performance of the complete actuator (including an observer based control loop) shows nearly flat observer position estimate up to a kilohertz, ie, the design requirement is met.

Sensors


The mirror position sensor must have a dynamic range from less than 50 um (K-band) up to 20 um, be capable of absorbing installation tolerances of 1 to 2 mm, and a bandwidth of 20 to 1 kHz.   It is possible to construct such a sensor from an electret microphone costing about $1.  The microphones are minature and operate without needing expensive preamplifiers or signal conditioning.  Their frequency response is flat from 20 to 16 kHz.
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Figure 3.  Position Sensor 

The electret microphone is supported with a backing structure and fitted to a rubber bellows which is preloaded against the mirror back to make an air-tight seal, see figure 3.  The microphone is a pressure sensitive device and the bellows must make a good seal to prevent leakage.  As long as the preload is sufficient to maintain a good seal the microphone position can be within a large tolerance, making installation easy.    The bellows also acts as a shield against ambient acoustic noise.  
Tests were conducted on a prototype unit mounted on a vibration table that was monitored by a sensitive accelerometer to record displacement.  The sensor had a flat (+/-2dB) response from 20 Hz to 1.5 kHz.  The linearity of the displacement response was better than 2.4%.  Measurement range for this device was 20 nm to 5 um.  By choosing other microphone models and bellows configurations it should be possible to obtain wider dynamic and bandwidth ranges.

The sensor as tested was sensitive to displacement.  An experiment was performed to determine the feasibility of using the sensor to measure velocity.  A hole was made in the bellows.  Tuning the size of the hole would in principle define the transition frequency below which the sensor is sensitive to velocity and above to displacement.  Test results were mixed.   At low frequencies the unit responded as expected but a resonance at  about 800 Hz was problematic.
Global Control


The article included a section on a global control system for a DM with thousands of inputs and outputs.  This section deals with control theory and was well beyond the scope of  this course and therefore is not dealt with.  Those readers with backgrounds in control theory may find this section interesting.

Conclusions and Further Work


The prototype actuator and sensor hold promise for building a successful 4m DM.

However, more work needs to be done.  The actuator performance is satisfactory, but the sensor needs greater range and optimization.  In the near future a larger prototype mirror simulator with 7 or 19 actuators will be built to test devices and control architectures.
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