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Why Controls For A Course in Why Controls For A Course in 

Practical Optics?Practical Optics?

�� Dynamic control is ubiquitous in optical systems Dynamic control is ubiquitous in optical systems 
–– ItIt’’s practical!s practical!

•• Pointing control for telescopes (wind buffeting)Pointing control for telescopes (wind buffeting)

•• Active aberration correction in lithographic lensesActive aberration correction in lithographic lenses

•• Control of quantum systems using LasersControl of quantum systems using Lasers

•• Active controls for testing and polishing mirrorsActive controls for testing and polishing mirrors

•• Adaptive opticsAdaptive optics

•• Laser Guide Star stabilizationLaser Guide Star stabilization

•• Camera image stabilizationCamera image stabilization

•• MMT Optical Line of Sight control (Jitter control)MMT Optical Line of Sight control (Jitter control)

•• Many moreMany more……



Two Types of Control SystemsTwo Types of Control Systems

�� Open loop controlOpen loop control
•• Applies correction based on Applies correction based on precalibratedprecalibrated
algorithmalgorithm

�� Telescope examplesTelescope examples

•• Compensation for atmospheric refractionCompensation for atmospheric refraction

•• Gravitational sag in telescope structureGravitational sag in telescope structure

�� Closed loop control (Feedback)Closed loop control (Feedback)
•• Utilizes measured parameter to form an Utilizes measured parameter to form an 
error signal. The error signal is then used to error signal. The error signal is then used to 
alter the system dynamics in real timealter the system dynamics in real time

�� Aircraft guidance or autopilotAircraft guidance or autopilot

�� Thermal control of optical elementsThermal control of optical elements

�� You driving your car (unless youYou driving your car (unless you’’re talking on your re talking on your 
cell phone)cell phone)



Basic Closed Loop Control Basic Closed Loop Control 

System ComponentsSystem Components

�� Control algorithm Control algorithm –– Usually software on Usually software on 
computer.  Many different controller topologies.  computer.  Many different controller topologies.  
PID control is by far the most commonPID control is by far the most common

�� System dynamics System dynamics –– Mathematical model of Mathematical model of 
components being controlled (e.g. motion of lens components being controlled (e.g. motion of lens 
elements, deformable mirror, telescope, etc.)elements, deformable mirror, telescope, etc.)
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Basic Closed Loop Control Basic Closed Loop Control 

System Components IISystem Components II

�� Measurement device Measurement device –– Provides an estimate of Provides an estimate of 
the physical parameters being controlled (rate the physical parameters being controlled (rate 
gyros, accelerometers, position sensors)  gyros, accelerometers, position sensors)  

•• Can introduce scaling errors, biases, and noiseCan introduce scaling errors, biases, and noise

�� Actuation device Actuation device –– The device which provides the The device which provides the 
corrective motion to the system (piezoelectric corrective motion to the system (piezoelectric 
actuator, voice coil motors, etc.)actuator, voice coil motors, etc.)

•• Has limited bandwidth (finite response time)Has limited bandwidth (finite response time)
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Advantages and Disadvantages of Closed Advantages and Disadvantages of Closed 

Loop Control SystemsLoop Control Systems

�� AdvantagesAdvantages
•• Significantly increased accuracy Significantly increased accuracy 

•• Reduced sensitivity to external perturbationsReduced sensitivity to external perturbations

•• Reduction of nonlinear effects such as friction in Reduction of nonlinear effects such as friction in 
telescope drivestelescope drives

•• Increased response bandwidthIncreased response bandwidth

�� DisadvantagesDisadvantages
•• Requires sensing and control devices which can be Requires sensing and control devices which can be 
expensiveexpensive

•• Software development and implementationSoftware development and implementation

•• Can become unstable if not properly designed Can become unstable if not properly designed –– MMT MMT 
pointing controller has significant issuespointing controller has significant issues



Example 1: Camera Image StabilizationExample 1: Camera Image Stabilization

�� Control algorithm Control algorithm -- Built in Built in 

microprocessormicroprocessor

�� Measurement device Measurement device –– Two Two 
orthogonal rate gyrosorthogonal rate gyros

�� Actuation device Actuation device –– Two orthogonal Two orthogonal 
voice coil motorsvoice coil motors

�� Voice coil motors Voice coil motors 
used to used to decenterdecenter lens lens 
by distance=d and by distance=d and 
cause ray deviation at cause ray deviation at 
angle angle αα d
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Stabilization System Reduces Image BlurStabilization System Reduces Image Blur
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Camera Image Stabilization IssuesCamera Image Stabilization Issues

�� The angular velocity sensors have biases The angular velocity sensors have biases 
which cause lens drift over time.  The Nikon VR which cause lens drift over time.  The Nikon VR 
II system II system recentersrecenters the lens just prior to shutter the lens just prior to shutter 
release to maximize optical qualityrelease to maximize optical quality

�� Older control algorithms have problems when Older control algorithms have problems when 
mounted on tripods due to high frequency mounted on tripods due to high frequency 
vibrations outside the bandwidth of the vibrations outside the bandwidth of the 
controller.  Software and sensor upgrades have controller.  Software and sensor upgrades have 
greatly mitigated this effect in current systemsgreatly mitigated this effect in current systems

�� The angular velocity sensors are also being The angular velocity sensors are also being 
upgraded to have better low frequency upgraded to have better low frequency 
response characteristics to allow greater response characteristics to allow greater 
attenuation of image motionattenuation of image motion



Example 2: MMT Optical Line Example 2: MMT Optical Line 

of Sight Controlof Sight Control

�� The MMT has a structural vibration at ~19 Hz The MMT has a structural vibration at ~19 Hz 

which severely degrades the image quality which severely degrades the image quality 

during adaptive optics runsduring adaptive optics runs

�� The The vibrationalvibrational mode causes translation and mode causes translation and 

rotation of the AO secondary with respect to the rotation of the AO secondary with respect to the 

primary mirrorprimary mirror

�� Movement of the secondary mirror is Movement of the secondary mirror is 

manifested as image motion (or jitter) of ~40 manifested as image motion (or jitter) of ~40 

millimilli--arcsecondsarcseconds peak at the sensor.  This is peak at the sensor.  This is 

currently the dominant error source for AOcurrently the dominant error source for AO



MMT Secondary MotionMMT Secondary Motion

Translation and RotationTranslation and Rotation

• Translation and rotation each contribute to the overall image 
motion seen at the sensor.

•The calibration factors due to translation and rotation of the 
secondary are computed in Zemax independently then added 
together to form the total required correction to the control device, 
in this case, a deformable mirror
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Optical Line of Sight Control Optical Line of Sight Control 

Approach on the MMTApproach on the MMT

�� MMT optical LOS control is very similar in its MMT optical LOS control is very similar in its 
approach to the camera image stabilization approach to the camera image stabilization 
problemproblem

�� Accelerometers are placed on the back of the Accelerometers are placed on the back of the 
AO secondary which measure its displacement AO secondary which measure its displacement 
with respect to the primary mirrorwith respect to the primary mirror

�� We can calibrate the amount of translation We can calibrate the amount of translation 
and rotation of the secondary to the image and rotation of the secondary to the image 
motion seen at the sensor.  motion seen at the sensor.  

�� Use relations between secondary translation Use relations between secondary translation 
and rotation to compute a correction command and rotation to compute a correction command 
to the DM which cancels out the image motionto the DM which cancels out the image motion



MMT Optical LOS ControlMMT Optical LOS Control
Accelerations from the sensors are integrated to form position and 
velocity estimates.  These parameters are then used in the controller 
to tell the deformable mirror what motion is required

• This is an OPEN LOOP 
process!

• The controller relies on the 
calibration factors to convert 
the measured accelerations 
into image motion via the DM
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Simulated Image Motion with  Simulated Image Motion with  

Optical LOS Control Off/OnOptical LOS Control Off/On

�� MATLAB simulation MATLAB simulation 

created to evaluate various created to evaluate various 

controller algorithmscontroller algorithms

�� Initial controller reduced Initial controller reduced 

the closed loop image the closed loop image 

motion by approximately a motion by approximately a 

factor of fourfactor of four

�� Current algorithm will Current algorithm will 

attenuate image motion by attenuate image motion by 

a factor of twentya factor of twenty



MMT Optical LOS IssuesMMT Optical LOS Issues

�� Accelerometers typically have low frequency Accelerometers typically have low frequency 

biases which results in drift over time. This can biases which results in drift over time. This can 

be bad in an open loop controllerbe bad in an open loop controller

•• Can compensate by filtering low frequency data to Can compensate by filtering low frequency data to 

remove drift remove drift 

•• Can use Can use centroidcentroid data from image to data from image to recenterrecenter the the 

controller commandcontroller command

�� Finite actuator response time limits the amount Finite actuator response time limits the amount 

of achievable attenuationof achievable attenuation

�� WFS noise limits the update rate and amount WFS noise limits the update rate and amount 

of gain (or correction) one can put into the of gain (or correction) one can put into the 

systemsystem



SummarySummary

�� Future Telescope ApplicationsFuture Telescope Applications
•• Active and adaptive optics systems will be on all new Active and adaptive optics systems will be on all new 
major optical telescopes (MMT,LBT, GMT, etc.)major optical telescopes (MMT,LBT, GMT, etc.)

•• Large Telescopes will REQUIRE active control of the Large Telescopes will REQUIRE active control of the 
optical line of sight due to structural vibrationsoptical line of sight due to structural vibrations

•• More sophisticated control algorithms required to More sophisticated control algorithms required to 
integrate individual components (active, adaptive, LOS integrate individual components (active, adaptive, LOS 
control, etc.) and improve system performance control, etc.) and improve system performance 

�� Dynamic control of optical systems will become Dynamic control of optical systems will become 
more prevalent in the futuremore prevalent in the future

•• Sensor/actuator cost and size decreasingSensor/actuator cost and size decreasing

•• Computing power increasingComputing power increasing

•• Maximize the performance of optical systemsMaximize the performance of optical systems



Questions?Questions?

Backyard 9 inch reflector with Stellar Backyard 9 inch reflector with Stellar 
Visions Adaptive Optics systemVisions Adaptive Optics system


