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2 Acronyms
AO
Adaptive Optics

CLPM
Closed Loop Mirror Positioning System

DSP
Digital Signal Processor

DTT
Down Tip Tilt

HV
High Voltage

HVA
High Voltage Amplifier

HVC
High Voltage Control

IDL
Interactive Data Language

mas
milli arc seconds

MGAOS
Microgate Adaptive Optics real-time System

NGWFC
Next Generation Wavefront Controller

RMS
Root-Mean Square

RTC
Real Time Controller

SOW
Statement Of Work

STRAP
System for Tip-Tilt Removal with Avalanche Photo diodes

TBC
To Be Confirmed

TBD
To Be Determined

UTT
Up Tip Tilt

VME
VersaModule Eurocard

WBS
Work Breakdown Structure

WCP
Wavefront Control Command Processor

WIF
Wavefront Controller Interface

WFP
Wavefront Processor

WFS
Wavefront Sensor

WMKO

W.M. Keck Observatory

3 Introduction

This requirements document is written to detail the modifications required to the existing Keck II AO Real Time Controller to enhance its ability to suppress image jitter.  WMKO would like to implement the Keck Interferometer parametric oscillator approach to tip-tilt vibration reduction on the Keck II AO system.  The goal of this work is to demonstrate that this approach is successful at reducing vibrations during astronomical observation.

The Keck Adaptive Optics (AO) system suffers from the effects of vibration between 20-35 Hz due to rotating machinery in the telescope and dome enclosure.  These frequencies are typical of electrical motors that run at 1700-1800 revolutions per minute.  Typically, the dominate vibration is close to 29 Hz.  These frequencies are close to or above the tip-tilt control bandwidth and cannot be completely eliminated by the AO system.  The vibration amplitude varies, but it is often large enough to be seen in the closed-loop power spectrum of the AO tip-tilt system, resulting in reduced  performance.  The proposed Keck Next Generation AO system, which is currently in the design phase, requires very high-Strehl performance over a large fraction of the sky and cannot operate properly in the presence of these vibrations.  A parametric oscillator has been proposed as a control method to drastically reduce or eliminate the effects of these vibrations for NGAO.
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Figure 1: Schematic diagram of a basic tip tilt control loop for Keck AO systems.  

A simplified generic block diagram for the Keck AO tip tilt control loop is shown in figure 1.  Image jitter caused by atmospheric turbulence is measured by an optical sensor (a CCD or APD).  This measurement is used to drive the position of a tip tilt correcting mirror.  The proper correction is computed by the real time computer in figure 1. The information is processed fast enough that the correction (Correction) is approximately equal to the input disturbance ( Turbulence) resulting in a small residual error ( Residual).  The update rate of the tip tilt system is limited by the exposure time of the optical sensor and the processing delays of the real time computer.  The 0 db cross over frequency of the closed-loop error transfer function of the Keck AO system is between 50 and 10 Hz.  As noted above, this correction bandwidth is less than the vibration sources known to be present at the observatory.  To deal with this issue, the Keck Interferometer project implemented a higher harmonic controller [1] that they dubbed the parametric oscillator.  Higher harmonic control is a technique for suppressing narrow band disturbances originally developed in the helicopter industry.  This control technique is able to provide error rejection for narrow band disturbances even though they are above the ordinary closed-loop bandwidth of the control system.  The control block diagram for the parametric oscillator (PO) is shown in figure 2.  It would be inserted into figure 1 between the real time computer block and the digital to analog converter block.  The PO operates on the output of the real-time computer, i.e. the optical sensor error signal.  The parametric oscillator provides loop gain at the frequency of the offending vibration frequency, .  Note that when it is implemented the PO will likely be an additional module of the current real time computer, but for now we consider it to be in a separate control block.
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Figure 2:  Vibration control block diagram for the parametric oscillator.  This block would be inserted between the real time computer and digital to analog converter blocks in Figure 1.
As shown in figure 2, the parametric oscillator control block has a pass-through signal on the bottom of the diagram.  It is not shown but multiple instances of the parametric oscillator can be combined in parallel to suppress multiple vibration frequencies, .  While we hope to control up to 3 disturbance frequencies we will consider only one vibration suppression block in this discussion.  In figure 2, the input signal is mixed with the two oscillators (sine and cosine functions) at the nominal vibration frequency providing a measure of the residual error at the vibration frequency.  The phase shift, on the input oscillators compensates for the phase shifts in the forward path of the AO tip tilt compensation system at the vibration frequency, , including the phase shift of the normal tip tilt integral controller.  In addition, the phase shift compensates for delays from the integration time of the optical sensor.  The output amplitude of the controller is determined by an integrator, 1/s block in figure 2, with gain k, operating on the frequency mixed signal.  The output of the integrator is used to drive the output oscillators at the sensed vibration frequency; the two outputs are summed as the final parametric oscillator error signal and combined with the pass through input.   The combined error signal would be sent to the digital to analog converter and ultimately used to drive the tip tilt mirror, in figure 1.

As mentioned above, the parametric oscillator provides gain at frequencies above the normal control loop bandwidth.  In order to achieve vibration compensation, the phase shift, , must be set to compensate for phase shifts or delays in the rest of the tip tilt tracking loop.  These phase shifts are a function of the integration time of the sensor and the processing time of the real-time computer in the Keck NGWFC.  These values are variable as the AO system integration time and control loop parameters are varied to optimize performance for the observing conditions.  As such, the parameter oscillator phase shift, , will need to change with the settings of the AO controller.  In addition, the parametric oscillator gain, k, will need to be tuned to provide maximum vibration rejection while maintaining the stability of the control loop.

The following symbols and terms were discussed in the previous section are used in the remainder of requirements document: 

Parametric oscillator frequency, , vibration frequency that the PO will correct, see figure 2

Parametric oscillator phase shift, , phase shift of PO input oscillators, see figure 2

Parametric oscillator gain, k, integrator gain of the parametric oscillator, see figure 2.

Parametric oscillator error signal, output of parametric oscillator, before bypass loop is added see figure 2.  

We would like to implement the parametric oscillator in the current NGWFC system on the Keck II telescope to verify the performance as a vibration suppressor and reduce the overall risk for the NGAO project.  This phase of the work is limited to an on sky demonstration.   As such, some requirements and documentation will be reduced relative to a full development project with the goal of producing an operational system.  In the statement of the requirements below, additional information that is not part of the formal statement of the requirement but may help to explain the need for the requirement is given after the phrase Discussion in italics.

4 Science Requirements

This experimental demonstration of the parametric oscillator has no defined science requirements.  However, it is noted that reduced jitter will improve all AO observations.  Currently, the AO system suffers from vibrations in the 20-35 Hz frequency range, see reference [1].  The design study for NGAO anticipates a factor of 10 reductions in residual vibration [2] when the parametric oscillator is used.  The goal of this experiment is to determine the actual level of vibration reduction with this technique under operational conditions at the observatory.  
5 System Requirements

5.1 Overall Requirements
5.1.1 Jitter Reduction Algorithm (SR-001)

The Keck II AO software shall use a parametric oscillator algorithm as detailed in KAON 680, see reference [3].
5.1.2 NGS Mode (SR-002)

The parametric oscillator shall be capable of working with NGS targets where the tip tilt error is determined from the SciMeasure wavefront sensor camera.
5.1.3 LGS Mode (SR-003)

The parametric oscillator software shall be capable of working with LGS targets where the tip tilt error is determined from the STRAP sensor.

5.1.4 NGS mode with STRAP sensor (SR-004)

The parametric oscillator shall be capable of working with NGS targets where the tip tilt error is determined from the STRAP sensor and the higher order wavefront error is determined from the SciMeasure wavefront sensor camera.  
Discussion: At Keck this mode is used for testing the STRAP sensors and is referred to as Dual NGS mode.

5.1.5 Down Tip Tilt mode (SR-005)

The parametric oscillator shall be capable of working with down tip tilt system only.  The parametric oscillator will not be required to work on the upward tip tilt of the LGS system.

5.1.6 Number of Vibration Frequencies (SR-006)
The parametric oscillator software shall be configurable to allow for a user selectable vibration suppression frequency in the range 15-40 Hz and as a goal up to 3 discrete frequencies in the range of 15-40 Hz.
5.1.7 Jitter Reduction on Both x and y Axes (SR-007)
The parametric oscillator software shall function to reduce vibration on both x and y axes using separate configurable parametric oscillators.  The x and y controller will be configured to work on the same frequencies as given in the requirement, Number of Vibration Frequencies, SR-006. 
5.1.8 Number of parametric oscillator implementations (SR-008)

The total number of parametric oscillators shall be at a minimum 2 (1 frequency 2 axes) and as a goal 6 (3 frequencies and 2 axes each).   
5.1.9 Allowable Delay in Tip Tilt Servo Loop (SR-009)
The parametric oscillator software shall not increase the delay in processing the tip tilt commands beyond its current value.  When it is disabled, the parametric oscillator software shall add no additional delay in processing the servo commands.

Discussion: Ideally, the addition of the parametric oscillator logic would be done in parallel with other processing on idle processors such that no additional delays are added to the position commands going out.  If not, we’d need to know the maximum delay additional delay before proceeding further.
5.2 Optical Requirements

No optical requirements are anticipated at this time as the proposed modifications to the Keck II AO systems will only involve software changes.
5.3 Mechanical Requirements

No mechanical requirements are anticipated at this time as the proposed modifications to the Keck II AO systems will only involve software changes.
5.4 Electronic/Electrical Requirements

No electronic or electrical requirements are anticipated at this time as the proposed modifications to the Keck II AO systems will only involve software changes.
5.5 Safety Requirements

No safety requirements are anticipated at this time as the proposed modifications to the Keck II AO systems will only involve software changes.
5.6 Software Requirements
5.6.1 Selectable Parameters (SR-010)

The parametric oscillator software shall allow the AO operator or user to select the vibration frequencies for the parametric oscillator.  The corresponding phase and gain shall be determined by the AO software.
5.6.2 Allow Update of Parametric Oscillator Parameters Only When Tip Tilt Loop is Open (SR-011)

The software shall only allow an update of the parametric oscillator parameters given in SR-010 when the tip tilt tracking loops are open.  

Discussion: In order to have bumpless transfer from going open to close loop, it's a good idea to change parameters in open loop. Also, we shouldn't be tweaking performance parameters too often and therefore don't see this as being an operational issue.

5.6.3 Adapted to Changing AO Frame Rate (SR-012)

The parametric oscillator phase shift and gain parameters shall be changed as the AO frame rate is modified.  The parametric oscillator phase shift and gain parameters shall change as the AO frame rate ranges between 1.054 KHz (current maximum update rate of Keck II NGWFC) and 80 Hz.  For frame rates below 80 Hz, the parametric oscillator will be disabled. 
Discussion: This requirement is needed to ensure that the tracking control loop does not become unstable when the parametric oscillator rejection frequency (maximum of 40 Hz) is about half the AO update frequency (80Hz) and no longer Nyquist sampled. 
Discussion: The optimal setting of the parametric oscillator phase and gain are a function of the update rate of the AO tip tilt error signal (i.e. frame rate) and the selected vibration rejection frequency.  These parameters will be computed and set accordingly and loaded into the real time system in response to changes requested by the AO user or operator. 
5.6.4 Enabling-Disabling of Parametric Oscillator Response Time (SR-013)

Each parametric oscillator pair (that controls one each of the x and y axes) shall have a separate enable disable control that can be selected by the AO operator or AO user and shall be executed within 1 second upon receipt of the command by the parametric oscillator process. 

Discussion: It has not yet been determined but we should consider if an additional requirement is needed for a single command to enable and disable all parametric oscillators as a group.
This response time requirement is meant for the NGWFC side software only since network propagation delays are unknown.

5.6.5 Response Time to Update Parametric Oscillator Parameters (SR-014)
The software shall respond to an update of parametric oscillator parameter set at a 1 Hz rate.  
5.7 Interface / Logging Requirements

5.7.1 TRS Data Recording –Error Signal (SR-015)

The parametric oscillator error values described in section 3, shall be logged into the TRS database at the full frame rate of the AO system.  The parametric oscillator error shall be logged into a 6 element array in the TRS system.   
Discussion: This requirement is essential for debugging and testing the parametric oscillator system and performing on sky testing.  It is assumed that telemetry is provided for the x and y axes of 3 separate parametric oscillator implementations see requirement: Number of parametric oscillator implementations (SR-006).
5.7.2 TRS Data Recording – Configuration Parameters (SR-016)
The parametric oscillator frequency, gain, and phase parameters and, in addition, the state of enabled/disabled flags shall be recorded into the TRS configuration table..  
Discussion: This requirement is essential for debugging and testing the parametric oscillator system.    

5.8 Reliability Requirements

5.8.1 Overall Reliability (SR-017)

The parametric oscillator shall not increase the failure rate of the existing Keck II AO system whether enabled or not.  The existing failure rate is TBD.
5.9 Spares Requirements

No spares requirements are anticipated at this time as the proposed modifications to the Keck II AO systems will only involve software changes.
5.10 Documentation Requirements
5.10.1 Revision of NGWFC Documentation (SR-018)
The NGWFC documentation shall be revised to reflect all changes made. 
Documents updated shall be generated to reflect the changes made to the existing system.
5.10.2 In Line Code Documentation (SR-019)

All code shall be explicitly documented for ease of maintenance.

5.11 Configuration Management Requirements
5.11.1 WMKO Configuration Management (SR-020)

All code changes and documentation updates shall be placed under existing WMKO configuration management practices.  
Discussion: We need a standards document to reference here.  
5.11.2 Reversion (SR-020)

The software shall be easily revertible to the current operational state (pre parametric oscillator) within 15 (TBC) minutes.

6 Appendix (NGWFC System Overview)
A context diagram illustrating the major functional blocks of the NGWFC is shown below in Figure 4. To minimize the impact on existing systems, the NGWFC design reused as many of the existing WFC subsystems and external systems as possible. These components are shown in yellow and their interfaces are shown with dashed lines. The remaining components in the figure either replaced existing functionality or, in the case of the Telemetry Recorder/Server (TRS), provided new capabilities. The Real-Time Controller portion of the NGWFC is shown with a light blue background. The RTC was provided by Microgate and it is shown in blue. The remaining component, the wavefront sensor camera, was provided by WMKO, and is shown in violet. 

The NGWFC is comprised of a wavefront sensor (WFS) camera, a wavefront processor (WFP), two tip-tilt controllers (DTT, UTT), a telemetry recorder/server (TRS), a wavefront controller interface (WIF), and a wavefront controller command processor (WCP). These components are described briefly below:

· WFS camera: The wavefront sensor camera is the detector portion of a Shack-Hartmann wavefront sensor. It detects the incoming wavefront of light and sends pixel data to the wavefront processor for real-time processing. A lenslet array, reducer optics, and associated mechanical hardware and motion control software are part of the WFS as well.

· WFP: The wavefront processor receives the pixel data from the WFS camera, computes the locations or centroids of the Shack-Hartmann subaperture spots, computes a matrix-vector-multiply of the centroid vector with the reconstruction matrix, applies a servo control law to the result, and outputs the deformable mirror actuator command. It sends tip-tilt error data to the downlink tip-tilt controller (DTT) and uplink tip-tilt controllers (UTT) and also provides streams of telemetry data to the telemetry server. The WFP is the heart of the wavefront controller.

· DTT: The downlink-tip-tilt controller receives centroid error inputs from the WFP (originating either from the WFS or STRAP (the System for Tip-tilt Removal with Avalanche Photo-diodes)) and moves the DTT mirror in real-time to minimize these errors. Its purpose is to stabilize the guide star on either the WFS camera or the STRAP detector, depending on whether the system is being used in NGS or LGS mode. The DTT controller consists of two separate controllers: a tip-tilt mirror controller that corrects for the tilt disturbance caused by the atmosphere and a closed-loop mirror positioning system that moves the mirror to the position commanded by the atmospheric controller.
· UTT: The uplink-tip-tilt controller receives centroid error inputs from the WFP (originating from the WFS) and moves the UTT mirror in real-time to minimize these errors. Its purpose is to stabilize the laser guide star on the WFS camera. The UTT controller consists of two separate controllers: a tip-tilt mirror controller that corrects for any tilt disturbance measured in the laser spot and a closed-loop mirror positioning system that moves the mirror to the position commanded by the atmospheric controller.

· TRS. The telemetry recorder/server receives streams of data from the wavefront processor and makes them available to outside systems via keywords, the observatory-wide data interchange mechanism. It also provides a means to archive real‑time data as diagnostics files and supports data retrieval queries. Finally, it supports the recording of telemetry from the NGWFC tip-tilt subsystems (DTT, UTT, and STRAP).

· WIF: The wavefront controller interface is a software interface that allows the wavefront command processor to exchange control, parameter, and status information with the WFS camera, WFP, and TRS.

· WCP: The wavefront controller command processor is the main external command and parameter interface for the NGWFC. The WCP is the interface between the NGWFC and the distributed control system (EPICS) used throughout the observatory. With the exception of telemetry queries made directly to the TRS, all external systems communicate with the NGWFC through the WCP.
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Figure 3: The main components of the Keck AO Next-Generation Wavefront Controller
PAGE  
11

