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1. Introduction


The absolute encoding systems for the instrument rotators on the WHT are considered to be insufficiently accurate for the purpose of 'zero' setting of the incremental encoding systems. In addition the encoder applications at both Nasmyth foci are configured for a non-standard range of operation and imposes an  unnecessary restriction on the operation of these turntables.


Because of the custom requirements, it would be difficult to modify the encoding systems without incurring high costs, however the availability of a new generation 24/25 bit programmable absolute encoders provides a cost effective way to implement an encoding system with both higher resolution and standard range of operation.


This report sets out to identify the present limitations of the absolute encoding on the instrument rotators and review the advantages using the programmable encoder, for completeness, information on the Altitude and Azimuth encoders are also included.

2. Review of existing absolute encoders

2.1 Encoder types


Two types of encoder unit are used for absolute encoding of the WHT systems....


i) Rotators



Encoder type : Moore Reed 23DU158 (13 bit)



Configuration : 32 revs @ 256 steps/rev


ii) Telescope axis'



Encoder type : Baldwin fine 5V682 (16 bits) 




      
+ coarse 5V219 ( 8 bits)

    

Configuration : 40.727 revs @ 65536 steps/rev

2.2 Encoding resolution


The encoding resolution of each system is determined by the encoder range and the ratio of the coupling gear systems.

2.2.1 Nasmyth and Prime resolution



Primary gear = 585mm dia/3.142 tooth pitch (585 teeth)


        Secondary gear = 45mm dia/3.142 tooth pitch (45 teeth)


   Gear ratio (585/45) = 13.00

   Range (32/13)*360 = 886.15 degrees

    

 Resolution  = 6.49 arcmins/bit   (i.e. 886.15*60)/(32*256)
2.2.2 Cassegrain



Primary gear = 858mm dia/3.142 tooth pitch (858 teeth)


        Secondary gear = 45mm dia/3.142 tooth pitch ( 45 teeth)


   Gear ratio (845/45) = 18.87
  
Range(32/18.87)*360 = 610.49 degrees

    

    Resolution = 4.47 arcmins/bit  (i.e. 610.49*60)/(32*256)

2.2.3 Altitude and Azimuth 

     

   
 Primary gear = 3584mm dia/896 teeth



         Secondary gear = 89mm dia/22 teeth



    Gear ratio (896/22) = 40.727 (note: same as encoder config.)

   Range (40.727/40.727)*360 = 360 degrees


Resolution  = 0.486 arcsecs/bit (i.e. 360*3600)/(40.727*216)

The telescope gear ratio and the ratio of the encoder internal gears are matched. The ratio matching gives one revolution of the telescope axis' to be equal to the encoder range providing 3600 encoding of the axis'. The coarse encoder LSB will therefore increment on fractions of complete turns of the fine encoder, i.e. 40.727 turns of the fine encoder will equal 28 counts of the coarse encoder, so................


         1 LSB (Course encoder) = 40.727/28 



  


 = 0.159 turns of the fine encoder.




   or  0.159*216 = 10420.2 bits


also 
   Count range = 40.727*216 




    

 = 2669084 bits (ie <222)

Therefore although the data is transmitted in 24 bit format i.e. 216+28, its actual range is less than 222 bits.

3. Gear errors


Clearly the limit of resolution for an absolute encoder is going to be a function of the gear errors driving it, the two significant contributes being tooth pitch error and gear eccentricity. 

The gear systems are set up as simple trains thus producing a once per rev error for the primary gearwheel on the turntable and a cyclic error equal to the gear ratio due to the secondary gear on the encoder shaft, added to this will be a cyclic error due to the tooth pitch error which will be equal to the number of teeth on the primary gear.
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Figure 1. Gear errors

The quality class for the rotator gears approximates to MAAG/S4 which is the lowest quality for ground gears and exceeds the highest quality of cut gears :-

400 to 1600mm diameter (primary turntable gearwheel)


Tolerance (eccentricity) = 45 microns 



Tolerance (tooth pitch)  = 7 microns

25 to 100 mm dia (secondary encoder gear)



Tolerance (eccentricity) = 25 microns



Tolerance ( tooth pitch) = 5 microns

The error due to eccentricity for the main gear wheel is much larger than tooth pitch error but will only occur once per revolution of the turntable and should be easy to 'map'. The error due to the encoder gear will occur 'n' times per revolution of the turntable, where n is the gear ratio, however, with the low gear ratios used on the turntable systems (<20) it would be possible to model this error. Tooth pitch error is significantly smaller than the gear eccentric errors and occurs at the highest frequency which would make it difficult to 'map' therefore this will limit the accuracy of the system.

3.1 Nasmyth and Prime gear errors

Referring to the rotator:

     Eccentric error (secondary gear) = 0.025x360x60x60/(PIx585) = 17.6 arcsecs
For a simple gear train the Total tooth pitch error is the Sum of Primary and Secondary errors.....




  Primary error = 0.007x360x60x60/(PIx585) = 4.93 arcsecs



          Secondary error = 0.005x360x60x60/(PIx585) = 3.52 arcsecs


         Total tooth pitch error = 3.52+4.93 = 8.45 arcsecs
Comparisons with the current encoder resolution of 6.49 arcmins for Nasmyth and Prime rotators show the gear errors to be significantly less than the encoder LSB by a factors of about 22 and 46 for eccentric and pitch error respectively.

3.2 Cassegrain gear errors



Eccentric error = 0.025x360x60x60/(PIx858) = 12.0 arcsecs

Tooth pitch error.....

  
 
          Secondary gear =  0.005*360*60*60/(PI*858) = 2.41 arcsecs


     

   Primary gear = 0.007*360*60*60/(PI*858) = 3.36 arcsecs

          Total tooth pitch error = 2.41+3.36 = 5.77 arcsecs
Comparisons with the current encoder resolution of 4.47 arcmins for the Cassegrain, show the  gear  errors to be significantly less than the encoder LSB, again by factors of approximately 22 and 46 for eccentric and pitch error respectively.

In all cases, an increase in resolution equivalent to the tooth pitch error could be taken advantage of, any increase in resolution beyond this would serve no useful purpose.

3.3 Altitude and Azimuth gear errors

The Gear error specification  for the primary gearwheel (MAAG/S1) and secondary encoder gear (MAAG/S0) are :


              
    eccentric error   = 11 microns


 Secondary gear tooth pitch error =  2 microns


     Primary gear tooth pitch error =  5 microns

Referring to the telescope axis'.

      Eccentric error (secondary gear) = .011*360*60*60/(PI*3584)





   
  = 1.26 arcsecs

Gear tooth pitch error.....


        Secondary error = .002*360*60*60/(PI*3584) = 0.227 arcsecs



Primary error =.005*360*60*60/(PI*3584) = 0.575 arcsecs



Total tooth pitch error = 0.227+0.575





  
   = 0.802 arcsecs

Here the eccentric and tooth pitch errors are more closely matched and comparison with the encoder resolution of 0.486 arcsecs indicates adequate resolution for the ALT/AZ application.
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There is some merit in considering the possibility of using the new encoders on the main telescope axis' as this would give a high level of compatibility with telescope encoders. The new encoder shaft resolution (discussed in section 4.) is  212 bits/rev and the existing encoder shaft resolution is 216 bits/rev therefore the gear ratio would need 

Figure 2. Gearbox error.

to be increased by a factor of at least 216/212 = 16. A large increase in ratio could only be accommodated by using an additional precision gearbox. 

The specification of a suitable gearbox, has a ratio of 50:1 with 150 arcmins of repeatability at the output shaft, relating this back to the axis......

 Gearbox error at telescope axis = output shaft angular error / total gear ratio






= 150 x 60 / (40.727 x 50)






= 4.42 arc seconds

Clearly this is going to be unacceptable given the 0.5 arc second accuracy specification and can only be improved by using a larger primary gear which is clearly impractical or by using a higher resolution encoder which it already has.

4. The programmable 24/25bit encoder
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Comprising a primary shaft for fine encoding up to 4096 (212) steps/rev (programmable) or an optional 8192 (213) steps per revolution with a second optical code disc driven off a reduction  planetary gearbox used to encode the number of revolutions made with the primary drive shaft. Signals are processed from both code discs through a software 'gearbox' to enable any configuration of 'n' revs, 'n' fractions of revs and 'n' bits/rev to be selected.

Figure 3. Programmable encoder configuration

A dedicated serial interface operating at 4.8Kbaud is used for programming the encoder, reading back position information (maintenance only) and interrogating the set-up configuration. In addition data is output in either serial or parallel form as required by the user. The number of bits available on the parallel output option will be limited when using connectors with less than 39pins. A full 24 bit read is always available on the serial interface irrespective of connector size. Unused 'bits' can be programmed to give specific information i.e. specific positions for pre-limit alarms.

The serial output options are Synchronous, Asynchronous and High speed Asynchronous (SSD, ASD, HAS) and  will permit position reports to be read up to a rate of  0.5kHz (ASD) and up to 2KHz (HAS), the rate of the SSD option will depend upon the source clock which say could be 1Mhz would give a rate of about 106/27 = 37KHz.

5. Encoder Application

5.1 Configuration options

The Programmable Encoder has a number of different options that give a high degree of flexibility with its use, these include programmable.......

SYMBOL 183 \f "Symbol" \s 10 \h
direction

SYMBOL 183 \f "Symbol" \s 10 \h
offset

SYMBOL 183 \f "Symbol" \s 10 \h
resolution

SYMBOL 183 \f "Symbol" \s 10 \h
range

Using these options, three different configurations for the rotator systems can be considered.....

1) Program the same configuration as the present encoder i.e. 32 revs @ 256 bits/rev of the encoder.

2) Program for maximum resolution but operating over the present angular range of the turntable.

3) Program for maximum resolution but operating over 360 degree operation of the turntable.

Option 2 and 3 are design goals as the intention is to maximise the rotator absolute encoded resolution to provide an accurate zero set reference. The Nasmyth rotator system requires its working range to be modified from 886.15 degrees to 360 degrees, then this will be the only application using option 3.

5.2 Encoded resolution calculations.

             maximum possible resolution = 
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   Cassegrain =   
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= 16.85 arcsecs/bit  (16.85003698)
From these figures the highest resolution that can be achieved roughly equates to the magnitude of the encoder gear eccentric error. To improve the resolution to match the tooth pitch error would require an increase in the gear ratio by factors of roughly 3 and 2 for the Nasmyth/Prime and Cassegrain applications respectively. A factor of 2 would be gained by using the 25 bit option but this may not be practical as the encoder is only available in the  larger diameter body and may not fit into the confines of the rotator systems.

5.3 Sky field resolution


The encoded angular resolution of the rotators does not reveal the complete 'picture' in terms of rotator resolution on the sky. The Field scale and Field size are required to convert from encoded angular resolution into Sky field resolution......


      Prime focus field
= 205mm (vigneted)


         
    Field scale 
= 17.56 arcsecs/mm


     Nasmyth field size 
= 67.2mm



     Field scale 
= 4.46 arcsecs/mm


  Cassegrain field size 
= 201.6mm



     Field scale 
= 4.46 arcsecs/mm

The lowest resolution will be experienced at the periphery of the field i.e.:

Field resolution = 
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= 0.21 arc seconds
Nasmyth .....

  

Field circumference 
= PI x 67.2mm = 211.1mm

   

       Field resolution
= 24.3 x 211.1 x 4.46/ (360 x 60 x 60)






= 0.0176 arc seconds
Cassegrain ......

  

Field circumference 
= PI x 201.6mm = 633.4mm

   

       Field resolution
= 16.7 x 633.4 x 4.46/ (360 x 60 x 60)






= 0.036 arc seconds
The effect of the increased encoded resolution is now quite apparent for the different foci, clearly the Sky field resolution in each case is in excess of the 0.5 arc second of telescope absolute encoding, the Cassegrain resolution is 'on par'  with the incremental encoding resolution, and the Nasmyth resolution exceeds it. 

6. Through connections
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Figure 4. Through connections.


At present a 25 way link is used to connect the existing system to the local encoder interface box. The encoder interface box supplies the encoder with power and converts the signals to differential line drive. A  27 twisted pair 'Alpha' cable links the interface box to a CAMAC parallel input module in the control room. The maximum number of bits that can be transmitted by the interface box is 20, the remaining lines are dedicated to other functions (zero set markers and analogue signals). The 'service' serial link could be routed through the telescope comms system, thus retaining the encoder box for data only. 

Assuming the 'standard' gear configuration for this application then :

number of data bits to encode = Encoder range x bits/rev.



        
        Nasmyth 
= 13 x 4096 = 53248  < 216 





Prime  
= 32 x 4096 = 131072 = 217



    Cassegrain 
= 32 x 4096 = 131072 = 217
Therefore the cable requirement will be:





  
17 lines for data ( or 17 twpr)





   
 2 lines for power





  
 2 lines for comms ( or 2 twpr)

    maximum number of lines = 21
The existing link to the encoder box would appear to have adequate capacity to support the new encoder with some spare capacity to carry the service serial link, the interconnection detail is needed to confirm all lines through the system are available.

7. Mechanical changes

7.1 Mounting bracket


The programmable encoder is very similar in size to the existing moore reed encoder in terms of body length and diameter so there will be no problem with the space envelope requirement. The new encoder mounting flange is 50mm diameter whereas the moore reed encoder is 52mm, therefore a new mounting plate will be required for the bracket assembly.
7.2 Encoder gear 


The new encoder drive shaft at 10mm diameter is much larger than the existing one thus it will not be possible to modify the existing gear, this provides an opportunity to specify a new ratio to suit the resolution of the encoder, however as already shown the absolute resolution on the 'sky' is already more than adequate thus the only requirement is for a new gear of the same type with an increased bore size.
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