Appendix B

Preliminary Design for Satellite Tracking Upgrades 

for Site 515 Antennas

Overview of Existing Antenna Drive System

The existing antenna drive system was designed for tracking of celestial objects, and is also capable of slewing at higher speeds for setting up observations, as well as moving the dish to its stow position during high wind conditions.  The declination (DEC) drive can move the antenna in a continuous north-south arc, from its stow position pointing to the North Star (Polaris, at +90 deg DEC) to the southern horizon. The hour angle (HA) drive can move the antenna in a continuous east-west arc horizon-to-horizon.  The location of these drives and their effect on dish movement are shown in the diagram below:
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A scale drawing of a 60-foot reflector with the following principal parts labeled: AR, aluminum reflector; AS, aluminum
structure; DD, declination drive; DW, declination wheel (steel); F, focus; FE, front-end box; FS, feed support (steel); HA,
hour-angle drive; NP, north-pole-pointing (stow) position; OH, octagonal hub (steel); PA, polar axis; SP, service position; SL,

south leg; TS, theodolite stand (for polar alignment). Stanford Radio Astronomy Institute diagram.




Based on the schematic below for the existing drives, we can see that the fastest speeds currently produced when slewing are:

DEC drive current max speed (“1X”) = .046 RPM ( = 16.5 degrees per minute in north-south movement)

HA dive current max speed (“1X”) = .0206 RPM (=7.5 degrees per minute in east-west movement)

For simplicity, we will refer these speeds as the “1X” speeds for DEC and HA respectively.
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Schematic for Existing Declination (DEC) and Hour Angle (HA) Drive Trains

(Note:  The numbers shown above are in RPM units. The RPM values shown above the shaft lines are for the DEC slow and HA track/correct modes, and the RPM values below the shaft line are for high speed slew mode).
Tracking Speed Increase Requirements for Low Earth Orbit (LEO) Satellites

To determine the tracking speed increases needed for Stanford CubeSats in low earth orbit (LEO), we ran simulations for 1000 visible passes over Stanford corresponding to a 6 month tracking period. The percent acquirable time as a function of tracking speed was then plotted for each drive:


Percent acquirable time as a function of tracking speed for the DEC and RA drives

for Stanford CubeSats in Low Earth Orbit
Based on the above curves, we can summarize the effect of a range of possible speed increases (1X through 10X) on percent acquirable time as follows:


1X
2X
3X
4X
5X
10X

DEC Drive
89%
[98%]
99%
100%
100%
100%

HA Drive
30%
65%
77%
[85%]
88%
92%

Now, if we apply the criteria that we would like to be able to view the satellite about 85% of the time on average for all visible passes, we therefore need to increase the speed of the HA drive by 4X, and increase the speed of the DEC drive by 2X. 

This gives us:

HA (at 4X) = 30 degrees per minute

DEC (at 2X) = 33 degrees per minute

Note that the 85% figure is best case, as any obstructions near the horizon may limit the actual viewable arc.

Tracking Speed Increase Requirements for Geosynchronous Transfer Orbit (GTO), Geosynchronous Orbit  (GEO), Lunar Flyby, and Deep Space Mission Satellites
The tracking speed requirements for these orbits and trajectories are less than for Low Earth Orbit (LEO) satellites, and therefore will be satisfied with the proposed speed increase for LEO. 

In the case of GTO orbits, even though the dish will need to reverse its movement to follow a retrograde loop at apogee, the actual speed needed at that time will be quite low.

Tracking Speed Upgrade Modifications
To achieve a 2X speed increase in DEC, and a 4X speed increase in HA, the following upgrades are proposed:








Preliminary Design for Satellite Tracking Control System

An overall block diagram for the satellite tracking control system design is shown below:




Antennas
















As illustrated above, the satellite tracking and antenna motion control functions are handled by a real-time antenna tracking control server in the existing Site 515 Control Room.  To achieve robust performance at low cost, the Satellite Tracking and Motion Control Program will be running on an Intel-based PC running a real-time variant of the Linux operating system. 

The Motion Control program will obtain real-time satellite coordinates by calling  PREDICT 2.2.1d, a widely used open-source satellite tracking program that generates real-time ALT-AZ coordinates for driving telescope motion control systems. PREDICT 2.2.1d  generates its coordinates using updated NORAD Two Line Element (TLE) orbital description files.  A UNIX CRON job running on the server will automatically download the most recently updated TLE files at regular intervals from a NORAD Internet mirror.

Based on the actual antenna position measured by incremental encoders, and the desired antenna position derived from the real-time satellite coordinates, the Motion Control program will servo the HA and DEC drive motors to minimize the positional difference, using standard closed-loop control methods. Motor acceleration/deceleration rates will be controlled to maintain impulse forces within original design (1X) limits. 

As an added enhancement, once the antenna is tracking, the Motion Control system will measure the satellite’s received signal strength, and “wobble” the beam in small (1/4 beamwidth) offsets to fine-tune the positioning for maximum signal strength.

To accurately determine the current HA and DEC position, modern incremental encoders (such as the US Digital HD-25 Industrial Rugged Sealed Optical Encoder, 2 channels in quadrature, 400 pulses per revolution) will be installed adjacent to the existing SLO-SYN synchro motor encoders, for improved reliability, PC compatibility, and tracking performance. The new encoders will be pinion-coupled and driven by the HA and DEC racks in the same manner as the original encoders. The encoders interface to the PC by means of an incremental encoder PCI card.

The Motion Control server controls the speed of the HA and DEC drives by means of electronic variable speed motor controls (Hitachi L300P Variable Frequency Inverters, or similar) through an RS485 PCI interface card. These speed controllers in turn connect to the 3-phase 208V motors, which are rated for inverter drive duty (WEG Totally Enclosed Fan Cooled [TEFC] Inverter Duty Series or similar).

To provide multiple back-up systems so that the antenna cannot be driven beyond its HA and DEC limits, the existing boundary mercury switches will be sensed as a motion cutoff backup. In addition, the existing mechanical microswitch limit switches will be hardwired to directly interrupt motor power in the event the dish should move to these limits.

The Stanford Space Systems Development Laboratory (SSDL) can control and monitor real-time tracking operations by means of a remote PC using a secure SSH connection to the Satellite Tracking Control Server via the Internet.

Satellite Tracking Upgrade Material Cost Estimate

Quan.
Description
Ea.
Total

1
Tracking Control Intel PC Server (being donated)
$ 0.
$ 0.

1
RS-485 Dual Port PCI Card 
99.
99.

1
Hitachi 20 HP Variable Frequency Inverter
1,225.
1,225.

1
Hitachi 15 HP Variable Frequency Inverter
940.
940.

1
WEG 15HP 3600 RPM 208V 3-Ph. Inverter Duty Motor
580.
580.

1
WEG 20 HP 3600 RPM 208V 3-Ph. Inverter Duty Motor
665.
665.

2
US Digital HD-25 Industrial Sealed Optical Encoder
280.
560.

1
Incremental Encoder PCI Interface Card, US Dig PCI-4E
350.
350.

1
Analog & Digital Data Acquisition PCI Card 
650.
650.







TOTAL (less tax and shipping): [Note 2]

$ 5,069

Note 1: Gearing change cost for DBW900 reducer TBD.

Note 2: An initial $20,000 gift has been made to STAR Lab by supporters of the Friends of the Bracewell Observatory Association which is intended to be applied to the initial restoration of the 1st dish, and its associated satellite tracking upgrades for SSDL missions, building restoration and utilities.
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Real-time satellite coordinates generated by PREDICT 2.2.1d using updated NORAD TLE’s





OS: Linux / Real-time System
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HA Drive





2X


DEC Drive





Upgrade existing 5HP 1800 RPM motor with a 20 HP 3600 RPM motor (variable speed inverter duty type, 208V, 3 Phase) for 4X HP and 2X RPM.





Change gearing in DBW900 reducer from 1770:1 to 885:1 for additional 2X RPM





Upgrade existing 7.5 HP 1085 RPM motor with a 15 HP 3600 RPM motor (variable speed inverter duty type, 208V, 3 Phase) for 2X HP and 2X RPM (electronically speed controlled to 2170 RPM and under).





Existing Declination (DEC) and Hour Angle (HA) Drives
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		19.123512		0.348678		91.528105

		19.703012		0.450842		91.978947

		20.282513		0.348678		92.327625

		20.862013		0.491169		92.818795

		21.441513		0.541424		93.360218

		22.021013		0.436986		93.797204

		22.600513		0.434297		94.231501

		23.180014		0.383422		94.614923

		23.759514		0.265542		94.880465

		24.339014		0.38487		95.265335

		24.918514		0.288704		95.554039

		25.498014		0.315382		95.869421

		26.077515		0.436158		96.30558

		26.657015		0.289325		96.594904

		27.236515		0.40431		96.999214

		27.816015		0.333582		97.332796

		28.395515		0.227075		97.559871

		28.975016		0.128428		97.688299

		29.554516		0.069074		97.757373

		30.134016		0.076519		97.833892

		30.713516		0.082103		97.915995

		31.293016		0.107333		98.023328

		31.872517		0.045291		98.068619

		32.452019		0.055631		98.12425

		33.031521		0.064524		98.188774

		33.611023		0.060181		98.248956

		34.190525		0.046739		98.295694

		34.770027		0.015924		98.311618

		35.349529		0.090375		98.401994

		35.929031		0.039707		98.441701

		36.508533		0.064731		98.506432

		37.088036		0.05377		98.560202

		37.667538		0.081896		98.642098

		38.24704		0.040534		98.682632

		38.826542		0.034951		98.717583

		39.406044		0.052943		98.770526

		39.985546		0.051909		98.822435

		40.565048		0.065145		98.887579

		41.14455		0.017785		98.905365

		41.724052		0.063076		98.968441

		42.303555		0.012202		98.980643

		42.883057		0.053356		99.033999

		43.462559		0.043016		99.077015

		44.042061		0.021922		99.098937

		44.621563		0.041155		99.140092

		45.201065		0.04343		99.183522

		45.780567		0.060595		99.244116

		46.360069		0.012822		99.256938

		46.939571		0.027712		99.284651

		47.519073		0.035778		99.320429

		48.098576		0.023163		99.343591

		48.678078		0.061422		99.405013

		49.25758		0.033503		99.438516

		49.837082		0.069901		99.508417

		50.416584		0.065972		99.574389

		50.996086		0.013236		99.587625

		51.575588		0.118708		99.706332

		52.15509		0.055631		99.761964

		52.734592		0.065765		99.827729

		53.314095		0.066799		99.894528

		53.893597		0.037846		99.932374

		54.473099		0.010961		99.943335

		55.052601		0.019233		99.962568

		55.632103		0.00517		99.967738

		56.211605		0.014063		99.981801

		56.791107		0		99.981801

		57.370609		0.012615		99.994416

		57.950111		0.005584		100

		RIGHT ASC. TRACKING SPEED

		SPEED(deg/min)		TIME(%)		INTEGRAL

		0		0		0

		3.11668		13.711792		13.711792

		6.233361		12.010382		25.722174

		9.350041		15.955867		41.678041

		12.466722		12.36423		54.042272

		15.583402		11.638748		65.681019

		18.700083		7.900691		73.58171

		21.816763		3.832361		77.414071

		24.933443		3.560822		80.974893

		28.050123		3.597634		84.572528

		31.166803		1.936138		86.508665

		34.283485		1.161848		87.670513

		37.400166		0.9751		88.645614

		40.516846		0.49696		89.142574

		43.633526		0.733755		89.876329

		46.750206		0.853497		90.729826

		49.866886		0.749679		91.479505

		52.983566		0.132771		91.612276

		56.100246		0.056665		91.668942

		59.216927		0.044464		91.713405

		62.333607		0.058527		91.771932

		65.450287		0.060802		91.832734

		68.566971		0.047152		91.879886

		71.683655		0.016131		91.896017

		74.800339		0.041775		91.937792

		77.917023		0.023576		91.961368

		81.033707		0.036398		91.997766

		84.150391		0.021508		92.019275

		87.267075		0.028333		92.047607

		90.383759		0.020681		92.068288

		93.500443		0		92.068288

		96.617126		0.033089		92.101377

		99.73381		0.030814		92.132192

		102.850494		0.015097		92.147289

		105.967178		0.008479		92.155768

		109.083862		0.046532		92.2023

		112.200546		0.047359		92.249659

		115.31723		0.037225		92.286884

		118.433914		0.009513		92.296397

		121.550598		0.028953		92.325351

		124.667282		0.050254		92.375605

		127.783966		0.067006		92.442611

		130.90065		0.019854		92.462464

		134.017334		0.005997		92.468462

		137.134018		0.030194		92.498656

		140.250702		0.037225		92.535881

		143.367386		0.023369		92.559251

		146.48407		0.020681		92.579931

		149.600754		0.027092		92.607023

		152.717438		0.017372		92.624395

		155.834122		0.007238		92.631633

		158.950806		0		92.631633

		162.06749		0.035157		92.666791

		165.184174		0		92.666791

		168.300858		0.010547		92.677338

		171.417542		0		92.677338

		174.534225		0.007445		92.684783

		177.650909		0.007652		92.692435

		180.767593		0		92.692435

		183.884277		0.008686		92.701121

		187.000961		0.016131		92.717252

		190.117645		0		92.717252

		193.234329		0.045911		92.763163

		196.351013		0		92.763163

		199.467697		0.017785		92.780949

		202.584381		0		92.780949

		205.701065		0.009306		92.790255

		208.817749		0.027919		92.818174

		211.934433		0.00972		92.827894

		215.051117		0.019233		92.847127

		218.167801		0.01944		92.866567

		221.284485		0.020267		92.886835

		224.401169		0.019854		92.906688

		227.517853		0.010134		92.916822

		230.634537		0.020267		92.937089

		233.751221		0.051082		92.988171

		236.867905		0.020888		93.009058

		239.984589		0		93.009058

		243.101273		0.021922		93.03098

		246.217957		0		93.03098

		249.334641		0.010754		93.041734

		252.451324		0.062456		93.10419

		255.568008		0.022956		93.127146

		258.684692		0.089962		93.217107

		261.801361		0.062663		93.27977

		264.91803		0.062249		93.342019

		268.034698		0.063697		93.405716

		271.151367		0.063904		93.46962

		274.268036		0.026265		93.495885

		277.384705		0.113124		93.609009

		280.501373		0.231832		93.84084

		283.618042		0.14063		93.98147

		286.734711		0.220664		94.202134

		289.851379		0.140836		94.342971

		292.968048		0.142904		94.485875

		296.084717		0.24879		94.734665

		299.201385		0.668611		95.403276

		302.318054		1.194731		96.598006

		305.434723		1.694172		98.292179

		308.551392		1.193076		99.485255

		311.66806		0.514745		100

		407.685364
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