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Abstract

This describes the assembly, dimensional inspection, and alignment sequence for the Tracker tower module during assembly and test, through incoming inspection for integration in the LAT.  It includes details regarding definition of TKR tower coordinate systems, measurements of the assembled TKR modules, and information needed for TKR stay-clear verification and eccentric cone alignment
3. Definitions

3.1. Acronyms

BCS
Bay Coordinate System

CMM
Coordinate Measuring Machine

CS
Coordinate System

EIDP
End Item Data Package

FCS
Flexure Coordinate System

LAT
Large Area Telescope

Max
Maximum

MGSE
Mechanical Ground Support Equipment

Min
Minimum

mm
millimeter

TBD
To Be Determined

TBR
To Be Resolved

TCS
Tower Coordinate System

TKR
Tracker

SCS
Structural Coordinate System

4. Applicable Documents

[1]

LAT-TD-00035, “LAT Coordinate System”

[2]
LAT-PS-01854, “Tower Assembly Procedure.”
[3]
LAT-DS-03673, “Tower Base Plate Assembly Drawing.”
[4]
LAT-DS-00050, “Bottom Tray Mechanical Assembly Drawing”

[5]
LAT-DS-00207, “Top Tray Mechanical Assembly Drawing”

[6]
LAT-DS-00722, “Tower Assembly Drawing”
[7]
LAT-DS-04434, “Tracker + Base Plate Assembly Drawing”

Assembly and Alignment Overview

Figure 1, below, shows the three primary steps in the alignment of a Tracker (TKR) Tower (also known as a module).  The following sections detail these steps, and the corresponding section numbers are shown in the Figure.  Note that this document describes the alignment of the tower, and only outlines where the alignment steps fit into the overall tower assembly.  See reference [2] for details of the tower assembly.
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Figure 1:  Graphical Overview of Tower Alignment Definition

5. Preparation Work
5.1. Tower Base Plate Fiducializing
Locate the Tower Base Plate on the Coordinate Measuring Machine (CMM) with its edges nominally square to the CMM coordinate axes.  See reference [3] for a drawing with nominal dimensions of the Tower Base Plate
Measure and fit a centerline to each of the 3 holes in the Base Plate marked datums A, B, and C (see Figure 2, below)
Measure and fit a plane to the 45 degree surfaces on the Base Plate that the hole centerlines intersect.

Calculate the intersection of the centerlines and planes for each of the 3 locations.  These intersection points are defined as datums A, B, and C.

Define a plane containing points A, B, and C

Define a line joining datums A and B.

Define another line that intersects line A-B at 90 degrees and passes through datum C.

The intersection of these lines is the origin of the Bay Coordinate System (BCS), and the normal to plane A-B-C through this point is the Z-axis, with +Z pointing up out of the Base Plate, on the side of the Plate with the tooling balls.

Define a line that is rotated -45 degrees from line A-B and passes through the origin.  This is the X-axis, with +X pointing in the same direction as datums B and C are from the origin.
The +Y-axis is defined as orthogonal to the other two axes and consistent with the right-hand rule.

Measure the XYZ location of each of the tooling ball holes on the Base Plate in the Bay Coordinate System.  The figure shows Ball #2 offsets in X and Y, with the Z-offset not shown, but measured (Data Item 1A)
Measure at least 10 points on the top and bottom of each inside face of the Base Plate, in the BCS, and fit a plane to each.
Measure at least 6 points on the top and bottom of each 45 degree inside face of the Base Plate, in the BCS, and fit a plane to each.

Measure the diameter and location of each of the remaining 9 counterbored holes in the Base Plate, fit a centerline and calculate its intersection with the side face plane it is bored through (Data Item 1B)
Compare the measured and fit data with nominal values to determine if the part was made within its drawing tolerances.  Record all offsets in the Bay Coordinate System for later use (Data Item 1C)
5.2. Tracker Tower Mounting to the CMM Table

Mount the Tracker tower on the CMM table in an inverted orientation, with the Top Tray of the Tower closest to the CMM table.  Prior to mounting, the support fixture for the tower needs to be aligned on the CMM table so it is square to the machine coordinate system within 0.2 mm over a 400 mm length.
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Figure 2:  Definition of the Bay Coordinate System in the Grid Simulator (Top View)
6. Module Measurement and Alignment Sequence

6.1. Measure Tower Features on CMM
Measure the following features and surfaces on the Tower.  Measurement results are referenced to an arbitrary CMM “machine coordinate system,” and tower placement on the CMM is arbitrary.

Bottom Tray 3 mm hole locations (4x)—defined as the intersection of the hole centerline with the plane of the Sidewall outside, as defined by points on the Sidewall around the hole.

Top Tray 3 mm hole locations (4x)—defined as the intersection of the hole centerline with the plane of the outside of the Sidewall, as defined by points on the Sidewall around the hole.  These holes are on the two structural closeouts on the (+) and (-) sides of the tray.

Sidewall form—measure the position of multiple points on each sidewall.  Measure in a matrix at least 5 points wide by 8 points high (40 points)  per Sidewall.  The nominal location of the points should be pre-programmed such that the same locations are measured independent of tower location or orientation on the CMM (Data Item 2A).
Sidewall bottom washers—measure at least 4 points on each of the washers on the bottom of each Sidewall and define a best-fit plane for each washer surface (Data Item 2B).

Flexure point locations—measure the 12 cones and 8 outer surfaces of the Flexures.  For each cone, use the measurement data to define a cone best-fit centerline and a mounting surface best-fit plane.  Define the “Flexure Point” for each cone as the intersection of the cone centerline and the mounting surface (Data Item 2C).  Collect both the location of the Flexure Points and the angles of orientation of the cone centerline.  See Figure 4 and Figure 5 for a definition of the Flex Point numbering system.
Bottom surfaces of each flexure—measure at least 4 points and establish a plane to define the bottom of each of the 8 flexures (Data Item 2D).
Bottom edge of the Bottom Tray—establish a best-fit plane to define the bottom edge of each closeout on the Bottom Tray (Data Item 2E).

These measurements are all done in the CMM machine coordinate system, and the procedure to do this must be repeatable with the TKR tower either inverted as it is here, or “rightside-up” and mounted on the Grid Simulator.
6.2. Calculate Location of Structural Coordinate System
Calculate the center of the Bottom Tray, using the following method, as shown in, Figure 3, below, (see reference [4], for nominal dimensions of the bottom tray).  The points labeled A1, A2, A3, and P are the 3 mm hole/Sidewall intersection points from Section ‎8.1.
Define a line between datum targets A1 and A3

Define a line between datum target A2 and point P.

These lines cross, but do not necessarily intersect.  Define a third line that is normal to both the A1-A3 line and the A2-P line.
Define a point a the midpoint of this third line.  This point is defined as the “Tray Center.”
Define a line between datum targets A1 and A2 and establish the midpoint of this line.  This defines the orientation of the tray.

Calculate the center of the Top Tray, using the same method as for the Bottom Tray, as shown in Figure 3 (see reference [5], for nominal dimensions of the Top Tray).
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Figure 3:  Definition of the Tray Center for Top and Bottom Trays (Top View)
Define a line through the Top and Bottom Tray Centers.  This is the Z-axis of the Structural Coordinate System (SCS).  The normal to this at the Bottom Tray Center is the XY-plane.

Define a plane that includes the Z-axis and the midpoint of the A1-A2 line on the bottom tray.  This is the YZ-plane.

Intersect the XY- and YZ-planes to form the Y-axis.  The –Y direction is toward the midpoint of the A1-A2 line.

The X-axis is the line orthogonal to the Z- and Y-axes that passes through the origin of the coordinate system, with +X defined to produce a right-handed coordinate system.
This is the Structural Coordinate System (SCS) (Data Item 2F).

6.3. Calculate Offsets to Define the Tower Coordinate System

Transform all Sidewall measurements into the Structural Coordinate System.

Define two best-fit planes that are parallel to the SCS XZ-plane, by taking the root-sum-of-squares for the +Y and –Y Sidewall inspection point SCS Y-coordinates(Data Item 3A).
Define a plane that is midway between these two best-fit planes.

Likewise, define two planes that are parallel to the SCS YZ-plane by taking the root-sum-of-squares for the +X and –X Sidewall inspection point SCS X-coordinates (Data Item 3B).
Define a plane that is midway between the two best-fit planes.

Define a mid-point that is at the intersection of the two orthogonal mid-planes and the SCS XY-plane.  Calculate the X- and Y-offsets from the SCS origin to this point.
Define a translated coordinate system that is orthogonal to the Structural Coordinate System with its origin at this offset point.  This is the origin of the Tower Coordinate System (TCS).  (Ideally, the TCS is placed exactly in the center of a Grid Bay.  This would ensure that the Tower has the best average fit all around it, both at the top and bottom) (Data Item 3C).


[Note that there may be better methods to define the X- and Y-offsets such that the TCS is “centered” better on the tower as-built geometry.  In particular, the washers at the bottom of the Sidewalls could be used, or balancin offsets at the top and bottom].
6.4. Verify Tower Stayclear Fit

In the TCS, define the +X, +Y, -X, and –Y bounding dimensions to the extreme point of each Sidewall.

In the TCS, evaluate each bounding dimension with the allowable stayclear of 186.250 mm.

In the TCS, define the +X, +Y, -X, and –Y bounding dimensions to the extreme washer surface on each Sidewall.

In the TCS, evaluate each bounding dimension with the allowable stayclear of 186.750 mm.

Evaluate the extreme distance from the TCS origin to the bottom of the Bottom Tray, and compare it with the allowable dimension as shown in reference [6].

Evaluate the Z-position from the TCS origin to the bottom of each Flexure, and compare it with the allowable dimension as shown in reference [6].

6.5. Calculate Flexure Point Positions

Transform the position of the 12 Flexure Points into the newly-minted Tower Coordinate System (Data Item 2C).

Compare these positions with the design nominal locations and calculate the offsets for all 12 Flexure Points.  (For a perfect tower, the Flexure Points will be in their nominal design locations.  For an imperfect tower, the Flexure Point locations will deviate from the design nominals to the degree that the tower has been rotated/moved or that the Flexures have been mis-positioned during Bottom Tray assembly) (Data Item 3D).

See reference [4] for nominal locations of the Flexure Points in the Tower Coordinate System.  They are reproduced here for convenience:
	Corner Flexures
	

	Radius:  233.945 mm
	

	Theta:  45, 135, 225, 315 degrees
	

	Z:  -30.17 mm
	

	+X Mid-side Flexure:
	-X Mid-side Flexure:

	X:  +172.8 mm
	X:  -172.8 mm

	Y1:  -19 mm
	Y1:  +31 mm

	Y2:  +19 mm
	Y2:  -31 mm

	Z:  -30.17 mm
	Z:  -30.17 mm

	+Y Mid-side Flexure
	-Y Mid-side Flexure

	X1:  +19 mm
	X1:  -31 mm

	X2:  -19 mm
	X2:  +31 mm

	Y:  +172.8 mm
	Y:  -172.8 mm

	Z:  -30.17 mm
	Z:  -30.17 mm


The vector subtraction of as-built coordinates from nominals will produce a set of 12 XYZ offsets, one for each Flexure Point (in the Tower Coordinate System).  Note that the offsets are from the actual as-built locations to the nominals.
Define a local Flexure Coordinate System (FCS) for each flexure conical hole as follows, and as shown in Figure 4 and Figure 5:
+Z-axis:  define the Z-axis as the centerline of the cone in the flexure, with +Z pointing along the radially-outward direction.
Origin, and XY-Plane:  the origin is defined as the Flexure Point, which is the intersection of the cone centerline and the plane on the outer face of the flexure.  The XY-plane is normal to the cone centerline and contains the origin (note that it is not necessarily co-planar with the outer face of the flexure).

X-axis:  define a plane that is normal to the plane defined by the bottom of the flexure and contains the cone centerline.  The intersection of this plane and the XY-plane is the X-axis, with +X running from the origin towards the flexure bottom.
+Y-axis:  this is orthogonal to the X- and Z-axes with +Y following the right-hand rule.
Transform the offsets of the Flexure Points from the Tower Coordinate System into each local flexure coordinate system.  Quote these in a cylindrical coordinate system (Data Item 3E).
Figure 4:  TOP View of Local Flexure Coordinate System Definition
Figure 5:  BOTTOM View of Local Flexure Coordinate System Definition
6.6. Verify Flexure Point Travel Capability

In each local Flexure Coordinate System, compare the radial Flexure Point offset with the range of travel that the Eccentric Cones can accommodate (Data Item 3E):
Maximum allowed radial offset = 0.870 mm
In each local FCS, compare the Flexure Point Z-offset with the allowable (Data Item 3E).

Corner Flexure:  max allowed Z-offset = 0.690 mm
Midside Flexure:  max allowed Z-offset = 0.350 mm
6.7. Mount and Measure Base Plate
Note:  the three Corner Flexures that define the TKR interface reference points are the +X/+Y, +X/-Y, and –X/-Y flexures, which correspond to Flex Points #2, 11, and 8, respectively.
For each of the three interface reference flexures, calculate the cone rotation angles to produce the Flexure Point Offsets measured and calculated above.

Mount the Base Plate, and install and rotate the Eccentric Cone sets and shims at the three datum flexures, using reference [2], the Tower Assembly Procedure, and [7], the “Tracker + Base Plate Assembly Drawing.”
Complete the mounting of the Base Plate by installing shims, studs, and cones at the remaining 9 Flexure Point locations, using the reference [2] assembly procedure.
Using the CMM, measure the location of the tooling balls on the Base Plate in the TCS (Data Item 4A)
6.8. Analyze Grid Simulator Location Data
Calculate the predicted location of the Base Plate tooling ball locations using the as-built measurements of the Base Plate coupled with the measured location of the Flexure Points at the 3 interface reference points (Data Item 4B).

Compare the calculated versus measured location of the Base Plate tooling balls.  These should be very close.  Any differences between these represent errors in the alignment method described above, since all as-built offsets have been accounted for.

For Qualification Tower A at least:  Compare the measured locations of the Base Plate tooling balls before and after completion of the cone installation.  Any differences here indicates the precision of the installation process due to the over-constraint of the interface (Data Item 4C).
6.9. Invert Tower and Grid Simulator Assembly

Remove the Tower from its stacking fixture and invert it.  Complete the installation of the Flex Cables and Corner Mount Brackets on the Top Tray, as detailed in references [2] and [6].

Replace the Tower in it upright orientation on the CMM table.  Re-align the tower to the CMM coordinate system to with 0.2 mm over 400 mm.
Re-measure the Bottom Tray and Top Tray 3 mm diameter holes and re-establish the Structural Coordinate System and transformed Tower Coordinate System (Data Item 5A).

Measure the top of the closeouts on the Top Tray on all 4 sides.  Also measure the top of the flat surfaces on the Corner Mount Brackets and establish a best-fit plane for each of them (Data Item 5B).

6.10. Mount and Measure Surveying Balls
Install the Retro-Reflector Ball nests on the 4 Corner Mount Brackets on the corners of the Top Tray.

Mount and measure the position of the 1.500” diameter tooling balls on the Top Tray in the Tower Coordinate System and to the Base Plate Bay Coordinate System (Data Item 6A).

6.11. Measure Tower After Tower Vibration

Expose the Tower and attached Grid Simulator to the full vibration environment.

Re-mount 1.5” diameter tooling balls on the corners of the Top Tray.

Re-measure the location of tooling ball centers with respect to the Grid Simulator fiducial locations (Data Item 7A).

Compare measured offsets with pre-test values to verify that Tower has not shifted or changed shape during vibration testing.

Data Collection and Test Records

6.12. Test Data and Data Evaluation

The following is a summary of the data that needs to be reported for each tower, including the section in this document that it is described: 
	Item
	Section
	Description

	1A
	‎7.1
	Base Plate tooling ball offsets in the Bay Coordinate System

	1B
	‎7.1
	Base Plate hole locations in the BCS

	1C
	‎7.1
	Offsets between Base Plate hole locations and nominals, in the BCS

	2A
	‎8.1
	Sidewall profile measurement points (at least 40/Sidewall), in the TCS

	2B
	‎8.1
	Washer best-fit plane location for each washer, in the TCS

	2C
	‎8.1
	Flexure Point locations (8), in the TCS

	2D
	‎8.1
	Flexure bottom surface plane z-location, in the TCS

	2E
	‎8.1
	Bottom Tray edge z-location, in the TCS

	2F
	‎8.2
	Origin of the Structural Coordinate System

	3A
	‎8.3
	Y-location of the 2 best fit planes that defined the Y-Sidewalls, in SCS

	3B
	‎8.3
	X-location of the 2 best fit planes that defined the X-Sidewalls, in SCS

	3C
	‎8.3
	Offset from SCS origin to TCS origin

	3D
	‎8.5
	Offset of Flexure Points from nominal in the TCS (this is the orign of the FCS)

	3E
	‎8.5, ‎8.6
	Offset of Flexure Points from nominal in the local FCS, and comparison with max allowed

	4A
	‎8.7
	Base Plate tooling ball locations in the TCS

	4B
	‎8.7
	Calculated position of Base Plate tooling balls based on Tower and Base Plate measurements

	4C
	‎8.7
	Comparison of calculated vs measured Base Plate tooling ball locations

	5A
	‎8.9
	Measured location of the TCS in the Bay Coordinate System with tower upright.

	5B
	‎8.9
	Measured z-location of the Top Tray closeouts and Corner Mount Brackets

	6A
	‎8.10
	Offsets of Tower tooling balls in the TCS and Bay Coordinate System

	7A
	‎8.11
	Offsets of Tower tooling balls in the TCS and Bay Coordinate System, after vibration testing


6.13. Disposition of Test Records

Test data shall be retained as a quality record by the originating institution.  A copy of all of the data items listed in Section ‎9.1 shall also be delivered with the corresponding Tracker module as part of its end-item data-package (EIDP).  This data must be transmitted electronically as well as in a paper report.
Test Requirements

6.14. Requirements on MGSE and Test Set-Up

Mechanical Ground Support Equipment (MGSE) and the CMM shall conform to the following requirements.

The tower assembly fixture supports the inverted Top Tray while the tower is being assembled.  This fixture must not impede CMM measurement of the top tray 3mm holes.  Also, it must hold the top tray holes far enough off of the CMM table to allow the CMM probe to extend down to the elevation of the holes.
The assembly fixture must also hold the tower low enough so that the probe can go over the top of the inverted Bottom Tray and measure the location of the conical holes in the flexures from the inside.  Because the Flex Cables and Heat Straps will be in the way, the probe must be able to go completely over a Midside Flexure.

The Tower Base Plate must have at least four tooling balls press-fit into it, which can be accessed by the CMM in either the inverted or upright orientation.
6.15. Requirements on Facilities

The CMM must use PCDMSS software, and be capable of input and output of measurement programs and data.  The CMM must have a repeatability of 2 microns (TBR) over the entire volume of the CMM, and an absolute accuracy of 5 microns (TBR) within the 380 x 380 x 700 mm volume of a Tracker module.
The room that houses the CMM shall be maintained at a temperature of 20-25 degC (TBR) during the surveying process.

Personnel access to the facility shall be limited during the survey.

The Tracker module and its associated MGSE shall be maintained at a stable temperature to +/- 2 degC during the coarse of the measurements.  This means that the module and MGSE must be allowed to “soak” in the room environment for a minimum of 18 hours (TBR) prior to making measurements.
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