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Project Statement

Design, integrate, and verify precision, of an active control
system that utilizes thermal expansion to adjust the
alignment of spacecraft optical instrumentation. This

system will correct for misalignment introduced by thermal

expansion of an aluminum optical bench.

Project Alignment Alignment
Jec 9 Test Bed Correction Electronics Package
Description Measurement System System




Project Motivation

* Maintaining placement of optical instrumentation

Source

Mirror Ratio 1:5

' Detector
* Reduce cost of optic bench by using aluminum frame
* Thermal expansion for active control mechanism

Project Alignment Alignment
Jec 9 Test Bed Correction Electronics Package
Description Measurement System Svstermn 3




Concept of Operations

|

1. The test bed is

heated to induce

alignment error
between two planes.

2. Alignment error is
measured by the
Alignment
Measurement System
(AMS).

3. Heating is applied to the
Alignment Correction
System (ACS) to maintain
alignment of the two planes.

4. Displacement and
temperature data are
recorded and stored by the
electronics package.




Functional Requirements

The test bed shall introduce controllable alignment error to a flat mirror or representative
FR2. |surface, in orderto simulate thermally induced misalignment experienced by space-based

systems.

The Alignment Measurement System (AMS) shall measure thermally induced alignment
FR3. : : : .

error of a flat mirror or representative surface, in order to provice feedback to the ACS.
FR The electronics package shall provide active control of both the ACS and test bed, using

direct measurements of alignment error and temperature.

Project Alignment AIignmtl-:‘nt .
W Test Bed Correction Electronics Package
Description Measurement System Svstermn 5




System Validation Testing

® Statlc Te St Dynamic Test

* Correct fora 50um displacement
within 120 seconds

 Motivation: First level of success

Temperature K

w
o
i

Heating
Removed

* Dynamic Test

* Heat the system following
temperature profile

* Motivation: On orbit temperature P
fluctuations Time in Sec

Alignment
Me amen arr Test Bed Correction Electronics Package



Derived Requirement Constraints

Characteristic

Requirement

Test Bed

Linear Displacement

Rotation Displacement

> 100 pm over 10K

> 50 pradians

Alignment Correction System

Linear Translation Correction
Rotation Correction

Time Requirement (Static Test)

+ 2 pm

+ 20 prad

120 seconds

Alignment Measurement System Linear Displacement +1pum HU?()an;Ia'r
M
Rotation Displacement + 10 prad
Electronics Package Temperature measurement accuracy 0.1K

Project Alignment

Correction

Description System

Alignment
Measurement System Test Bed

Electronics Package m




AMS ACS

Electronics

Functional Block Diagram

> Test Bed Heaters i
NI myRIO

Test Bed

Control

Converted — LVDT

LabVIEW

Power
Supply Alignment

Control

1 Focus Mechanism Heaters

-
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Critical Project Elements

Critical Project Elements

System Solution

Active control of mirror alignment using a high CTE material
Three-axes measurement of mirror alignment

Design and control of aluminum test bed

Data acquisition and software package

Alignment Correction System (ACS)

Alignment Measurement System (AMS)
Test Bed

Electronics Package

Project Alignment Alapment
Ject 9 Test Bed Correction Electronics Package
Description Measurement System Systemn




Design Overview

Heated
Magnesium Actuators

Test Bed = 10.8” (274mm)

Alignment ;

9 3.25” (82.6mn}) 7
Measurement System — \ '

Heated /v—" ’/L Cark |\1I[—Ib9r E/:a:abnr ort ‘
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Design Overview

174

21.0" 12.5

Project Alignment
Description Measurement System Test Bed

Alignment

Correction
System
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Alignment Measurement System
(AMS)

Project Alignment Agnment
ojec 9 Test Bed Correction Electronics Package
Description Measurement System Svstem
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Alignment Measurement System

* Displacement Transducers (LVDTs)

* Output a voltage directly proportional to
translation of shaft inside of cylinder

 Required resolution: +1 um

* LD620-2.5 specs show 2 mV/um with
infinite resolution

Project
Description

Alignment
Test Bed Correction Electronics Package

13



Alignment Measurement System

Potential sources of uncertainty:

Electrical noise
* Other electronic devices interfering with LVDT signal

Physical noise
* Vibrations (people walking, truck driving by, etc.)

Thermal error
* Variations in room temperature

Heat transfer error
* Test bed will be transferring heat to LVDTs

Project Alignment Aionment
ject 9 Test Bed Correction Electronics Package
Description Measurement System Svstem
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Electrical and Vibrational Noise Test

® -400s  a4omv Static LVDT voltage readings
® -4.93s —-2.00mVv . . .
A933ms  Ac.40mV from oscilloscope: no filtering of

any sort applied

Total Range 41.1 mV

Voltage Uncertainty 4 /- 20.6 mV

& oo e ® 7 - Position Uncertainty +/-10.3 pm
10k points 0.00V | - :

Max Std Dev
13.5m 4.38m

30.8m 6.43m 6 Oct 2016
~12.4m 1.83m 00:48:06 Does not

fulfill FR3

Alignment
Test Bed Correction Electronics Package 15
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Electrical and Vibrational Noise Test

Voltage [V]

LVDT Signal - 3rd Order Butterworth Filter

Time [s]

Static LVDT voltage readings
from oscilloscope: 4 Hz low-pass
RC filter and 4 Hz 3" order

Butterworth digital filter applied

Total Range 3.58 mV
Voltage Uncertainty +/-1.85 mV
Position Uncertainty +/-0.92 pm
Fulfill FR3
FEASIBLE

Alignment
Test Bed Correction Electronics Package 16



Static Thermal Conditions Test

BMP180 (0.5 °C accuracy, 0.1°C resolution)
Sampled at 1 Hz over 60 minutes

Electronics Shop Temperature 17:00 - 20:00 10/04/2016

Sensor Location Open Air Styrofoam Box
Measured Max
. +/-0.0631C
Fluctuation +/- 0.1582 C EE e
Including Sensor  +/-0.2582 C +/-01631C
Error
. Voltage
— Ambient - -
Uncertainty o/ ALER I pat.02mv

500 1000 1500 2000 2500 3000 3500
Time [s]

Environment has
minimal impact

N reised ) Cometion Y Etectronics Packoge P summory 3
Test Bed Correction Electronics Package 17




Total Electrical Uncertainty

Error Source Uncertainty (+-mV) Position Uncertainty
Electrical/Vibrational Noise +1.847 mV +0.924 um
Ambient Thermal Conditions +0.03 mV +0.015 pm
Heat Transfer from Test Bed +0.6 mV +0.3 um
Total Uncertainty +1.942 mV +.972 um
Fulfill DR3.1
FEASIBLE

18
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Analog to Digital Error

Uncertainty (+-mV) Position Uncertainty
Total Uncertainty + 1.942 mV + 0.972 pm
12 Bit ADC + 2.442 mV + 1.221 pm
16 Bit ADC + 1.984 mV + 0.992 pm
Fulfills FR3
FEASIBLE

Project Alignment Alignmclent .
. Test Bed Correction Electronics Package
Description Measurement System Svstem
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Test Bed

Proiect Alignment Alignment
Jec Measurement Test Bed Correction Electronics Package 20
Description S
ystem System



Decomposition of Test Bed

Cage

* Four aluminum actuators mounted to
rigid plate

* |Induces rotation in two axes which ACS
corrects

Aluminum translation actuators

¢ Two, 20” aluminum rods with 12"
diameter

* Sized to induce = 100um of
displacement

Front and back mounting plates

 Support plates for mounting the cage
and cantilevers

SIDE VIEW
A
12.5”

P . A 4

< »

20.0” (508mm)

Proiect Alignment Alignment
Jec Measurement Test Bed Correction Electronics Package
Description S 21
ystem System



Cage

* 3” Aluminum rods of cage are
heated to introduce rotational
misalignment of at least soprad

* Heating of selective rods enables
rotations about multiple axes

* +Mzinduced by heating rods
1and 2

* +My induced by heating rods
2and3

* Rod 4 omitted from
graphic for clarity

+Mz
+Z

Supports FR2

Proiect Alignment Alignment
Jec Measurement Test Bed Correction Electronics Package 22
Description S
ystem System



Front and Back Mounting Plate

9-50"
* Cage mounting plate is
isolated from the long

aluminum actuators by "

. . (th |
thermally-invariant nsulaton
materlal 1/2" Aluminum

* Eliminates heat transfer B
from long actuators to cage actuately

Proiect Alignment Alignment
Jec Measurement Test Bed Correction Electronics Package 23
Description S
ystem System




Thermal Model

4-» Q = mc, AT
AL

Qout,radiation

Qout,conduction

Qin,conduction

Qout,convect?ﬁon Q .
out,radiation

Q?ﬂn, conduction

Qout, conduction

Qout convection

Proiect Alignment Alignment
Jec Measurement Test Bed Correction Electronics Package
Description
System System




Test Bed Thermal Model

* Total Length Expanded: 112.78 pm

DR2.5
FEASIBLE
* Time to reach AT: 15.09 s Length Uncertainty: .355 um
DR2.2.2.1
FEASIBLE Supports DR1.3

. Alignment
Project
. . Measurement
Description
System

Alignment
Correction Electronics Package
System



Margin

Expected Value Requirement Feasibility Margin
Time to Heat 15.08 [s] DR2.2.2.1 87.4 %
Length Change 112.78 [pm] DR 2.5 12.78 %
Control 0.355 [um] DR 1.3 93.7 %

Proiect Alignment Alignment
Jec Measurement Test Bed Correction
Description S
ystem System

Electronics Package m 26



Test Bed Thermal Model

* Total Rotation induced: = 169 urad

DR2.6
FEASIBLE
* Time to reach AT: 1.98 s Length Uncertainty: .008 um
DR 2.2.2.1
FEASIBLE SUppOI‘tS DR1.3

. Alignment
Project
. . Measurement
Description
System

Alignment
Correction Electronics Package
System

27



Margin

Expected Value Requirement Feasibility Margin
Time to Heat 1.98 [s] DR 2.6 98%
Angle Change 169 [prad] DR2.2.2.1 238%
Control 0.008[pum] DR 1.3 99%

Proiect Alignment Alignment
Jec Measurement Test Bed Correction Electronics Package 28
Description S
ystem System



Alignment Correction System
(ACS)

Proiect Alignment Alignment
Des chi tion Measurement Test Bed Correction Electronics Package



Alignment Correction System

System Hardware:

e Three 5" magnesium rods with ¥2” diameter.

* 9.5"x9.5" x1/8" stiff carbon fiber Y-plate

* Heater for each rod

PRRRRRERRRNNRNNN

Heated

Magnesium Actuators | S =)

/' ] 5'— Carbon Fiber Plate

Control mechanism consists of three

magnesium cylindrical actuators

Isolated heating of specific rods will induce
rotation and translation to the Y-plate to

correct for error

. Alignment
Project
. . Measurement
Description
System

Test Bed

LVDT Mounting Holes

Alignment
Correction
System

Electronics Package m
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Alignment Correction System

CONOPS:
1. Cage induces >50 prad of
rotation about the +Y axis +Z

2. ACS heaters apply AT to
magnesium rods to induce
corrective rotation about -Y

’I
’/
”’

Rod layout and individual heating
of Mg rods accommodates two M~
axes of rotation and translation 20Hrac, ~SHm

Supports FR1

Proiect Alignment Alignment
Ject Measurement Test Bed Correction Electronics Package
Description
System System
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ACS Thermal Model

* Change inTemperature: = 34.15K

Supports DR 1.1,
DR1.2

* Time to reach AT: 45.74 s Length Uncertainty: 0.47 um

DR 1.5, DR1.6 DR1.3,DR1.5
FEASIBLE FEASIBLE

Proiect Alignment
Jec Measurement Test Bed Electronics Package
Description System

32



Margin

Expected Value Requirement Feasibility Margin
Time [s] 45.74 DR 1.5, DR 1.6 61.8 %
Control [um] 0.472 DR1.3, DR 1.5 76.4 %
Safe AT [°C] 34.15 DR 1.1, DR1.2 JE

Proiect Alignment Alignment
Jec Measurement Test Bed Correction Electronics Package
Description
System System
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Cooling Stage: ACS vs. Test Bed

System Heat Lost at Temperature
Steady State[W]  Change per second
[ °C] Change in length during Cooling
' — Aluminum

Aluminum, Long 6.48 0413
Aluminum, Short 0.13 .005 o8

&
Magnesium 6.18 2168 206

204

@

©
o

ACS will cool faster than TDU

o

DR 2.2.2
FEASIBLE

Alignment
Sescription Measurement Test Bed

Electronics Package m
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Electronics Package

Proiect Alignment Alignment
Deschi tion Measurement Test Bed Correction Electronics Package
P System System 35



Electrical Overview

Digita
Temperature
Measurement

System

Work

Station
Lab View

i BN o M8 Heaters (Cage
:
w= ™ 4lhidden)] HPIGH /s . ctuators
3= . g Switch
2 B Source o
' Heaters (ACS)
Switch
Heaters (Test Bed
Actuators
Switch

3x Thermistors
ACS

Test Bed
3x LVDTs

Power
Data

Proiect Alignment Alignment
ject Measurement Test Bed Correction Electronics Package
Description System System



Temperature Sensors

Initial System Requirements Capabilities with
Capabilities Correction System
0.2°C Temperature Sensor 0.1°C Total Error 0.1°C Total Error
Resistance Tolerance Error (Verification for CDR
necessary)
DR2.3
FEASIBLE

Proiect Alignment Alignment
ject Measurement Test Bed Correction Electronics Package 37
Descliptiod System System



Control System: Thought Process

Thermistors : Test bed
Time Istemp

measure test veragin Correct? heaters

bed temp 9ing ' ON/OFF

ACS actuators Test bed
expand/contract expands/contracts

LVDT
measures
alignment

Proiect Alignment Alignment
Jec Measurement Test Bed Correction Electronics Package 8
Description 3
System System

ACS heaters Is alignment
ON/OFF correct?




Control System Response: Temperature

Proportional Control Temperature Matching

—System Response
Thermistor resolution: 0.1 K
Time averaging over 20 samples

w
o
()

w
o
(@)

+/- 0.1 K

w
o
N

<,
o
S
)
-—
©
—
o
o
=
o
I._

w
(@)
N

DR1.2, DR4.1, DR4.2
FEASIBLE

500 1000 1500 2000 2500 3000
Time [s]

Alignment Alignment
S Measurement Test Bed Correction

39



Proportional Control Displacement Error

—|nstantaneous
—RMS

.l, &

Displacement [m]

500 1000 1500 2000 2500 3000 3500
Time [s]

Alignment Alignment
Necerintion Measurement Test Bed Correction

LVDT resolution: 1.6 pm

+/- 2 um

DR1.3, DR3.1, DR3.2
FEASIBLE

D summary 2



Proiect Alignment Alignment
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Budget

Worst Case Scenario

$5,000

$4.500 Margin

$4,000 S Heaters

$3,500 e Materials

$3,000 $380 m Temperature Sensors

$2,500 W Electronics

$2,000 W LVDTs

$1,500

$1,000

B0 FEASIBLE

$0

Proiect Alignment Alignment
Jec Measurement Test Bed Correction Electronics Package
Description 42
System System



Feasibility and Next Steps

Functional Requirement Feasibility Shown

Next Steps

FR1

FR2

FR3

FR4

The ACS shall provide error correction in Temperature sensor resolution v
two axes of rotation and one of Correction for induced error v

translation. Response time v/

The test bed shall introduce alignment  Temperature sensor resolution v/

error to a flat mirror. Introduction of alignment error v/
The AMS shall measure thermally Displacement resolution v
induced alignment error, to feed back to

the ACS.

The software package shall provide Temperature control v/

active control of both the ACS and Alignment control v

testbed.

Heater and temp sensor placement
Detailed thermal model
Preliminary alignment tests

Heater and temp sensor placement
Detailed thermal model

Select insulation for AMS
Define insulation locations

Software design of control law
LabVIEW mock up

Proiect Alignment Alignment
Deschi tion Measurement Test Bed Correction Electronics Package 43



Resources/References

"LD620 Series Spec Sheet." (n.d.): n. pag. High Accuracy Displacement Transducers.
Omega. Web.

"Online LaTeX Equation Editor." CodeCogs, n.d. Web. 10 Oct. 2016.

"LVDT Tutorial." Basics of the Linear Variable Differential Transformer (LVDT). TE
Connectivity, n.d. Web. 10 Oct. 2016.

"Carlos Felippa Beam Deflections." Personal interview. 6 Oct. 2016.

"Various Materials Properties." Online Materials Information Resource. Matweb, n.d.
Web. 10 Oct. 2016.

"Vagous Materials Properties." Solutions by Design. Engineers Edge, n.d. Web. 10 Oct.
2016.

gengel, Yunus A., and Robert H. Turner. Fundamentals of Thermal-fluid Sciences.
oston: McGraw-Hill, 2001. Print.

‘Dia 6meter of a Hair’ Online Materials, https://www.arb.ca.gov/pm/pm.htm Web 10 Oct.
201

TAA


https://www.arb.ca.gov/pm/pm.htm

Questions?
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Requirements: FR1

The Alignment Correction System (ACS) shall provide corrective capabilities to adjust a flat mirror or
representative surface in two axes of rotation and one axis of translation, in response to
thermally induced alignment errors.

DR1.1The ACS shall utilize thermal expansion of a material as the actuation mechanism.

Motivation: Customer requirement. Purpose of project is to prove feasibility of thermal material control.
Verification: Inspection- Material will be visually inspected, and thermal specifications recorded.

DR1.2 The ACS shall provide thermal regulation of the high CTE adjustment mechanismes.

Motivation: Temperature regulation is required to utilize the expansion properties of the high CTE adjustment
materials as the control mechanism.
Verification: Inspection

DR1.3 The high CTE mechanism shall actuate a linear distance of up to +100 pm, with an accuracy of 2

um.

Motivation: In order to correct for the displacement error introduced to the mirror, the ACS must accommodate up to
100 microns of expansion, in order to provide sufficient translation and rotation corrective capabilities.

Verification: Analysis and Test

DR1.3.1 After settling, the ACS shall be able to maintain the average steady state temperature of the high
CTE adjustment mechanisms, to within+0.1K of the commanded temperature.

Motivation: For the correction system to introduce adjustments on a micron scale, the applied heating must
be controllable to the specified tolerance.
Verification: Analysis and Test

48



Requirements: FR1

DR1.4 The ACS shall accommodate mounting of a flat mirror or representative surface.

Motivation: The high CTE mechanism(s) must be sized to induce sufficient alignment adjustment to correct errors
introduced to the mirror, as well as structurally support the selected mirror.
Verification: Inspection and Analysis

DR1.5 The ACS shall be able to return to the mirror to its initial position +2 um within 120 seconds, after
the mirror is exposed to a 50 pm translation displacement.

Motivation: Customer Requirement. Verification of material driven adjustment system.
Verification: Analysis of design and test of the following scenario:
1) The test bed is at ambient temperature with the mirror zeroed.
2) With the ACS inactive, a 50 micron translation displacement is induced to the optical element via thermal
expansion of the test bed.
3) The ACS is activated to correct for error with the test bed held at constant temperature (£ 0.1 K).

DR1.6 The ACS shall be able to return the optical element to its initial position (+20 pradians) within 60

seconds, after the mirror is exposed to a 50 pradian rotation displacement.
Motivation: Customer Requirement. Verification of material driven adjustment system.
Verification: Analysis of design and test of the following scenario:
1) The test bed is at ambient temperature with the mirror zeroed.
2) With the ACS inactive, a 50 pradian rotation displacement is induced to the optical element in a single
axis via thermal expansion of the test bed.
3) The ACS is activated to correct for error with the test bed held at constant temperature (£ 0.1 K).
4) Following correction of the first axis, repeat steps 1-3 for the second axis. 49




Requirements: FR1

DRa.7 A physical safety barrier shall be included with the ACS.

Motivation: Safety consideration to ensure personnel and equipment safety during testing operations.
Verification: Inspection of test bed to ensure safety barrier is in place.

DR1.7.1 Any components of the ACS that are heated above 320K shall be inaccessible during operations.

Motivation: Customer Requirement. Safety requirement to ensure personnel are not accidentally burned by heated
components.
Verification: Analysis of thermal design and inspection of test set-up.

5o
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Requirements: FR2

The test bed shall introduce controllable alignment error to a flat mirror or representative surface,
in order to simulate the thermally induced misalignment experienced by space-based systems.

DR2.1The test bed shall integrate the Alignment Measurement System (AMS).

Motivation: The test bed is intended to emulate a spacecraft optical bench, and must be designed to accommodate
and house the optical alignment measurement system.
Verification: Inspection of test bed design and fabrication.

DR2.2 The test bed shall provide thermal regulation of individual control members.

Motivation: Control members are defined as all thermally controlled structural elements of the test bed, heated to
induce three axes of skew to the flat mirror or representative surface. Heat must be applied to individual
control elements to induce thermal expansion in a specified direction.

Verification: Inspection, analysis and test

DR2.2.1 After settling, the test bed shall be able to maintain the average temperature across a control
member, to within + 0.1 Kelvin of the commanded temperature.

Motivation: Validation of DR1.3 and FR1
Verification: Analysis and Test
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Requirements: FR2

27 AN Y
v }!‘

l

Time [min] Temperature [k]

0 300 DR2.2.2 The test bench shall be capable of inducing the temperature profile in all

5 300 control members, with a maximum error of 0.5K at any time during the

0 300 profile execution.

= S Motivation: Customer requirement. Derived as a representative timing

20 302 requirement for on-orbit adjustments.

25 ERE Verification: Test

30 304

35 305 The test bed shall be able to increase the average temperature across a

40 306 specified control member 1K in less than 120 seconds.

45 307 Motivation: Validation of DR2.2.2

o 308 Verification: Analysis and Test

55 309

60 310

65 Remove heat

70 Remove heat

75 Remove heat

80 Remove heat

85 Remove heat

90 Remove heat

95 Remove heat

52

100 Remove heat
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Requirements: FR2

DR2.3 The temperature of the test bench structural elements shall be known to within 0.1K for the

operating range of temperatures.

Motivation: Customer Requirement. In order to induce controlled deformation on a micron level, sufficient
temperature resolution is required to feed back for control.

Verification: Analysis and Test

DR2.3.1The test bed shall accommodate mounting of temperature sensors for measurement of thermally
controlled structural elements.

Motivation: Temperature knowledge describing the state of the heated elements is necessary for
implementing thermally regulated control. Mounting surface and location must be designed to
ensure necessary sensors can be mounted.

Verification: Inspection and Analysis

DR2.4 Thermally controlled structural elements of the test bed, excluding fasteners, shall be
constructed from at least 95% by weight aluminum.
Motivation: Customer Requirement. Aluminum selected based on low cost and ease of manufacturing. Weight
percentage selected to encompass common aluminum alloys.
Verification: Inspection
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Requirements: FR2

DR2.5 The test bed shall be capable of inducing at least 100 um of single axis translation
displacement to a mirror or representative surface, when a 10K temperature increase is applied
to the control members, from a starting temperature of 296 K.

Motivation: Customer requirement. Displacement requirement selected to allow for measurable translation
displacement within the system.
Verification: Analysis and Test

DR2.6 The test bed shall be capable of inducing more than 50 pradians of rotation displacement in two
separate axes to the mirror or representative surface.

Motivation: Customer Requirement.
Verification: Analysis and Test

DR2.7 A physical safety barrier shall be included with the test bed.
Motivation: Safety consideration to ensure personnel and equipment safety during testing operations.
Verification: Inspection of test bed to ensure safety barrier is in place.

DR2.7.12 Any control member of the test bed heated above 320K shall be inaccessible during operations.
Motivation: Customer requirement. Safety requirement to prevent possible human contact.
Verification: Analysis of thermal design and inspection of test set-up.
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Requirements: FR2

DR2.8 The test bench shall maintain structural integrity while supporting all integrated hardware within
the expected temperature operating range.

Motivation: The structure must retain its shape if loaded at elevated temperatures to ensure creep is not introduced by
the mounted components, affecting measurement accuracy.
Verification: Structural Analysis
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Requirements: FR3

The Alignment Measurement System (AMS) shall measure thermally induced alignment error of a
flat mirror or representative surface, in order to provide feedback to the ACS.

DR3.12 The AMS shall measure translation error introduced to the mirror or representative surface with
an accuracy of £ 1 um.

Motivation: Customer requirement. Precision representative of requirement for space-based optical systems.
Verification: Analysis and Test

DR3.2 The OAMS shall be capable of measuring at least 20 pradians of rotational displacement with a
resolution of £ 10 pradians.

Motivation: Customer requirement. Rotation resolution selected to ensure consistent order of magnitude with DR3.1,
assuming a range of standard mirror sizes.
Verification: Analysis and Test




Requirements: FR4

The electronics package shall provide active control of both the ACS and test bed, using direct
measurement of alignment error and temperature.

DR4.1The electronics package shall enable active temperature control of the test bed control members
to within 0.1K, over a 10K temperature range, with a 1% settling time of less than 120 seconds.

Motivation: Validation of DR2.2 and DR2.4
Verification: Analysis and Test

DR4.1.1 The electronics package shall incorporate an active feedback loop using sensor data from the test

bed hardware
Motivation: Active feedback loop is necessary to control temperature of test bed in real time.
Verification: Analysis and Test

The electronics package must interface with sensors and heaters on the test bed.
Motivation: Interface with input and output data sources is necessary for successful
implementation of the feedback loop.
Verification: Inspection and Analysis
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Requirements: FR4

DR4.2 The electronics package shall enable active temperature control of the ACS high CTE actuators to
within 0.1K with a 1% settling time of less than 120 seconds, over a temperature range large
enough to induce 100 pm of thermal expansion.

Motivation: Validation of DR1.5-6
Verification: Analysis and Test

DR4.2.1 The electronics package shall incorporate an active feedback loop using sensor data from the

AMS, as well as temperature sensors on the ACS and test bed hardware.
Motivation: Active feedback loop is necessary to control temperature of ACS in real time.
Verification: Analysis and Test

The electronics package shall interface with sensors and heaters from the ACS and measurement
sensors from the test bed.
Motivation: Data flow in both directions is necessary for actively controlling alignment of the
ACS.
Verification: Inspection of system architecture, and test

DR4.3The electronics package shall save a data file containing temperature data and alignment error in
three axes for the duration of testing.

Motivation: Post processing of data is necessary for validating design of ACS.
Verification: Inspection




Baseline Design

Analyzed Rod Type Max AT Needed PowerLossatSS Minimum Power Density Required
[°C] [W] [W/in?]
Magnesium (ACS) 34.15 6.18 1.91
Aluminum, Long (TDU) 10 6.48 0.63
Aluminum, Short (TDU .59 0.07 0.05
dT
Q= e, AT Qconduction = KAcross E
Qconvection = I * Asurf * AT Qin = @ + Qconvection T Qconduction T Cradiation
Qradiation = gaAsurf(T4 = To%) t = )

(7) * (Asurs)
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Description Measurement System ) 59
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* Three LVDTs placed on the ‘mirror’ as
shown.

* With three distance measurements,
the AMS can calculate displacement
about one axis and deflection angles
about two axes.

* [4,1,,and [; are the distances
measured by LVDT 1, 2, and 3
respectively.




With three transducers, equations can
be obtained for the displacement (6)
and two angles of deflection(a, ).

Summary of Equations

5_2l1—|—l2—|—13
4
ll_lz—Hg
az:tan_l( Lz )
[a — [
B:tan_l(gL 2)
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Sources of Error (AMS)

Error Source Position Change
Cantilever Bending 1.524 pm
Linear Tilt 0.000009289 um
Total Possible Position Change 1.524 ym
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Alignment Measurement System (AMS)

Linear-Tilt Error

* Loss in linear displacement measurement
due to tilt

L -- Mirror Plane Length

= (1 — COS 9) E 5 -.BL};mggﬁﬁtg :;_E rror

Set L =gin=22.86cm and 0 = 2oprad
d = 4.572e-9 cmM




Bore to Core Clearance

* Treat entrance to LVDT bore as
fulcrum about which rotation occurs

* Worst case: full core insertion

LVDT Bore




Alignment Measurement System (AMS)

* Physical alignment errors

* Could limit operation of LVDT

* Cantilever bending
* Deflection induced misalignment

0.95cm |
|

= .é”:\:_.,_..
d —'Ep - L_':' oT core

/ VDT Bore




* Three LVDTs placed on the ‘mirror’ as
shown.

* With three distance measurements,
the AMS can calculate displacement
about one axis and deflection angles
about two axes.

* [4,1,,and [; are the distances
measured by LVDT 1, 2, and 3
respectively.




LVDT Theory: Backup

Linear Variable Differential Transformer (LVDT)

Contains three windings: a primary and two

secondary

The primary winding receives power and
generates a magnetic flux, which is then
coupled to the secondary windings

The difference in induced flux between the
two secondary windings is compared, giving a

corresponding output voltage

A
)\

T Stainless Steel Housing and End Caps

High Permeability  High Density Glass Filled
¢ Magnetic Shell Polymer Coll FOrm/
\

Coil Assembly /

/ Primary Winding :

, | |
Secondary Windings Epoxy —
Encapsulation

Core

Threaded Hole
(both ends)—___ Q }

/
High Permeability Nickel-iron Core



LVDT Theory: Backup

MAX. RIGHT
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LD620-2.5 Dimensions

Wiring Code

RED EXC : :
BLUE iEXS Dimensions: mm (inch)

YELLOW +SIG o = diameter
Elil=3, - SIG “B” Fully extended

+0.5
(+0.02)

- &
“A” body Iength;_‘ g
- x05 full thread

(+0.02)




Electrical and Vibrational Noise Test

WWMWWWWWWWMWW mww

Mean
9.74m
35.1m
—-17.4m

1.00kS/s
10k points
Max
10.3m
37.4m
—-13.8m

@ -

0.00 V
Std Dev
887M
2.85m
2.11m

6 Oct 2016
00:54:51

Static LVDT voltage readings
from oscilloscope: 4 Hz low-pass
RC filter applied

Total Range

Voltage Uncertainty

Position Uncertainty

52.5mV
+/-26.25 mV
+/-13.125 pm

Does not
fulfill DR3.1
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Bending of Cage Mounting Plate

* Weight of cage and ACS
* 0.511lbf

e Lever arm (bolt connection)
* 6.25"

e Moment aboutY
* 3.14in-Ibf
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Thermally-Induced Bending Stress

E, o, v constant
over bar
! ,h

o
€= —
E
=N 7AV A
Orod = —FEaAT
A
R

Ox=0and g,=0 at
undeformed reference state,
then bar is heated by AT

Known Values

T Apors = 0.049in2
Enrg = 6.38 M si bell =

Ecarbonfiber = 15M st
O minproofyory — 85k st

Calculated Values

[b
Froq = Fyouw = 327I6f  Kypiare = 1,600,000
m
S [b
Orod = 1.6ksi = 7 Ky = 770.000°7
rod m

O-bOlt = 6.66kSZ S 85]68?/ ycarbon‘f@:ber = 0.635,&?’7’1

Opolt 3, 2.96ks2
8




Test Bed Transient Conduction

How will the rods heat up through time?

Time=1 Color: T Time=10 Color: T
T T T




Measurement System Trade Study Criteria 1

I Rank _
Criteria Rational
1 2 3 4 5
Achievable A smaller resolution is desired
. Greater Less than
Resolution 5-10 1-5 0.5-1
than 10 0.5

[um]

Operable Higher operating temperatures
Temp. Quartic  Triadic Quadratic Linear No Drift e alic so ution or
Range accuracy of the measurements.

[Degrees C]
InformationmREL It PC N Velizge Voltage 5|gnals.as output interface
connectivi : more readily with the data
Output Only signals e
ty only acquisition system.
: Inexpensive systems are desired.
Price Shr:r?t$e5rk $1k - 5k $500-$1k $1-%$500 Free P Y
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Measurement System Trade Study Criteria 2

I Rank _
Criteria Rational
1 3 4 5
Not An easily operable systems
operable Multiple Multiole One with little set up
Ease of Use without components o onpents component, complicationsis more
professional interacting. P " easilysetup desirable.
assistance
Requires Requires Not A measurement system
Design significant some dependent  which requires little change
Impact changesin changesin on design of in design of the test bed is
design. design. test bed. desired.
: Only a few . Fewer material limitations
Material va Only metals Any material .
- materials are desired.
Limitations can be used. can be used.
can be used.
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Measurement System Trade Study Results

Eddy Current  Strain LVD CCD

Criteria Weight Sensors e Camera Interferometer
Achievable . )
Resolution ' > 4 > 3 34

Operable . 5
Temp. Range e 4 4 > >
Information .
System Price 0.30 1 5 2 p) 1-§
Ease of use 0.20 h i 4 3 A
Dol 0.10 p) 1
Complications ' 3 3 3

Material o .

Limitations ' > > > >
Weighted
9 1 3.25 3.85 3.65 3.0 2.8-3.4

Total 76



Material Selection Trade Study

)
1))

L e T N
) LN N
=3 »
s g 0 3
5 5
Ll
A B \ )
/ v
YM 154

N

Material CTE Value Thermal Cost Machine Structural Rigidity
(m/m°C) Conductivity Ability
(W/mK)

Aluminum 23.6 167 $3.08 Easy Common structural

6061 support material

Magnesium 26 96 $6.80 Hard Used oftenin

AZ31B automotive parts

Zinc 31.2 112.2 $29.92 Very Difficult  Very malleable and
not cast

Delrin 1-167 ~0.85 $1.55 Easy Similar structural
traits to aluminum

Teflon 100 ~0.9 $7.35 Hard Very soft and easily

deformed
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Insulation Options

e Ceramics

 Custom fit ceramic insulation sleeves from Zircar Ceramics
* Custom machined to fit part in question
* Expensive with prices from $400 - $700 for the material alone

* Kevlar (Other plastic insulators)
* High heat resistance to be used around heating devices
* Low thermal conductivity values

s
N

> Lo
SN s N
[ 7
Ll
&7 /AN |
/ S
‘\b,;.x—




Max Stress in Bolts

Wonrs = 0.7730bs Wrvpr Weant
WLVDT = 0.223lbs

3Lcant Lrod

3
Z AIA s §Lcanthant — TWcant . TWrod 10.77" (273.56mm)

Z M4 = —11.80in — Ibs

* For worst case, assume mounting plate is offset from
vertical by 10 degrees WrivDT Weant

Z MAmar = —33.34in — Ibs

M
Oboltmaxr — 7 Zbolt — 000153?’”3
ZLpolt

Oboltmar — 21.8kst < 85ks1
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Temperature Sensor Trade Study Criteria

I Rank _
Criteria Rational
1 2 3 4 5
Greater 0.1Kor  Accuracy is derived from
Accuracy than 1K 1-0.5K 0.5-0.2K 0.2-0.1K Less requirement DR2.3
[ Linearity is analogous to how easy it
Y Quartic Triadic Quadratic  Linear No Drift will be to correct for inaccuracies
at 23-33°C :
over the desired range.
Stability is necessary as
experiments will be run over the
Long Term Gregtsl 0.005- Lessthan  course of several hours and over
Stability ;Z?':/ger 02088 0-LU00S 0.001K 0.001K several days. Constant recalibration

is a drain on time and monetary
resources.

8o



Temperature Sensor Trade Study Results

Criteria Weight Thermocouples RTD's Thermistors
Accuracy 0.65 1 4 5
Linearity 0.30 3 4.5 3

Long Term
Stability S > : >
Weighted Total 1 1.8 4.15 4.4
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LTC2983-Thermistor Accuracy System Fea51b111ty;,a-.;;;\1

LTC2983 Data Sheet
Table 51. Thermistor Type:1/T=A+BeiIn(R)+Ce In(l’l)2 +De In(l:l)3 +Ee In(R)‘I +F -In(R)5

B29(B28 THERMISTOR TYPE

Thermistor 44004/44033 1 46800E-03 2 38300E- 04 1 .00700E- 0?
2.252kQ at 25°C

Thermistor 44005/44030 | 1.40300E-03 | 2.37300E-04 9.82700E-08
3kQ at 25°C
1 n. . Thermistor 44007/44034 128500E 03 235200504 - 9.28500E-08 -
5kQ at 25°C

Thermistor 44006/44031 1 03200E-03 | 2.38700E-04 1.58000E-07
10kQ at 25°C

OMEGA Thermistor Data Sheet

%#=A+B[Ln(R)] + C [Ln(R)P®

art Constants

Model Model
Number Number

44004 | 44033 | 2252 | 1.468x10° 2.383 x 10° 1.007 x 107

Temperaure (C)

44005 | 44030 | 3000 | 1403x10° | 23/3x10° | 9827x10° _
—aao7 | aaosd | S000 | i2sexi0° | 232xi0 | 0285x10° _
44006 | 44031 | 10000 | 1.032x10° | 2.387x10* | 1.580x107 |
| 44008 | 44032 | 30000 | 9376x10* | 2.208x10* | 1.276x107 | 8>




7

L TC2983-Thermistor Accuracy System Feasibility™

Table 1. LTC2983 Error Contribution and Peak Noise Errors

SENSOR TYPE TEMPERATURE RANGE ERROR CONTRIBUTION PEAK-TO-PEAK NOISE

Type K Thermocouple —-200°C to 0°C +(Temperature * 0.23% + 0.05)°C +0.08°C
0°C to 1372°C +(Temperature * 0.12% + 0.05)°C -

Type J Thermocouple -210°C to 0°C +(Temperature * 0.23% + 0.05)°C

0°C to 1200°C +(Temperature  0.10% + 0.05)°C +0.07°C

Type E Thermocouple -200°C to 0°C +(Temperature » 0.18% + 0.05)°C +0.06°C
0°C to 1000°C +(Temperature » 0.10% + 0.05)°C -

Type N Thermocouple -200°C to 0°C +(Temperature * 0.27% + 0.08)°C +013°C
0°C to 1300°C +(Temperature  0.10% + 0.08)°C o

Type R Thermocouple 0°C to 1768°C +(Temperature  0.10% + 0.4)°C +0.62°C
Type S Thermocouple 0°C to 1768°C +(Temperature  0.10% + 0.4)°C +0.62°C
Type B Thermocouple 400°C to 1820°C +(Temperature » 0.10%)°C +0.83°C

Type T Thermocouple -250°C to 0°C +(Temperature * 0.15% + 0.05)°C +0.09°C
0°C to 400°C +(Temperature * 0.10% + 0.05)°C -

External Diode (2 Reading) —40°C to 85°C +0.05°C
External Diode (3 Reading) -40°C to 85°C +0.25°C +0.2°C

Platinum RTD - PT-10, Rggns = 1kQ ~200°C to 800°C +0.05°C DR2.3
Platinum RTD - PT-100, Rggnse = 2kQ ~200°C to 800°C +0.05°C FEASIBLE
Platinum RTD - PT-500, Rggse = 2kQ ~200°C to 800°C +0.02°C

Platinum RTD - PT-1000, Regys = 2kQ ~200°C to 800°C +0.01°C

Thermistor, Rgenge = 10kQ -40°C to 85°C +0.01°C
g3
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Heaters

Example of Standard Patch Heater
Kapton KHLV-101/5
* Malleable construction
* 1.55 W/cm? Wattage Density
* Rated to 200°C

e Maximum thickness of 0.01 in

* Cost $36.50 each
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* What type of Power
do we need?

4000 G000 &OOD 10000 12000 14000 16000
Power Density of chosen Heaters [W/m~]




Power Budget

Component Power [W]
Heaters 526.23
LTC 2983 1
LVDT's 3
myRIO 14
Total 544.23
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Control System: Functional Block Diagram

LabVIEW VI

Desired
Test Bed
Temperature

Controller #2

Test Bed

Control

Test Bed
Heater

LEGEND

DESIGNED

ACQUIRED

g

USER INPUT

Desired Focal
Length

Controller #1

)

Magnesium
Focus Mech

Look-Up
Table

Focus Mech
Heater

Project
Description

LVDT

@ Power
Switch
<> Thermistor

Alignment
Measurement

Demonstration

Alignment
Correction
System




Temperature Matching: 5% Predicted Heat Loss”

* Heaters are wrapped around aluminum and magnesium rods,
potentially providing insulation (simulation run at 95% insulation)

Proportional Control Temperature Matching

= Customer Provided
—System Response

X
(O]
| -
-
-
©
| -
o
Q.
=
(O]
I—

500 1500 2000 2500 3000 3500
Time [s]

A !
. by
o
&)

b ﬁéf@_&;};&‘
2
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Displacement: 5% Predicted Heat Loss

* Heaters are wrapped around aluminum and magnesium rods,
potentially providing insulation (simulation run at 95% insulation)

Proportional Control Displacement Error

—Instantaneous
—RMS

I !\Wll' !rwm" L

&
e
e

C

O}

=

)

&)
©

» 3
L
()

500 1000 1500 2000 2500 3000 3500
Time [s]




PWM Signal

* Heater warm-up and cool-down profiles monitored as linear
functions (i.e. heater can gain/lose 5% power per second)

Proportional Control PWM Slgnal

o] !k !l"l' l""‘

200 220 230 240
Time [s]
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LabVIEW VI Mockup: Backup

Temperature Control system based on PID

Real-time temperatre /N 1503
Target temperature .:--'T‘; ‘i 34:59

Control Input
ontrol Inpu Graphical Display

(Data also saved to CSV)

PID or Digital
Logic Parameters

sample timeds] S0

( integral time (T min) 0.008
dernivative tme(Td. min)  0.001

91 91



Budget Breakdown

Materials Heaters LVDTs

Category st Category Cost Category Cost

ST I 520.00° " KH-208 $200.00 3¢ 1D-620-2.5 $1,710.00
Aluminum Plates $100.00 S $135.00 —

Magnesium Rods $11.00 : Shipping $30.00
i 4x KH-203 $160.00 _ i
Plate $200.00 Shipping $20.00 S
Shipping $50.00  Total $515.00

Total $381.00

Electronics Temperature

Category Cost Sensors

MyRio $500.00

NI Breakout Board $62.00 Category Cost

Advanced Circuits LTC2983x 12 $335.00

PCB $33.00  Shipping $20.00

TI116 bit ADC $10.00

Shipping $30.00  Total $355.00

Total $635.00
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Schedule

Movember 2016 December 2016

15132242'2531114 202326 |20] 2| 5| 8|11

| $ 10/10/2016 Deliver POR 3lid

.—-
EEF Application

i
posal :
Edit Proposal

11/06/2016 Submit Proposal

10192016 Present PDR to PAB

Critical Path: =
Margin:
Break:

11/06/2016 Submit Presentation
Presentto EEF

alysis

ware Design
Aled Design
Pl kA

Thanl-§5 ving Break
Practice CEIFE? for PAB

f&dit::[:n:a

11/28/2016 Deliver CDR Slides

: Present PDR
Fall Final Report

First Draft

inal Edits

12/12/2016 Deliver FFR | 93



