EXTRUDER DYNAMICS AN D CONTROL IN LARGE S CALE
ADDITIVE MANUFACTURI NG

A Dissertation
Presented to
The Academic Faculty

by

Chelsea Silberglied

In Partial Fulfillment
of the Requirements for the Degree
Master of Science the
George WWoodruff School of Mechanical Engineering

Georgia Institute of Technology
December 2018

COPYRIGHT © 2018BY CHELSEA SILBERGLIED



EXTRUDER DYNAMICS AN D CONTROLS IN LARGE SCALE
ADDITIVE MANUFACTURI NG

Approved by:

Dr. Thomas Kurfess, Advior
School of Mechanical Engineering
Georgia Institute of Technology

Dr. Lonnie Love
Manufacturing Systems Research Grou
Oak Ridge Nationdlab

Dr. Christopher Saldana
School of Mechanical Engineering
Georgia Institute of Technology

Dr. Craig Blue

Energy Efficiency and Renewa
Energy Programs

Oak Ridge National Lab

Date ApprovedfNovember 202018



[To my friends and family



ACKNOWLEDGEMENTS

| would especially like to thank my mother and father.



TABLE OF CONTENTS

ACKNOW LEDGEMENTS \Y
LIST OF TABLES Vil
LIST OF FIGURES viii
LIST OF SYMBOLS AND ABBREVIATIONS X
SUMMARY Xi
CHAPTER 1. Background and introduction 1
1.1  Additive Manufacturing 1
1.2 Big Area Additive Manufacturing/Large Scale Additive Manufacturing 2
1.2.1 Printing Process 2
1.2.2 Materials Used in BAAM 3
1.2.3 Extruders 5
1.3 Part Defects in BAAM 9
1.3.1 Defects from the Beginng of an Extrusion 9
1.3.2 Defects in the Middle of Extrusion 10
1.3.3 Defects at the End of an Extrusion 11
1.3.4 Current Methods for Reducing Amount of Part Defects 13
1.4  Noise and Filtering 15
1.4.1 Outliers and the Hampel Filter 16
1.4.2 SavitskyGolay Filtering 17
1.5  System Identification and Controls 19
1.5.1 Transfer Functions 19
1.5.2 System Identification 26
1.5.3 Signals Used for System Identification 28
1.5.4 Quantifying Model Fit 28
1.5.5 Feed Forward Contt® 29
1.5.6 Quantifying Controller Performance 29
1.6  Previous Work on Extruder Dynamics 30
CHAPTER 2. EXPERIMENT SETUP 32
2.1 Machine Overview 32
2.2 Instrumentation 33
2.2.1 Laser Profilometer 34
2.3  Experiment Coordination 36
2.3.1 Simulink Real Time Controller Modifications 37
2.3.2 LabVIEW System 40
2.4 Difficulties with Experimental Setup 42
CHAPTER 3. DATA AND ANALYSIS 45
3.1 Calculating the Volumetric Flow Rate 45



3.1.1 Finding the Encoder Offset
3.1.2 Measurement Time and Extruder Time
3.1.3 Calculating the Volumetric Flow Rate
3.2  Data Processing
3.3  Modeling the system
3.3.1 Extruder Voltage to Extruder RPM
3.3.2 Extruder RPM to Volumetric Flow Rate
3.3.3 Wheel Voltage to Wheel RPM

CHAPTER 4. CONTROLLER CREATION AND RESULTS
4.1 System Model for Controller
4.2  Controller Implementation

4.2.1 Wheel Controller

4.2.2 Wheel Versus Extruder Ctol
4.3 Controller Results

4.3.1 Controller Refinement

4.3.2 Different Results with a Constant Wheel Speed
4.4 Sources of Error

4.4.1 Encoder Offset Error

4.4.2 Error Due to Adhesion

4.4.3 Error Due to the Laser Profilometer

4.4.4 Variation Between Runs

4.4.5 Porosity in the Material

CHAPTER 5. CONCLUSIONS AND FUTUrE WORK

5.1 Conclusions

5.2  Further Experimentation with the BCS

5.3  Future Model Validation and Control Implementation
5.3.1 Eliminating a Model from the Controller
5.3.2 Future Control Implementation

5.4  Alternative Experiment Setup
5.4.1 Drawbacks of the Proposed Method

APPENDIX A. Documentation for oak ridge to continue working on bcs

REFERENCES

Vi

45
47
48
48
50
51
52
55

57
57
58
59
59
60
62
63
66
66
66
66
67
68

69
69
70
71
71
71
72
74

76

101



LIST OF TABLES

Tablel. Damping conditions basl on root values

Table2. Basc Algorithm Structure forLining up Time Extruded toTime
Measured

Table3. Fit for Different Modelsvalidated Against Run 821

Table4. Error Comparison for Bead Geometry Controller

vii

25

48

53

62



LIST OF FIGURES

Figurel. Material Flow in Printing Process

Figure2. Die Swell Phenomend1]

Figure3. Single Screw Extrudg12]

Figure 4. THERMWOOD LSAM Printer with Gear Pump Extrudé#], [15]
Figure5. Void in Part Due to Unknown Time Delay

Figure6. Bulge Due to Changing SpeadCorner

Figure7. Part Defects Due to Drool

Figure8. DefectalongPart Seamvhere Extrusion Starts and Ends
Figure9. Tamper Mechanisrto Level the Print

Figurel10. SavitzkyGolay FilterRepresentatiof23]

Figurell System response with different values for p§2eg

Figurel2 Mass spring damper second order system

Figurel3. System Responses for over, under, and critically damped s)8@)
Figurel4. Representation of System Identificati®3]

Figurel5. This is a visual representation of the BCS experiment setup.
Figurel6. TRDA-20R1N1024VD Encoder mounted to the extruder motor
Figure 17. ScanControl 261-80SI Laser profilometer shining on the bead
Figurel8. ScanControl software setup

Figurel9. System Input and Outputs

Figure20. GUI to control the commands sent to the BG machine.

Figure2l. Sample Profile Created In MATLAB

viii

1C

11

12

13
15

18

23

24

27

33

34

35

36

37

38

39



Figure22. Voltage pattern created by the GUI Control parameters
Figure23. LabVIEW Front Panel

Figure24. Bead properties with different whesgdeeds

Figure25. Wheel moves too fastausing "drool” to curl up.

Figure26. Pin placed under nozzle to find the encoder offset.
Figure27. Ferrite core used to limit interference

Figure28. DataBefore andAfter Filtering

Figure29. System Identification Extruder Voltage to Extruder Speed
Figure30. Model Creation for Extruder RPM to Volumetric Flow Rate
Figure31. Validation Run for Chosen Model

Figure32. Wheel Speed Model Creation and Validation

Figure33. BCS ControllerModel

Figure34. Bead Area Fluctuation Without Control and with Wheel Contro
Figure35. Test Results to Find the DC Gain

Figure36. Model Creation and Validation for Runs wiind WithoutCongant
Wheel Speed

Figure37. Error in Bead Measurement Due to Laser Profilomete
Figure38. Variation in Flow Rate Between Runs
Figure39. Controller Implementation on a Machine

Figure40. Alternative Setup for MeasumgnFlow Rate

4C

42

43

44

46

48

5C

52

54

55

56

58

61

63

65

67

68

72

74



LIST OF SYMBOLS AND ABBREVIATIONS

AM Additive Manufacturing
BAAM Big Area Additive Manufacturing
BCS Bead Characterization System
BG Blue Gantry
CFABS CarbonFiber ABS
FDM Fused Deposition Modeling
GUI Graphical User Interface
LDV Laser Dopler Velocitimeter
LSAM Large Scale Additive Manufacturing
MAD Mean Absolute Difference
MAE Mean Absolute Error
MDF Manufacturing Demonstration Facility
NRMSE Normalized Root Mean Square Error
ORNL Oak Ridge National Laboratory
PPR Pulses Per Revolution
PRBS Pseudo Random Binary Sequence
PWM Pulse Width Modulation
RMSE Root Mean Square Error

SIGUI System ldentification GUI



SUMMARY

Large Sale Additive Manufactung hasproven to be good method for making near net
shape parts. However, there are many part defects, such as bulging at corners and improper
part seams that arise due to a lack of information about the extruder. In order to reduce the
number of partlefects, it will be necessary to both understand and control the extruder
dynamics. To model the extrusion dynamics, a bead characterization system (BCS) was
created. The BCS enabled measurement of the flow rate out of the nozzle. Tests were run
to excitethe dynamics of the extruder to perform system identification on various parts of
the system. A second order underdamped system with two poles and two zeros was used
to describe the relationship between the extruder RPM and flow rate out of the nozzle.
While there is currently no physics based model of this response, the shear field
developing, rapid changes in pressure with changing extrusion rates, and dynamics that
occur when the bead hits the surface can be used to explain this second order response.
This model had an over 80% normalized root mean squared error when compared to
validation dataAfter the model was created, a feed forward controller was implemented
which used the created models to predict the flow rate and command part of the system to
maintain a constant bead wid This controller proved to control the bead geometry while

in the middle of an extrusion patteproducing beads with six times less variation when
compared to experiments run without a controlferture work will need to beompleted

to study the dynamics of the starting and stopping conditions for the extruder, but the BCS
has proven to be a viable method of collecting data about the extrusion rate to bead

geometry controls

Xi



CHAPTER 1. BACKGROUND AND INTRODUCTION

This chapterpresend a review of additive manufacturing, system identification, and
controls.Fundamentals from thesreas were used to create a system naodietontroller

for Large Scale Additive Manufacturing extruders, which is presented later in the thesis.
This chaptealso discusses some previous work that was performed to understand extruder

dynamics.

1.1 Additive Manufacturing

Additive manufacturingAM) can refer to any manufacturing process that adds material
instead of removing materialhere are seven main typesadditive manufacturing that
add material in a layer by layer proceSbese seven types include binder jetting, directed
energy deposition, material jetting, vat photopolyaeion, powder bed fusiorsheet
lamination and material extrusionfl] This thesis will focus on material extrusion as a
form of additive manufacturgn Additive manufacturings commonly used for rapid

prototypingbecause it offers a reiaely low-cost solution to obtain a tangible objdei.

Fused deposition modeling (FDN§ a process which heatedhermoplastic filamenis
extruded to trace a patteonelayer at a time. When one layieffinished printingthe print
head moves up in the z directitmdeposit the next layer. Thisassery similar process to

the Big Area Additive Manufacturing (BAAMJjiscussed in this thesis.

While additive manufacturgncan be used to rapidly prototype a ptmére are problems
with part accuracy. The three main causes of error are mathematical, process, or material

related[2] Mathematicaerrors usually occur due to the way that a part is processed before



printing while process and material errors occur during the printing prodeissthesis
discussesindexplores a way to model and control errors due to the process and materials

used n BAAM.

1.2 Big Area Additive Manufacturing /Large Scale Additive Manufacturing

Large Scale Additive ManufacturifgSAM) is a type of material extrusion which enables
parts several meters in size to be prinfBHLSAM utilizes a singlescrew extruder which
allows for an extrusion rate of 50 kg/hr with a 7.6mm nozzle. This deposition rate can be
higher depending on theaterial.[4] This makes LSAMattractiveas a manufacturing
method over smaller scale AM. Another way in which LSAM will help to make AM more
attractiveas amanufacturing method is due to lower material cost when compared to
smaller scale 3D printing technologies, in which material can cost$200 USD/kg of
material. On the other hand, the pellets for LSAM can cost betweéd $5D/kg.[5],

[6] So far, LSAM has been applieo making prototype electric vehicles and for mold
production.[7], [8] LSAM allows for over a 50% time savings for low pumtion or

prototype molds, when comparednmlds created usingibtractivemanufacturing[9]

1.2.1 Printing Process

This section will discuss the process for matezidftusion The pellets of materialhich

can be seen iRigurela, are stored in gaglkds seen irFigurelb. From the gaylords, the
material is vacuumed into a drier. Before the material can be printed, it must be dried for
at least 4 hours to eliminateoisturefrom the pelletsThe material driers can be seen i

Figurelc. If the pellets are wet when extruded the material will be fuzzy and will not have



good properties. After the material is dried, the print headn inFigure 1d will call for

more pellets tde sent one the pellets in the hopper faklow a certain threshold.

Figure 1. Material Flow in Printing Process

1.2.2 Materials Used in BAAM

BAAM uses different polymers as the printing materfdlere areertain properties that a
material must have in order to produce successful prints. Ttexialanust be able to be
pushed out of the nozzét a desired flow rateithout exceeding the pressure limit of the
systemthe material must be able noaintain afree standing bead, and the material must
be able to support layers printed abov§itlt can be dficult to predict the behavioof a
polymer due to & viscoelastic propertieB1 a molten state, polymers are mostly viscous,

where energy used in deformation is immediately dissipatedpantidlly elastic, which



holds onto some of the energy used in deformalany materials have been tested with
BAAM systems, but so far it seems that carbon fiber reinforced ABR\ES) has good
properties for applications such as low temperature todif@ij. The naterials used in
BAAM are normally norNewtonian which means thaiscosity is dependent on the shear

rate. This can make it difficult to predict the way the material will behave.

1.2.2.1 Extrudate/Die Swell

Die swell is a common occurrence in polymer melt extrusThe viscoelastic property of

a polymer is mostlyesponsible fothis phenomenorklastic recovery ishie main cause

of die swell, in which the polymer expands once exiting thie. Figure 2 shows a
representation of die swelt can be seen in the figure that another cause of swell is a
change of the velocity profile from a parabdltape to atraightvelocity profile once the
material exits the die. The amount of die swell is highly dependent on the material
properties. Br example, PVC exhibits only about-20% die swell while other materials
can swell 300%. Currently, it is very difficult to devise a mathematicalelof die swell

that is applicable in engineering applicatiodd]
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Figure 2. Die Swell Phenomengl1]

1.2.3 Extruders

Extruders are responsi bl e

Velocities outside die

f o re matbrialsiduch &s0 %

pipes,tubes, and sheetfl2] The purpose of an extruder isttansformsolid feedstock

into a homogeneous melt apdshit through a die at eonstantate.Extruders can broadly

be defined as continuous or discontinuous in their mode of opertiothe purposes of

this paper, discontinuous extruders will not be discussed sedhay are naturrently

used INLSAM. The two main types of extruders used in LSAM are single screw extruders

and gear pump extruders. Each type offers different benefits for the printing process. Other

types of continuous extruders will be discussedels

1.2.3.1 Diehead Pressure

of



Die head pressure is the pressure required to force the material through the die at the end
of the extruder. This required pressure is independent of the type of the extruder used. An
extruder must be capable of generating enougkspire to force the material though the
die.The diehead pressure is determined by the shape of the die, temperature of the polymer,

flow rate, and the rheological properties of the polymer.

1.2.3.2 Single Screw Extruders

A single screw extrudes made upf a sngle rotating screw which is situated imeated

barrel. This causes #tional forces on the material, screw and barrel which move the
material through the extruder and provide most of the heat for the pindégsform of

frictional and viscous draglhe solid feedstock takes up more volume than the liquid
extrudate due to inefficiergacking, and a constant mass flow rate must be maintained
throughout the screw. Therefore, the screw channel area decreases as the material moves
through the screwrlhe ratio of the first channel depth to the smallest channel depth is

known as the compression ratio which is usually between 2 ghl]4[12]

The screw is comprised tiree sections, a feecompression, and metering section. Each
section of the extruder is responsible for aettght part of the process.representation of

the screw can be seenkigure3. As the material moves throughout the screw, it will go
through different functional zones which are different than the zones of the extruder. The
zones of the extruder are due to the design of the screw, and the zones of the material are
due to the material properties. The three functional zonetiéomtaterial are the solids
conveying zonethe plasticating zone, and the melt conveying zone. Tlesvdsrdesigned

to have each of the material 6s functi onal

:



but the actual location of the change may lie somewhere between the physical change in

screw geometry.

Hopper
Perforated Barrel heater Control thermocouples Flight £ *
breaker plate eed
1 Screw \ } pocket
L N
e i r ” A
Die J | § J 1
Metering section Compression section Feed section
Barrel = -— > —

Figure 3. Single Screw Extrude [12]

To move material through the barrel, material is usually gravity fed inextineder barrel
from a hopper. The feezkctionis where the material entetsetextruderand typically is
where the solids conveying zone lid$e plasticating zone starts somewhere between the
feed and compression zone. The exact location of thisiti@m depends on the polymer
properties, machine geometry and operating conditleinally, once all of theolid pellets
have meltedthe melt conveying zone begins near the metering section of the Somewv.

the material has reached the end of theem® section, it is pushed through die if

sufficient dielead pressure is reachgil]

1.2.3.3 Twin Screw Extruders

There are many different types of twin screw extrudévén screw extrudes have two
Archimedean screwhich can either mesh or not mesh in order to extrude matgrigl.

As previously stated, the main method of material transport through a singleegtmager



is frictional and viscous drag, which makes the flow through the extruder very polymer
dependent. Twin screw extruders rely on other methods of transport which make them
better for materials without favoralfiéctional propertiesOn the other had, intermeshing

twin screw extruders are a partiappsitive displacement process. A problem with twin
screw extruderss that it is difficult to analze the flow within the extruder. Therefore,
many times twin screw extruders will come withodular scre's which can be

interchanged to achieve the desirptbperties.

1.2.3.4 Vented Extruders

As material is moved through the extruder, volatiles can build up. A vented extruder allows
for volatiles to escape from the extruder which baip to eliminate air pockeia the
extruded material. Win screw extrudercanvent solvent contents of over 50% while a
multiport single screw extruder can only handle about 5% solvent corjtetjté\s such,

it can be difficult to properly vent a single screw extruder without multiple péetsts

can also be used to add components, such as fillers, additivereactive components to

the polymer in the extruder.

1.2.3.5 Gear Pump Extruders

Gear pumps are used inrmgonction with either single or twin screw extrudeks times,

they are referred to as positive displacement extruders, but this is not strictly true because
there are clearances between the gears and the hdassrgoump extrudeesegenerally

less pessure sensitive to pressure fluctuations than a single screw extiogener, gear

pumps can make the output from the screw much more reliable and are often added onto

machines where output fluctuations are ovet%. [11] The LSAM printer from



THERMWOOD, seen irFigure 4, utilizes a gear pump extruder, which allows for a more
consistent bead geometry and control dherflow rate[13] A down side to gear pump
extruders is that it can cause damagth&additives such as the finer CFABS in the

printing process

Figure4. THERMWOOD LSAM Printer with Gear Pump Extruder [14], [15]

1.3 Part Defects in BAAM

There are many different types of defects in BAAM that degrade part quality. These defects
take place at different points during the printing processehathere are defects at the
beginning, middle, and end of an extrusidhis thesis focuses on addressing the defects
caused in the middle of the printing procedsme methods of dealing with these defects

will be discussed.

1.3.1 Defects from the Beginningd an Extrusion



There are two main types of defects that occur with the beginning of extrusion. The time
delay for material to exit the nozzle at the beginning of an extrusion changes based on the
residence time in the extruder. Therefore, as the gantryesnalout the part, there is
always a different amount of time between extrusions depending on how far the print head
needs to travel to get to the next point. This can cause a void where material is not printed
where it is expected to be, and if the gamtrgvesslowly, it can cause a bulge at the
beginning of an extrusioirigure5 shows a void in the part in the red box due to a lack of

information about when material will be extruded from the print head relative to when it

was @mmandedo print.

Figure 5. Void in Part Due to Unknown Time Delay

1.3.2 Defects in the Middle of Extrusion

There are different part defects caused in the middle of an extrusion. Most of these defects
occurwhen traversing a cornai/hen the gantry moves around a corner, it slows down on
the entrance to the corner and trsgreeds up as it exits the corn@urrently, when
traversing a curvthereis no command to change the extrudetput so the bead is larger

when entering the coen and narrow when exiting the turn. When there is a command to

change thextruderoutput it is not properly timed because the response of the extruder is

1C



unknown. The research presented in this thesis has to do with changing thatdeiad
coordinatia with theextruder command to maintain a constant bead widgjore6 shows

a part which is supposed to have a constant height. It can be seen that at the corner there is

a protrusion which ipointed ouin red.

Figure 6. Bulge Due to Changing Speedt Corner

1.3.3 Defects at the End of an Extrusion

At the end of an extrusion, material continues to come out of the nozzle even though the
screw is not turning anymorior the purposes of this thesis, thispdmena will be known

as fAdrool .06 This causes mul ti plFgue7ynes of
the left over-extrusion can be seen where material is still coming out of the extruder as the
print head moves away fmothe part. On the right, over extrusion causes a part defect in
which material is extruded and the extruder stays in the same position. When the extruder

lifts away from the part, it brings some of the material up with it.

11



Figure 7. Part Defects Due to Drool

Many times the start and end of an extrusion will occur next to each other in the part
geometry. This causes defects along the sasamnilar to that seen iRigure8. Here, the

layers should bensooth and a uniform thickness. Along the region boxed in red, the
extruder stopped and started to extrude material. For each of the layers, the extruder was
commanded to start and stop at the same time, but it is clear thuféogs are causing

the mateal to take a different form on each subsequent layer.

12



Figure 8. Defectalong Part Seamwhere Extrusion Starts and Ends

1.3.4 CurrentMethods for Reducingmount ofPart Defects

While there are currently problems with the extrusioocpss, steps have been taken to
reduce the number of part defects. For example, to minimize the effect of the delay when
starting to extrude, a dwell time is input into the controller. When the starting dwell time
is enabled, the extruder is commandedextrude beforeghe gantry moves along the
printing path. This reduces the amount of valdsingstartup, but it does not account for

the time variant aspect of beginning to extrutieerefore, this can lead to bulging if the

residence time is low, or aid if the residence time is high.

A similar method of an ending dwell time is used when the extruder is about to stop
extruding. When the ending dwell time is enabled, the extruder will stop extrtiging
prescribecamount of time before it gets to thedeof a toolpath so that the drool out of the

nozzle will fill in the toolpath. This tends to work well, but the amount of drool is different

13



for each extruder nozzle size so this is not a perfect appatththe starting and ending
dwell time are usedefined parameterghat can be changed in the middle of a print.
Therefore, an operator will dial these values in for each print until skethe desired
behaviour from the extruder. This requires experienced operators who know what to look

for in the pmting process.

A third method of dealing with part defects is a mechanism known as the t&iigoee9

shows the tamper attached to the extruder. The tamper fetures a motor connected to a platen
that moves up and down to hiktlprinted material dowjil6) The bott om of t he
stroke is usually aligned with the nozzle so that as th¢ ipeizaxd moves about the part, the
tamperknocks down any defects that could interfere with the no2dteis delivered to

the tamper through the pneumatic hose. The air moves through internal channels in the
tamper and exits through air outlets. This wddkkeepthetamper cool to prevent material

from sticking to the mechanisduring a print.

14



Motor Extruder

Figure 9. Tamper Mechanismto Level the Print

1.4 Noise and Filtering

When data is collected, there will almost always be associated ftose@mportant to
eliminate as much noise as possible in the experiment setup. For extrapsgstem

should be checked to make sure that there are no grounding issues and shielding should be
used on cableqdl17] Inevitably, there will be noise and system disturbances that are
unexpected. For example switching signals such as Pulse Width Modulation)(2vdM

Space Vector Modulatigrwhich are commonly used by servo drivgsnerate electrical

noise due to high switching frequencies.

The goal of filtering is to remove as much noise as possible from the data without changing

the meaning of the data collect¢i8] This can be done through both hardware, such as

15



ferrite cores, and software. There are many basic filters which can be applied taheduce

amount of noise in the data as well as more sophisticated filters that can be applied.

1.4.1 Outliers and the Hampel Filter

Outliers can impact analysis so it is important to recognize their existence and deal with
them appropriatelf19] There are two main ways ofindling outliers. The first method is

to recognize outliers and replace them with more reasonable values. This allows for data
processing techniques that ate not requiredata without outliers to be used. Another
optionfor dealing with outliers is to parm analysis procedures that are not sensitive to

outliers. The Hampel filter works to replace outliers with sensible values.

Moving median filters have proven to be extremely useful in many applications despite
only having one tuning paramet§20] The Hampel filter is closely related to a median
filter. Both of these filters wsa moving data window which can be represented by the

following equation:

A ® B o8 ho 1)

whereu is the window half width and takes the value of a positive integer. For any moving

window, the median value can be definedias seen in Equatio®.

a4 GQQQbE M B ho #)

The Hampel filter response can be given by

16



. oh © as &Y
@ 4 @ & s &Y )

=5« D¢

wher 0 is a scalar thresholdy is the mean absolute difference (MAD) scale estimate,

which can be defined according to the following equa{i@], [21]

Yop8 Yo @ QG 5 » G ()

The value of 1.4826 makes the MAD estimeg@al to the standard deviation for normally
distributed dataThevalue ofoin Equation3 makes the filter more or less aggressive.
more aggressive filter will remove more outliers, but also may chahgeddition, itis
necessary to pick an appropriate window length for the Hampel filter. If a window length
is too short, then outliers may tnbe detected. Another problem that could occur if the
window length is too short is that an outlier could be replaced by an incorrect maidian

which is influenced bylata within the windowj21]

1.4.2 SavitskyGolay Filtering

The SavitskyGolay filter fits a polynomial over a number of samples using a least squares
approximation.[18], [22]i [24] This filtering method creates aw passfilter which is
generated from EquatioBsand6. Figure10shows a series of samplesg from a signal
as solid dotsTo obtain the polynomial of the dotted line shown in the figurenapée set

of g0  p samplesvereselected that are centred arodnd Tt

17
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x(M)orx(N) ©° Ieast-:_;qu?res output sample
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¥

Polynomial approximation to centered unit impulse

Figure 10. Savitzky-Golay Filter Representation[23]

Thecoefficients ofthis polynomialcan be found according to Equatier24]

n & W )

The mean squared approximation erroycan be minimized by the Equatién

T ne we wE e (6)

It is not necessary that the interval is centered aréundtwhen applying the filter. The
process Savizksbol ay f il tering was sQolaynriteringzfer d
Online Condition Monitoring on Tralmmer OnrLoad Tap Changer o

three stepq23]

1. Right shift the interval by one sample

18
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2. Set a new agin as the middle position @b p samples
3. At the new origin, perform polynomial fitting and evaluation for every sample in

the sample set.

The SavitzkyGolay filter is powerful because it can preserve the waveform of an
oversampled signal that is corrupted by noise. This filter doesntroduce any feature

shift with respect to the original signal because it is symmetric and has zero phase.
MATLAB has a SavitzkyGolay function, sgolayfilt(), which can be used to implement
symmetric and nosymmetric SavitzkyGolay filters, which wa utilized in the data

processing for this work22], [24]

1.5 System ldentification and Controls

A large portion of the work performed relied on system identification in ¢odesme up
with a model to describe the system. This section discusses some of the theory that was

used in order to perform calculations and create a model.

1.5.1 Transfer Functions

Transfer functionare usedo describehe relationship betweersystemnputsandsystem
outpus without solving a differential equationThey are important for determining
dynamic systemesponseg25] A transfer function can be defined in many different ways.
Equation7 shows a representation of a transfer functiom , wherei is a complex

variable represented by , Q.

19
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The coefficientséd and, in the previous equation are reaimbersandt is the time
delay in seconddt is oftenusefulto define a transfer function in terms of its poles and
zeros.Therefore, it is common to represent Equafian the form shan in Equation,

otherwise known as the zero pole fof26]

0 i b a i a 81 a i
"Oi — V———F— —— —— (8)
Ol i n i n 81i n i n
In the previous equationp i and Oi are the numerator and denominator

respetively, & represent the system zeros, andepresent the system palas is the gain

constant which islefined by the following equation.

@
e 9
v = 9)
The zeros and poles of an equation are found by salving 1, and O i T

respectivelyOnce the poles, zeros, and gain constant of a syathknown, it is possible
to completely characterize a systef@5] Poles and zeros usualéyre real numbersor

appear in complex conjugate pairs.

1.5.1.1 Homogeneous Response
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A homogeneous response of a systethesresponsthatoccurs whera systenis given a
set of initial conditions and then has no other ing@®] This response can be described

by a series of wghted sumsseen in the following equation:

0 5Q 5Q (10)

wherew is the homogeneous respongeis determined from the set of initial conditipns
Ois timeg and_ are the roots of the characteristic equatindr) are the system pole§he

characteristic equation can be seen in Equdtion

[Th
9]
b=

of i & i (11)

It can be seen that the roots of the characteristic equation are thasstmgoles for the
system This means that 1, which can be seen ithe exponents oEquationl10.
Knowledge of the systepoles is very powerful because the pole locations give the natural

response of the system.

Figurellshows goleszero plot with a reat-axis and an imaginamyaxis. The poles are
shown as crosses ) on the fot. The pole l@atiors canlead to astable, marginally stable,
or unstablesystemresponseThe values that the poles take on to create either a stable,
marginally stable or unstable system respomae characterized ionderstanding Poles

and Zerosand carbe seen belw: [25], [28]

A. StablePole Values
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1. Real Negative (n » . This will lead to an exponentially decaying
homogeneous respongkthe pole is more negative, or further away from the
origin, then the response will baster while poles that are close to the origin
will decay slower. The response can lesatbed by0'Q componenin the
homogeneougesponse.

2. Complex Conjugate Pair in the Left Half Plangm . Q: This
leads to a decaying sinusoid in its homogeneous response which can be
represented bypQ OET O %.. For this response, decay rate will be
specified by, , the oscillation frequency will correspond tg andd and%.are
determined by the initial conditions.

B. Marginally Stable

1. Zero f§ T : A pole located at the origiwill not change from its itial
conditions. This response can be described BfQa & component in the
homogeneougesponse.

2. Imaginary Pole Pairf( Q) : It can be seen that an imaginary pole
pair has a zerceal component. Therefore, it lies on the imagjreatis, which
creates a marginally stable respong& imaginary pole pair reates a
component with the equatiom i Q&0 %o in the homogeneous response
which isan oscillatory response with constant amplitude.

C. Unstable

1. Real Positivery , : This is a real pole in the right half plane. This leads to

an unstable response in which the system will have an exponentially increasing

component’Q in its homogeneous response.
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2. Complex Conjugate Pair in theégRt Half Planerj i) , O :Thisleads
to an exponentially increasing component in the homogeneous response.
Similar to that presenteid the complex conjugate pair in the left half plane,
this response can be represented by the same equ@gio® E|T 6 %o. The

only difference is that now will describe the ratef exponential rise.

A 3(s)
e X > Ji(s)
) v ~ 0 P .,
X
< stable region —————— unstable region —>

Figure 11. System response with different values for pold25]

As seen above, stable poles occur in the left half plane, and have negative real components
to the poles. Marginally stabkystems hava zero real component in their poles, and
unstable systems have positive real components. If a system is made up on multiple poles,
it is characterized by its least stable pole. For example, if a system has two complex
conjugate poles in the left half pla and a zero pole, the system will be considered

marginally stable.
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1.5.1.2 Second Order Systems abdmping

Second order systems can be seen in mechanical systems that have two energy storage
elements, such as a mass spring damper system. In a mass springsyatepesuch as

that seen ifrigure12, energy is stored in both the spring and the danp@}.

k

b { "
Frictionless surface ==p
T7777777777777

Figure 12. Mass spring damper second order system

The equation omotion for the mass spring damper system shoviigare12 can be seen

in the following equation30], [31]

Qw .Qw
: e 0 12
0 5 O Qo T (12

The chaacteristic roots of Equatiat can be found using the following equation:

~
g

- ® VMo 1aQ
i A ' (13
ca

It can be seen that the ropte system polegan take on different valseaccording to the
value of the square root in Equati®8. The roots can also be used to find the damping

ratio,— according to following equation.
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The dampingatiois theratio of actual damping to the critical dampifge different cases

that cause a system to be underdamped, critically damped, or overdamped are described in

Tablel.

Table 1. Damping conditions bagd on root values

Damping Root Value of Square Root | Damping Ratio
Condition Characterization in Equation 13 }
Nonreal complex x .
Underdamped roots w T4 Q m — p
Critically damped| Repeated Real Roo] © TG40 - p
Overdamped Distinct real roots ® 1470 - p

Typically in an underdamped system, oscillations are present. This is due to the pole
locations, as previously discussed in secfidnl.1 A critically damped system is the
desired system response. It has just enoughpihg to prevent oscillations and will
quickly reach the steady state value. An overdampstesy will also not have any
oscillations. It is possible for overshoot to occur in an overdamped response, but oscillation

will not occur. Figure 13 shows typical responses for both critically, overdamped, and

underdamped systems.
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Figure 13. System Responses for over, under, and critically damped systei3§]

1.5.2 System ldentification

System identification ia tool that can be used to find the relationship betweesydiem
input and output. s often necessary to control dynamic systems becdtigseery difficult

to have all the necessamformation about the environment and operating conditions to
make a perfect control strategy before the system is in its working envirofi@®rigure

15, from T.C. Hsiashows a block diagram representation of system identificatmgain
information about the system, differenteasurable inputs are given to the system.
However as previously discussebere is always noise associated with measured inputs
and outputs which can lead to inaccurate assessnientieal with the noise, a statistical
approach is taken, such as a lessgtares approach, to minimize the error of the resultant

model.[33]i [35]
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Figure 14. Representation of System Identificatior{33]

There are two mn approaches to system idénation. The first of which is a black box
approach. This is used when nothing is known about the system. For exéntmglerder

of the system is unknowand there is no dynamic model of the systanblack box
approach will be usedrhe second approl can be described as a partial identification
problem, or gray box modeling. With this setup, some characteristics of the system are
known, such as linearity. However the values of the coefficients of a dynamic equation or
the order of a dynamic equatiamy be unknown. This is an easier problem to solve than

a black box problem
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1.5.3 Signals Used for System Identification

There are different types of signals that can be used for system identification. It is good to
pick a signal which can excite the dynamafsa systemhroughout testing. Common
choices for input signals include filtered white noise, pseudorandom signals, and binary

signals and random gaussian signals

1.5.3.1 PseudeRandom Binary Signal

A pseuderandom binary sequen@@RBS)has many charactetiss similar to that of white

noise. It can be generated according to the difference equation, seen in Egbdtdh

It is best to use the PRBSan input signal if the settling time of the system is not long.
60 1 Qdnook i Q@oo p E wdéo ¢l (15

1.5.4 QuantifyingModelFit

It is common to assign a model a value to represent how well the model approximates that
data that it is attempting to pretlidhis can normally be quantified by the normalized root

mean square error (NRMSE).

W [

"QQo p prnimbp (16)

W G Qe

wherewis the predicted value) is the reference dathat the model is compared against,
and0 is the total number of samples in hh@and® vectors[36] A higher percentage

of fit means a model is better at predicting slggtem output. However, it is important not
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to overfit a model during model creatn.[33] This can lead to a bad fit against validation

data.

1.5.5 Feed Forward Controls

Feed forward controllers do not use efbased infomation to commanthe system, but
rather they usenodels to predict the system state and conf@l] Many times, feed
forward controllers are used in conjunction with feedback controls to account for
disturbances that may impact the systéhey can also be used when it is not possible to

obtainfeedback from the system in real time.

1.5.6 Quantifying @ntroller Performance

The purpose of the controllers used irstBxperiment was to maintain a constant bead
geometry. Therefore to quantify how gotite controllerperformed, the mean absolute
error (MAE) and root mean squared er(BMSE) was used tseehow much variation
was present within the bead geometry. The MAaEbe found according to the following

equation

VOO0 - W W a7

whereg is the total number of samples,is the current sample, aailis theaverage value

of all the sampleg37] The RMSE could be found according to the followargiation
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It can be seen that the RMSE will generally penalize outliers more than the MAE because
it squares therror term, while the MAE will not penalize outliers as much. Therefore, it
can be useful to look at both the MAE and the RMSE when séewguniform a series

of data points is.

1.6 Previous Work on Extruder Dynamics

A lot of work has been done to describe the steady state flow of material through an
extruder. However, this work assumes a stesthte process, Newtonian flowand
isothermal itompressible fluids are present in the extruf@8] Nick Schott set up an
experiment in 1971 to come up with a model for extruder dynamics by looking at an
extrudets response tdifferent inputs. To measure the flow out of the extrudeihlzon

was melted into the extrusion as it exited the die. The amduittmn melted in was
recorded to measure how fast the material was extruded, @herfoot sections of the
extrudatewerecut and weighedo find the mass flow ratef the extruder because it was
known how long it took to extrude one foot sections. &keuder was found to have a
second ordennderdampedesponse to a step change in screw speed. This study also used
a black box approach and did not come up with a result that is generally applicable to any
extruder.The system used to measure flow ratthe experiments performed for this thesis

can be used on any extruder to learn about the system which is advantageous.
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Other studies were performed looking at extrusion dynaamdssurgevith polystyrene

[39], [40] As with the previous study, parameter estimation and fine tuning of the process
needed to be performed arspecific extruder to get good results. These experiments also
looked at the longer term dynamics of the sysfBnese previous experiments also do not
deal with how the dynamics of the system change when being extruded onto a surface. This
is important r LSAM because the way that the bead interacts with its environment will

change the perceived dynamics of the system.
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CHAPTER 2. EXPERIMENT SETUP

This chapter presents the experimental setup used to measure the flow rate out the nozzle.
It explains the mecharal setup used to measure the flow rate out of the nozzle, as well as
the instrumentation used to measure certain extruder properties. The chapter also presents
the software setup that wased to drive the experiments and some problems with the

experimeial setup that needed to be addressed in order to obtain good data.

2.1 Machine Overview

To gain a better understanding of the volumetric flow rate out of the extrutheqda
characterizatiorsystem (BCS) was created. As seenFigure 15, the BCS features a
254. 762 mm (1 Geated3spihningd whaemwhicle the polymer beeak
extruded onto, a laser profilometer to measure the bead geometry, and a scraper to scrape
material off of the wheel to allow for material to be exedanto the whedbr an infinite

period of time.The wheel spinning simulates the faate during a normal print.
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Extruder
Laser Proﬁlometer\%

Polymer Bead

Figure 15. This is a visual representation of the BCS experiment setup.

The BCS was used on the Blue Gantry Mael{BG) at the Manufacturing Demonstration
Facility (MDF) at Oak Ridge National Laboratory (ORNL). The BG is a BAAM system
which uses a Dohley extruder, which was originally intended to be used for glue
application. Al e X p e rnozne antl ssed2@% Caiband-ider a O .

ABS as the polymer. Dataerecollectedwith experiments known as runs.

Each run started with the extruder aféxt, aseries of voltage commandere sento the
extrude. The test concluded with thextruder off againFor each run, the wheel speed
followed different patterns based on user selectitmough a Graphical User Interface
(GUI) described in more detail in Sectidr.1 The wheekouldeither move at a constant
rotational velody, spin proportionately to the extruder command, or be sent commands

from a predictive controller whicis presenteth CHAPTER 4

2.2 Instrumentation
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Multiple sensors were used to monitor the system and gather the necessargalatdate

the flow rate out of the extruder. A quadrature encoder with 1024 pulses per revolution
(ppr) was used to report the velocity of the extruder screw. This encoder can be seen in
Figure16 mounted to the extruder mot@nother quadrature encoder with 1024 ppr was
used to track the absolute position of the wheel which was important for relating the time
the polymer was extruded to the time it was meastach pulse othe encoder correlates

t0 0.038nm ( 0. 0 O 1sbirfage ofdhe whedl. e

Figure 16. TRDA-20R1N1024VD Encoder mounted to the extruder motor.

2.2.1 Laser Profilongter

A laser profilometer was used to collect data about the bead geometry once it was printed
on the wheel. The ScanCont2$10350SI model was used, which can be seeRigure

17. The laser profilometewas configuredto continuously shine the laser and take
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measuremesit a frequency of 200 Hi.the wheel is moving at 15 RPM, this corresponds
to a measurement once per mm of bead extrubedake a measurement of the bethd,
laser had an onboard camera whigbkta picure of the laser against the surface of the
wheel Then itemployedan internal CPU to perform image processingtaagsmittedhe
measurement to a LabVIEW system, which is discussed furttf&edtion2.3.2 For the
pictures taken by the laser scanner, it is recommended to have an expost36%i[AQ ]
The laser scanner was configured to have an exposure ¢fa80%ported by the Micro

Epsilon softwareThis is the provided software to configure the laser.

Figure 17. ScanControl 261050SI Laser profilometer shining on the bead

The laser was setup to use two referaareasseen irFigurel8, to creatareference line
to measure the bead agairstter settingthe reference areas, the ladeesnot consider
any data points found outside of the reference dit@a.can be seen by the ignored data in

the figure.lt is important to set the reference zones toward the outside edges of the wheel
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so that the bead gewtry, seen in bluedid not interfere with those zones to keep a

consistent reference lifeom which to take measurements

Reference Areas

[\

[———

“

 Reterence Line

Ignored Data

Figure 18 ScanControl software setup

2.3 Experiment Coordination

The BCS was built with the intent to bblato move to different machinesablingthe
capability to characterizdifferent extruders in the future. As such it was necessary to
coordinate tasks betweah.abVIEW systemwhich was used for data acquisitjamd the

BG controller. The B&ontrolle uses a Simulink Real Time controller to move the gantry
and send signals to the extrudBrgure 19 showsthe tasksaddressedy each ofthe
different systems, and the details of each systeerexplained furthetthroughout the
chapter It can be seen that the LabVIEW system received data from the Simulink Real
Time System and the BGt alsorecorded the information in a data file.dddition, the
Simulink Real Time System sent commands to the BG to control different aspéuots of

machine, such as the extruder and wheael.
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/ Simulink System\ /LabVIEW System\
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Extruder Voltage — Data File
Wheel Voltage
Take Data Signal

o /

Blue Gantry Machine

Outputs

Extruder Encoder Data
Wheel Encoder Data
Bead Geometry Data

(& /

Figure 19. System Input and Outputs

2.3.1 Simulink Real Time Controller Modifications

Torun tests on the BG, modifications needed to be made to the Simulink Real Time system.
To facilitate ease of use, these features were bundled systam identificatiomgraphical

user interfaceIGUI), which can be seen irigure 20. This SIGUI allows for multiple

test types to be performed by changing the voltage setiet@xtruder and the wheel

command.
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Figure 20. GUI to control the commands sent to the BG machine.

2.3.1.1 Extruder Commands

There were two main options for sending commands to the extilualeareexplained
throughout this sectionFirst, the user could load a properly formatted file into the
MATLAB command window. This enablesmplex profiles t@xcitethe dynamics of the
system to bereatedffline which reduced the amounttrine spent orthe machineluring
testing An example of ae of these profiles can been irFigure21. The .mat file included

two vectos: e vector which gave the desired voltage to send to the extrudersanodnd
vector which gave the transition times to move onto the next extcothmandThevalues

in the transition time vectare the times at which the green lines intersect the x axis in

Figure2l.
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Figure 21. Sample Profile Created In MATLAB

The GUI alsoallowedthe usera create a profile of extruder voltagess i ng t he A G
Control 0 par amet e rFgure2® Ehese patametels ereated d olage o f
profile according to that ofigure 22. It can be seen thahis profile consisted of three

devidions from an average voltagdeuation A, Dewviation B, and Devation C. The

deviations last fotimest,, th,, and ¢ respectivelyEach deviation occurred in both a positive

and negative deviation from the averaggagé It was alsgossible to modify théme

between each set of deviations, the time between the positive and negative fluctuation from

the average voltage, as well as the time spent at the average voltage at the beginning and

end of the sequence.

39



[‘ta

tfin

tini

Voltage Command

A J

Time

Figure 22. Voltage pattern created by the GUI Control parameters

2.3.1.2 Wheel Commands

The SIGUIhasdifferent options for the wheel speed. It could interpolate the command sent
to the wheelbased on the current extruder vgkathroughuser selected interpolation
valuesfromt he A Wheel Vo |seteagrgure2@ Awhaehtermnemdgprofile

could also be loaded through a .mat file similar to the extrudditgor

Oncethe SIGUI hada model of the system btiln from the system identification
techniquesliscussed further iBectiord. 1, it was possible to change the model coefficients

through theSIGUI to test different models. This modehs an optiorto command the

wheel voltags ent t o the system in coordination

have a feed forwardontroller.

2.3.2 LabVIEW Syem
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The LabVIEW systensened as the data acquisition unit.received inputs from the
Simulink Real Time system and the sensmrdwasable to recordhe datan text files.

Part of thdront panel for user input during testing can be seénguare23. This was used

to view information, such as the bead dimensions and wheel speed as the experiments were

performel. It alsoserved as an interface to turn the sensors and actuators on.

As previously mentioned, this interface was responsible for saving data to text files to
process after the experiments were condudiedre were two options for saving data to a

file. First, there was a buttpon A C R | QHhatacaneb@ seen iRigure 23 which was
responsible for saving data when activated. It was also possible to make the BG machine
responsible for saving. In this case, savsgctivated inthe SIGUI which was discussed
previously in this chapteMhen a run was started, the SIGidiced theBG to send a

signal to the LabVIEW system to start saviaia.
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Figure 23. LabVIEW Front Panel

2.4 Difficulties with Experimental Setup

The BCS needed fine tuning to ensure accurate measurements of the system were taken.
Problems specifically arose with the polymer bgadlity on the wheel, which was largely

due to the wheel speed relative to the extrusion sgégdre 24a, b, and ¢ show beads
formed at wheel speeds that are too slow, too fast and a good wheel speed resgéctively.
the wheel was moving too slow then the polymer would bulge out and have a bad surface,

seen inFigure 24a. This madaeit difficult to both measure with the laser and properly

WheelMotorCmd

)

FeError
status code
21
source

Encoder Data |

Wheel Position (counts) Extruder Position {counts)
221748 0
Whee! Position (degrees) Extruder Position {degrees)
324826 0
Wheel Motor Velocity (rpm)  Extr
0 0
Wheel Velocity (rpm Extr
0

uder Motor Velocity (rpm)

uder Velooty (rpm)

ee Between Velodity Samples (ms

aviegStatus

Area Index
0 228069

wietn 1%

veon: [

297

A0

correlate to the time extruded, which is discussed in Segtioh If the wheel was rotating

too fastrelative to the extrusion ragtas seen irrigure 24b, the polymertore anddid not
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stick to the wheelFigure24c shows a clean bead profidee to the relationship between
the extrusion rate and wheel spe@dtrial and error approach was used tadfimheel
speeds that allowed the polymer to easily stick to the wéeel produce good bead

geometries.

(a) WheelMoving Too Slow (b) WheelMoving Too Fast  (c¢) GoodWheelSpeed

Figure 24. Bead properties with different wheelspeeds

Different problems arose with starting and stopping the extrusion. When starting to
extrude, there is a time delay between the time the screw starts extruding and the time
material begins to come out of the nozzle because the shear field islyateftdloped

within the extruder barrel. This time delay varies basetthemesidence time, twow long

the extruder had been sitting idl€hereforesynchroniation of thewheel speedand
extrusionrateis difficult. As such, there were significant prebis to get the polymer to

stick to the wheel in the beginning of a run.

To combat this problem different approaches were taken, of which two methods saw some

success. The first of which involved applying Cube Glue to the wheel before starting a run.
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This helped to adhere the polymer to the wheeb€Gluas an adhesive glue that comes

with some FDM 3D printers to apply to the print bed before starting a print to help the
material stick to the build platform. Another method that saw some success witepoly
adhesion to the wheel was ramping the wheel speed to try to match the rate of extrusion.
This method saw some success, but the ramping speed necessary to get a good bead profile
for measur ement changed with theangtheé ymer 0

extruder command.

There were also problems with adhesion to the wheel when turning the extruddteoff.
theextruder s sent a command to stop, there is s
The amount of f@Adr ool anmandipene dimingdhe nozzleaff. e x t r u
the wheel speed at the end of the run was tootfastpolymer would hit the wheel and

curl up next to the nozzle as showrFigure25. If the wheel moves too slow during the

period oftme when the fAdrool 06 is exitingigurehe noz

24awill occur causing it to be difficult to calculate the flow rate out of the nozzle.

“Drool Out of Nozzle”

Figure 25. Wheel moves too fastausing "drool" to curl up.
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CHAPTER 3. DATA AND ANALYSIS

This chapter presents how the data was processed after the expahateméese described
in the previous chaptevere performedrirst how the volumetric flow rate was calculated
is discussed, then methodsed to filter the data are presented, and finally the model

created to represeaktruder dynamics described.

3.1 Calculating the Volumetric Flow Rate

3.1.1 Finding the Encoder Offset

Due to the setup of the BCS, there is an inherent time delay between thieetpo/mer

is extruded and the time the bead is measured by the laser profilometer. This time delay
changes in conjunction with the wheel speed throughout the course of a run, but the
absolute position between the point of extrusion and the point ofunegasnt is always
constant. This absolute position offset was known as the encoder offset for the purposes of
this experiment. The encoder offset is the number of engndsesbetween the point of

polymer extrusion and the point of measurement.

It is important to have an accurate number of encpdégesfor the encoder offset value
to ensure that the flow rate calculatioras accuratefor lining up the data, which is
discussed in the next sectidro findtheencoder offset, a pin was placed under thadhe

of the nozzle, and the encoder position in this state was rétpde 26 shows the setup
to find the encoder offse©nce the pin was placeithe wheel was rotated until pin passed

underthe laser.
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Figure 26. Pin placed under nozzle to find the encoder offset.

The encoder offset was calculated according to Equafion

i n n 19
whereYn| is the encoder offsefy  is the encoder position at the time of the maximum
measuremdrfrom the laser profilometeandn is the starting position of the encoder.

The encoder offset procedure using thewas repeated 6 times. Thisuld result in a
range of encoder offsets. After all the encoder offsets were found, the average value was

taken. This wound up with a range of positions withi624mm .060 Wwhich is still

within the nozzleThe encoder offset procedure was performedyetigre data was taken
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to account for the position of the BCS changing relative to the extruder poSitiere
were errors insduced because a person platesl pin each time, which would lead to

slightly different measurements.

3.1.2 Measurementime and Extwder Time

When the data was recorddhde time the material was extruded was not the same as the
time the material was measured. As suamceothe encoder offset was found, it was
necessaryo alignthe time each measurement was taken with the laselopneter to the

time that the material was extrudasing the extruder offset

To line up the dategn algorithm wasreated. The basic premise of the algorithm can be

seen inTable2. The goal of the algorithm is to find the bedichensions in extruder time,

where extruder time is defined as the dimensions of the bead at thia¢immaterial was
extrudedThe table shows #AX0 in positifamthis wher ¢

example

The algorithm looks at the current erd&r position pointed out in step one in the table.
Theencoder offseis added teach of the encodeppitions.To find theDesired Encoder
Positionwhich is pointed out in box two of the table. For this example the encoder offset
was 10,000 clicksThe algorithm looks ahead in the data to find where the number of
encoder clicks ligsseen in step thretn this example, the exact number of encoder counts
desired could not be found. 8dinds the two data points that the Desired Encéttesition

lies béween.In step 4the algorithm looks at the measured bead dsrmns a0.235 and
0.240 secondg-inally, the algorithnperformednterpolationto find the bead area, width

and heightn extruder timeseen in step 5.
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Table 2. Basc Algorithm Structure for Lining up Time Extruded to Time Measured

Time Encoder Desired Encoder Measured Bead | Bead Dimensions
Counts Position Dimensions Extruder Time
0 2568910 2578910 X X
7N\
7 5 ; >
( 1 2 JArea: 12.5 mm
0.005 2568942 I: 2578942 X Width: 10 mm
Height: 2.5 mm
® ® ® ° ®
[ ] [ ] o [ ] [ ]
[ ] [ ] ® o [ ]
7N\
(r 3 k4 )Area: 12.5 mm?
0.235 2578930 X Width: 10 mm X
r N Height: 2.5 mm
L
}/ Area: 12.5 mm?
0.240 2578950 X Width: 10 mm X
Height: 2.5 mm

3.1.3 Calculating theVolumetric Flow Rate

Once the datavereprocessedheflow rate was calculated according to Equaén

~
g

0 1 o6 (20)

whereD is the volumetric flow rate, is the velocity of the wheel surface in mm/s at the
time of extrusion, and is the cross sectional area of the bead in extruder me

found by the algorithm that was explainedhe previous section.

3.2 Data Processing

As discussed in Sectidn4, noise is always present in systems. As sudretwas noise
present irsignalsreceived by the LabVIEW systefTio fix some of the disturbances, ferrite
coressimilar to the one shown frigure27, were added to the wiring reducenterference

from high frequency fluctuations wires that had PWM signals passed through them
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addition, the grounding of all the electrical componerds whecked to ensure that there
were no ground loops presemhese noise prevention techniqueducedhe noise in the
analogsignals, such as the voltage command sent to the extruder and Mbweler,
there was still noise present in the measurenrentsved from the laser profilometand

the wheel speed, given by the encoder on the wheel.

Figure 27. Ferrite core used to limit interference [42]

To make the data easier to process, the cross sectional area of the bead as reperted by th
laser profilometer and wheel velocity measurements were filtered before calculating the
flow rate. The dataverefiltered using a hampel filter to eliminate outliers and a Sawitsky

Golay filterwas used to smooth the data

Figure 28 shows the bead width and wheel velocity measurements before and after
filtering. It can be seen from this figure that the overall trend from the data still stayed the
sameln the wheel speed data, it can be seen that sometimes the etwestest report a
wheel velocity. The wheel did not actually stop raigtiduring the experiments. The

Hampel filter successfully worked to eliminate these outliers from the data.
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Figure 28. Data Before andAfter Filtering Run 869

3.3 Modeling the system

To model the system, the MATLAB System Identification Toolbox was used. This toolbox
has many different methods of finding the transfer function between an input and an output.

In order to make a good controller, a model for each stage syshemwascreated.The
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system was modeled in a black box modeling approach because it is difficult to create an

eqguation to describe the dynamics of the extruder.

3.3.1 Extruder Voltage to Extruder RPM

The model used to describe the commanded extruder vattabe actual extruder RPM

was a second order model with one zefthe model shows an overdamped response for
the extruder, which is to be expected for a motor. The poles were located along the real
axis at-7.43 and-0.09, and the zero was located-@108. It can be seen that this is close to

a first order system, as one of the poles and zmsstcancel each other out, but a first
order system did not do as good of a jopraperly defining the systeneven though it is

how a motor theoretically sbuld respond The motor wascontrolled by a variable
frequency drive which could have led to sowagiation from the first order systemhe

model also had a gain of 35.08 and a tdakay of 0.054 second8he transfer function for

the commanded extrudeoltage to the extruder RPN can be seen in Equati@i.

T Ciw o @ty
p® gioc p@ T p

tQ 8 (21)

Figure29 shows the model validated agaiuaatidation data, whiclverenot used t@reate

the modelThe top of the figure shows the extruder command, and the bottom of the figure
shows the actual response@dand the predicted responsebine As seen in the figure,

the predictedextruder velocity closely matches actual motor viiyod@he NRMSEof the

run shown i90.42%.
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Extruder Voltage of Model Validation - Run 869
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Figure 29. System Identification Extruder Voltage to Extruder Speed

3.3.2 Extruder RPM to Volumetric Flow Rate

A model was created to relate the volumetric flow rate out of the nozzle extiueler

RPM. To choose the bestodel| the system identification toolbox in MATLARasused

to perform system identification witthe datafrom different runs. Models were created
using Run 831 as the basis for model creation. Run 831 uBBRdB&as thecommanded
extruder voltage. Next, the models created were validated against other runs. In other
words, the models were fed the input REbdmM the run and then compared to the actual

flow rates from the rung able3 showsvariousordermodelscreated from Run 834eing
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validated against another run, Run 8R1s best to havas simpleof a model as possible

from a controls perspective, so it is disadvantageous to add more poles and zeros.

Table 3. Fit for Different Models Validated Against Run 821

Number of Poleg Number of Zeros| NRMSE (%)
1 0 57.45
1 1 63.39
2 0 76.78
2 1 78.52
2 2 80.99
3 0 76.64
3 1 78.41
3 2 80.56

As seen inTable 3, the model with two poles and twerps had the best fit during
validation.The poles and zeros for this model are both complex conjugates with the poles
at-0.738 0.993i and the zeros a@.0619 0.1108i The poles are complex conjugates,

indicating that this is an underdamped system.

As previously mentioned, the model was created fdata collected from run 831, which
used a PRBS as the input signal to the extriiigure30showsthe model created between
the extruder RM and the calculated flow rate. In theagh on the bottom, the simulated
response can be seen in blue and the calculated response for the run can be sdén in red.
can be seen that the model does not pick up the higher frequency fluctuations, but it does
pick up the overall trend of the dafdhe NRMSE iggiven as 82.6% for this model, where

a value of 100% would be a perfect fit to the data.
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Input for Model Creation - Run 831
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Figure 30. Model Creation for Extruder RPM to Volumetric Flow Rate

After the model shown ikigure 30 wascreated, it was validated against other rise
of these validation runs can be seerfrigure31. The top of the figure shows the input
RPM for the validation data, and the bottom of the figure shows the calculatecfin r

red and the predicted flow rate in blue. It can be seen that the model runs through the
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calculated flow rate for most of the run, but it does not capture the higher frequency
changes in flow rate. However, this mogebvides a metric fotracking he transitions
between the different extruder speeds. The model ha8326% NRMSE fit to this

calculated flow rate

Input for Model Validation - Run 814
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Figure 31 Validation Run for Chosen Model

3.3.3 Wheel Voltage to Wheel RPM
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Another model was created to serve dasaasition between the commanded voltage sent

to the wheel motor and the wheel spdedure32 shows the model creation and validation

for the commanded wheel voltage to the actual wheel speed in REAMh be seen that

this mobr was very predictable with validation data having a 95.86% NRMSE. The model

used for the relationship between the commanded motor voltage and the wheel RPM was

a first order model with a time delay. The valuesdorgain, pole, and time delayeve

2.517 0.0377, and 0.009 respectively.

Wheel Voltage of Model Creation - Run 730 Wheel Voltage of Model Comparision - Run 827
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Figure 32 Wheel Speed Model Creation and Validation
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CHAPTER 4. CONTROLLER CREATION AND RESULTS

This chapter shows how the model created in the previous chapter was used to control the
wheel speed to nmatain a constant bead geometry. Eitsé architecture for the model is
presented. Next, the controller implementation is shown, and then the results from runs
with and without the controller enabled are presenkgdally, sources of error are

discussed

4,1 System Modelfor Controller

To control the wheel speed to correspond to the flow rate out of the nozzle, a system model
was necessaryigure 33 shows the overall model foréahBCS.It can be seen that the
system takes in theurrent extruder commandét uses transfer function G1 to find the
extruder RPM from the model explained in Sectdod.1 Thetransfer function that was
obtained in Sectior3.3.2 G2, is applied tahe output from G1 to find the predicted
volumetric flow rate given the current commarikhe system uses the user defined
geometry from the SIGUI to calculate an area of the bead. This is used to find the necessary
wheel surface speetb maintain a constd bead geometry. Finallythe modelwas
multiplied by GC, the controller transfer function. This waeated by using pole
placement to make th&heel respond more appropriately to user commaB@splaced

the modeled transfer function pole from the wheaihmand to wheel velocity in the

numerator and put a new pole in place of it to get a more controlled response.
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Figure 33. BCS Controller Model

The model created was only valid for the middle of an extrusion pattern. Invathds,
the beginning and ending tiie extrusionwasnot modeledThe dynamicst play when
the extruder is turned on and affe different than the dynamiegen in the middle of an

extrusion This is an area of further research that needs to be done.

4.2 Controller Implementation

All of the models were created in the continuous time domain because the deposition
process is continuous. Howeytre controller implementatiomseddiscrete time because

the Simulink Real Time system sends commands to the BGimaahdiscrete timat a
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frequency of 200 HzTherefore the transfer functiomereconverted from continuous time

to discrete timén MATLAB .

4.2.1 Wheel Controller

The wheel speed was manipulated to maintain a constant bead geometry. Tolmditain a
respamse from theavheel a control block was added into the system which had a zero to
cancel the modelled pole of the system and a pole was placed closer to the origin at 0.01

for amore controlled response.

4.2.2 Wheel Versus Extruder Control

The feed forward conttier implemented varied the wheel speed to maintain a constant
bead width. This is roughly equivalent to changing the-feég], or the speed at which the
gantry moves, during printing operations. The wheel speed was changed relative to the
commanded extder voltage, becaustne wheel has faster response time than the
extruder. This made it easier to control because the wheel was always able to respond fast

enough to keep up with the changes in the flow rate.

If a profile for wheel speedsasgiven insead of extruder commands, the controller would
need to limit the acceleration of the wheel to allow for the extruder to compensate. When
a controller is implemented in the future to control the bead width while printing, changes
will be made to both the églrate and the extruder command. Ideally the fieg¢dshould

never change and continue to be the commanded&edrom the Gode. However, it is

likely that in many cases the flow rate will not be ableegspondast enough to keep up

59



with the chang in the feedate so the feedate will need to be controlled in conjunction

with theextruder command. This control scheme is further explained in séc8on

4.3 Controller Results

To test the effectiveness of the implemertedtroller, various extruder profiles were run
with the controller on and off. When the controller was off, the wheel was sent a constant
commanded voltage. The constant wheel speed was picked such that there was as little

tearing of the bead as possible.

The results fronone ofthe tess can be seen iRigure34. For the series of tests shown, a
random Gaussian signal svased as the extruder commahdan be seen that for the tests
shown inFigure34a, the commandedheel speed was hetnstant, while for other runs

shown inFigure 34b, the controller was on anthe wheel voltage command changed
according to the controller outpuiigure 34 also shavs the bead area data from the runs

with and without the controller.
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Figure 34. Bead Area Fluctuation Without Control and with Wheel Controller

Upon taking a closer loadt the data shown in the Bead Area Dat#&igiure34b, it can be

seen that there is a slighwerall downward trend for the bead area over time. A possible
explanation for thisd that it takes more than 5 seconds to reach sstatéywhen starting

the extruder because the material printed for the first part of the print has sat in the extruder

without moving before the experiment was. This would lead to a different viscosity of
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the material. Therefore, it may take more tiimethe shear field to fully develop to obtain

a more predictable bead.

For these runs, the RMSE aMAE, werecalculatedrom the average bead width and area
for the runs with and without the wheel conligoimplementedas seen iffable4. It can

be seen that there was about six times Vasstion from the average bead aveth the
controllerenabled, and over 3.5 times less variation from the average bead width with the

controller enabled.

Table 4. Error Comparison for Bead Geometry Controller

RMSE MAE
Controller On 0.57 mnt 0.44 mnt
Area
Controller Off 3.43 mnmt 2.72 mnt
Controller On 0.49 mm 0.38 mm
Width
Controller Off 1.91 mm 1.53 mm

4.3.1 Controller Refinement

Interestinglywhile the controlle produced good results, the DC gain was not quite tuned
properly. In other words, the user specified bead geometry was not the producethygeome
which can be seen Figure35h. It is clear that when given a command of 3.5mmat the
actual average width of the bead was 13.1rimmaddresshis, a series of tests were
performed to measure the bead geometry with different user inputs into the SIGUI,
explained in sectiof.3.1 For these tests, the wheentroller was always on, and different

bead width commands were given.
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Figure35 shows some of the results from this test. It can be seen that there was variation
in the bead widtlbetween different rursnd inputsFigure35aalso shows that the average

bead area was much more consistent than the average bead width, as seemb ¥ &gy

more clustered. The tamper was not running during any of these tests, this led to the shape
of the beadcthangimg even though the overall area wasre consistentWhen printing a

part this should not be a problem because the tamper knocks the bead dawlatively
constant height, which should result in a more consistent width. No tests were performed
with thetamper on. This can be a soeof further experimentation, and should be done to

tune in the DC gain on the controller.
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Figure 35. Test Results to Find the DC Gain

4.3.2 Different Results with a Constant Wheel Speed
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Whentesting the controller, some runs were performed with a constant wheel speed. It
became apparent that the polymer behaved differanther this condition. A new model
was created for the polymer under this operating condition which can be seen in Equation

22,

O\fﬁ),)(lU ptl&o oon&r,QS 22)
L pT TWC

This has system poles atp8 p w Ug® p and system zeros g o 1T T TT (A i
clear that this is still an underdampegstem,but now there is a time delay bewvethe
extruder velocity and the volumetric flow ratghich was not present befor& possible
explanation for this is that the &BS is a noANewtonian material that behaves
differently under shear conditionand the wheel changing speeds was pladiifianal

shear on the system

Figure36 shows three differdmplots of the model createBigure36a shows the data used
to create the model in red, and the models prediction in Blgere36b shows the same
model against validation data. It can be seen that the model has a fit, or NRMSE, of 72.36%
against the validation dataéhis shows that this is not a bad predicfiona constant wheel
speed Figure 36c shows the model created for a constant wheel speed validated against
data that was collected with a varying wheel speed. This makes it clear that the material

behaves differently with a constant wheel speed when compared to a varying wheel speed.
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4.4 Sources of Error

4.4.1 Encoder Offset Error

While the controller seemed to have promising results, the experiment was not completely
without error. One of the largest sources of error was the encoder offset, discussed in
Section3.1.1 While the encoder offset was within the range of the extruder nozzle, it is
unclear where exactly within the nozzle the real offset is. The measurements attempted to
find the offset between the middle of the extruder nozzle and thé gfomeasurement.
However, it is possible that a better estimation of the flow rate would be obtained if the
offset was measured from the closest or furthest point within the nozzle to the point of

measurement.

4.4.2 Error Due to Adhesion

The BCS attempted t@plicate printing conditions to measure the flow rate by using the
wheel as a simulated feedte. To get better adhesion between the wheel and the polymer
coming out of the nozzle, the tamper was turned off. The tamper is almost always used
during a printo knock down bead geometry that is above the plane of the nozzle to avoid
tearing of the part. Therefore, g@neratea more accurate model of the bead, a system in

which the tamper can be used may lead to a more accurate model.

4.4.3 Error Due to the Laser ffilometer

The laser profilometer operation was discussed in Se2tibh This showed that the laser
shined on the bead from above and had a camera take a picture of the laser against the bead

geometry and then performed egtation to find the bead area. Due to the setup, this
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overestimated the bead area because part of the bead was obscured by HFigues@gr.

shows a representation of the cross sectional area of a bead. On the left isla Ipeadib
geometry that a laser is shining down on. It can be seen that the bead on the left has rounded
corners on the bottom that the laser cannot see because it is shining from above. Therefore,
the laser over approximatthe area of the bead as seethimmeasured bead on the right.
Obstruction due to the beads geometry was present while printing and definitely led to error

in the total material printed for a run.

LT N

Figure 37. Error in Bead Measurement Due to Laser Profilomete

4.4.4 Variation Between Runs

While models were created from the collected data, that produced reasonable fits to
validation data, there was variation between experimental runs. For exdigples 38

shows the calculated flow rate fdifferent runs which were all given the same extruder
commands. It can be seen that there is variation between the runs. The total volume printed
was calculated from the flow rate data for these runs and there was some variation. The
average amount of mexial printed was 900mn?, but the maximum amount of material
printed occurred in Run 741 which printed 004nm?® of material which is 7.74% larger

than the mean, and Run 748 printed the least amount of material witl® Bi8® of
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material, which is 9.75%ess than the mean. This variation is a source of error in the
experiment. One possible explanation of it is porosity in the material, which is discussed

in the next section.
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Figure 38. Variation in Flow Rate Between Runs

4.4.5 Porosity in the Material

Ideally the material that is printed is incompressible and has no porosity. However, the
extruder used for this experiment is not an ideal extruder. It is recommended to use an
extruder with at least a 20:1 L/D ratio, but the Dohlgyrueer used does not meet this
ratio. This causes the printed material to have some air entrapped in the bead. This is a

possible source of error that could lead to variations between experiments.
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CHAPTER 5. CONCLUSIONS AND FUTURE WORK

The BCS seemed to show sassful results, as shown by the results from the controller.
However, more testing needs to be completed to ensure that the created models are correct
and should be implemented on a machine controller in the future. This chapter is organized
as follows: frst, conclusion about the BCS are presented; thether experiments that

can be performed with the BCS asbown finally, another experimental setup for

collecting databout the extrusion dynamicsdscussed

5.1 Conclusions

This thesis presented a rhetl for measuring the volumetric flow rate and implementing a
controller to maintain a consistent bead geometry for LSAM. The BCS was used to
measure the flow rate by simulating a feate with a rotating wheel, and a laser
profilometer was used to captuthe bead geometry. Different profiles in the form of
random Gaussian signals and PRBS were sent as extruder commands to excite the
dynamics of the system. The results from these tests were then used to create models of
different portions of the extrudsystem.The model used had two poles and two zeros. It
yielded an over 80% fit against validation datiext, a controller was implemented to
maintain a constant bead geometry by varying the wheel speed to match the flow rate out
of the nozzle. This contler offered great improvements over a constant wheel velocity.
There was about six times less variation in bead area throughout the course of a run when
the controller was enable@ihe BCS proved to be a reliable way to measure the flow rate

of a systemQOther forms of additive manufacturinguch as metal additive systems, face

similar issues with unknown dynamics. A similar methodology can be applied to other
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systems to find system models of the deposition behavior to apply to the control schemes

to allow for less part defects.

5.2 Further Experimentation with the BCS

As previously discussed Section4.3.2the polymer behaved differently when there was

a constant wheel speed versus when there was a changing wheel speedxpatimeng

can be done with a volumetric flow ratedel for data collected with the wheel moving at

a constant velocity. It would be interesting to compare this controller to the current
controller to see how much the dynamics between the bead and imipeet the bead

geometry.

Additional work can also be done with the BCS to characterize starting and stopping
extrusion. Many of the part defects are due to the starting and stopping of the extruder, so
a better understanding of tdelay of material flowout of the nozzle during start up. One

of the challenges thatustbe solved for this iseliable adhesion between timaterialand
thewheelto avoidslip during start upTo testthe effects off different residea times in

the barel, extruder commandgith known timeintervalsof the extruder being turned off

can be sentllowing for the effects of starting after different residence times can be

measured.

All of the currentruns haveperformed with the same nozzle diameter Q an@ the same
material, 20% CFABS. However,different nozzle diametergield different extruder
dynamics. For exampleyith a smaller nozzle diameter the pressures experienced during
printing are much higher for the same throughput of material, which causes different

dynamicsAs such, there ifdroold comingout of the nozzle after turning it dffr a longer
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period of time.Additionally, each material behaves differently while printing due to
different viscosities andompositionsTo implement controller in the machine to@unt

for the extruder dynamics, different material and extruder properties will need to be known.
Therefore,it is recommended thagxperiments with differentmaterials and different
nozzlesbe performed and modelsnust becreatedor each set of testa lookup table of
different propertieshould then bereated in the machine controlleraddresshe material

and nozzleroperties during a print

5.3 Future Model Validation and Control Implementation

5.3.1 Eliminating a Model from the Controller

Currently there are three models used to predict the necessary wheel behavior to maintain
a constant bead width. Each of these models are discussed in Se8ti@me of the
models, G1, predicts the current extruder speed from the conechanttage sent to the
extruder. Since all models inherently have error, in the future the extruder velocity seen
from the encoder should be sent back to the system to eliminate one pred@isahould

allow for better control over the bead width.

5.3.2 Future Control Implementation

To test b see that the BClgas a good model of the extrusion dynamicis, riiecessary to
make a part using a controller created from the data colleksgoreviously discussed in
Sectiond.2.2 thecontrol implementation will be different than when controlling the bead
width on the BCS.This will require implementing the controller in thamework that the

machine interprets &ode.Figure39 shows a block diagram pbtential implementation
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on aprinter.G-code isan input to the system. It issed to set the machiparameterand

tell the machine where material needs to be prifthd.trajectory planner takes parsed G
code, andells the machine how tmove in order tareachthe pointsalong the path
specified The robot control taksethe specified points and considéne limitations of the
machine,such as acceleration limit§o improve upon the current control strategy of an
CNC gantry, a machine dgmics controlletthat contains the models generated from
experiments performed with the BCS viiiform the way commands need to be sent to the
printer. The machine dynamics controller will store the models created from the BCS so
that the feed rate and expected flow @@ be coordinated to maintain a constant bead
geometry throughout a prinftor example, whetraversinga corner the robot controller

will change the path tdecelerate

Controller

Machine
Dynamics
Controller

Trajectory
Planner

Gantry
Motion

G-Code Parser

Figure 39. Controller Implementation on a Machine

5.4 Alternative Experiment Setup

The BCS is one approach that can be taken to measure the extruder dynamics. However, it

is not a perfect system. The BCS attempts to replicate printing conditions by having the
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material extruded onto a surface that is simulatingebdtate during printingTo purely
measure the extruder response to different commands, a different approach will need to be
taken, because the BCS introduces different dynamics. Specifically, measuring the starting
and stopping response of the extrudérlve very difficult with the BCS due to getting the

material to reliably stick to the wheel without slipping.

A proposed method for measuring the flow rate out of the nozzle is propdsgdiie4O.

This method involves using laser Doppler velocimeter (LDV) to measure the speed of
the beadtoming out of the nozzléDVs are commonly used in the cable industry to track
cable movement during the manufacturing prodd§§ A laser profilometer can be placed
slightly above or below the LDV to obtain the profile of the bead. It is recommended that
a ring style laser profilomer is used so that the entire bead profile can be meadiried.

will eliminate one source of erravhere part of the object that the laser is viewing is

obscured in the current setup.
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Laser Doppler
Velocimeter Extruder

Laser Profilometer
Polymer Bead

Figure 40. Alternative Setup for Measuring Flow Rate

5.4.1 Drawbacks of the Proposed Method

While the proposed setup may be better at identifying the startahgt@pping conditions

of the extruder dynamics, this setup is not without flaws. The two measuremeritenone

the LDV and one from theae profilometer would need to take place after the swell out

of the nozzle. If this setup is used, the polymer will stretch under its own weight. Therefore,
the measurements will need to take place very close to the point of extrusion. Additionally,
this seup does not enable measurement of the dynamics at play during the printing process,
which are important to know when designing a controller to be implemented in the future.
Furthermore, the group at ORNL has tried to use a LDV to measure the bead welocity
the past and had trouble obtaining reliable measurements from the LDV due to smoke

emitted from the extruder during the extrusion process. It may be possible to find a different
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LDV that is more suitable for the environmental conditions that are pneste printing

process.
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APPENDIX A. DOCUMENTATION FOR OA K RIDGE TO

CONTINUE WORKING ON BCS

Data Collection and Processing Overview

- All the file paths start from within the Matlab Code Folder

t> Create Profiles

N

Take Data

A4

Find Encoder Offset

NS

Run BCS_mfiles\ bes_find_encoder_offset.m

NS

Run BCS_mfiles\bcs_process_filenumbers

S

Run BCS_ mfiles\ bcs_visualize_run.m

S

Run BCS_mfiles\bcs_sysid_simple_tf.m

S

Modify BCS_simulink\BCS_control_verification_ini.m to represent new model

A4

Copy mat file from BCS_mat\BCS_filter_coeffs to USB

NS

Load filter parameters to Blue Gantry to test Controller

- When taking data, there is an excel spreadsheet in MattsdBCS_data/Profile
Notes.xlIsx which has information about each of the runs. Keep track of notes
there

Profile Generation for Blue Gantry
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Process Flow

bcs_create_profiles.m
prbs_input_generation.m

ProfileType: 'userinput’ ProfileName: 'filename’

NS NS

bcs_create_profiles.m

Change userlnput Options

ProfileType: 'vector' ProfileName: 'filename'

BCS_mfiles/ProfileGeneration/bcs_create_profiles.m

User Input:
- profileType:
o 6vectord: that evere creatad ibyadndthersscript or are in the
workspace to create the profile
o 6userlnputo6: will use the rest of

A This will create a pattern similar to that created in the GUI where
you specify an average volegnd deviations from that voltage
- profilename: name for the mat file which is saved to
BCS_mat/BCS_profiles/[profilename].mat
o Change this for each new profile that you want to save
- Changing the wheel profile
o holdTime: time you want the wheel not to rotatehe end of a run
o whlCmdHold: commanded wheel voltage when turning the extruder on or
off
o endRotTime: extra rotation time at the end of the path
o beginningNoRotTime: time in seconds at the beginning of the extrusion
where the wheel does not rotate, elor allowing the material to stick
to the wheel
- Values that matter when using o6user|
0 repetitions: (minimum 1) How many times the pattern executes
o tBtwn: time between repetitions of the pattern (seconds)
o0 umid: Midpoint voltage that déations will be centered around (Volts)
0 tReturnToMid: Time in seconds between upward and downward deviation
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o O O O

tEntry: Time in seconds spent at umid in the beginning

tExit: Time in seconds spent at umid at the end

dev: 1xn vector of the deviations from unfidblts)

timeDev: 1xn vector of the time spent in each deviation. In other words time
spent in the upward portion of the deviation, the length of the pulse up and
down will be (2*timeDev + tReturnToMid)

- Wheel Voltage Parameters (provides values for intatjwsl of the wheel voltages)

(0]

(0]

Outputs:

minWhIV: minimum voltage for the wheel (not really the minimum, just
provides the values for interpolation)

maxWhlV: maximum volage for the wheel (not really the maximum, just
provides the values for interpolation)

minExtV: minmum voltage for the extruder (not really the minimum, just
provides the values for interpolation)

maxExtV: maximum voltage for the extruder (not really the maximum, just
provides the values for interpolation)

multFactor: with the interpolation points alowhat do you want to
multiply the output wheel speed by. Helpful when you are in the ballpark
and just want to make small adjustments to the wheel speed

- A graph so you can see what the profile will look like and decide if you want to

keep it

- A.mat file |l ocated in ABCS_mat/ BCS _ prof
|l oaded into the Slgui using the ALoad
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BCS_mfiles/ProfileGeneration/bcs_input_generation.m

Function Overview:

Extrucer Commane
Wheel Command

leadinTime leadOutTime

o ok
ol
G
>
falseStart ) testln g
period |
tBeginl& .
beginVExt Time (s)
- Some of the inputs can be dlétconfusing the main parameters to change are
bold, and a figure of the different regions can be seen above
- After you run this script run bcs_create profiles.m
User Input
- Band: | dondt really understand this th
- Range

o0 Voltage Range of extruder inputs.
0 1x2 vector that should have the min voltage then the max voltage.
o When using an rgs, the voltage range may be a little larger than the one
specified
prbsLen: samples used in the prbs
testLn: time in seconds thalé test will last
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- leadInTime: time spent extruding before entering the prbs/rgs sequence
- leadInTime: time spent extruding after exiting the prbs/rgs sequence
- The purpose of the false start period is to try to get a good bead flow then to stop
the wheel andtart again to try to capture the start up. Usually all of these are set
to zero, but you can experiment with them.
o falseStartTime: time in seconds
o FalseStartWhlV: wheel voltage during the false start
o0 FalseStartExtV: extruder voltage during the falset sta
- tBegin: delay to start the wheel rotating before the extrusion occurs
- beginVEXxt: voltage given to extruder during the tBegin time

- type:
o 6prbsdéd: will create a pseudo random
o 6rgsod: will create a random gaussi an
Outputs:

- This function will write multiple values into the workspace of matlab.

- You do not need to do anything with those. bcs_create_profiles.m will use uVec
and tVec to make the profile to be saved to a .mat file for running on the Blue
Gantry

Procedures

Wheel Setup

- Turn on heater

- Spin wheel

- When the wheel temperature indicates abouR12the material should stick pretty
well to the wheel

Extruder Offset Procedure:

- Start with the wheel in a stopped position with no material on the wheel

- ClicKottloe MNno Button and watch the whee

- Align the extruder in the place where material will be extruded, then lift it in Z
slightly.

- Turn on the laser profilometer

- With the wheel stopped, place the pin under the center of the extruder

- Click the ftioNietve La®/KEW &ronbRanel
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- Make sure that both squares are set to cRIO control

- Click the ATake Datao button in the La
indicator for ARecording Datao is brigh

- Type 1 in the WhI Cmd utam and presg [Entetfjo t he A

- Once you see a peak in the Width/Height Graph on the front panel type 0 into the
motor control box and press [Enter] to stop the wheel

- Click the AnTake Datao button in the Lab’
i ndi caReacorfdirngt Datao should turn dark ¢

- Repeat this procedure about 6 times to ensure you are getting good measurements

Data Processing

BCS_mfiles/bcs_find_encoder_offset.m

Function Overview:

- This Script should be run when the encoder offset needs tabé fo

- Follow the AFind Encoder Offseto proced

- Itis hard to have a range of less than about 600 counts difference between the
different runs

- It finds the maximum Area that the laser sees, and reports the number of encoder
counts @ssed at that point in time

- Extruder Offset: The amount of clicks between the place of extrusion and the laser
profilometer measurement

User Input:

- filenumber: 1xn vector of the filenumbers to use for finding the encoder offset
- gearRatio: for the gearbeg currently being used this will be either 20 or 60

Function Outputs:

- rangeOfCtsPassed: the range of counts passed between the files. If the range is
really large (much greater than 600) or the rangelninches is too large then you may
want to go throughhie filenumbers one by one and find the outlier

- rangelninches: converts the rangeOfCtsPassed to inches on the wheel

- avgCtsPassed: this reports the average number of counts passed. Use this number
in bcs_process_filenumbers.m
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BCS_mfiles/bcs_process_filenunmdrs.m

Function Overview:

- This function should be the first file run once you take data.

-1t takes the text file from the c¢cRI O an
other functions in MATLAB to do data processing
- The files created will be have the following path

ABCS \B&aS [ fil enumber] . mato

User Input:

- sampleTime: sample time in seconds (1/Hz) that is being used

- gearRatio: for the gearboxes currently being used this will be either 20 or 60

- filenumbers: the filenumbers that you would like to msx(Recommended to do
just one file when this file has not been run yet in this instance of MATLAB being
open to allow bcs _cro read data.m to compile. Then enter a 1xn vector of
filenumbers.)

- clicksToLaser: clicks between the extruder head and the &sethis value from
bcs_find_encoder_offset.m. Then enter the value from that script into this field.

Outputs:

- The script will display fAFiles Processer
At this point all of the files have been processedahdr scripts can be run.

BCS_mfiles/bcs_visualize_run.m

Function Overview:

- This function is typically run after you take data to quickly see what the data looks
like without doing any analysis

User Input:

- filenumbers: the filenumbers that you wouldelito see
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plotCharacteristics: a 1xn vector of tnumbers of the data that you would like to see.
There is a list of numbers above this input which are the choices of what you can
have plotted
xLimVals: The times which you want plotted
viewWheelResponse:

o true: will display a second figure of the wheel voltage and wheel velocity in

RPM
o false: will not display a second plot

Outputs:

A plot of the plotCharacteristics chosen

BCS_mfiles/bcs_sysid_simple_tf.m &

BCS_mfiles/bcs_sysid_simple_tf cincinatti.m

FunctionOverview:

The file with A_cincinattio wil/ not
otherwise they are the same

This function will take two filenumbers create a model from one of them and then
fit that model to a different data set.

This function ceates a model between the extruder speed and volumetric flow rate
out of the nozzle.

User Input:

filenumberSy#D: This is the filenumber that you would like the model to be made
for
filenumberCheck: This is the filenumber that you would like the moddieto
checked against
sampleTimesample time in seconds (1/Hz) that is being used
timelnterval: The time interval of the data that you would like the model to consider
for model creation
timelntervalValidateion: The time interval of the data that you whkédthe model
to consider for model validation
validate:
- true: if you would like to check the model against the validating file
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- False: if you do not want to validate the model against another file
- saveFigure
- True: if you would like to save the figure
A The figure will be saved to the following path
ABCS_figureS-low_Rt_Sys_IDProfile[filenumberSytD]_ Cmp_
Profile[fil enumber Check].pngo
- False: if you do not want to save the figure
- np: number of poles in the model
- nz: number of zeros in the model
- lodelay:
- NaN: unknown time delay
- Any number: a known time delay
- plotsTogether:
- Set to true if you want a plot with the model creation and validation together
- Set to false if you want separate plots of model creation and validation

Outputs

- A figure will appear onc¢he script has finished executing. On the left hand side
will be the model creation and the right hand side will be the model validation if
plotsTogether is true. If plotsTogether is false, then two separate plots will pop up.

- In the Command Window of MAL AB t here wi | | be a 6sys
show a model of the transfer function used along with the Gains, Time Delay,
Zeros, and Poles. The model shown will different depending on the fitType used.
These values can be used in the Simulink modelderdo simulate the flow and
controller.

- To get the numerator of the transfer function:

- Type sys.num into the command window

- To get the denominator of the transfer

window

BCS_mfiles/bcs_sysid_simple_screw_sys.m

Function Overview:

- This function will take two filenumbers create a model from one of them and then
fit that model to a different data set.

- This function creates a model between the extruder commanded voltage and the
extruder speed

84



User Input:

- filenumberSytD: This is the filenumber that you would like the model to be made
for

- filenumberCheck: This is the filenumber that you would like the model to be
checked against

- sampleTimesample time in seconds (1/Hz) that is being used

- timelnterval: Thaime interval of the data that you would like the model to consider

- checkSystem
- 6trued: wildl check the model against
- 6fal seod: wi || not do a verification

output the second figure
- fitType: parametex for fitting a model to the data.

- Most I ikely choice for this fitType
always a first order system with a time delay.

- These parameters ar e fed into t he
documentation can befouhdreu nder-Pdogpees model stru

Outputs

- Two figures will appear once the script has finished executing.
- Figure 1: Model Creation
A This will show the input voltage and model of etruder speed
with the actual motor speed as well as the model for the motor speed.
- Figure2: Model Validation
A This will show the input voltage from the filenumberCheck file with
the actual and simulated response.

- In the Command Window of MATLAB there Wil be a 6sysd outplt
show a model of the transfer function used along with the Gains, Time Delay,
Zeros, and Poles. The model shown will different depending on the fitType used.
These values can be used in the Simulink model in order to satb&aflow and
controller.

BCS_simulink/BCS_control_verification_ini.m

Function Overview:

- This function is used to compile the mat file to be loaded into the blue gantry to
make a controller

85


https://www.mathworks.com/help/ident/ref/procest.html

- As gain scheduling is desired, it will be necessary to madi§yfile as well as the
blue gantry code

- This function is also run before the simulink model which is probably not necessary
to run for most applications

Explanation and Inputs for Each Section of Code:

First Section:

- outputMatFile:

o true: will output amat file to BCS_mat/[filename]

o false: will not output a mat file
- filename: a string of the filename you want the mat file to have
- Ts: the sample time for simulink

Load Inputs:

- Explanation:
0 Use this if you want to run the simulink portion ofthecodeérs e it does
matter
- filenumber: the filenumber of a run that has already been run that you want to use
for the extruder commands

Wheel Parameters:

- Explanation:
o Only important if you want to do a simulation in Simulink
o Creates the transfer functiorrfine wheel
0 Get these values from the wheel system identification

- Kw: Gain for the wheel transfer function

- tau_w: the time constant for the wheel

Transfer function G1 from Extruder Voltage to Motor Speed:

- Explanation:
o Creates the parameters for the tfanfunction from the extruder voltage to

motor speed
0 Run bcs_sysid_simple_screw_sys.m to get these values. They will be
output to the command window.
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- K1: Kp from command window

- taul _pl: Tpl from command window
- taul _p2: Tp2 from command window
- timeDG1: Tdfrom command window
- taul_zl1: Tz from command window

Transfer Function G2 from Extruder Motor Speed to Flow Rate:

- Explanation:
o Creates parameters for transfer function from screw speed to flow rate
0 Run bcs_sysid_simple_tf.m to get these parameters
- betaarun bcs_ _sysid_simple_tf.m and type 0:
The vector goes into beta
- al pha: run bcs_sysid_simple_tf.m and ¢ty
The vector goes into alpha

Desired Poles:
- Use this to change the wheel resporseut the poles where you want them.
Change the values of tau_d1 and taud_2 to place the poles in the desired locations.

Then run the Simulink code to see if those values work well. 0 and 0.01 work well
to control the wheel

87



Blue Gantry GUI Operation

Startup on the Blue Gantry:

- Launch MATLAB by going to the Document
Devel opment o

— — N — .y
@O-[ . » Libraries » Documents b | 4 || Search Documents 2|
Organize ~  [@70Open  Sharewith~  E-mail  Bum  New folder 1 @
¢ Favorites Documents library P
M Deskiop Includes: 2 locations
o BT Name Date modified Type Size
| Public Documents
5 Recent Places | Extrude New 331PM  File folder
| bezier curve - Bing files 8/11/2015 12:42 PM
= | ibraries ). 10 Industries 016 11:01 A
%, Documents I IReamera_yuan 16 6:12 AM
4 Music | CLC_Archive 16 9:22 AM
& Pictures ). LTspicexvil 17 8:20 AM
& videos ). Custom Office Templates 018 10:31 A
). MATLAB 2018 11:01 A folder
& Computer 4 hypertrm.dil Application extens. 479 KB
~§ 0SDisk (C) & hypertmeexe Application 28K8
- . e Acrok 76 K8
& Large-Scale-Additive-Manufacturing [~ Pd2-dio.pdf Adobe Acrobat D, 276 K1
 ORNLData . rprh_canbus_e.pdf Adobe Acrobat D. 1773 KB
B zekexisx Microsoft Excel W. 11k8
& Network ;] Copy of Flow Rate Blue Gantryxlsx Microsoft Excel W. .
1 268405017 exe Application 268 KB
>\ bezier curve - Binghtm HTML Document 90 KB
#A\ matlab Development Sharicut 2KB
BT Tspice xv Shart 2KB
@ UTK ppx Microsoft P 422426 KB
| Win?_system info.docx Microsoft Word D.. 216 KB
] Win7_syst fo.d f dD. 216 Ki
matlab Development Date modified: 1/11/2017 2555 PM Date created: 1/11/2017 2:32 PM
Shortcut Size: 155 KB

- Launch the SI GUI by pressing the play button in the window
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rdl C:\Users\afc\Desktop\LSAMsys\SIgui fig

File Edit View Layout Tools Help

EEL L EEY- 111

>

X Select ‘

]
T

Slinput

Push Button

m=n Slider

® Radio Button

Must be in Joystick

Extruder Voltage Input Source

for System ID () Loaded .mat File

Wheel Voltage Input Source —

(©) Loaded mat File

() GUI Wheel Control

o Check Box () GUI Control Parameters
—— [ id_on [] CRIO Take Data
Edit Text (@ Filter Control
=3 Pop-up Menu 10 Max Extruder Voltage Desired Head Dimensions Load mat files
Listbox i - i Extruder Vol 12 Width (mm)
in Extruder Voltage
T o Extruder & Wheel CMD
E Table 50 Max Wheel Voltage
oo | rupas |
— [ 02 Resting Wheel Voltage Fiter Parameters
%5 panel 9 9
"% Button Group | | GUI Control
EX ActiveX Control 0 P Vot
L ! verage Voltage 10 1o 10
40 Deviation A (V) ta (sec) b (sec) tc (sec)
L 40 4.0
40 | Deviaion5(v) tini (sec) tin (sec)
20 20
H 40 Deviation C V) tret (sec) tau (sec)

Tag: figurel

Current Point: [11, 343] Position: [624, 355, 999, 629]

Build the main LSAM GUI as usual to connect to the target.
Use the Joysticko move the extruder to the appropriate location on the build
platform. Change the Joystick Velocity Factor to slow the joystick down (typically

use 0.1 for fine mov

ements)

0 MUST PRESS ENTER AFTER TYPING NUMBER INTO THE BOX

ENERGIFE SYSTEM
MOTORS & TARGET ON ‘

COMPUTER CONTROL-

Mave to Start Point

. Follow Path

[ Pause Path immeciatsly |
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default = 1.0
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SenoinPlace
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3
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Data Logaing -
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HDffset
| 0.0
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- Use the readouts on the targeteen to make sure you are in the correct measured
(not commanded) X, Y, Z, W location
- IMPORTANT: Press enter in all the Slgui boxes, and make sure tteteggh of
the radio buttons at start up to ensure that you know what the value of each portion
of the GUI is
0 After any action is performed in the GUI, text verifying the action will
appear in the command window

Sections of GUI:

Data Collection

- sysid_on button
0 Used to start a test run. Pressing the button once will start a test.
0 After the test is cmplete, the button must be pressed again to reset the

button
- CRIO Take Data Checkbox
o Checked: Wi Il initiate the trigger i

to take data when a test is being run (sysid_on button will activate the trigger

once pressed)
A Remember to press the fANew Testo ¢k

tests
0 Unchecked: Will not activate the trigger in LabVIEW to take data
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