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Executive Summary

DAMRC has been usiigtalMaxsoftware from MLI© since 2011 to assist the Danish subtractive
manufacturing industry in process optimization. The packadéatdiMaxsoftware includes Harmonizer,
which is a specific software application designed to detect chaeecording and analysing the sound
emitted during machining. However, utilizing Harmonizer for process optimization has historically been
neglected in favour of theXIFsoftware. The objective of this project is to assess the capabilities of
Harmonizer so that th&letalMaxequipment and software can be used to its full potential, with the

ultimate goal of being able to use Harmonizer in conjunction with TXF software during tap tests in industry.
Additionally, it is expected that one of the results of this project will be increased competency in noise
FylFteaara Ay 3ISySNIts 6KAOK g2dd R SELI YR 5! aw/ Q&
activities of this project consist of assessing Harmonizer wittoirse cutting tests, evaluating the potential

of alternative noise analysis solutions, and disseminating insights gained from the project to internal and
external stakeholders. The desired outcome of the project is the development of standard test procedures
and reporting format for Harmonizer, as well as improved documentation of the features of the software
and its associated workflow.

To this end, standard test procedures and report templates were developed froexikeng

documentation for the software, and these were used in a series of experimental cutting tests in which
Harmonizer was tested for milling and turning processes for steehhmdiniumworkpieces. The

alternative analysis method of recording machining sound with a mobile phone and importing the resulting
sound file into Harmonizer was also tested (no other viable noise analysis solutions were found). In all
cases, the test process consisted of: (1) inputting process data and calibrating the software, (2) recording
and analysing the sound of machining at a constant spindle speed and gradually increasing depth of cut
until chatter occurs, (3) identifying a new spindle speed from the noise analysis of chatter, and (4) iterating
through the noise analysis and speed selection steps until Harmonizer converges on optimal cutting
parameters. The results obtained from Harmonizer were then compared with the optimal cutting
parameters predicted by stability lobe diagrams generated by TXF software.

The performance of the speed selection tool in Harmonizerexagptional consistently identifying

optimal spindle speeds that were within 5% of those identifigd XF. This accuracy in speed selection was
achieved in both the milling and the turning cutting testke difference between the stabtepth of cut
predicted by TXF and observed with Harmonizer was more substantial which can be attributed to several
reasons such as expected uncertainty in the material properties of the workpiece and spindle speed, the
fact that there is a diminishing rate of return associated with performing additional Harmonizer tests to
precisely define the critical depth of cut between stable and unstable machining, and the observation that
slight differences from small expected depths of cut can result in outsized errors.

Nevertheless, the results of the cutting tests demonstrate that Harmonizer is an excellent tool for selecting
optimal spindle speeds artths additional applications oetermining workpiece materigiroperties
experimentallyandvalidatingtheoretical stability lobe diagram$larmonizer has also proved effective at
detecting vibrations due to structural resonance, which may otherwise be undetecitabifity lobe
diagramsare interpreted without advanced knowledge of the TXF software. However, the best results are
obtained from the Harmonizer software when used in conjunction withwi@n testing milling processes.

It is not recommended to use HarmoniZer turning processes, due to challenges using the software for
turning encountered during testind@.his recommendation may change as additional experience and
knowledge is accumulated after the project.
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1. Introduction

DAMRC has been usiigtalMaxsoftware from MLI© since 2011 to assist the Danish subtractive manufacturing
industry in process optimization. The packag®letalMaxsoftware includes Harmonizer, which is a specific
software application designed to detect chatter by recording and analysing the sound emitted during machining.
DAMRC has previous experience using Harmonizendmlected it in favour of the TXF software, resulting in under
developed competency using Harmonizer.

The objective of this project is increasethis competency so that théletalMaxequipment and software can be

used to its full potential, with the ultimate goal of being able to use Harmonizer in conjunction with TXF software
during tap tests in industry. Additionally, it is expected that one of the results of this project will be increased
O2YLISGSyOe Ay y2AaasS lylteara Ay 3ISYSNIftsx gKAOK g2dz

To this end, the activities of the project will be divided into three phases: {i)use testing of Harmonizer

software, including testing during cutting tests, and acquiring experience and competency using Harmonizer; (2)
assessment of additional tools and technologies DAMRC can acquire for general noise analysis, with an emphasis
Gt AGSe az2fdziAz2yaT o600 RAAASYAYFIGA2Y 2F GKS Ayairdakia
testing and reporting procedures for client facing operations.

This report details the activities of the project and its results. It is organized as follows: firgtptiess associated
with operatingHarmonizelis explained anthe relevantbackground theory underpinnintipe software is givein
section 2.0 next, the success criteria, limitations, and jamrgalysis of the project is provided alongside the results of
technology scouting activities done in connection with this proggetgiven in sections 3@7.0; then, the

procedures for conducting cutting tests is detailed along with a discussion of the design of the expeirinsenton
8.0; subsequently, the experimental results are presented along with an analysis of the resultirig skxttions 9.0
and 10.0 finallycomments about dissemination activitiesncluding remarks and recommendations are giwven
sections 11.0 and 12.0.

2. Pre-analysis

2.1 Pre-Analysis from Project Application

Initial assessment of former-nouse tests with Harmonizer at DAMRC and the current state of the software indicate
that it should be possible to eventually utilizes the equipment in industry. Issues encountered with the software so
far have been limited to minor bugs in the graphical user interface that do not affect functionality. It is possible that
some bugs in the software may affect the visual representation of data that would be used in test reports. More
tests of this and other issues are required. The above observations are limited to-thev@tsion of harmonizer

and a similar assessment of the-Bi2 version has not been completed. However, it is almost a certainty that former
tests (conducted in industry) were done with the-B2 version and any issues with that version of the software are
expected to be negligible. A full list of issues and limitations encountered with the software can be found in
appendix A.

A review of existing technology yielded no options that would provide a similar noise analysis solution in a desktop
6t/ 0 SY@ANRYYSyld GKIFG Ff&a2 FRKSNBR (G2 GKS NBIjdzANBYS
financial cost to DAMRC. The Harmonizer software does, however, support the option of importing prerecorded
sound wavesnd can therprovide the same level of noise analysis and chatter detection. There is therefore the
L2adaAoAtAde 2F 2FFSNRAY3I | aftAdS aSNBAOSe (2 O2YLI yA
without the need to bring the Harmonizer afdletalMaxequipment on site, and then performing noise analysis in

1
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house. Therocedures, experimental results, and discussion of the resulting tlatad 2 OA I § SR g A G K G S
analysis optiorare given in sections 8.4, 9.5, and 10.5, respectively.

2.2 Theory of Operations

Harmonizer is a noise analysis software that is part of theNldtalMaxfamily of software products. Harmonizer is
capable of detecting chatter in machining from the analysis of recorded argoarded machining noise and, if

chatter is detected, will iteratively suggest optimal spindle speeds using the cutting parameters and constraints that
are provided as input. Harmonizer can therefore be used to validate the stability lobe diagrams generated by TXF t:
test software, to provide a more objective assessment of process stability, and as aakiaadspeed selection tool.
Harmonizer can also be used as a general frequency spectrum analyser, capable of identifying the dominant
frequencies in an audio recording.

Harmonizer works by taking advantage of the fact that the noise emitted during machining is much greater if chattel
Ad LINBaASyldod ! FGSNI LINBLI NAY3I (GKS SljdzZA LIYSyd F2NJ dzasS |
y2AaS GKNBakK2ftRé o0& NBO2NRAYy3 | YOASY(d az2dzyR IyR (KS
always be achieved by using a small enough depth of cut (DOC), and is even easier to obtain if Harmonizer is usec
conjunction with TXF so that the spindle speeds associated with stability lobes can be identified. For all future cuttir
tests, Harmonizer will use this threshold to detect chatter while simultaneously detecting any fluctuations in spindle
speed in reatime and calculating the resulting changes in toptssing frequency. Harmonizer will apply any signal
processing settings (such as background filters, windowing functions, etc.) to the sound recording.

For each recording, Harmonizer will analyse the sound to determine whether or not chatter is present. If chatter is
detected, Harmonizer will use a proprietary algorithm to suggest a new spindle speed, if available. In all cases, stak
and unstable, a history of test results is kept for use in the speed selection algorithm, which is iterative and
convergent. The configuration of the Harmonizer equipment is demonstratBtinrel and the workflomused

with Harmonizer is presented figure2.

Figurel: (Left) Schematic diagram of Harmonizer hardware setup. (Right) Note it is also possible to plug
the microphone directly into the PC microphone jack.
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Figure2: Process diagram for using Harmonizer.
The operation of Harmonizer can be divided into the following stages:

Setup and calibration of Harmonizer software
Recording the machining sound

Signal Processing

Chatter detection and optimal speed selection

P wDD PR

These steps are described in the following subsections.

2.2.1 Setup and Calibration of Harmonizer Software

The main screen of Harmonizer is showifrigure3. Setting up the software for use is similar to the setup process
for other MetalMaxsoftware, which involves filling out process data in the Project Setup and other windows. These
can be accessed from tlizop-down menuandthe menu tabss shown in the figure. The most critical information

to provide is given in th€utting Parameters, Recording Preferences, Signal Propari@¥jbration Detection

windows. Thecutting parametersvindow is where information is provided about the tool geometry and cutting

3
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parameters used in calculating stable cutting speeds, whderding preferencgsrovide settings specifying the

type of data acquisition hardware that is being used and allows for the configuration of recording \aridrdata

logging settingsThis is important since suboptimal recording levels can result in recordings being saturated or too
quiet, affecting measurement qualit§gignal propertieallows forsignal processing settings to be adjusted (see

below), whilevibration detectiol,INE @A RS& | RRAGAZ2Yy Lt aSGddAay3a F2NI | I NY;
information on these and other settings, consult the Harmonizer software user mgkjual

HARMONIZER 2011 .Chuthr Run #1 Drop Down
9"“”'“ Sl Menus
100.00 Sound Magnitude vs. Frequency 16000
Feedrate (ipm) 'V\
s %"; mm
) fo————— Control
3 Max. spincle Spaearpm) 15000 Window
i Spindle Speed (rpm) 10003
3333 [ Eine Tune | [ Auto Tupe
1667 Tool Cutting Edges 2%
| i Radial DOC, Ae (in) 0.7500
000 7000 000 | | | Axial Depth ot cut, Ap im) 00787 Parameter
Feed per Tooth, hm (in) 0.0050 W .
indow
300.00 Chatter Threshold | Est. | 43 /
= N
§ 180.00 ‘Wm«mm 53
§ 60,00 " BackGround Filters
£ = S reRT i Menu Tabs
= ReSave |[ SaveNew || Reset 41—
S0 05 100 150 200 280 300 950 400 450 800 W | :
Time (Seconds) Warning
{F11Plots  [F2) History | [F3] Project | [F4] Cutting Params | [F5) Signal Props | [F6) Chatier Detecton | [F7] Plot Range| B ar

Figure3: The main screen of the Harmonizer software, with its constituent parts, is shown.

Once the software settings are configured as desired, the next step is to record noise from stable cutting to calibrat
the software for future cutting tests. Since this first calibrating cut must be stable, it is recommended that a
conservative DOC be used. This calibration process establishes a threshold of sound magnitude for stable cutting
(horizontal red linen Figure4) so thatchatter is detected if this threshold is exceeded. This stable threshold is a
function of frequency so that different threshold magnitudes-@Gb6 t f SR aNA RIS f AySasgo OF
frequency bands. Best practices for recording sound are given in the next subsection.

HABMONIZER2011
100.00 Sound Magnitude vs. Frequency
83.33
. sear
i am
=
3333
16.67
um'l’ & 1000 2000 am 4000 -‘;Dﬂ\\_m 7000 u;m
| Frequency (Hz) \\.

&
—
o
P
&
QX
w
<,
C N
N

Figure: i KNBaK2f R 2F aGrofS YIOKAYyAy3 Aa N
chatter frequency is highlighted.
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2.2.2 Recording the Machining Sound

Both the 32 and 64bit version of Harmonizer use a cardioid condenser microphone. This means that the volume of
the recorded sound is a function of the direction relative to the microphone from which the sound is emitted. This
function has a specific profile akown inFigure5. As showrin the figure, the strongest response occurs at a
direction of zero degrees, corresponding to the direction in front of the microphone. This has the advantage of
attenuating ambient noise from other sources, assuming that the sound of interest is emitted from a point source.
This is a safe assumption for sound generated during machining.

Sound volume also decays exponentially with distance. Therefore, the best quality sound recordings are obtained
when the microphone is oriented towards the source of sound to be analysed (the machining process of interest)
and placed as close as possible to the source (it is nhot necessary to place the microphone inside the workspace of
tool, but just outside the doors of the CNC machine is usually sufficient, for example). In this way, due to the quasi
unidirectional characteristics of the microphone, the quality of the recorded machining sound is maximized while the
influence of undesirable ambient noise is mitigated.

POLAR PATTERN

Frequency:
500 Hz: mm

1000 Hz: mm
4000 Hz: wm

Figure5:bt 2 € I NJ LI GGSNY b 2F GKS Ybit QdBsLagEpyhéht[2za SR 4 .

The quality of the recorded machining sound also depends on the frequency response function (FRF) of the
microphone. Just as to#bol holdermachine systems and other mechanical structures have an FRF, so too do
electrical devices. Analogous to their mechanical counterparts, the output of electrical devices depends on how the

FRFs affect its input.

The FRF of the microphone used with thelfidtap test equipment is presentedigure6. As shown in the figure,

the FRF of the microphone is characterized by a relatively flat response over a large frequency bandwidth, so that
sound over a large frequency range can be measured with minimal distortion, and the dominant frequencies of a
signal and their harmonics can be determined. If recording is done with an alternative microphone with a less ideal
FRF, there may be adverse effects on the signal quality. In this case, the signal should be preprocessed with an
AYDBSNES FTAEGSNI G2 F0O02dzyldi F2NJ GKS SF¥FFSOdha 2F (GKS YA
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Figure6: Frequency response of the microphone used with theb@4ap test equipmen{2]

2.2.3 Signal Processing

Signal processing refers to operations that are done on the measurement signal from within the Harmonizer
software to facilitate the analysis process. This is done automatically by Harmonizer according to the settings used
the Signal Propertieand Vibration Detectiorsetup windows, showfrigure7Figure8, respectively. These options

are briefly outlined below (for brevity, details abdRecordingand Data Loggingsettings are omitted).

Recording
Recording Device | PC Microphone| ([F8]- Recording Preferences)

Recording Frequency (Hz) 44100
Recording Length Seconds

Stop if Chatter is Detected [

Continuous Loop O Single Sample @

Data Logging

[J Record for SecundsEvery Seconds for Minutes v

[] Save File After Each Recording

Data Log Mumber l:l (Logging Recordings 1 to 6.)

FileName | | + File Number + _hr4

Scaling and Frequency Processing

® Normal Signal Analysis
O Power Signal Analysis
Analysis Length | Medium ~|  {0.67 Hz Resolution)

Analysis StepOver | Short ~
Signal Processing Window |Hann

Integration / Differentiation |None

Display Settings
Time Domain Signal

Display Harmonics

Figure7: Signal Properties window in Harmonizer 2017.
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Filters
Detection Mode | Chatter: Advanced
Automatically Tune Spindle Speed []
Background Filters

Chatter Settings
Dynamic Chatter Threshold []
Threshold Factor

Sensitivity |High
Filter Width (%) |Medium v

Chatter Frequency Range (Hz) | 100| ‘

Figure8: VibrationDetection window in Harmonizer 2017.

The option to choose betweedormal Signal Analysiand Power Signal Analysigetermines how the measured

RFGlI Aa NBLNBaSyiGSR Ay (KS 4 Figuded. R Narina Sighal AzRSis, hé Fag NS ]
Fourier Transform (FFT) of the recorded sound signal is displayed as the Sound Magnitude; in Power Signal Analy:
it is the power of the signal (the square of the FFT magnitude) that is displayed.

Analysis LengtNBE FSNB (2 (GKS fSy3adkK 2F (GKS Ftylftedara gAyR2g
inFigure3® ¢KS I @FrAftlofS 2LWiA2ya Ay (GKS wnanmt @GSNERAZ2Y 27
the analysis length improves the frequency resolution in the FFT plot in the top graph, ranging from 2.69 Hz with
short analysis window to 0.17 Hz for a long analysis window when default settings are used for Chatter Frequen
Range. Comparing these to similar settings in other versions of Harmonizer, the window lengths correspond to
window size of 16,000 and 256,000 samples.

The FFT is a computationally efficient algorithm to calculate the discrete Fourier transform (DFT) of a discrete tin
signalw . The discrete transform is used since the machining sound, a continuousidimain signal, is digitized
when it is recorded and stored in (finite) computer memory by the Harmonizer software. The Fourier transform
given in equation 1 is rewritten in the discrete time domain as shown in equation 2, which is the discrete Fourie
transform. The continuous and discrete Fourier transforms are givi3j as

W1 woQ 0o p

» 0w  NQ mp p C

where, N and refer to the number of samples and tlid' sample, respectively, of the discrete sefies andQis

the frequency bin of the transformed sigral8From the definition of equation 2, it is readily observed that both the
original and transformed signals, and® , are sequences of length N. If the transformed signal is defined for some
interval in the frequency domain (i.6ORQ, which should not be confused with the frequerttiy numberQ note

that the domain of the frequency spectrum in Harmonizer software is fixed b tiadter FrequenciRange setting

in the Vibration Detectiortab) and the number of samplé$in @ is increased, then the frequency resolutioncof
must necessarily be increasediif is to be defined for the same frequency interval while upholding the property
thati Q@Q i Q@

Analysis Stepovecontrols the delay between the measurement and analysis of a given sample. For example, whel
a minimal step over length is used the last sample in the analysis window is the latest sample recorded by th
microphone. As the analysis stepover increases, the number of samples that are recorded before the analys

7
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The Signal Processing Windoweontrols what windowing function is used when processing the signal. The available
options (in Harmonizer 2017) are Rectangular, Hamming, Hann, Blackman, and Flat Top. The necessity of a suit:
windowing function is given by the fact that the DFT implicitly assumes that the time domaindsigmaderiodic,

but problems arise if the signal encapsulated in the analysis windéiginre3 does not meet this requirement. To

see why, consider the example shownRigure9, which shows how the frequency spectrum produced by DFT is
affected by whether the timelomain signal is periodic.

In the figure, the wave form in (a) is perfectly periodic in the time intéRaaid has a single frequency component as
indicated by its spectrum, whereas the wave form in (b) is not periodic and the expected frequency spectrum i
RAAUG2NISR® ¢KAEA RAAG2NIAZ2YST O2YY2yfé NBFSNNBR G2 |
Gt SF1aé¢ Aydz2 FR2lFOSyid FNBIjdzSyOASa | &periodichiBniedaliSeverdl i K
techniques exist to address the problem of leakage. One method is to sufficiently increase the length of the
measurement to ensure that the time domain signaTiis in fact periodic. In Harmonizer software, this can be done
practically by increasing the recording length and/or increasing the size of the analysis window.

However, this requires having priori knowledge of the measurement (time) signal, increases the computational
cost of the analysis as the analysis length increases, and still relies on the assumption that the signal is in fe
periodic for someT. Although it is true that metal cutting processes are periodic at tooth passing frequency and this
would be reflected in recorded machining sound, there is still the possibility of the sound recording being distortec
by electrical or background noise or other disturbances. Indeed, the problem of leakage becomes acute for pseud
random signals where discontinuities exist, in which case increasing the analysis length alone does not solve t
issue.

x (t) | Xn]

A ALl Aadsaasraa e

wa,0rn

(b)

l [lu...

S

Figure9: (a) ideal, periodic signal and its resulting frequency spectrum; (b) gpeoadic signal and the
resulting leakage in its frequency spectrusi.

The use of a windowing function is a practical and widely used solution to the problem of leakage. The idea behir
windowing functions is to combine the measurement signal with a modulating (windowing) function so that a new
signal is produced that is less susceptible to leakage. Various applications are supported by many differe
windowing functions. In the common example of a measurement signal of length T with discontinuities at the enc
points (t = 0 and t = T), a windowing function that reduces the amplitude of the signal near these end points may b

8
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used, as shown ifrigure10. Other windowing functions may be used, for example, if the transients of a signal
should be omitted from the analysis or analyzed exclusively. Mathematically, the process of applying a windowin
function can be expressed as

WO wouL O o

where0 0 is the windowing function and o andw 0 are the original and modulated measurement signals,
respectively. By applying well known Fourier transform pairs, it follows that the frequency spectrum of the
modulated signal is given by

» D1 Zw] T

wherez is the convolution operator. While equations 3 and 4 above are given in the continuous time domain, the
same relationships hold in the discrete time domain as well. As stated previously, the Harmonizer 2017 softwar
provides options for the Rectangular, Hamming, Hann, Blackman, and Flat Top windowing functions. Tt
characteristics of these functions are described briefly below.

VAR A -
AAA- I A

Figurel0: Examples of different windowing functions and their effects from top to bottom: rectangular,
Hamming, Cosintaper, and exponential. Original signal (left column), windowing function (center
column), and modulated signal (right columj3)

Therectangular windowing function presentedn Figurell, is the simplest of all windowing functions, being

defined by
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phE N )
mhE i 0 Qi Q

For all windowing functions discussed in this section, it is to be understood that they are similarly defined only for
¢ v 1) 8The rectangular function, being uniformly equal to unity, dose nothing to modulate the measurement
signalw € . Its only effect is to truncate, @liminate, those data points in the signal that are not in the domain of
the windowing function [1, N]. The rectangular windowing function therefore serves to control the length of the
signal to be analyzed. However, the abrupt change from 1 to 0 at the end ploiessnothing to address the

problem of leakage discussed previously.

Rectangular window Fourier transform

0 | T T
10
20
30
=40
=50
60
70
B0
90

=100
=110
120
130

-40 -20 0 20 40

samples bins

decibels

Figurell: Rectangular windowing function and its Fourier transfofj.

TheHamming and Hann windowing functionsNE RSNA JSR FTNBY | FrFYAfe& 2F aLR
of the form[5]

e oxe GBS

U € Al OU_ ()

with| = 2 for Hamming and Hann windowing functions. In this case, equation 6 can be rewritten as
. v oxi G QE,
0 € p Al éu— e N 10 X

where® are chosen in the design of specific windowing functions with the constrainBthat®  p&-or the
case whereK = 1 equation (6) becomes

10



'NDUSTRIENS 7OND DAMRC

0 € wwAléﬁ— w

TheHamming windowing functioris obtained by settingd  25/46 anddd p @& . TheHann windowing
function is produced by settingg &  T®, whereupon equation (9) becom¢s)

R i
0 ¢ gp Aléﬁ— p Tl

The Hamming and Hann windows are presentelligurel2Figurel3, respectively. One of the motivations for
designing windowing functions of these shapes is to address the problem of leakage anidgsitkehat occur from
using the naive rectangular windowing function or no windowing function at all in combination with an insufficiently
long analysis window. This is seerthia bellcurve shape of the function presented in the tafind plot of these

figures, which has the effect of attenuating the measurement signal in the vicinity of"thadN"sample. In this

way, the problem of periodicity of the signal in the analysis window is addressed by making the end points of the
signal identically approach the same value (note the symmetric shape of the windowing function).

The difference between the Hamming and Hann windowing functions is sistiean be seeim Figurel2 Figure

13the two windowing functions have a very similar profile in the vicinity of the {Ng@jnple but diverges around

the end points of the function. Specifically, it can be seen from the figures that the amplitude of the Hann windowinc
function drops off much more rapidly than the Hamming function for n > (7/8)N and n < (1/8)N. This difference in
0KS akKlLS 2F GKS ao0Stf OdzNWS¢ Oy 0SS FGGNROGdziSR (2
functions. The decision to use the Hamming or the Hann windowing function therefore represents-affrade

between attenuating incongruous data at the end points of the analysis window on the one hand, and not distorting
valid datanearthe end points as well as avoiding issues associated with having raptd¥ol 2 NJ & G | LIS NR y
the other (consider the rectangular windowing function above as an extreme example).

Hamming window (a; = 0.53836) Fourier transform

o ! I ! ]

decibels

-40 -20 0 20 40
samples bins

Figurel2: Hamming windowing function and its Fourier transfoff#.

11



'NDUSTRIENS 7OND DAMRC

Hann window Fourier transform

o T T T

decibels

=40 -20 0 20 40
samples bins

Figurel3: The Hann windowing function and its Fourier transfof#j.

TheBlackman windowing functionpresented irFigurel4, can be derived in similar manner as before and is
expressed as

. v .o~ CYE L, LTV E
v € w wAléﬁ— w Al 66— pp

with® m8& & mhand® 18t YUnlike the Hamming and Hann windowing functions, the Blackman
windowing function uses three terms in equation (7). Bneplitude of the function and its frequency spectrum
resembles that of the Hann window in the sense that the end points of the function taper off more quickly compared
to the Hamming window. It can be observed that the Blackman function does so more severely than the Hann
windowing function, especially when considering the function amplitude-Qaftd graph) for n > (7/8)N and n <
OMKYOb YR GKS TdzyOlA2y Qad G 2dWR SNdndcNd: yOi T 2oNhe diffeeM) T NB
windowing functions.
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Blackman window Fourier transform

0 T T T

decibels

=40 -20 0 20 40
samples bins

Figureld: The Blackman windowing function and its Fourier transfdéh.

TheFlat Top windowing functionpresented ifFigurel5, can be derived in a manner similar to the other
windowing functions discussed so far and is expressed as

o w .. CtE . TtE L@ e . YE
0 € w wAlél,j— ooAIGl,j— wAlgﬁ— wAlgﬁ— P C

Many variants and design choicesiofare possible, but according to the 2011 version ofuker manua[1], the
coefficients used in Harmonizer ai@ phid pRodd p& @O 1@ Yhandd 18 0.Qll Flat Top

windowing functions are characterized by a negative amplitude near the end points in the time domain and
relatively uniform side lobes in the frequency domain. Typical use cases for this windowing function therefore
include decimating transient components at the beginning and end of a measurement signal, or otherwise capturing
signals having an ideal sinusoidal shape. At the same time, a broad range of frequency components can still be
captured due to the relatively flat side lobes in the frequency spectrum, as seen in the Fourier transkaguref

15
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flat top window Fourier transform

1 ol I | | -

0.9 <10 |- ]

o0 f :

8 0c 0 0F 1

205 S el |

Euq -E =70 - -

E 0.3 T .80} -
0.2
0.1
(]

-40 -20 0 20 40
samples bins

Figurel5: The Flat Top windowing function and its Fourier transfdeh.

The Integration/Differentiation setting determines whether single or double integration/differentiation is
performed on the raw signal. Classical examples of why this may be desirable include the need to convert ¢
acceleration measurement into a displacement measurement (as is done during tap testing).

TheTime Domain Slgnaiptlon allows for either the raw signal (| e. the orlglnal recorded or measurement S|gnal)
0KS LINPOS&aSR aAdaylrftz 2N 620K G2 06S RAaLiXlFIeSR Ay
the red and green curves, respectivelyFigure3.

TheDisplay Harmonic®ption controls the number of tootipassing harmonics that are displayed in the frequency
ALISOGNHzY 2F !'ylfel SN ¢KS&aS I NP NBLINBASYiGiSR Ia aONZ
Figurel6.

Seund Magnitude vs. Frequency

1886

1509

1132

Magnitude

Frequency (Hz)

Figurel6: The "Sound Magnitude vs. Frequency plot on the main screen of Harmonizer. The number of
harmonics markers shown in the graptcantrolledby the Display Harmonics setting.

The option toAutomatically Tune Spindle Speddvailable in the Vibration Detection tab and also in the parameter
window inFigure3) allows Harmonizer to automatically adjust the spindle speed in real time based on the recorded

14
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sound. In this way, Harmonizer can detect fluctuations in the spindle speed caused by, for exampleryimg
loading conditions and adjust Harmonic filters and other settings accordingly.

Background Filtergalso available in the Vibration Detection tab, reproducedFigurel? for convenience) allows

for the frequency content of sound recordings associated with ambient noise to be filtered out. This is done by firs
recording ambient noise (including air cutting at teame spindle speed used for testipgind adjusting the
threshold ridge lines as needed. Frequency components that are to be filtered should extend above the ridge lin
Next, the Background Filters button is used to open the Background Filters window. Background filters can then |
created automatically by checking the Enable Background Filters option and clicking the Build Filters button. Tl
characteristics of the background filters are determined by the estimated frequencies above the threshold limit. The
filter type of the background filters should be set to dynamic if it is expected that the frequency to be filtered out will
change over time or as a function of spindle speed.

Filters
Detection Mode |Chatter: Advanced
Automatically Tune Spindle Speed []

Background Filters

Chatter Settings
Dynamic Chatter Threshold []
Threshold Factor
Sensitivity | High
Filter Width (%) |Medium v

Chatter Frequency Range (Hz) | WDD| ‘

Figurel7: Vibration Detection window in Harmonizer 2017.

2.2.4 Chatter Detection and Optimal Speed Selection

¢KS aStidAay3a GKFG FFFSOG OKIFGGSNI RSGSOUGAZ2Y FNB Ay
Note thatHarmonic Filtersr dza i 0SS Syl 6f SRT SAGKSNI FN2Y GKS LI NI YSi
window, in order for Harmonizer to detect chatter. TRgter Width2 ¥ (G KS KI NXY 2y A O FAf 4 SN&
GYSRAdzYé(Z 2NJ agARSé RSLISYRAYy3 2y K2g YdzOK GKS aLAYR
should be used for larger speed fluctuations (guidelines for filter width selection are given in the Harmonizer user
manual).

TheChatter Thresholdd 6 KA OK A& aS0i RdzZNAy3 (KS & Ol FiguseRikean hegiyen a a G |
YAdZYSNAOIE OFtdS Ay GKS +AONIGA2Y 5S80800A2y 6AYR26®
NBOSY( NBO2NRAYI o0& OfAO1AYy3 2y GKS a9aitoé oditzy A
parameter window will open the Edit Chatter Threshold window, which allows for the chatter threshold to be
adjusted manually. The Edit Chatter feature is a powerful tool becaadlewsthe user to adjust the number (and

therefore bandwidth) of divisions or discrete ridgelines, thereby allowing for more precise control of the chatter

threshold.

TheSensitivitya SGGAy3a Aa Ffaz | 00SaairoftsS Ay GKS G@xA0NI GAZ2Y
LINE BARSR Ay GKS I FN¥Y2yAT SNJ dzZaSNJ YI ydz- £ 5 odzi AG A& K
GaSRA@aYEZ6¢é > | Redzala GKS aSyaradaragiide 2F GKS YAONRLK
t NPLISNIIASaé¢ aSOGA2Yy 2F (KS eRecorgingRardivare Setwhdow is atBesspbl (i dzL
08 LINBaaiy3d (GKS Ccy 1Se 2N oe | O00Saairy3ad awSO2NRAy3 t
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Once the machining noise is recorded and processed by Harmonizer, the results (stdizi#ter) are displayed in
the Control window irFigure3, which is reproduceth Figurel8 below for convenienceAs shown in the figure,
the analyse button becomesvailable when chatter is detecte@licking the analyse buttamill prompt the software
to recommendechew optimal spindle speed# available, in the window shown Figurel9

OStable Run #1 . Chatter  Run#1
Suggested Speed (rpm) Sugqested Speed (rpm)
oo 16000 16000
g Feedrate (ipm) . Feedrate (ipm)
160.00 160.00
% J Rec. Length (Sec) % J Rec. Length (SGc)
5.0

Figurel8: The control window of the main screen is shown for bstiible and unstable (chatter)
measurements.

| Chatter Selection

| Chatter Selection

Suggested Spindle Speed (Based on Chatter Lobes) No S]mld.a Speed Suggestion. try:
\ (Ac) or De g

arametes (F4)

Settings (Cul-A)

speed and re-cut

Adjust spindle

Harmonizer

set the
Starting Spindle Speed (pm) 14233

N/A

16000

14244

Stanting Spindle Speed (rpm)
Harmonizer Spindle Speed (rpm) Harmonizer Spindle Speed (rpm)

(t Frequency) Chatter Frequencies (Hz) 1425 (Lobe N/A) y| (& Frequencies)

Eoc

v

Chartter Frequencies (Hz)| 1425 (Lobe 3)

Figurel9: The chatter selection window that appears after clicking on the Analyze button. (Left) a new
spindle speed is suggested; (Right) no improvements in spindle speed can be made, and alternative
recommendations are given.

If chatter is detected, Harmonizer will use an iterative and convergent process to determine the optimal spindle
speed. This process is based on the Wedwn fact that regenerative chatter is mitigated by synchronising chatter
frequency with tooth passing frequency (or an integer multiple thereof). This occurs because the phase difference
between the current and previous machined surface (segure20) is eliminated, removing the effect of variable

chip size on cutting forces and tool displacement. This results in deeper depths of cut that are stable, as shown in
Figure2ld ! & &aK2gy Ay G(GKS FTAIdNBI ¢KSy |1 FN¥Y2yAl SNRa 2L
spindle speed (point a) in the bottom graph, it suggests a spindle speed at which the chatter frequency and an
integer multiple of tooth passing frequency coincide (point b), which results in cHagtercutting. The DOC is then
increased, until the cutting process is again unstable (point c). At this point, Harmonizer will again suggest another
stable spindle speed where chatter frequency and tooth passing frequency are synchronized. This procedure is dor
iteratively until Harmonizer converges to optimal cutting parameters (point e), when further efforts to find a more

optimal spindle speed fail (points f, g, and h).

16
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W

current pass

4
I /\/\/

< current pass

Figure20:6 [ STiG 0 / KFGGSNJ £ SIF@Sa I OKFNIOGSNRAGAO agl
difference between the wavy surface created by the current and previous machining pass creates a
GNBISYSNI G§ABSe¢ STTFSO0Idifferdancebitwdah te whv$ suthceNdediedl By the K S

OdzNNBy G YR LINB@Az2dza YIOKAYyAyYy3a LI aa ONBFGSa
difference (chip size) and regenerative effect are eliminated by synchronizing tooth passing frequency an
chatter frequency[1]

N0,
%)

Depih of Cut, b (mm)

n {rpmn

30 ;
= :

= H P

- ey 1 e
e 3 ://h/
| =

& Ci--12

p it
-

w

.

(&)

Snindle Sneed. n (ronml)

Figure21: The iterative process used by Harmonizer is presented, which takes a spindle speed at point a
and converges to the speed at point e. (Top) stability lobe diagram, where the hatched area is the unstabl
region. (Bottom) The chatter frequencies (bold, nonlinear lines) which generate the stability lobes are
plotted as a function of spindle speed. Integer multiples of tooth passing frequency are also plotted (lineal

lines that are not in bold)1]
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3. Hypothesis

There is no formal hypothesis testing done in connection with this project. However, the premise of the project is
that both versions of Harmonizer can be made suitable for use in industry and thatige competency can be
developed to utilize this capability.

4. Success Criteria

There are no specific success criteria stated in the project applichtmmever, the goals of the project stated in

that document are to acquire experience with the software, to understand the possibilities and limitations of
MetalMaxHarmonizer, and to create a clear test, or standard operating, procedure to be used when providing
service to industry along with a clear reporting format. The project can therefore be considered a success if
Harmonizer can become effective in optimizing (or assisting in the optimization of) at least one subtractive
manufacturing process commonly used in industry, and if such optimization can be reliably achieved using easily
replicated procedures suitable for professional use as a setrvice to our industrial partners. Here, a process
GO02YY2yté dzaSR AY AYRdzAGNER¢ aK2dzZ R 06S AYOGSNILINBGSR |
extensive experience and a proven track record of achieving demonstratable success in optimization.

5. Project Scope/ description

The following limitations are placed on the scope of the project:

1 TheMetalMaxequipment will be the primary system to test (as opposed to other tap testing equipment)

1

T hyteée afz2¢ SYiaNRé a2fdziAizyd ARSYUAFASR RdAzZNAy3 (GSC
acquisition.

6. Risk Analysis

The following risks to the project have been identified:
91 Inherent limitations of the Harmonizer software may render it unsuitable for use in industry

1 Technology scouting activities may not produce any viable alternatives

The potential consequences associated with these risks are deemed to be low. This is due to the fact that
unfavourable outcomes associated with this project will have minimal or zero impact on the finances, capabilities,
and other projects of DAMRC.

7. Literature Study

A formal literature review is not conducted for this project, as the project consists solégvefoping
standardizedest procedures for the use of the Harmonizer software which are to be tesitdpractical
tests. Furthermore, the relevaninderlying theory underpinning the sound analysssried out by the
software is well documented in thdarmonizer user manufl] and otherdocumentation.
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8. Experiment Design

8.1 Test Design and Process

To advance towards the goals of the project, the capabilities of the Harmonizer sotiveeaesessed in a series of
cutting tests inconjunction with the TXF (tap test) software. These testssist of cutting stock material in both
milling and turning at cutting parameters identified by the stability lobe diagrams generated by tap testing and
modal analysis. For milling, the cutting tests will be a series of slot cuts at different cutting pararkéegeire (
22Fejl! Henvisningskilde ikke fundét. For turning, material will be removed in a series of turning passes at
successively deeper depths of chigure23). These tests will be done for both aluminium and steel workpieces.

Figure22: Typical cutting tests for milling. The slot made from each cutting pass would be the result of a
unigue combination of cutting parameters, allowing for easy inspection of how chatter marks and surface
quality change with the parameterf]

Figure23: Typical cutting test for turning. The turning operation shown here would be done iteratively to
test all cutting parameters of interedfz]
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8.2 Test Equipment

The equipment required for the tests consistsly of what is included with thdetalMaxsoftware and
hardware.Therefore the required equipment comprises only whaingluded in the table below.
Required Equipment QTY

MetalMax laptopwith Harmonizersoftwareinstalled
USB LicenseDongle

DataAcquisition Cardwith USB ConnectotCable
InstrumentedmpactHammerwith BNC ConnectorCable

Accelerometewith BNC ConnectorCable
CardioildCondenseMicrophonewnh DataCablesand Mounting StandandUSB Audio Adapter

| | ~| ~| ~| —

8.3 Test Material

Unspecifiedaluminum and steettock materialjn rectangular and cylindrical forspfromthe stockpile
available at DAMRC are consumed during the performance dlibgementionedcutting tests.

8.4 Test Procedure

After preparing theMetalMaxequipment and machining centres for testing, the general procedure for the cutting
tests is as follows:

1. Measure the FRF of the tool and generate stability lobe diagrams

2. Attach the microphone and all necessary peripherals toMieealMaxlaptop

3. Configure the Harmonizer software with the appropriate settings

4. Calibrate the Harmonizer software by recording the sound obtained by machining with stable cutting
parameters identified from the SLD

5 al OKAYS GKS YIFIGSNARFE dzaAy3a aolaStaySé OdzidAay3a Lk

provided with the Harmonizer equipment

6. If the cutin step 4 is stable, change the cutting parameters in Harmonizer for the next test so that the
OdzZNNBy i RIGlF ¢Aff 06S IRRSR (2 GKS 1 A&G2NEB GlFoT A
current data to the History tab

7. Repeat steps 5 and 6 for each set of cutting parameters until Harmonizer converges on a stable spindle
speed.

8. Repeat steps-b for all desired combinations of tool, workpiece material, and cutting process.

These steps are then followed by the standard analysis and reporting procedures for tap tests. A formal standard
operating procedure for conducting noise analysis in industry with Harmonizer software and reporting the results is
given in appendix B.

9. Test Results

9.1 Aluminum Milling

20



'NDUSTRIENS 7OND DAMRC

The capabilities of the 6Mit version of Harmonizer for milling processes was evaluated using the test procedures in
the previous section. A 12mm diameter end mill with 4 flutes (sh&vgure24) wastap tested in a CNC machining
center at DAMRC and then used in cutting tests using alumstaok. The tosholder-spindle system was tap

tested using TXF software, and the resulting stability lobe diagram (SLD), which is preséngeae@5was used

to plan the cutting parameters of the subsequent cutting tests. The machining sound resulting from these cutting
tests were then recorded using Harmonizer software, which evaluated the stability of the cutting process. The setur
of the Harmonizer software is shownkigure26.

As shown in the figure, the cutting tests were carried out starting with a spindle speed of 2760 RPM and a DOC of (
mm. A conservative DOC was chosen for the first iteration to ensure a stable process to calibrate the Harmonizer
a2FUO6I NB a RA&aOdzaASR AYy (KS WeKS2NE 2F hLISNIiGA2YyaQ
20KSNJ LI N YSGSNRE Oz2yailyid dzyyidiat OKIFIGGSNI gl a RSGSOGS
used to identify an optimal spindle speed given the unstable DOC, which resulted in a spindle speed of 3130 RPM
being recommended by the software. The subsequent cutting test with the new spindle speed was stable, but as ca
be observed ifFigure25the recommended spindle speed was inconsistent with the optimal speed predicted by TXF
software. As a result, increasing the DOC resulted in chatter and Harmonizer then iterated through additional spindl
speeds and depths of cut until converging to stable cutting conditions at 1745 RPM and a DOC of 1.5mm. Selected
data obtained from the Harmonizer software during this and all other experiments can be found in appendix C.

Figure24: The tool used in the cutting tests.

Depth Of Cut

2212

1.946

1.681

1415

1.150

0.885

Axial Depth of Cut, Ap (mm)

08619

0.354

1588 1951 2313 2676 3039 3401
Spindle Speed (rpm)

Figure25: Stability lobe diagram obtained from TXF software, overlaid with the results of Harmonizer's
noise analysis. Stable cuts are represented by yellow dots while chatter is represented by red dots.
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Figure26: The Harmonizer equipment as it was used during cutting tests.

The test was repeated with the same tool using the same tool holder and CNC machining center at a later date to
investigate the reason the initial spindle speed recommended by Harmonizer was inconsistent with thé-gjiube

25. However, in this case, both the 32nd the 64bit versions of Harmonizer were tested. The tholder-spindle
system was tap tested with both versions of TXF software to account for any changes in the system since the
previous experiment. The stability lobe diagrams produced blgibversion of the software are shown Figure
27Figure28, while those generated by the 33t version are shown ikigure29Figure30. The chatter marks left

by the end mill during the cutting tests are showrFigure31.

As shown in these figures, a series of full immersion cutting tests were carried out starting with a spindle speed of
2760 RPM and a DOC of 0,15 mm. A conservative DOC was again chosen for the first trial to ensure a stable cut
would be recorded for the purposes of establishing a noise magnitude threshold for chatter vibrations as discussed
previously. Machining sound was recorded with both versions of Harmonizer software simultaneously to expedite
data collection. Both versions of Harmonizer detected chatter while recording machining sound during trial 5 (2760
RPM, 1.1 mm DOC), at which point thelitversion of the software suggested a new spindle speed of 3030 RPM
while the 32bit version suggested a new speed of 3130 RPM, as shokigime28Figure30. Cutting tests then
continued first with the 64it Harmonizer and then with the 3&it Harmonizer.

The next cutting test with 64it Harmonizer was performed at 3030 RPM and the same DOC as trial 5 (1.1 mm),
resulting in stable machining as determined by Harmonizer. The DOC at this new speed, which coincides with an
optimal spindle speed associated with one of the stability lobdggure27, was incrementally increased until a

stable limit at a DOC of 2 mm was found during trial Sbi4#armonizer was therefore able to converge on optimal
cutting parameters in less than 10 iterations, and it is likely that convergence would have occurred sooner if larger
increments in the DOC were used during testing. The convergence rate is also affected by the range of spindle
speeds that Harmonizer is allowed to iterate over.

The next cutting test with 3Bit Harmonizer was performed at 3130 RPM and the same depth of cut as trial 5
(1,2mm), resulting in unstable machining as determined by Harmonizer. Unstable machining at these cutting
parameters is expected from visual inspectiofFigure30x. ¢ KA OK aK2ga GKI G GKSasS LI
spindle speed by 100 RPM.-BR Harmonizer responded to these results by iteratively suggesting new, higher
spindle speeds (in the range of 668000 RPM) that similarly missed the optimal spindle speed as predicted by TXF.
This process of iterating through various suboptimal spindle speeds would have continued indefinitely had the
experiment not been abandonedhe cutting tests were repeated at various starting spindle speeds with similar
results. The 3dit version of Harmonizer therefore failed to converge, unlike the initial experiment with tHst64
version of Harmonizer. All subsequent work to test the Harmonizer software was done exclusively wittbthe 64
version due to the operational requirements of DAMRC
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Figure27: Stability lobe diagram generated by the-b#t version of TXF for machining aluminum, overlayed
with stable (yellow) and unstable (red) cutting as determined bypié4armonizer.
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Figure28: Detailed view of Figure 27
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Figure29: Stability lobe diagram generated by the-BR version of TXF for machining aluminum, overlayed
with stable (green) and unstable (red) cuttingdetermined by 32bit Harmonizer.
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Figure30: Detailed view of Figure 29

e
[ .

Figure31: Cutting marks left on the aluminum workpiece during cutting experiments.

The previous tests with 6it Harmonizer were repeated at a later date with a different starting spindle speed to
determine how such a change would affect the results of the noise analysis. THetdel-spindle system was

again tap tested, resulting in the SLOFafjure32. As shown in the figure, cutting tests began at a spindle speed of
7800 RPM and a DOC of 0.1 mm. The DOC was gradually increased until chatter was detected during trial 7, when
the DOC was 0.6 mm. At this point, Harmonizer identified an optimal spindle speed of 5785 RPM, which is consiste
with the SLD in the figure. However, slot cutting at this new spindle speed unexpectedly resulted in chatter,
whereupon Harmonizer converged on the optimal spindle speed of 4020 RPM after two additional cutting tests.
Possible reasons for the unexpected chatter at 5785 RPM are discussed in section 10.1.

Depth Of Cut

Axial Depth of Cut, Ap (mm)

Spindle Speed (rpm)

Figure32: Stability lobe diagram overlaid with results of cutting tests and noise analysis.
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Another test with Harmonizer for milling in aluminum work material was performed following the same
methodology. This experiment, however, was designed to more precisely identify the boundary between stable and
unstable machining at an optimal spindle speed identified by TXF tap test software. The stability lobe diagram
resulting from the tap test is showin Figure33Figure34. As shown in these figures, cutting tests were performed
with gradually increasing DOC and constant spindle speed. At the beginning of the tests, the step size between
different depths of cut was arbitrarily set at 0.2 mm ranging from 0.4 to 1.4 mm DOC. Finer step sizes of 0.05mm at

0.03mm were implemented between DOCs of 0.65 and 1.0mpinjeoint thestabiity threshold at 0.8mm. The
results presentedre further discussed in section 10.1.

ooee:
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Spindle Speed (rpm)

Figure33: Stability lobe diagram overlaid with results of cutting tests and noise analysis. Trials above the

K2NRAT 2y i1t NBR fAYyS NS dzyadloftS 6KAES (K24aS o

was not used, the software did not distinguish between stable and unstable cutting using the color coding
seen previously.

mm)

Depth of Cut, Ap

Figure34: Detailed view of Figure 33.

9.2 Steel Milling

The capabilities of the 64it Harmonizer software for milling processes in steel workpieEs assessegsing the

same test proceduregsed previouslyThe same tool that was used for aluminum was used for the steel cutting
tests in the same DMU machining center (showRigure35). The toolspindle system was again tap tested to

ensure that any possible changes in the system dynamics due to normal operational use were taken into account.
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The resulting SLPresented inFigure36, was used to plan the cutting parameters of the initial cutting tests, with
subsequent parameters depending on the results of the noise analysis provided by Harmonizer.

As shown in these figures, a series of full immersion cutting tests were done using the same procedure as stated in
section 8.0 and used for aluminium milling tests. The cutting parameters used for the first trial of this test consisted
of a spindle speed of 2630 RPM and axial DOC of 0.1 mm. A conservative DOC was again used to ensure a stable
oFaStAyS F2NJ FdzidzZNB GNARFfa Fa NBI dza NB RinFigunR. #&ckining O f
sound was recorded with Harmonizer as the axial DOC gradually increased for each trial. Chatter vibrations were
detected during trial 4 when the DOC was set to 0.4 mm, at which point Harmonizer recommended an optimal
spindle speed of 4104 RPM.

For the following portion of the test, the optimal spindle speed was rounded to the nedfdRP™ due to

limitations in the controls of the DMU CNC machine, so that for trial 5, the optimal spindle speed of 4104 RPM was
rounded up to 4105 RPM. Testing continued with the new spindle speed, gradually increasing axial DOC, and all
other cutting parameters held constant until chatter was again detected during trial 9, when the axial DOC was 0.8
mm. At this point, a new optimal spindle speed of 3876 RPM was suggested by Harmonizer which also resulted in
chatter. The workpiece after all of the cutting tests had been conducted is sktgure38. Harmonizer then

indicated that no other optimal spindle speeds were possible, and that the depth or width of cut should be reduced.
The 64bit version of Harmonizer therefore converged in less than 10 iterations, which is consistent with the results
of the milling test in aluminium

".. T

Fiéufe35: The tool tested in steel milling tests
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Figure36: SLD for steel milling tests
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Figure37: ed view of Figure 36.

Figure38: Cutting passes and chatter marks created during the experiment.

The steel milling cutting testsere repeated a second time at a later date to determine whether the results from the
first cutting tests can be replicated and to determine how consistent are the results of the noise analysis provided b
Harmonizer. Repeating the procedure of measuring the FRF of thdadaer-spindle system and generating the

SLD in TXF software yields the resultsigure39.
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As shown in the figure, the cutting tests began with an initial DOC of 0.1mm and a spindle speed of 2700 RPM to
ensure stable cutting occurs while calibrating the software. A spindle speed of 2400 RPM was implemented for the
next cutting test so as to induce chatter sooner and more quickly evaluate the noise analysis provided by
Harmonizer. Chatter occurred in the following cutting test when the axial DOC was 0.25mm. After recommending a
suboptimal spindle speed of 5535 RPM, which also resulted in chatter, Harmonizer converged at the next iteration t
a spindle speed of 5127 RP®bnsequently, the results obtained with Harmonizkrsely approximated the results
expected by theSLD generated by TXF

Additional cutting tests were performed at the optimal spindle speed of 5365 RPM with axial DOC gradually
increasing from 0.25mm, as shownRigure39, resulting in chatter occurring at a DOC of 0.4mm. Reasons for the
discrepancy between Txf and Harmonizer software are discussed in section 10.2.

Depth Of Cut
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1.353

1.207
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0913
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0.620

0473

Axial Depth of Cut, Ap (mm)

0.326

0.180

O
0033

1961 2785 3610 4434 5258 6083
Spindle Speed (rpm)

Figure39: Stability lobe diagram for the second round of cutting tests for steel milling. Stable and unstable
cutting are represented by yellow and red dots, respectively.

9.3 Aluminum Turning

The capabilities of 6Bit Harmonizer for turning operations in aluminium wassessedising the Mazak Quick Turn
machining center available at DAMRC. Testing was done using a 600 mm long workpiece having a diameter of 98 |
in conjunction with a Sandvik Coromant cutting insert (ISO VBGT 160K 045). The test setup is shown in

Figure40. Thetap test method was used to measure the FRF of both the turning post and the workpiece before
cutting tests commenced, which were planned according to the resulting stability lobe diafnemesulting

stability lobe diagram is shown Figure41Figure43

As shown in the figure, a series of cutting tests were performed starting at a DOC of 1 mm and a spindle speed of
1650 RPM. The DOC was successively increased until chatter vibrations were detected, and an optimal spindle spe
was suggested by Harmonizer. This occurred during trial 3 when the DOC was 5 mm, with Harmonizer suggesting
3281 RPM as an optimal spindle speed. However, it was not possible to reach this speed due to limitations in the
controls of the Quick Turn Machining Center, which is apparently restricted to a maximum theoretical spindle speec
of 3500 RPM. During testintpere were practicatlifficulties exceeding 3000 RPM due to unknown reasons, so the
maximum spindle speed setting in Harmonizer was adjusted accordingly.

As a result, a new optimal spindle speed of 2500 RPM was suggested instead, and testing continued with this new
alternative. Continuing the tests with the new spindle speed did not yield stable cutting, and Harmonizer did not
converge on optimal cutting parameters, although the suggested spindle speed of 2500 RPM was close to the
optimal speed of 2530 RPM as indicated by the stability lobe diagram generated in TXF software piedegiac

43. It is possible that the algorithm used by Harmonizer would have continued indefinitely, as was the case for the
32-bit version of Harmonizer for aluminium milling, if a relatively low maximum spindle speed were not imposed on
Harmonizer.
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Testing continued with the cutting parameters used in the first trial (now trial 6 in the same set of cutting tests) to
see if the previous results could be replicated or some error in the test procedures could be discovered. While the
results of trial 1 was replicated in trial 6, reapplying the cutting parameters in trial 2 resulted in chatter vibrations in
trial 7 whereas stable cutting was observed in trial 2. Therefore, it was found that the results obtained from
Harmonizer are seemingly hard to replicate for turning processes in addition to being inconsistent with TXF stability
lobe diagrams. However, this is not to say that Harmonizer software cannot or should not be applied to turning
processes. The reasons why these results were obtained are discussed in section 10.3.

1 h;
Figure40: The workpiece and turning post used in the cutting tests.
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Figure41: SLD for turning aluminum.

29



'NDUSTRIENS 7OND DAMRC

Depth of Cut (Radial DOC, Ae=1.00mm, Direction=Varies
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Figure42: detailed view of the SLD. Run nr. 3 (blue) arigréen) are shown along with the maximum
spindle speed of 3000 RPM (black vertical line).
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Figure43: Detailed view of SLD, overlaid with run nr. 6 (blue) and 7 (green)

9.4 Steel Turning

The capabilities of 68it Harmonizer for turning operations in steel was also tested using the Mazak Quick Turn
machining center. Testing was done using a workpiece approximately 600mgm@ind having a diameter of 118

mm in conjunction with a Sandvik Coromant cutting insert (unknown model nr.). The tap test method was used to
measure the FRF of both the turning post and the workpiece before cutting tests commenced, which were planned
according to the resulting stability lobe diagraihie resulting stability lobe diagram is shoini-igure44Figure

45,

As shown in the table, a series of cutting tests were performed starting at a DOC of 1.5 mm and a spindle speed of
788RPM. A speed of 785 was desired, but could not be precisely achieved due to the limitations in the controls of
the Mazak Quick Turn machining center. It was decided during the test that a speed of 788 RPM would be
considered acceptable. The DOC was successively increased until chatter vibrations were detected, and an optima
spindle speed was suggested by Harmonizer. However, this did not occur for any of the tests. Chatter frequencies ¢
approximately 1740 Hz and 6840 Hz were briefly detected at two separate moments during trial 5, but these
occurrences are likely to be false positives since chatter vibrations in machining tend to persist throughout the
cutting process if cutting parameters are held constant. Furthermore, there were no physical evidence of chatter in
the form of amplified machining sound or chatter marks left on the workpiece. It is more likely that these
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frequencies originated from some ambient or background source that was not initially captured during the
calibration phase of the procedure Figure2.

Ly lye OlFaSs GKS a2LIiAYIté aLMAyRES alLISSR adza3asSadasSRr
Mazak, as it was over 11000 RPM. Instead, in an attempt to induce an undeniable case involving chatter vibrations
testing continued with the original spindle speed but with the DOC drastically increased to 5mm. However, the resu
of this trial was also stable machining. At this point, it was decided to stop testing to allow for any faults in the
experimental procedure to be identified through an analysis of the acquired data as well as to address the needs of
other projects. Repeating these tests for steel turning yielded the same results, as shigniip46Figure48. The
reason why chatter was not detected in these tests is discussed in section 10.4.
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Figure45: Detailed view of Figure 44.

31



‘NDUSTRIENS 7 DAMRC

R S N R ™ S R S R R S RS e

e 25 SR

Figure48: Result of the fourth set of cutting tests for steel turning.
9.5 Lite Noise Analysis

¢KS Y20Af S | LILJ & CNF[F oz ysbkto assgds thefdasikility of & Bte nbiskzRrialysis option. The
capabilities of app were assessed by recording machining noise during cutting tests performed in the DMU
machining center at DAMRC, in which steel stock material was subjected to slot cutting at different depths of cut
with a 12mm diameter end mill with four cutting edges. The toolder-spindle system was tap tested as in the
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previous tests to measure the system FRF and generate SLD, as was done in the previous expEnenestsiting
SLD is presented Figure49.

Figure49: SLD generated for the test of lite analysis options.

Cutting tests were performed in which machining sound was recorded with both the Harmonizer and mobile app
microphones simultaneously. Testing began with a spindle speed of 3200 RPM, feedrate of 900 mm/min, and an
axial depth of cut of 0.1 mm, which were selected as the initial cutting parameters to calibrate the Harmonizer
software. Testing continued by increasing the DOC while keeping all other parameters constant. A $figwre

50, the axial depth of cut was increased until chatter was detected by Harmonizer at an axial DOC of 1.0 mm. At thi
point, testing stopped as the differences in the results of the speed selection tool of Harmonizer when considering
GKS tAGS YR ay2N¥Ifé¢ az2dzyR NBO2NRAy3Ia gSNB O2YLI NB
provided in section 10.5.
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Figure50: Cutting tests performed for the lite analysis test. Trial 1, 0.1 mm DOC (stable); trial 2, 0.5 mm
DOC (stable); trial 3, 1.0 mm DOC (Unstable).
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10. Data Analysis and Discussion

10.1 Aluminum Milling

Considering the first three sets of cutting tests for aluminum milling, it is noted that there are differences between
the stable spindle speeds identified by Harmonizer and TXF software, as well as discrepancies in the stable DOC
achieved during testing compared to what is theoretically possible according to the results provided by TXF softwar
These observations only apply to some of the results for each set of cutting tests since, for example, the spindle
daLISSRa 2F UGUKS AyAGAlLf OdzidAy3da (4S&aG& FNB &dzo2LIGA YL f
Harmonizer can be assessed. Therefore, only a subset of results for each set of cutting tests are used to quantify tt
relative errors of the theoretical speeds and DOCs predicted bivtalMaxsoftware. The criteria for including a

data point in the analysis is that it uses a spindle speed recommended by Harmonizer, a stable DOC was achieved
above the theoretical limit predicted by the SLD, or chatter occurred below the theoretical limit predicted by the
SLD. Here, the theoretical limit between chatter and stable cutting istihee in the TXF stability lobe diagram

when the uncertainty bands are neglected.

With these criteria, the following subset of datapoints from the first three sets are shoWigire50Figure53 and
tabulated inTablelTable3. The relative error between the theoretical DOCs and spindle speeds and these
datapoints are calculated, if applicable. For the spindle speed error, the difference between the speed suggested b
I'FNY2YyAT SN I yR (KS &ihJBGEiRustratéd infrigueS4Fi§urass vihile DO@enmird aee
calculated from the DOC used in the cutting test and the theoretical DOC at the same spindle apgse. S
calculations are given below for trial 4 of the first set:
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Figure53: Subset of results from the third set of cutting tests, comprising trials 2, 3, 4, 5, 7, and 9.
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Tablel: Relative errors for the datapoints in set 1 in as shown in Figure 51

Spindle
Speed
Relative
Errar
DOC
Relative | 82.23%| N/A | 43.68%| 63.07%
Error

3.13% | 0.49%| 0.44% | 0.52%

Table2: Relative errors for the datapoints in set 2 as shown in Figure 52

Spindle Speed Relative
Eirar W N/A 0.16%

DOC Rel at ipy] 47.06% 7.75%

Table3: Relative errors for the datapoints in set 3 as shown in Figure 53

Spindle
Speed
ReFI)ative N/A N/A N/A N/A 4.29% | 0.50%
Erraq
DOC
Relative
Error
G

22.00%| 84.05| 145.40%| 206.75%| 75.92%| 52.25%
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Figure54: Detailed view of Figure 51, showing the cutting test result of trial 4 and aadasr identifying
the spindle speed at the cusp of the SLD

et et etatetetetetetetetetetetetete e tutitete%s et
ae ettt e et e re e tata e o tetate s
ORI
ytateteterere’
ototateteratats

0
e

Seseseseseree; dasere: Soseresetese;
R e O
KRR SRR KR HH R RH ALK,
% % et e et ettt et et e et et !
SRR ‘ R o R
ot tetaterets totatelets otatetetetolatatetelel tasels!

% ateteratets! o oo et e st et be et ta!
S
R X AR
A e e e e e e e
e e e et s e ety st Tttt

%

&
R
otateretetetetettets!
SRR
5% a%s!

tatetetelt
R AR R AR AR
et re et tetete
KRR
atetetatetetets!

0,
B0

Axial Depth of Cut, Ap (mm)

2624 2757 2890 3024 3157 3290
Spindle Speed (rpm)

Figure55: Detailed view of Figure 51, showing the cutting test result of trial 4 and a data cursor identifying
the theoretical DOC at the same spindle speed asused in trial 5.

WSOASGAYI GKS ljdzZ yiAGlI GADS NBadzZ G6a Ay (GKS 602@0S FA13
Harmonizer does an adequate job in selecting an optimal spindle speed that is consistent with the predictions of the
SLDs generated by TXF software. Relative errors in the DOC, however, are more severe. Considering the first set
cutting tests, the DOC relative error is exaggerated due to the steep slope of the curve near the cusps of the SLD,
which represent optimal spindle speeds, since the point on the curve with the exact same spindle speed as the
cutting test is considered in the calculations. Accounting for errors in spindle speed selection of the Harmonizer
software and instead considering the difference between the theoretical local maximum DOC and what is achieved
in the cutting tests, the DOC relative error does not exceed 10%. The same level of accuracy in spindle speed
selection by Harmonizer is observed in all three sets of cutting tests with a maximum relative error of 4.29%
corresponding to trial 7 of the third set of cutting tests.

While the large relative errors for DOC in the first set of cutting tests can be explained due to the slope of the SLD,

the persistence of large errors in all three data sets must be noted. In the case of trial 4 in set 2, the obtained result:
are not unexpected since the cutting parameters for that test fall within the uncertainty band of the SLD as shown ir
Figure52. Indeed, considering the small DOC at the theoretical limit of stability (less than 1mm), small deviations in
the experimental DOC can result in significant relative errors, as obserl&ble2 when the absolute difference
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between theoretical and experimental DOC is only 0.256 mm. The results obtained in the second set of cutting test:
are therefore consistent with the results of the TXF software when this caveat is considered in combination with the
uncertainty band of the SLD.

The results obtained in the third data set are definitively not consistent with the results obtained with TXF software,
however. This is most obvious when considering the results of trial 7, vefieée cutting is expected instead of the
vibrations that was actually observed. The presence of chatter during this trial is undeniable, since the physical
evidence in the form of machining noise during cutting and the chatter marks left after the cut were obvious, as are
the profiles of the sound waveform and frequency spectra presented by Harmonizer (as sHeigurie56).

Possible gplanations for these observatiomsclude (1) the resulting vibrations were caused by resonance of the
tool-machine system as opposed to regenerative chatter, and (2) errors in the material properties in TXF resulted in
an inaccurate SLD.

Sound Magnitude vs. Frequency
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Figure56: Frequency spectrum (top) and recorded waveform (bottom) in Harmonizer corresponding to
trial 7 of the data set 3. The dominant frequency (red circle) is 3753.51 Hz.

To investigate the first possibility where vibrations are caused by resonating the structural dynamics of-the tool

YI OKAYS adeatsSYs GKS yIGdNIt FNBldSyOrsa 2F GKS YSI a4
within the TXF software, which implements a curve fit of the peaks of the relative FRFs in both measurement
directions (x and y). The relative FRF combines all of the tool direct, workpiece direct, aniipilece cross FRFs

that are measured in the same measurement direction. For these cutting tests, since only the tool direct FRFs were
measured, the relative FRFs that are fitted are equivalent to the fhafare displayed in the magnitude/coherence
plots in TXkvhile tap testing the toal

The fitted FRFs in x and y direction are showRigure57Figure58, respectively. The fitted FRFs are obtained by

dZaAy3d GKS WCAlG !''ff a2RSaQ FSFdGdz2NB Ay ¢-CX Yl ydz f¢f@
GKS WYwSTFAYS 1ff az2RSaQ FSIGdz2NBE 2F ¢-Cd ¢KS W52yl YAO
dzy OSNIFAyiGde Aa fST¥ia G Ada RSTFrdzZ G @ fdsST GKS Wbdzyo
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Waz2RIFf CAG 2F wStlIGAGBS CcwC F2NJ {GFroAfAGe [20b6igureAda S
59.

Figure57: Modal Fit of the relative FRF in x direction used to identify natural frequencies of the system,
showing measured (blue) and fitted (red) FRF. TXF reports a 'fit quality' of 98.92%

Figure58: Modal Fit of the relative FRF in y direction used to identify natural frequencies of the system,
showing measured (blue) and fitted (red) FRF. TXF reports a 'fit quality’ of 99.15%
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As can be seen figure60, TXF predicts resonance will occur at the spindle speed used in trial 7 only when
considering the 1" tooth passing harmonic, which is shown to excite natural frequencies of 3789.6 Hz and 3814.4
Hz at spindle speeds of 5685 and 5721 RPM, respgctagseerin Figure60). A counter argument for this

explanation is that these spindle speeds do not exactly match the spindle speed used during the cutting test, which
was 5785 RPM. However, the fact that the spindle speed used in the cutting test falls within the resonance
uncertainty band supports the notion that resonance can still occur with the implemented cutting parameters. Note
that the default resonance uncertaintwhich isused in this analysis only 4%. Stronger evidence for the

occurrence of structural resonance is the dominant frequency detected by Harmonizer (3753 gWHe56) is

very consistent with the dominant modes in the identified FRFs in bdiigxite57) and y Figure58) direction,
corresponding to 3811.08 Hz and 3789.61 Hz respectively.

However, the presence of resonance does not eliminate other sources of error. For example, chatter vibrations
should have theoretically occurred much sooner during the initial cutting tests at 7800RPM according to the results
of the SLDThe results ifFigure53 and Table3 suggest a significant inconsistency between experimental results
obtained from cutting tests and the theoretical predictions of stability obtained from TXF, and this can occur if there
are substantial errors in the values used for cutting resistance and process damping wavelength in the material
properties window during setup phase of the TXF software. This is-&meslin issue that has been documented
previously[9]. While the preloaded material properties in TXF are generally sufficiently accurate for most
applications, they may be situations where the default properties cause noticeable errors as in the case &btrials 1
in the third set of cutting tests. In these situations, the procedure in Appendix D can be used to more precisely
identify the material properties of the workpiece. The results obtained during the fourth set of cuttingarests

another example of where this procedure may be of use. During those tests (dfigure33), the limit of stability

at 3975 RPM was experimentally found to be at a DOC of 0.8 mm when the theoretical limit is at 1.273 mm,
representing a relative difference of 59.13%.

10.2 Steel Milling

The same analysis that was done for the experimental results for aluminum milling is repeated for the steel milling
experimental results. The subset of data used fordhalysis of thdirst and second set of cutting tests is presented

in Figure61Figure62 and Table4Tableb, respectively. As was the case with the previous tests with aluminum, the
Wi yEtel SQ FSFGAZNB 2F I FNY2yAT SNI gl a FotS (2 RSGESNYA
optimal speeds predicted by TXF software. The largest error between the stability lobe diagram in TXF and the spe
selection tool provided by Harmonizer during the first set of cutting tests occurred after chatter was detected in trial
9 when the spindle speed was at 4107, less than 1% relative to difference to the spindle speed suggested by TXF.
When chatter was detected during this trial, Harmonizer identified the slightly suboptimal spindle speed of 3876
RPM. Harmonizer tiéB T 2 NB  Wabthe/ogtithdl BofidteBpeed of 4107, but suggested the suboptimal speed
with a relative error of slightly over 5% instead of recognizing that convergence had been reached. This behaviour i
expected and is represented by points g, f, and Rigure21.

During the second set of cutting tests shown infFigure62, Harmonizermgainrequired a couple of iterations to
converge on an optimal spindle speed of 5365 RPM compared to 5366 RPM predicted by the SLD of TXF. For all o
the cutting tests in both data sets the relative error in spindle speed selection by Harmonizer did not exceed 4%,
with the exception of trial 10 in the first set. Significant relative errors in DOC exist across all trials of both sets of
cutting tests.
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Figure61: Subset of trials in the first set of cutting tests for steel milling. 'X' denots chatter while 'O
denotes stable cutting.
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Figure62: Subset of trials in the second set of cutting tests for steel milling. Sgadllew) and unstable
(red) results are shown.

Table4: Relative errors for the datapoints in set 1 in as shown in Figure 61.

Spindle Speed
Rel ative VA 0.44% | 5.14%

DoEch:eI%tl\:e 35.59% | 43.78%| 25.09%
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Table5: Relative errors for the datapoints in set 2 in as shown in Figure 62

Spindle
Speed
Relative
Erra
DOC
Relative | 233.33%)| 47.70%| 71.26%| 49.29%
Err ol

N/A 3.85% | 3.81% | 0.66%

These DOC errors can potentially be attributed to either structural resonance or inaccurate cutting resistance and
process damping parameters used in material properties window of TXF. Wittdiitonal experiments to assess

the precise material properties of the workpiece, which is out of scope of the project, it must be assumed that
inaccurate material properties are a source of error for all cutting tests. Indeed, the default properties of the
uncertainty band around the theoretical SLD curve in TXF allows for a large uncertainty (20%) for material propertie
and machinabilityfor cutting resistance)To assess whether structural resonance occurred and what effect this may
have on the results, the same FRF identification procedure that was implemented for the aluminum tests are
repeated in conjunction with an analysis of the time and frequency data captured by Harmonizer.

First, the chatter frequencies detected by Harmonizer for each cutting test of interest is compared with the chatter
frequency chart in the TXF software. If the two frequencies are consistent, then the vibrations observed during that
cutting test are the result of regenerative chatter; if the two frequencies are inconsistent, then further analysis is
conducted using the identified FRFs to determine if the observed vibrations are caused by structural resonance.
Considering first the vibrations observed in trial 9, the chatter frequency chart in the bottom dfagjofe63 shows

that the natural frequency excited by thd'4ooth passing harmonic at a spindle speed of 4104 RPM is identical with
the chatter frequency predicted by TXF to occur at the same spindle speed. The figure shows that excited natural
frequency and the chatter frequency is approximately 810 Hz. The dominant frequency detected by Harmonizer, 79
Hz as shown ikigure64is consistent with both the frequencies predictedFigure63 and also the first vibration
modes identified ifFigure66Figure67 vibrations cannot therefore be ruled out and it is reasonable to conclude

that the structural dynamics of the toshachine system has some contribution to the observed dynamics.

Considering the vibrations observed during trial 10, it is immediately noted that the chatter plot in TXF does not
predict resonance to occur at a spindle speed of 3875 RPM. The dominant frequency detected by Harmonizer, as
shown inFigure65is approximately 870 Hz which, while close to the frequency of the first vibration mode shown in
Figure66Figure67, is not associated with a resonance peblerefore, the vibrations observed in this trial are the
result of regenerative chatter. Although it is true that the frequency detected by Harmonizer is inconsistent with the
OKI GGSNJ FNBIjdzSyOé LINSRAOGSR o0& ¢-CxX UGUKS OKI{dddSNI TNB
stable and unstable cutting represented by the curve of the SLD. As a result, differences between the chatter
frequencies in TXF and the chatter frequencies detected by Harmonizer are to be expected since it cannot be
assumed that the cutting conditions used when Harmonizer is recording is exactly at these inflection points.
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Figure63:SLD (top) with cutting parameters used in trial 9(green dot), and chatter frequency plot (bottom).
The bottom plot shows chatter frequencies (red lines), natural frequencies (blue lines), aneptrsstimg
harmonics (green lines).

Figure64: Frequency spectrum (top) and recorded waveform (bottom) in Harmor@eesponding to
trial 9 of the data set 1. The dominant frequency (red circle) is 797.40 Hz.
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Sound Magnitude vs, Frequency
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Figure65: Frequency spectrum (top) and recorded waveform (bottom) in Harmonizer corresponding to
trial 10 of the data set 1. The dominant frequency (red circle) is 870.08 Hz.
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Figure66: Modal Fit of the relative FRF in x direction used to identify natural frequencies of the system
used in the first set of cutting tests, showing measured (blue)faitedl (red) FRF. TXF reports a 'fit quality’
of 99.56%
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