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ABSTRACT

Unstable vibrations during machining can harm both the tool and the workpiece,
requiring careful selection of process parameters to avoid them. These parameters are
usually set based on vibration models of the machining process. However, due to unmodeled
dynamics or process variations, chatter can still occur, highlighting the need for online
chatter monitoring systems. Existing methods often detect chatter only after it occurs, so
there is a need for monitoring systems that can predict chatter before it occurs to ensure
high-quality machining.

This thesis presents a new method to identify the dynamics of regenerative chatter from
the measured process vibrations in milling. This method combines the synchronous once-
per-revolution sampling of stable process vibrations with Operational Modal Analysis to
estimate the Floquet multipliers of the delayed linear time-periodic dynamics in milling, all
from the natural process vibrations without external excitation. The identified multipliers
quantify vibration stability, enabling chatter prediction before it occurs. Additionally, they
can be used to calibrate physics-based chatter models based on vibration measurements
solely within the stable region.

The method’s accuracy in identifying Floquet multipliers is validated through extensive
numerical simulations and two experimental case studies. The results show that chatter
due to both Hopf and period-doubling bifurcations can be predicted from the process
vibrations during stable cuts. Moreover, the experimental case studies demonstrate a
vibration measurement system for implementing the presented method in standard milling

operations and confirm its effectiveness in practice.
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Chapter 1
Introduction

Self-excited vibrations in machining arise from the inherent feedback between the tool,
vibrations of the workpiece, and the machining forces that cause them. If the machining
parameters are not chosen correctly, these vibrations can become unstable and lead to
chatter [4]. Chatter causes critical issues with significant implications on the surface finish
of the workpiece, tool longevity, and deterioration of the machine components. Therefore it
is essential to maintain stable machining operations to ensure high-quality surface finishes,
extend tool life, and preserve the integrity of machine components. As a result, extensive

research has been dedicated to understanding machining dynamics, stability, and chatter.

1.1 Problem Statement and Overview of Existing Research

The foundational laws governing chatter stability were established by Tlusty and Polacek
[34]] and Tobias [35]]. Since then, various models in both time and frequency domains have
been developed to identify chatter-free machining parameters [3./6,94/16L21]]. The accuracy
of the chatter models declines as the dynamics of the machining system change during the
process, necessitating regular updates based on in-process sensor feedback.

Accurate chatter prediction requires precise models of the machine tool’s structural
dynamics, often characterized by its tooltip Frequency Response Function (FRF), and
empirical models linking machining parameters to the resulting cutting forces. The
tooltip FRF is usually obtained through impulse hammer tests and Experimental Modal
Analysis (EMA). Because hammer impulse or shaker excitation cannot be applied during
the process, the FRF is measured offline with the spindle off and without machining forces.

Consequently, the accuracy of these vibration models diminishes under actual machining



conditions. Similarly, empirical force models, which are also developed offline through
extensive testing, lose accuracy when the machining conditions as due to the progression
of tool wear evolve. Therefore, it is crucial to update chatter model parameters based on
in-process force and vibration measurements to improve accuracy [17,29].

Since traditional modal testing methods like hammer or shaker tests cannot be applied
during machining, an alternative approach uses machining forces as the excitation source to
measure the tooltip FRF in-process [28-30]. This method enables real-time vibration model
identification but requires a specially designed workpiece to broaden the excitation spectrum
due to the periodicity of machining forces at spindle rotation frequencies. Additionally,
the industry often avoids using expensive and bulky force dynamometers for measuring
cutting forces. Machine learning methods can also be employed to learn stable machining
parameters directly from experimental observations during the machining process [13}/14,
24]. However, this top-down approach is limited by the need to collect data during unstable
vibration conditions.

Conducting hammer tests or using shakers to identify large structures such as bridges,
buildings, airplanes, and ships is impractical. This challenge in system identification for
such substantial systems has led to the development of Operational Modal Analysis (OMA).
The OMA theory was primarily developed for Linear Time-Invariant (LTI) systems, relying
solely on the system’s response to extract modal parameters [11]. Hence, there is no
need to excite the system under interest via a controlled input such as shakers and impact
hammers. OMA identifies the modal parameters of a vibratory system from its response to
unmeasured ambient excitation [11]]. The output-only approach in OMA is a viable solution
for identifying the tool or workpiece’s vibration modes from their in-process vibration
response, bypassing offline modal tests [2},10,37,38]. Nonetheless, some of the fundamental
assumptions in OMA theory are violated in machining, which can lead to misleading results
if not addressed appropriately. OMA assumes the ambient excitation is random white noise
without feedback from the resulting vibrations. These assumptions are violated in machining
because forces include a dominant periodic component at the spindle rotation frequency, and
self-excited vibrations create a strong feedback loop. Additionally, the excitation should be
random and evenly distributed across space to stimulate all significant modes of the system
and extract useful information in OMA. Therefore, OMA results must be interpreted in the
context of complex machining system dynamics. In milling operations, the excitation forces
occur only at the tool tip and are periodic, apart from the inherent white noise excitation
within the machine structure itself. The modes that are prominently present in the output

spectrum are of particular interest, as milling stability is primarily influenced by these



modes. This implies that even if the forces are concentrated at the tool tip, the modes under
interest are present at the output spectrum.

Self-excited vibrations in turning are described by a closed-loop LTI system with a delay
in the feedback loop. Kim and Ahmadi used OMA to identify the dominant pole of the
closed-loop system from the tool or workpiece vibrations during operations [25]. These
identified poles were later used in a Bayesian algorithm to update chatter model parameters
[1]. Unlike data-driven methods, this OMA approach only utilizes data collected under
stable conditions. Moreover, the identified pole quantifies the machining process’s stability
and its distance from instability, providing a critical capability as most existing chatter
detection methods only categorize the process as stable or unstable without quantifying
stability [[15},20,27,31},33]].

Kim and Ahmadi’s OMA approach [25]] cannot be directly applied to milling vibrations
due to the periodic variations in milling dynamics. The dynamics of self-excited vibrations
in milling change periodically with the tool’s rotation, requiring a closed-loop Linear Time-
Periodic (LTP) system model with a delay in feedback. The asymptotic stability of an LTP
system is determined by its dominant Floquet multiplier, which cannot be directly identified
using OMA methods developed for LTI systems [11]. Kiss et al. disrupted the periodic
dynamics by shooting a ball at the milling tool or workpiece and determined the Floquet
multiplier from the resulting vibration signal [26]. They demonstrated that in-process
impulse responses could accurately estimate theoretical Floquet multipliers, but the method
is limited in industrial applications due to safety risks and potential damage to the surface
finish or tool from shooting a ball.

This thesis extends Kim and Ahmadi’s OMA approach [25] to milling considering its
periodic dynamics. The time-periodicity is addressed by employing the lifting technique
to build an LTI representation of the LTP system [3,7,8,32,36]. Subsequently, OMA
is applied to identify the poles of the resulting LTI system. We show that the poles of
the lifted LTI system are accurate estimations of the LTP system’s Floquet multipliers.
Numerical simulations with known ground truth are presented to demonstrate the accuracy
of the presented method in estimating Floquet multipliers from in-process vibrations. The
practical implementation of the method is then demonstrated through two experimental case

studies.



1.2 Research Objectives

The main objectives of this thesis are to:

* Use OMA in milling considering its LTP dynamics to quantify the stability level

using stable vibration measurements.

* Develop an efficient measurement system to perform OMA.

1.3 Thesis Organization
This thesis will follow the structure as described below:

* Chapter 2 reviews the milling dynamics followed by a discrete time model of the
periodic dynamics. Then, the lifting method and the way it is used in OMA is
explained. Finally, the details of the Time Domain Poly-Reference (TDPR) method

are given.

* Chapter 3 presents a numerical study, with its results compared with the SDM as the

ground truth.

* Chapter 4 presents a set of experimental studies including a Single Degree of Freedom
(SDOF) case and a Multi Degree of Freedom (MDOF) case, with their results
compared with the Semi-Discretization Method (SDM) as the ground truth.

* Chapter 5 highlights the main contributions of this thesis and comments on the

possible future works



Chapter 2

Theoretical Background and Literature

Review

In this chapter, a Multi Degree of Freedom (MDOF) model of milling dynamics and its
stability are discussed. Following this, the implementation of OMA to milling vibrations

and the lifting method are explained.

2.1 Milling Dynamics

Figure 2.1: Schematic of the forces and chip thickness in milling

Figure 2.1 shows the general MDOF model of the relative tool-workpiece vibrations in

milling. The tool has N cutting edges rotating at 2 rad/sec around its axis. The radial width



is denoted b, and the tool radius R. Angular engagement between each tooth and workpiece
material starts at ¢}, and ends at ,,. The axial motion is assumed to be rigid and m elastic
modes dominate the lateral motion. The equation governing the described motion in the

modal space is expressed as follows:

P (1) +2{ w7 (1) + wiy (t) = U Fy () (2.1)

where ¢ € R™ is diagonal matrix of modal damping ratios, w, € R™ ™ is the diagonal
matrix of natural frequencies, and U € R?" is the mass normalized mode shape matrix.
The tooltip Cartesian deflections, ¢ (¢) = [x(¢), y(¢)]7, are mapped to modal coordinates,

y € R™1 via the mode shapes matrix, as follows:

q(t) =Uy(1) (2.2)

The cutting forces F,, € R?*! are periodic at the tooth-passing period, 7 = %, and

mechanistic models relate them to uncut chip geometry as follows [4]:

Fo () = ;\’:1 csind; ()T (t) + ijzl T;(t)[sind;(t) cos?;(t)][q(t) —q(t—71)]

—K,sin®;(t) — K,cosj(t) 0 L Jy <9(1) < Dex
, ;8;(1) =
—K,cos¥;(t) + K;sin; (1) ! 0 otherwise

T;(1) = ag; (1)
(2.3)
where a is the axial depth of cut (DOC), K; and K, are constant tangential and radial
cutting force coefficients, and ¢, is the feed motion in mm/rev/tooth. The first term in
Eq. 2.3 represents the forces generated by the rigid-body motion of the tool relative to the
workpiece, i.e. the feed motion; the second part shows the forces generated by the chip
thickness variations due to the phase difference between the tool’s elastic deflections in
consecutive tooth-passing periods, also known as the regenerative forces. The asymptotic
stability of the periodic response of the system in Eq. depends on milling parameters,
i.e. a, b, and 7. Let the overall modal response ¥ () be expressed as the periodic motion
¥ p(t) disturbed by n(z):

y(t) =yp(t) +n(t) 2.4)

Substituting Eq. [2.4]in Eq. [2.T|leads to the equation of motion of the variational system [[18]:

(1) + 2{watp (1) + win(t) = U QU (y(t) — n(t — 1)) (2.5)



where Q(t) is the matrix of directional coefficients:

N
(1) = Z T; (1) [sind; (1) cosd;(1)] (2.6)
=1

J

Alternatively, Eq. [2.5|can be formulated in the following state-space form:
I't)=AOT () +B(O)I'(t-1) 2.7)

where the matrices A(¢), B(t), and I'(¢) are

— O[mxm] I[mxm] . _ O[mxm] O[mxm]
AW = ~w2 +UTQ(1)U —2{0),,] BU) = urgnu o ]
(2.8)
n(1)
I'(z) =
" 7(1)

2.2 Discrete Time Domain Model

According to the Floquet theorem for periodic Delay Differential Equations (DDE), the
characteristic multipliers of the DDE in Eq. [2.7] determine the asymptotic stability of its
trivial solution and thereby the periodic vibrations of the tool. However, since the DDE
has infinite characteristic multipliers without a closed-form solution, approximate methods
are used to determine stability [22]. In this work, we use the updated Semi-Discretization
Method (SDM) of Insperger and Stepan [21] to approximate the Floquet multipliers and
thereby the system’s stability. In SDM, the distributed-parameter system in Eq. is
approximated by a lumped system after discretizing the delay period into » € N intervals
of h = 7/r seconds. The delay term in Eq. is assumed to remain constant during each

interval, resulting in the following set of ordinary differential equations:

I''=AT;+BrI;, (2.9)

where subscript i denotes the corresponding value at ¢ = ik, for example, A(ih) = A;, and
I';; is the approximation of the delay term in discrete time notation. The solution of Eq. [2.9]
at each discrete time instant leads to a linear map that determines the discretized response

at each delay period from its values in the preceding period:



Zisr = ®2;; ® =Dy 1Djyy2..D; (2.10)

where z; is the augmented state vector fori > r and D) is the state transition matrix mapping

the state vector to the next discrete time step:

_ T T ,,T T 7 17T .
Zz - [’71 7’7l ’ni_l’ nl'_2, P ’ni—r] ;

[exp (Aih) 0 ... 0 (exp(Ash) —A;'B]
§ 0 ... 0 0 @.11)
p,=| o I ...0
0 0 ... I 0

Matrix ® e R7U+Dxmi+h) iy Eq. is the system’s monodromy matrix, and its
eigenvalues are approximations of the periodic DDE’s characteristic multipliers. Due
to Floquet theorem, the system in Eq. [2.10]becomes unstable when its monodromy matrix
attains an eigenvalue outside of the unit circle on the complex plane [[19]. The eigenvalues
of the monodromy matrix are also known as the Floquet multipliers.

Vibration stability for a given set of machining parameters (e.g. Spindle speed and
DOC) is determined by constructing the transition matrix @ and determining its greatest
eigenvalue. The result is usually presented as Stability Lobe Diagrams (SLD) which
determine the maximum stable DOC at each spindle speed. In the next section, we show
that OMA can identify the milling system’s dominant Floquet multiplier from in-process
vibration measurements. The identified multiplier can be used to monitor the process

stability or to validate the SDM’s predictions and update the vibration model accordingly [1]].

2.3 Operational Modal Analysis and Lifting Method

Assume the tool’s vibrations in X and Y directions are measured r times during each tooth
passing period, 7. That is, the fundamental period consists of r number of data points
measured by one physical sensor in each direction. The sampling time is then equal to
At = t/r. With N, complete cycles (periods) in the entire duration of measurement, the

data points collected during the period ¢ = 1, .., N, can be organized as the following vector:

M. =[(g)". (4). @>"..... ()] (2.12)



where 07 is the p'" set of data points in cycle c. During stable machining conditions, the
measured vibrations comprise a periodic motion at the tooth-passing period and a stochastic
response due to random excitation that naturally exists in the machining process. Combining

these two components, one can express M, as follows:

M.=Uz.+US, (2.13)
where S, = [(Yé,c)T’ (7’/},,0)T, (yI%’C)T, ey (y;c)T]T is the modal periodic response, z, =
[(l]g)T, @HT, 7, ..., (nZ)T]T is modal stochastic response, and U comprises mode
shapes:

U 0
U
U= _ (2.14)
0 U

Although the measurement vector in Eq. [2.13]is constructed from two physical sensors,
each of its rows can be regarded as the output of a virfual sensor that measures the tooltip
motion at the same rotation angle during each tooth-passing period. Therefore, the system’s
periodic variations are not observed when this vector is used as the output of the following
lifted LTI state-space model:

Ze41 = Pz + We,

M, =Uz. +US.

(2.15)

where @ is the state transition matrix, ¥ € Rm(r+1)x2r

is input distribution matrix, and
e. € R? is the random force in X and Y directions during every period. With the
assumption that e, is independent and identically distributed random, any standard OMA
methods can be used to determine the dominant eigenvalues of the state transition matrix,
®, from the output of the virtual sensors in M.. The resulting eigenvalues are estimations
of the lifted LTI system’s poles; at the same time, the comparison of Eq. [2.15|with Eq. 2.10]
makes it evident that they are also estimations of the LTP system’s Floquet multipliers.
While other OMA methods can also be used, here we use the Time-Domain Poly
Reference (TDPR) method to determine the poles of the lifted LTI system in Eq. To

this end, we first organize the measured data points in a unified lifted response matrix X,



10

where each row shows the signal sampled once-per-tooth-passing by each virtual sensor:

T
1 1 1 .1 2 2 r r
Xy X Y XYy XN

X=| : : : : : : : : : =\ M ... My. | (2.16)
1 1 1 1 2 2 r r
IN. In. AN YN, XN, YN, XN, YN,

Subsequently, we use the TDPR method to estimate the system poles from the Correlation

Function (CF) of the lifted signals. The direct estimation of the CF is expressed as follows:

N¢—c

D Xei[Xupsel™; c=0: N1 (2.17)
k=1

Rx(c) =

c—¢C

where O, . represents all the rows in column ¢ of the matrix. When the LTI system in
Eq. is subjected to white random excitation, the CF represents the system’s impulse
response function scaled by the noise covariance [11]. Therefore, similar to the impulse

response function, the CF can be decomposed into modal free decays, as follows:

2P
Rx(c) = ) Byus; B, =b,b), (2.18)
p=1

where u,, are the discrete-time poles of the lifted LTI system (also estimates of the Floquet
multipliers of the original LTP system). The vectors b, are the eigenvectors associated with

each pole. The total number of 2P poles is assumed to dominate the system dynamics.

2.3.1 Auto Regressive (AR) Models and Time Domain Poly Reference
(TDPR)
The TDPR method utilizes an auto regressive (AR) model of the CF to identify the system

poles. The scaled impulse response is represented by the CF in Eq. 2.18 Hence, the free
decay can be expressed using an AR model and the CF [11]:

Rx(c) = Ale(C - 1) +A2Rx(c - 2) + - +A,me(C - na) (2.19)

where A matrices are the AR matrices and na is the order number of the model. Assuming
that the CF has N, number of samples, a block Hankel matrix with na rows can be formed

to estimate AR matrices:
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Rx(1) Rx(2) ... Rx(c—na)
Hi=| : RN z (2.20)
Rx(na) Rx(na+1) ... Rx(c-1)

In addition to this, one block Hankel matrix is required to reconstruct a similar expression

as in Eq. 2.19}

H2:[Rx(na+1) Ry(na+2) ... Rx(c)] 2.21)

Hence, for all possible N, — na values of c, it is possible to construct:

H; = AH;

(2.22)
A= [Ana Ana—l Al]

The estimate of the AR matrices, A, can be performed by forming an overdetermined set

of equations. This can be done by taking the transpose of Eq. 2.22}

A=HH)T = HyHY (2.23)

where O represents the pseudo-inverse of the matrix. Eq. can be solved using
least squared or singular value decomposition method. Depending on the model order, the
response can be presented in a discrete state vector U, that consists of stacked free decay

responses:
R§(c —na+1)

Uy(c) = (2.24)

RY(c-1)
R (c)

A companion matrix, G can be formed using the correlation matrices constructed above,
and eigenvalue decomposition can be applied to the companion matrix to find the modal

parameters. The companion matrix advances discrete state vector U, one time step:

Ud(C + 1) = GUd(C) (225)

where the companion matrix G is:
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0 I 0 0
E 0 e
G = _ (2.26)
0 : 1
Ana Ana—l cee Al

In Eq. 2.26] I and 0 are identity and zero matrices of the same size as the auto regressive
matrices. It can be shown that eigenvalues of the companion matrix are also eigenvalues of

the system in Eq. 2.10|by substituting one term of the decomposed version of the correlation

function in Eq. 2.18]into Eq. [2.25}

GZ,=u,Z, (2.27)

where the matrix Z, is:

T
Z,=|Blus et . BLuSt BLuS (2.28)

Inpu,

The equivalent continuous-time pole is obtained by 1, = —*F,

which is usually

described by its frequency, f = ol and damping ratio, { = —R(4,)/2x f.

Pz

2.4 Summary

In this chapter, the mathematical background of milling dynamics was explained in the
modal domain which was followed by its discrete-time representation. The stability of
the lumped parameter system in the discrete-time domain was discussed. In the following
section, the relation between the lifting method, which was employed to express LTP
milling dynamics in an LTI frame, and the applicability of OMA to the overall lifted
response were investigated. Finally, the details of the Time Domain Poly-Reference method
were addressed and it was shown that the eigenvalues of the STM of LTP milling dynamics
can be approximated by the eigenvalues of the STM of the LTT overall lifted response using
an OMA method.
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Chapter 3
Numerical Study

This section presents a set of numerical simulations to validate the accuracy of the proposed
OMA approach in identifying the Floquet multipliers of the LTP milling system. Insperger et
al. employed a Single Degree Of Freedom (SDOF) test setup to identify chatter frequencies
in milling operations [23]. We use the parameters of the same setup in the presented
simulations. The test setup in [23] comprises a rigid tool and a compliant work-holding
fixture, creating a single flexible mode in the feed X direction with w, = 920.48rad/sec,
UT = [0.38,0]kg™", and ¢ = 0.0032. The tangential and radial cutting coefficients were
calibrated experimentally at K; = 5.5 x 105N /m? and K, = 2.2 x 103N /m?, respectively.
Floquet multipliers of this system were obtained by SDM and used as the ground truth to
validate the accuracy of OMA in identifying them from simulated process vibrations.

The stability lobe diagrams of the setup, obtained from the Semi Discretization Method
(SDM), are shown in Fig. [3.Tb. The block diagram of the numerical simulations is depicted
in Fig. [3.Ta. The input force consists of periodic machining forces superimposed by
broadband white noise to account for the random forces during the process. simulations
were conducted in MATLAB Simulink 2023a with fixed 7 /150 and 7 /200 sec time-steps for
3200 rev/min and 3600 rev/min using ODE45 as the solver. The workpiece displacement
response was simulated for N.=960 tooth-passing periods. It was then combined with
random white noise with 10 dB Signal-To-Noise Ratio to account for sensor noise.

Process vibrations were simulated for milling with 3200 and 3600 rev/min spindle
speed and various stable DOC values marked with circles on the SLD in Fig. [3.1pb. At3600
rev/min, the stable periodic response goes through period-doubling bifurcation when the
DOC exceeds a = 1.6 mm. Hopf bifurcation occurs when the DOC exceeds a = 0.7 mm at
3200 rev/min. The details of the conducted OMA for two DOC values at 3200 rev/min are
demonstrated in Figs. [3.2][3.3] and[3.4] Similarly, the details of OMA for two DOC values
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Figure 3.1: a) Simulink model of the vibrations. b) Stability lobe diagrams of the SDOF
setup in [23]]. The circles show the simulated points. Five of them are given in Figs. [3.2]

to[3.6] The stability border is at 0.7 mm and 1.6 mm for 3200 rev/min and 3600 rev/min,
respectively. The unstable points in numerical simulations coincide with SDM results and

are not shown.

at 3600 rev/min are shown in Figs. and The summary of the OMA results for all
of the DOC values at these two speeds is presented in Tables[3.1]and [3.2]
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Figure 3.2: a) Auto PSD of the vibrations at 3200 rev/min, 0.60 mm DOC. Green vertical
dashed lines indicate tooth passing frequency and its harmonics. b) Stabilization diagram
of the lifted response at 3200 rev/min, 0.60 mm DOC plotted on the singular values of the
first channel.

The Power Spectral Density (PSD) of simulated displacement at 3200 rev/min and 0.6
mm depth is displayed in Fig. According to the SLD in Fig. at this point, the
process is close to the border of stability. The PSD of the simulated vibrations shows peaks

at the tooth-passing frequency and its harmonics and a non-harmonic peak at 146.5 Hz.
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Fig. [3.2b] shows the top singular values of the PSD of the same signal after lifting. The
lifted system only includes one peak at around 13 Hz and the tooth-passing harmonics are
all eliminated by lifting.

The stabilization diagram resulting from OMA with various model orders (na) is shown
in Fig. Following each increase in the model order, the frequencies and damping
ratios of the identified poles are compared with their corresponding values from the previous
model order. When the two pole’s damping ratios are less than 0.05 and vary less than 15%,
their frequencies vary less than 0.2%, and the Modal Assurance Criterion (MAC) number
of their eigenvectors is above 0.8, the pole is added to the stabilization diagram as a stable
pole. The shading of the circles in the stabilization diagram is proportional to the damping
of the identified pole, and a streak of circles with similar shading indicates an identified
system pole.

The response shows a clear periodic signal prior to lifting, including the tooth passing
frequency and its higher harmonics. The only non-harmonic peak observed in Fig.
occurs at 146.5 Hz. On the other hand, there is just a single peak in the lifted response
in Fig. [3.2b] free of any periodicity, corresponding to the dominant pole of the system.
Figs. [3.2]to [3.6] display the stabilization diagrams of five different cases obtained by the
TDPR identification process. These five cases are also represented in Fig. with circles
indicating the respective damping ratios of the identified stable poles. Even with a low-order
model, the dominant poles are successfully identified in all five cases.

Nyquist frequency of the lifted signal for a single flute cutter is f;, = 1/27, which
equates to 26.67 Hz for the test at 3200 rev/min. According to the Floquet theorem, the
response spectrum comprises frequencies (f. = nf;,) and (- fc +nf;,), where f. represents
the oncoming chatter frequency, f;, denotes the tooth passing frequency, and n stands
for any integer number [23]]. Considering that the response before lifting shows a chatter
frequency of 146.5 Hz, the 13 Hz peak corresponds to —f.. + 3 f;,. The identified pole has a
(mean) frequency of f = 13.13 Hz and a damping ratio of { = 0.0081. The corresponding
continuous time pole is —0.668 + 82.495¢, and the corresponding discrete-time pole is
Hp = e = 0.024 + 0.987i. A negligible variance was noted in the frequency, and
the standard deviation of the damping ratio was 0.01%. The identified pole’s modulus
is |u| = 0.988, suggesting proximity to the stability border. The dominant eigenvalue of
the monodromy matrix was determined using SDM with the same discretization interval
(7/150) as the simulated lifted signal [21]]. The discrete-time pole was found to be 0.027 +
0.9911, When converted to continuous time, it corresponds to a frequency of f = 13.10 Hz

and a damping ratio of £ = 0.0054.



Depth of cut [mm] | Method | f[Hz] SD { [mean] SD Hp [leepll
02 SDM 13.37 - 0.0246 - -0.003 + 0.962i | 0.962
OMA 13.49 | 0.0843 | 0.0228 | 0.0035 | -0.017 + 0.964i | 0.964

03 SDM 13.30 - 0.0197 - 0.004 + 0.969i | 0.969
OMA 13.37 | 0.0221 0.0196 | 0.0009 | -0.004 + 0.969i | 0.969

04 SDM 13.23 - 0.0150 - 0.012+0.977i | 0.977
OMA 13.27 | 0.0075 | 0.0136 | 0.0009 | 0.007 +0.979i | 0.976

0.5 SDM 13.17 - 0.0101 - 0.019 + 0.984i | 0.984
OMA 13.21 | 0.0062 | 0.0101 | 0.0004 | 0.014 +0.984i | 0.984

0.6 SDM 13.10 - 0.0054 - 0.027 + 0.991i | 0.992
OMA 13.13 | 0.0028 | 0.0081 0.0001 | 0.024 +0.987i | 0.988

Table 3.1: Comparison of the identified poles with the SDM results, 3200 rpm
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A similar analysis was performed for a set of DOC values at 3200 rev/min, and the results

show good agreement with SDM predictions, as summarized in Table[3.1] The results at a
depth of 0.5 mm and 0.2 mm are also given in Figs. [3.3]and[3.4] respectively. The identified

modulus for the 0.5 mm case was 0.9833, indicating that there is still a distance from the

stability border before the process becomes completely unstable parallel to the results at 0.6

mm. It can easily be seen that the damping ratio gets bigger as the depth of cut decreases

throughout Figs. [3.2) and [3.4] accurately represented by the shading of the circles plotted

on the lifted responses. This trend reflects itself in the magnitude of the discrete-time pole;

hence, it is possible to comment on the stability level of these processes by looking at the

modulus. The modulus of the identified discrete time pole at 0.2 mm is 0.9632, which

agrees that the point is far away from the border.
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Figure 3.3: a) Auto PSD and b) the stabilization diagram of the lifted response, 0.5 mm
DOC at 3200 rev/min

Figs. [3.5a] and [3.6a] show the PSD of the simulated displacement at 3600 rev/min and
1.56 mm and 1 mm DOC, respectively. Simulations were carried out with a discretization
interval of & = 7/200, resulting in a lifted response with 200 channels (rows in X). Aside
from the expected tooth-passing frequency harmonics, the simulated vibrations exhibit
peaks near the natural frequency. At 1.56 mm DOC, which is closer to the stability border,

the PSD includes additional (side-band) peaks at the natural frequency plus and minus
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Figure 3.4: a) Auto PSD and b) the stabilization diagram of the lifted response, 0.2 mm
DOC at 3200 rev/min

integer multiples of the tooth-passing frequency [23]. The OMA stabilization diagram for
each case is also shown in the corresponding figure. The lifted response shows a clear peak
that approaches the Nyquist frequency as the DOC approaches the stability border. Despite
being very close to the Nyquist frequency, both of the peaks are identified by OMA. At 1

mm DOC, the consistent streak of circles at 28.23 Hz indicates a stable pole.
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Figure 3.5: a) Auto PSD and b) the stabilization diagram of the lifted response, 1.0 mm
DOC at 3600 rev/min.

This pole has a frequency of 28.23 Hz with a damping ratio of 0.0235, equivalent to
a discrete-time pole of —0.917 + 0.173i with a modulus of 0.933. The SDM eigenvalue
of the monodromy matrix is —0.915 + 0.176/ with a modulus of 0.932 corresponding to
28.18 Hz and a damping ratio of 0.0235. At 1.56 mm, OMA identifies a pole with 30Hz
frequency and 0.0012 damping, corresponding to discrete-time pole u,=-0.996, which is
in good agreement with SDM prediction of y,=-0.991.
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Figure 3.6: a) Auto PSD and b) the stabilization diagram of the lifted response, 1.56 mm
DOC at 3600 rev/min.

As we approach the stability border, the oncoming chatter frequency tends to approach
the Nyquist frequency of the lifted response. This trend is evident in the behavior of the
singular values shown in Figure [3.6b| while the oncoming chatter frequency is situated right
in between the harmonics in Figure Singular values peak at a frequency very close to
the Nyquist frequency, 30 Hz, and a pole with a very low damping value was identified at
this frequency. The estimated modulus of 0.996 suggests that this process is on the verge
of becoming unstable.

A similar analysis was performed for the simulated signals at a set of DOC values at



22

3600 rev/min and the summary of the results is shown in Table[3.2] As is expected in period-
doubling bifurcation, by increasing the DOC, the poles identified by the OMA and predicted
by SDM approach -1. Furthermore, the close agreement of the OMA-identified poles with
the SDM-predicted poles shows the accuracy of the proposed approach in identifying the
Floquet multipliers during the process. Nonetheless, to implement this method in practice,
vibrations must be sampled synchronously with tooth-passing, which requires a relatively
complex measurement setup and may cause inaccuracies in identification. The experimental
study in the next section demonstrates the implementation of the method and studies its

accuracy and effectiveness in practice.

Depth of cut [mm] | Method | f[Hz] SD { [mean] SD Hp epll
SDM 28.18 - 0.0237 - -0.915 +0.176i | 0.932

10 OMA | 28.23 | 0.0632 | 0.0235 | 0.0024 | -0.917 +0.173i | 0.933
1o SDM 28.64 - 0.0241 - -0.921 + 0.133i | 0.930
OMA | 28.49 | 0.0577 | 0.0220 | 0.0075 | -0.925 + 0.148i | 0.936

13 SDM 28.91 - 0.0241 - -0.923 + 0.106i | 0.930
OMA 29.1 | 0.0432 | 0.0225 | 0.0039 | -0.929 +0.088i | 0.934

14 SDM 29.6 - 0.0236 - -0.929 + 0.040i | 0.930
OMA | 29.21 | 0.181 0.0226 | 0.0043 | -0.930 + 0.078i | 0.933

156 SDM 30 - 0.0029 - -0.991 0.991
OMA 30 Te-7 0.0012 | 0.0004 -0.996 0.996

Table 3.2: Comparison of the identified poles with the SDM results, 3600 rpm

3.1 Summary

In this chapter, the proposed method was tested on the simulation data. The SDOF case
in [23]] was simulated, and the displacement response of the system was lifted. The poles
identified by the OMA were compared with the SDM results as the ground truth. Two
different bifurcation types, Hopf and Period Doubling, were identified successfully along

with the dominant poles’ frequencies and damping ratios.
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Chapter 4
Experimental Results

This section presents two experimental case studies to demonstrate the accuracy of the
proposed method in practice and its practical implementation. In the first case, a 6061-
T6 aluminum workpiece mounted on a monolithic uni-directional aluminum flexure was
milled by a 12.7 mm diameter 2-fluted solid carbide endmill, as shown in Fig. @ The
flexure’s compliance in normal and axial directions is negligible, and its deflection in the
feed direction is dominated by one mode. The tool’s compliance compared to the flexure is
also negligible. The relative vibrations of the tool and workpiece are therefore accurately
modeled by a SDOF system. Considering the simple dynamics of this setup, SDM yields
accurate predictions of the Floquet multipliers, which will be used as ground truth to validate
the accuracy of OMA estimations. The second case represents a standard milling setup
where a rigid Al 6061-T6 workpiece is milled by a flexible 2-fluted endmill.

In the first (SDOF) case, vibrations are measured by a piezoelectric accelerometer (PCB
352C22) attached directly to the flexure. In the second (MDOF) case, two piezoelectric
accelerometers of the same model (PCB 352C22) are attached to the stationary part of
the spindle nose. In both cases, a hall-effect sensor provides the trigger signal for the
Synchronous sampling in dSPACE MicroLabBox, as shown in Fig. The Hall-Effect
sensor was fixed to the non-rotating part of the spindle and a magnet was attached to the
rotating part. Two trigger conditions were defined in MicroLabBox to acquire a constant
number of data points at 5.0 x 107 seconds every time the Hall-Effect sensor generates a
rising edge. With this setup, data acquisition starts precisely when the magnet passes in
front of the Hall-Effect sensor. Therefore, the accelerometer’s analog signal is sampled
at the same tool rotational angles in each period. The number of data points after each
trigger is determined by the tooth-passing period and the sampling period. For example,

with a spindle speed of 2400 rev/min and a sampling period of 5.0 x 107 seconds, 250
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Figure 4.1: a) The experimental setup. Hall-Effect sensor is attached to the stationary part
of the spindle. The SDOF flexure was bolted to the table. b) Equipment configuration of
the data acquisition, ¢) data acquisition procedure integrated with the Hall-Effect sensor.
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points are captured in every tooth-passing period of a 2-flute cutter. Ideally, data for every
tooth-passing period should be fully measured, generating 500 points after each rising edge.
However, completely sampling every tooth-passing period may not be possible because the
data acquisition (DAQ) system requires processing time before the start of the next trigger.
A simple yet effective solution is to acquire the maximum number of data points, including
a full tooth-passing period and most of the second tooth-passing period. For example, by
collecting 480 points at 2400 rev/min, the DAQ system has enough time to process all the
information before the next trigger. With 480 points in each trigger, the first 230 points
in each tooth-passing period can be recorded, which is sufficient for performing OMA. A
visual representation of the data acquisition logic is illustrated in Fig. where green dots
show the start of acquisition, check marks show the acquisition intervals, and the crosses
show the interval of no acquisition where the DAQ waits for the next trigger. t,, is the
discrete-time instant corresponding to the maximum number of data points collected after
each trigger. In all of the experiments, the machining sound was also sampled continuously
by a microphone.

The same workpiece material and tool were used in both experimental cases. Tangential
and radial cutting coefficients were determined by orthogonal to Oblique transformation
method at K; = 650 N/m? and K, = 110 N/m?, respectively [[12].

The SDM predictions of the Floquet multipliers are close to the poles that OMA identifies
in both the Hopf bifurcation cases, shown in Tables 4.1] and 4.2] and period-doubling
bifurcation case, shown in Tables 4.3] The observed level of accuracy is partly owed to the
simple dynamics of this SDOF case. The system dynamics in this case are dominated by a
single mode that can be measured by an impulse hammer and remains relatively unchanged
throughout the process. This is not usually the case in standard machining operations where
the tool is flexible in both lateral directions and its dynamics during the process are different
than those measured offline by hammer tests. The MDOF experimental case in the next
section compares the SDM predictions with the OMA estimations in a standard milling

process.

4.1 SDOF Case

Before removing any material from the workpiece, the modal parameters of the flexure and
the workpiece assembly in the feed direction were determined by impulse hammer tests
as w, = 195.3 x 27 rad/sec, UT = [0.64,0]kg~!, and ¢ = 0.004. The stability diagram

obtained by the SDM is shown in Fig. #.2al Three sets of full-immersion experiments were
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Figure 4.2: Stability Lobes Diagram obtained by SDM. The number of discretization
intervals is 40.

performed at 2000, 2100, and 2400 rev/min and several DOC values at each spindle speed.
The tested DOC at 2000 and 2100 rev/min are marked with circles and crosses in Fig. [4.2]
where circles indicate stable cuts and crosses unstable. A significant amount of material had
been removed after completing the tests at 2000 and 2100 rev/min, causing a considerable
change in the system’s modal parameters. At that point, the new modal parameters were
measured again by impulse hammer tests at w, = 196.35 X 27 rad/sec and ¢ = 0.55%
without a significant change in stiffness. The SLD of the system with updated parameters
is shown in Fig. 4.2b] The full-immersion cuts at 2400 rev/min were then performed at the
DOC values shown in the same figure. Notably, a period-doubling domain behavior was
identified at 2400 rev/min, aligning with expectations after accounting for the changes in the
system parameters, and the results were plotted in Fig. 4.2b] The changes in the parameters
and the shift in characteristics highlight the importance of in-process monitoring.

Figs. [4.3] and [@.4] show the OMA stabilization diagrams for two measurements at
2000 rev/min. The figure also shows the PSD of the measured machining sound. In
both cases, vibrations are stable and the sound spectrum is dominated by tooth-passing

frequency harmonics. The tooth-passing period, calculated as 0.0150 seconds, necessitated
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the collection of 300 data points to capture the entire tooth-passing period, given a sampling
time of 5.0 X 107 seconds. 500 samples were collected after every rising edge of the Hall

effect sensor. Hence, 200 channels can be constructed in the lifted response.

DOC f ’
Method SD SD Hp [gepll
[mm] [Hz] [mean]
04 SDM 4.62 - 0.0855 - 0.87 +0.41i | 0.963
OMA | 3.89 | 0.0182 | 0.0858 | 0.0143 | 0.90 + 0.35i | 0.970
SDM 4.59 - 0.0670 - 0.88 +0.41i | 0.972
05 OMA | 3.97 | 0.0222 | 0.0589 | 0.0157 | 0.91 +0.361 | 0.978
0.6 SDM 4.55 - 0.0488 - 0.89 +0.41i | 0.979
OMA | 4.84 | 0.0362 | 0.0409 | 0.0133 | 0.88 + 0.43i | 0.982
07 SDM 4.50 - 0.0311 - 0.90 + 0.41i | 0.987
OMA | 3.81 | 0.0233 | 0.0276 | 0.0066 | 0.93 + 0.35i | 0.990
0.8 SDM 4.46 - 0.0139 - 091 +0.41i | 0.994
OMA Unstable

Table 4.1: Identified poles at 2000 rev/min.

The dominant mode for 0.4 mm shows itself at 196 Hz in Fig. [4.34] aligning closely
with the natural frequency of the setup. As previously demonstrated, the periodic system
response exhibits peaks at (f. £nf;,) or (- f. £nf;,) inits spectrum. The lifted response, on
the other hand, includes information up until its Nyquist frequency at 1/27, where f. = 196
Hz and f;, = 66.67 Hz for a 2-flute cutter. In this specific case, the Nyquist frequency is
33.33 Hz, and a peak is expected at approximately (—f. + 3 X f;,) = 4 Hz. The PSD of
the lifted vibration signals also shows a clear peak at around 5 Hz, which is identified as a
stable pole by the TDPR method in Fig. 4.3b] The identified pole has a frequency of 3.89
Hz and a damping ratio of 0.0858. The dominant pole from the SDM reads 4.62 Hz and
0.0855 for the frequency and damping ratio, respectively. The modulus of the identified
pole is 0.97 suggesting that the DOC can be further increased in the stable region. 0.7 mm
DOC at the same spindle speed resulted in a stable cut very close to the stability border.
Fig. shows the PSD of the sound pressure, and the process is close to being marginally
stable where the frequency and the damping ratio of the identified continuous time pole are
3.81 Hz and 0.0276, respectively. This corresponds to p = 0.93 + 0.357 in discrete time
with a modulus of 0.990. It is seen that the stabilization diagrams in experiments include

more spurious modes than the numerical simulation cases.
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DOC f e
Method SD ‘ SD Hp Hupll
[mm] [Hz] [mean]
03 SDM 14.20 - 0.0247 - 028 +0.92i | 0.969
OMA 10.56 | 0.0889 | 0.0223 | 0.0047 | 0.57+0.80i | 0.979
SDM 14.04 - 0.0124 - 0.30 + 0.94i 0.984
04 OMA 11.23 | 0.0102 | 0.0104 | 0.0063 | 0.53 +0.84i | 0.989
0.5 SDM 13.87 - 0.0006 - 0.31+0.951 | 0.999
OMA 11.47 | 0.0041 | 0.0064 | 0.0037 | 0.51+0.85 | 0.993
SDM Unstable
06 OMA Unstable

Table 4.2: Identified poles at 2100 rev/min.

O L
=]
a-10¢
£
2 20
-30 ¢
100 150 200 250
Frequency [Hz]
(a)
40 = ‘ : ‘ 8
- 7
230 5
570 <
g | ® 65
= | S
=l @ 00 00 GINCLTNTUNBES 5 -
m207 S
=]
4

Frequency [Hz]
(b)

Figure 4.3: Auto PSD of the machining sound (a), and stabilization diagram (b) for: 0.4
mm at 2000 rev/min
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Figure 4.4: Auto PSD of the machining sound (a) and stabilization diagram (b) for: 0.7 mm
at 2000 rev/min

Another Hopf bifurcations case was encountered at 2100 rev/min. The tests were
conducted starting from 0.3 mm DOC up to 0.6 mm DOC. The sound PSD and identification
results for 0.5 mm are depicted in Fig. f.5] The PSD of the machining sound revealed
a dominant peak at 198.66 Hz. This dominant peak was isolated using the lifted method,
and the lifted response, expressed in an LTI frame, has the same mode at 11.47 Hz. The
parameters of the continuous time pole were found using the OMA, which resulted in
{ = 0.0064 and f = 11.47 Hz. This corresponds to 0.51 + 0.857 in the discrete time with
a modulus of 0.993. The process became unstable at 0.6 mm, parallel to the identified

modulus at 0.5 mm which is very close to 1. The PSD of the machining sound at 0.6 mm is
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also given in Fig. where the frequency spectrum is dominated by the chatter response.
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Figure 4.5: a) Auto PSD of the machining sound, b) stabilization diagram of the lifted
response at 0.5 mm, 2100 rev/min. c) shows the auto PSD of the machining sound for the
unstable operation at 0.6 mm, 2100 rev/min
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A similar analysis was conducted for all of the points shown in Fig. 4.2]and the summary
of the results along with a comparison with SDM predictions are presented in Tables [4.1]
M.2]and @.3] Figs. (4.6 and show the stabilization diagrams for the measurements at
2400 rev/min. According to the SLD, at this speed, system dynamics go through period-
doubling bifurcation when DOC exceeds a = 2.8 mm. In both of the tested DOC values,
the PSD of the lifted signal shows peaks adjacent to Nyquist frequency, which is expected
in period-doubling bifurcation. The tooth-passing periods, computed as 0.0125 seconds
required collecting 250 data points to cover the entire period, considering a sampling time
of 5.0 X 107 seconds. The maximum number of data points to capture the first tooth pass
and most of the second tooth pass without missing any triggers was found to be 480. Hence,
230 points in each tooth passing period can be included in the overall lifted response X for

identification.
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at 2400 rev/min



32

As the depth of cut approaches the stability border in the period-doubling domain,
the identified discrete time poles are expected to converge to -1 [23]. Fig. [.6] shows
the auto-PSD of the sound signal, the stabilization diagram, and the comparison of the
measured and estimated correlation functions for 2.5 mm at 2400 rev/min. The auto-PSD
in Fig. .63 reveals the impending chatter frequency around 200 Hz, positioned between
two harmonics. Consequently, the lifted response in Fig. [.6b| features a dominant peak
arising from the least stable pole at the Nyquist frequency, 40 Hz in this instance, calculated
using the relation (f. —nf;,) with f;,= 80 Hz and f.= 200 Hz for n=3. The TDPR is able to
identify a stable pole close to 40 Hz in both cases at 2.5 mm and 2.7 mm. The comparison
of the identified poles with SDM predictions in this period-doubling case is presented in
Table
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Figure 4.7: Auto PSD of the machining sound (a), stabilization diagrams (b) for: 2.7 mm
at 2400 rev/min



33

boc Method t SD ¢ SD Hp pll
[mm)] [Hz] [mean]

55 SDM 40 - 0.0142 - -0.9562 | 0.956

OMA | 39.97 | 0.0497 | 0.0141 | 0.0048 | -0.9567 | 0.956

57 SDM 40 - 0.0016 - -0.994 | 0.994

OMA 40 4e-7 | 0.0020 | 0.0013 | -0.994 | 0.994

Table 4.3: Identified poles at 2400 rev/min.

4.2 MDOF experiments

The direct Frequency Response Function (FRF) at the tooltip and the cross-FRF between

the tooltip and the location of the accelerometers on the spindle nose are shown in Fig. F.9]

The tool’s deflections in both feed and Y-directions are dominated by one mode with the

parameters shown in Table [4.4] The stability diagram of the setup, obtained by SDM, is
shown in Fig. .8 All of the stability borders in this case show Hopf bifurcation and SDM

does not detect any period-doubling bifurcation. The tested combinations of spindle speed

and DOC are shown with circles for stable operations and crosses for unstable operations.
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Figure 4.8: a) MDOF experimental setup and b) SLD generated by the SDM.
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Mode Frequency[Hz] Damping Ratio Mode Shape [1/kg]

q f { U
1 993.71 0.0235 [2.55, 0]
2 884.06 0.0326 [0, 2.63]

Table 4.4: Modal parameters of MDOF setup
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Figure 4.9: Tool tip and spindle nose FRFs. The subscripts of H stand for the excitation
and measurement directions, respectively. Spindle nose FRFs are obtained by applying an
impulse to the tool tip, and measuring the vibrations at the spindle nose.

As illustrated in Fig. {1.8b] tests conducted at 5800 and 5900 rev/min did not align with
the stable region predicted by the SDM, while those at 6000 and 6100 rev/min exhibited
a closer agreement. The OMA analysis for the case of 1.5 mm DOC and 6000 rev/min is
presented in Fig. 4.10b] The sound PSD in part (a) of the figure shows the impending chatter
frequency at 908 Hz. Consequently, a dominant pole at around 92 Hz is expected in the
lifted response spectrum shown in part (b) of the figure. The stabilization diagram in part
(b) reveals a dominant pole at 91.9 Hz with a damping ratio of 0.0010. This corresponds
to u = —0.96 + 0.257 in the discrete-time domain, with a modulus of 0.997, suggesting that
a further increase in the depth of cut at 6000 rev/min may result in an unstable operation.
Indeed, testing a 1.75 mm DOC at this spindle speed led to an unstable cut, as depicted
in Fig. The comparison of the identified poles with SDM predictions for all of the
tested DOC values at 6000 rev/min is shown in Table
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Figure 4.10: a) Auto PSD of the machining sound, b) stabilization diagram of the lifted
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unstable operation at 1.75 mm, 6000 rev/min
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POCH Meod | * | sp | ¢ | sp " 2,
[mm] [Hz] [mean]

| SDM [8606 - |00682| - | -075+035 083

OMA | 89.22 | 0.159 | 0.0091 | 0.0009 | -0.92 +0.321 | 0.978

| SDM [8528] - o029 | - |-084+042 | 0940

OMA 91.9 | 0.0131 | 0.0010 | 0.0003 | -0.96 + 0.251 | 0.997

Table 4.5: Identified poles at 6000 rev/min.

A set of tests were also conducted at 6100 rev/min, with depths of cut ranging from 1.3
mm to 1.5 mm. The stabilization diagrams for 1.3 mm and 1.5 mm DOC are presented
together in Fig. and the comparison of the identified poles against SDM predictions
for all of the tested DOC values are shown in Table [4.6] The stabilization diagram in part
(a) of Fig. f.TT]reveals a dominant pole at 98.6 Hz with a damping ratio of 0.0072. This
corresponds to . = —0.97 + 0.09i in the discrete-time domain, with a modulus of 0.978,
suggesting that the depth of cut can be further increased. OMA identified a stable pole at
1.4 mm at the same spindle speed with 100.62 Hz frequency and 0.0045 damping ratio.
This corresponds to —0.98 + 0.037 with a modulus of 0.985 in discrete time domain. The
modulus is close to 1, but OMA suggests that it can still be increased by a small amount
before the operation becomes completely unstable. The identified pole at 1.5 mm at 6100
rev/min has a frequency of 101.667 Hz with a damping ratio of 0.0006. The discrete time
modulus reads 0.998 suggesting that there is no room left in the stable zone and a further
increase in the DOC might lead to unstable conditions. As suggested by the identified OMA
pole at 1.5 mm, testing a 1.75 mm DOC at this spindle speed led to an unstable cut, as
shown in Fig. The chatter frequency is 912 Hz according to the sound spectrum. The
comparison of the identified poles with SDM predictions for all of the tested DOC values
at 6100 rev/min is shown in Table 4.6l While the SDM does not predict period-doubling
bifurcation, the OMA analysis shows period-doubling at 1.5 mm DOC.
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boc Method f SD ¢ SD Mp epll
[mm)] [Hz] [mean]

13 SDM 96.10 - 0.0567 - -0.83 + 0.151 | 0.85

OMA 98.64 | 0.0545 | 0.0072 | 0.0050 | -0.97 +0.091 | 0.978

14 SDM 95.87 - 0.0369 - -0.92 +0.171 | 0.944

OMA 100.62 | 0.0925 | 0.0046 | 0.0018 | -0.98 + 0.031 | 0.985

15 SDM 95.63 - 0.0183 - -0.93 + 0.181 | 0.948

OMA | 101.667 | 5e-4 | 0.0006 | 0.0002 -0.998 0.998

Table 4.6: Identified poles at 6100 rev/min.

Unlike the numerical simulations and the SDOF experimental results, in this generic
milling test, discrepancies between the OMA and SDM results are substantial. The
discrepancies at 6000 rev/min are limited to the predicted frequency and damping values;
both SDM and OMA predict Hopf bifurcation. At 6100 re/min, in addition to the pole’s
frequency and damping, the two methods also deviate in the type of predicted bifurcation.

The stabilization diagrams of the stable points at 5800 and 5900 rev/min along with the
sound PSD of the unstable points at those speeds are shown in Figs. andf§.13] At these
speeds, SDM predicts a higher stability than experimental observations. The predicted
stability border is 1.7 mm and 1.6 mm in 5800 rev/min and 5900 rev/min, respectively.
Nonetheless, consistent with the experimental observation, the OMA poles in the stable
cases are close to 1 which indicates proximity to the stability border. OMA identifies
u = —0.59 + 0.80i with a modulus of 0.993 at 1.3 mm DOC and 5800 rev/min. Based
on this modulus, the expectation is to encounter an unstable cut when operating with a
higher DOC. Parallel to the expectation, the experiments showed an unstable point at 1.4
mm, 5800 rev/min as shown in Fig. {.12b] Although the frequency and damping ratio
do not match the SDM, predicted bifurcation types agree with the SDM results. Similar
to the 5800 rev/min result, OMA identified 4 = 0.78 + 0.60i with a modulus of 0.990 at
1.3 mm DOC and 5900 rev/min. The modulus is very close to 1 indicating that this DOC
and spindle speed combination is very close to the stability border. 1.4 mm DOC at 5900
rev/min resulted in an unstable cut as can be seen in Fig.

The discrepancies between the OMA results and SDM predictions mainly stem from the
variations in the system dynamics during the operations. The modal parameters in SDM are
identified during zero spindle speed and without cutting forces. These parameters may vary

when the spindle is spinning at a high speed and is subjected to high cutting forces. Errors
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respectively and c) the PSD of the sound at 1.75 mm at 6100 rev/min
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1.3 mm and 1.5 mm at 6100 rev/min,
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in SLD predictions are commonly seen in practice and are usually attributed to inaccurate
model parameters. In cases like 6000 rev/min or 6100 rev/min, the identified poles can be
utilized to update the model parameters, enhancing chatter predictions [1]. In cases like
5800 rev/min or 5900 rev/min, where the model mispredicts stability, the identified poles

can alarm proximity to the stability border to initiate corrective actions before vibrations
become unstable.
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Figure 4.12: Stabilization diagram of the lifted response at 1.3 mm, 5800 rev/min (a) and
auto PSD of the machining sound at 1.4 mm, 5800 rev/min (b)
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Figure 4.13: Stabilization diagram of the lifted response at 1.3 mm, 5900 rev/min (a) and
auto PSD of the machining sound at 1.4 mm, 5900 rev/min (b)

4.3 Summary

In this chapter, the experimental results were presented. In the first case, a flexure was
designed to mimic SDOF characteristics. Identified bifurcation types by the OMA and
SDM were found to be the same. In the second case, a generic milling case with MDOF
characteristics was studied. Considerable deviations between the identified poles and

bifurcation types were observed at some spindle speeds and the reasons behind these

deviations were discussed.
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Chapter 5
Conclusion and Future Work

In this thesis, a new approach was introduced to estimate the dominant mode of the state
transition matrix in milling using OMA and the lifting method by employing a one-per-
revolution vibration measurement system. Milling dynamics were approximated through
a finite-dimensional lumped system in the discrete-time domain, displaying linear time-
periodic characteristics with a delay in the process. To employ OMA, which is suitable
for only linear time-invariant processes, the system was lifted and all the periodicity
was eliminated from its spectrum. The lifting method introduces virtual channels (or
measurements) as if they were measured from different sensors. The overall lifted response,
free of any periodicity, could be treated with any OMA method. In this thesis, the TDPR
method was employed for system identification to identify the dominant Floquet multipliers
of the delayed LTP dynamics in milling.

The method’s performance was validated through both numerical simulations and
experimental results. Also, a vibration measurement system was proposed for implementing
the method in milling and its effectiveness was confirmed in standard operations. In
experiments, lifting was accomplished through a data acquisition process involving a Hall-
Effect sensor and a magnet. This ensured data capture at the same discrete instantaneous
immersion angle points each time the acquisition started. This very specific task was applied
by a dSpace MicroLabBox, where the triggers for rising edge and specific data sample count
were defined. In both numerical and experimental cases, the method was proven to work
well and the numerical results were cross-verified with the SDM results. It was observed
that the changes in the parameters of the experimental setup due to material removal shifted
the stability lobes. This proves the importance of in-process chatter monitoring to account
for such deviations in the system parameters.

The proposed method proves capable of monitoring stability loss in the milling process
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while it is still stable, by identifying the dominant pole of the state transition matrix of
the linear time-periodic milling operation. The method is not applicable to very stable
operations that have only tooth-passing frequency and its harmonics in their spectrum.
Similarly, if the upcoming chatter frequency perfectly aligns with one of the harmonics, the
method cannot identify the associated poles.

The presented method quantifies the process stability rather than just classifying it as
stable or unstable. This advantage is critical for predicting chatter based on in-process
observations while the system is still stable. However, in its current form, the presented
OMA approach is not applicable for real-time process monitoring. Nonetheless, the method
can be used to update the physics-based chatter model to enhance its chatter prediction
accuracy. As well, it can be used to validate chatter models experimentally. Such validations
are currently performed according to the dominant peaks in the process force, vibration, and
sound spectra or surface roughness measurements. These subjective measures can now be
enhanced by more concrete and quantitative criteria based on the experimentally identified
Floquet multipliers.

Future studies will explore the online application, computational time reduction, and
automation of the method. Automating the system identification component of the presented
method and reducing its computational cost is key for enabling OMA-based process
monitoring. Despite this, the current offline form demonstrates effectiveness in assessing

machining process stability.
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