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Nomenclature

Nomenclature

Roman symbols

ae Radial depth of cut

a Elements of denominator coefficient vector of digital filter (I € Ng)

ay Depth of cut (axial depth of cut in milling process)

ay, Cutting chord length projected onto the axis perpendicular to feed direction
A Chatter vibration amplitude

Ag Dynamic cutting area

A; Variation amplitude in delay term

b, Cutting width in vibration direction

b, Regenerative cutting width in vibration direction

b, Cutting chord length projected onto the axis parallel to feed direction
b; Elements of numerator coefficient vector of digital filter (I € N,)

c Feed per tooth

C, Total damping coefficient in rigid body motion (= C,, + C;)

C. Capacitor

C(=D,,/R?) Equivalent value of D,, in translational motion

(o Damping coefficient of translational element

ds Directional factor

dF;,dF,,and dF, = Minute cutting force in tool tangential, radial, and axial directions, respectively

dF,dF,,and dF,  Minute cutting forces in Cartesian coordinate system

dy Diameter of screw shaft

D Tool/workpiece diameter

Dy, Viscous friction coefficient of rotational element

D,.(s) Denominator of transfer function for motion equation

Eqct Active (mechanical) energy

Eapp Apparent (mechanical) energy

E, Voltage in electrical circuit

Eg Young’s modulus of screw shaft

E4 Energy dissipated by inherent damping capacity of machine
Ef Net inflow of energy in CWS

E, Energy produced by negative work of cutting force on CWS
E, Energy produced by positive work of cutting force on CWS
fe Chatter frequency

fs Frequency of (sinusoidal) spindle speed variation

fs Swing frequency

fz Tooth-passing frequency

F,F, (q:x,y,2) Cutting force in Cartesian coordinate system

F, Resultant cutting force on CWS

Fais Disturbance force

Fr Feed force



Fls
Fgr
F, E.,and F,

gLpF
Ge

GHPF

Kte! Krer and Kae

KtC! KTC' and Kac

Nomenclature

Load-side force

Friction force

Tangential(principal) force, radial force, and axial force, respectively
Cutoff frequency of low-pass filter

Cascaded compensation digital filter

High-pass filter

General one-dimensional [-th order proper digital filter (I € N,)
Low-pass filter

Index number (e.g., data number and minute disk element number)
Uncut chip thickness

Geometric surface roughness (e.g., cusp height).

Number of modes

Imaginary unit

Motor current

Current in electrical circuit

Index number (e.g., tooth number)

Error function for parameter identification

I-th order Bessel function of the first kind (I € Z) with modulation index
Total inertia of motor, coupling, and ball-screw

Sample number at present time in the difference equation

Chatter lobe number

Ratio of radial to tangential cutting force (= K,../K;.)

Axial stiffness of bearing

Summation of K, and K;

Axial stiffness of motor side bearing

Axial stiffness of anti-motor side bearing

Torque coefficient of servomotor

Axial stiffness of nut

Total stiffness of feed screw system

Axial stiffness of screw shaft

Thrust-force coefficient of linear motor

Edge force coefficient in tangential, radial, and axial directions, respectively
Specific cutting force in tangential(principal), radial, and axial direction,
respectively

Index for number of orders such as filter, Bessel function, and modulation
Lead length of ball screw

Inductor

Length of ball screw shaft

Modulation index

Arbitrary integer in variable pitch cutter principle

(Modal) mass, damping, stiffness, respectively

Total movable mass in rigid body motion (= M, + M,)

vi



My (= Jm/R?)
M,

MEF

MFT

MPF

Pr
Pqct
Fapp
P

Preact

PF

q (q:x,v,2)

qc

Nomenclature

Equivalent value of J,, in translational motion

Movable mass

Mechanical energy factor

Moving Fourier transform

Mechanical power factor

Number of waves in the vibration mode

Number of teeth

Number of minute disk elements (i.e., divisions along axial depth of cut)
Number of tooth passes

Number of samples corresponding to the calculation window length
Index number (e.g., tool number)

Intermediate variable representing eigenvalue

Active power

Apparent power

Complex power

Reactive power

Power factor

Vibration displacement in X-/Y-/Z- direction

Dynamic displacement in a certain vibration direction in 3D space
Acceleration rate

Surface roughness

Relative variation amplitude of SSV (i.e., RVA)

Resistor

Relative variation frequency of SSV (i.e., RVF)

Transformation coefficient for rotational to translational motion (= £p/ 2m)
Regeneration factor

RV factor (= R, X Rp)

Laplace operator

Spindle speed

New spindle speed after update in discrete spindle speed tuning

Time

Integral time section for calculating net inflow energy: [t, t,]

Delay time for servo amplifier

Total delay time in numerical differential and signal transmission at motor side
Sampling period

Friction torque

Total delay time by numerical differential and signal transmission at stage side
Calculation window time length

Dead time in phase lag compensation for signals of motor current, motor angle, and
stage position, respectively, for sensorless cutting force estimation
Certain input signal

Rotating coordinate system UV

Vil



X, 9,z
X,Y, and Z
Xa
Xm(=R0O,)
X,

Xt

v

Wact

app

Nomenclature

Displacement in X-/Y-/Z-axis (x only indicates its physical quantity in Chapter 3)

Cartesian coordinate system XYZ

Absolute stage position from the motor side bearing

Equivalent value of @,, in translational motion

Relative displacement (X,,, — X;)

Stage position

Velocity

Active mechanical power

Apparent mechanical power

Z operator

Greek symbols

a
aC
ar (= M¢/My,)

Qo
B andy

B
é

Aa,
AC,
AK,
AM,
AS
AX,
Ae,
AB,
At
Aw,
€e
&c
{m
¢r
(¢

n
0

91 E

ep

Ost) Oex
Osw
Our

Time-varying directional dynamic milling force coefficient

Constant for proportional damping

Inertia ratio

Time-invariant average directional dynamic milling force coefficient

Directional angles of vibration on the plane parallel and perpendicular to the

principal force direction, respectively

Helix angle

Unit step function to judge tooth engagement
Thickness of each minute disk element
Variation in total damping coefficient

Variation in torque coefficient

Variation in total movable mass

Difference of spindle speed between two tools
Amount of movement in stage position

Phase difference between regenerative waves
Optimal pitch angle difference

Difference between tooth-pass periods of two tools

Maximum frequency shift in the modulated signal

Sum of squares of the residuals

Phase shift between present and previous vibration left on the machined surface

Damping ratio of rotational elements
Modal damping ratio

Damping ratio of translational elements

Chip flow angle

Spindle rotating angle

Phase difference between current and voltage in AC circuit

Pitch angle

Start and exit angles of cutter engagement

Swing angle

Phase difference between velocity and load force in mechanical system

viil



Nomenclature

Phase difference between displacement and load force in mechanical system
Offset angle in tool swing motion

Angle of counter motor

Motor angle

Eigenvalue

Constant ratio of the force in chip flow direction to the principal force
Overlap factor

Ratio of the expected and the exact variation amplitude of time delay terms

Time delay between two consecutive cuts (i.e., the regenerative feedback effect)

Compliance frequency response function (g,q’ : direction of displacement response
and input force in Cartesian coordinate system, i.e., x,y,z; e.g., @y,)

Initial vibration phase

Angular frequency

Chatter angular frequency

Targeted angular frequency for extraction

Bandwidth of current loop

Resonance/modal angular frequency (e.g., axial resonance in dual-inertia system)
Angular frequency of (sinusoidal) spindle speed variation

Swing angular frequency

Anti-resonance angular frequency at motor side in dual-inertia system

Matrices and vectors

a;

Ab

Denominator coefficient vector of digital filter (I € N,)

Matrix/vector for procedure in least squares method

Directional matrix of milling process force in parallel milling process
Cutting width vector

Numerator coefficient vector of digital filter (I € N,)

Delay matrix depending on speed difference in parallel milling process
Error vector (J, = VeeT)

Unit vector in chatter vibration direction

Force vector

Resultant cutting force vector

Specific cutting force vector

Mass, damping, and stiffness matrices

Chatter vibration vector

Reference signal dataset

Regenerative width vector

Frequency gain vector of reference signal (Rg = Abs(FFT[r]))
Transfer function matrix

Input signal dataset

Frequency gain vector of input signal (Ug = Abs(FFT[u]))

Displacement/position vector
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Nomenclature

A Targeted parameter vector for identification
Modal matrix
P Eigenvector
Subscript
d Value in modal coordinate system
g Value in rigid body mode
h Index number (e.g., data number and minute disk element number)
ic Value for initial condition
j Index number (e.g., tooth number)
max Maximum value
min Minimum value
n Nominal value
q (q:x,v,2) Direction in Cartesian coordinate of machine
v Value in vibration mode
Superscripts
comp Value in compensated signal
CUR Value in current-based estimation
DOB Value in disturbance observer
LDOB Value in load-side disturbance observer
MEDOB Value in multi-encoder-based disturbance observer
(n) Index for number of cutting tests
ref Reference value
res Response value
RIG Value in rigid body mode-based disturbance observer
Smax Value at maximum spindle speed
Smin Value at minimum spindle speed
tp Value for tool p in parallel turning/milling process
VIB Value in vibration mode-based disturbance observer
w Value for workpiece
~ (bar) Average value
"~ (hat) Estimated value
~ (tilde) Identification/approximated value
Abbreviations
AC Alternating current
AE Acoustic emission
Al Artificial intelligence
ATO Angular tool offset
CAD Computer aided design



Nomenclature

CAM Computer aided manufacturing
CMM Coordinate measuring machine
CNC Computerized numerical control
CSS Constant spindle speed

CSSV Continuous spindle speed variation (= SSV)
CSI Chatter stability index

CWE Cutter-workpiece engagement
CWS Cutter-workpiece system

DC Direct current

DFT Discrete Fourier transform
DOB Disturbance observer

DoF Degree of freedom

DSST Discrete spindle speed tuning
FE Finite element

FEA Finite element analysis

FFT Fast Fourier transform

FM Frequency modulation

FRF Frequency response function
HPF High pass filter

HSS High-speed steel

ToT Internet of Things

LDOB Load-side disturbance observer
LPF Low pass filter

LSM Least square method

MA Moving average

MDoF Multiple degree of freedom
MEDOB Multi-encoder-based disturbance observer
MEF Mechanical energy factor
MEMS Micro electro mechanical systems
MFT Moving Fourier transform

MI Modulation index

ML Machine learning

MPF Mechanical power factor

MRR Material removal rate

NC Numerical control

PC Personal computer

PF Power factor

PLC Programmable logic controller
PM Phase modulation

PSD Power spectrum density

RCD Rotating cutting force dynamometer
RF Regeneration factor

x1



RMS
RMSE
RVA
RVF
SCF
SDFT
SDM
SDoF
SLD
SOMS
SSv
SSSV
STFT
TCM
TF
TMD
TSM
TSSV
VHC
VMDOB
VPC
WT
ZOA
1D

Root mean square

Root mean square error

Relative variation amplitude of SSV
Relative variation frequency of SSV
Sensory characteristic feature
Sliding discrete Fourier transform
Speed difference method

Single degree of freedom

Stability lobe diagram
Self-optimizing machining systems
Spindle speed variation (= CSSV)
Sinusoidal spindle speed variation
Short time Fourier transform

Tool condition monitoring

Transfer function

Tuned mass damper

Tool swing motion

Triangular spindle speed variation

Variable helix cutter

Vibration mode-based disturbance observer

Variable pitch cutter
Wavelet transform
Zeroth order approximation

One-dimensional

Nomenclature
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Chapter 1 Introduction

1. Introduction

1.1. Overview of self-optimizing machining systems

For the final product to exhibit the required functions and costs, the machining accuracy
and efficiency of the components must be improved. The shape accuracy of the machined
parts depends on the motion accuracy of the machine tools for feeding and positioning the
cutting tools and workpiece to the desired location. Generally, the motion accuracy of the
machine tools is required to be less than 1/10th of the shape accuracy of a part. If a
machining accuracy of 10 um is required, a machine tool that cuts this part must have a
motion accuracy of 1 pum or less. As the superiority or inferiority of the machine tool’s
performance determines the production capacity and considerably affects the
competitiveness of the products, each country positions the machine tool industry as a
strategic key industry and makes intensive effort for advanced development [1].

The technology of machine tools has been deepened to attain highly accurate and
efficient machining with high-precision and high-speed positioning. In the United States,
the world's first numerical control (NC) machine tool was developed at the MIT Servo
Mechanism Research Center in 1952 against the backdrop of an early mass consumption
society. The advent of NC machine tools enabled the automation of machining, which was
1mpossible to be achieved with analog/manual mechanical control, and then realized a mass
production system by improving the machining efficiency and homogenization of machining
accuracy. Positioning accuracy and speed of machine tools have been considerably improved
through the continuous development of element technologies for feed drive systems, such
as trajectory generation and control algorithms, mechanical drives and guides, amplifiers,
motors, and sensors [2]. Additionally, the multi-functionalization of machine tools for
process integration (e.g., five-axis machine tools equipped with two additional rotary axes)
1s a mainstream technological development to cut complicated geometry parts with high
efficiency and accuracy as well as automatization [3,4]. Super multi-tasking and multi-axis
machine tools, such as the mill turn center [5], a hybrid machine with a laser for additive
manufacturing and/or quenching [6,7], and a built-in robot machining center [8], have also
been developed.

Automation using computer technology, such as NC machine tools, is the 3rd industrial
revolution following the 1st industrial revolution, in which power was generated using
steam engines, and the 2nd industrial revolution, in which power was revolutionized using
electric power and motors. Now, the 4th industrial revolution is strongly expected with the
background of a shift to the variety and variable production type (i.e., mass customization),

accompanied by diversified needs and shortened product lifecycle [9]. It aims to optimize



Chapter 1 Introduction
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Fig. 1-1 Self-optimizing machining systems [10] (The figure is used with permission from Elsevier.)

the entire production/manufacturing process to enhance its reliability, efficiency, and
flexibility by completely using sensor network technologies, denoted as “Internet of Things
(IoT)” and virtual digital tools/simulations. An effective use of sophisticated signal
processing techniques, including artificial intelligence (AI) and machine learning (ML), is
also expected. This concept is currently summarized by the term “Industry 4.0,” which was
first launched by Germany in 2011. Since then, some other concepts have also been
launched in other countries, such as “Industrial Internet” by the United States (2012),
“Manufacturing Industry Innovation 3.0” by South Korea (2014), “Made in China 2025” by
China (2015), and “Connected Industries” by Japan (2017). The efforts made for
transforming the manufacturing system are being promoted and accelerated worldwide.

In the machine tools field, the concept of a highly intelligent system, denoted as “self-
optimizing machining system (SOMS),” has emerged to satisfy the above demands. In
SOMS, the manufacturing tasks, ranging from the process design to the part inspection,
are seamlessly and circularly connected by rich process-related data with or without
involving the virtual models and simulations (Fig. 1-1 [10]). Coupling the physical and
virtual entities is known as the “cyber-physical system” [11,12] or “digital twin” [13].
Alternatively, using reduced-order mathematical models with only sufficient fidelity,
instead of full-dimensional virtual entities such as finite element (FE) model, is called
“digital shadow” [14].

SOMS aims to flexibly adapt to the ever-changing manufacturing circumstance and

constantly optimize the control strategies/settings for process—machine interaction. In the
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most ideal case, this should be done autonomously. According to [10], SOMS comprises the

following 10 functionalities (Fig. 1-1).

1  Trajectory planning (CAD/CAM) considering characteristics of process, machine, and

controller

The first manufacturing task is to define the process kinematics and tool paths, as
well as machining parameters and process-related conditions, by using CAD/CAM
systems. In addition, trajectory generation from the NC code through real-time
interpolation and filtering in the CNC system is included. However, the functions of
these systems are independent of each other in the modern manufacturing system.
Additionally, these functionalities do not account for the machine tool dynamics. An
open and high-level interconnection among CAD/CAM, CNC, and machine-tool
dynamics is required. Recently, Sudo and Aoyama proposed an integrated CNC system
platform to interoperate the characteristic information belonging to CAD, CAM, NC,
operator, and machine through a shared database for realizing accurate machining
(Fig. 1-2) [15]. Sencer et al. [16-19] proposed several methods for shaping reference
motion trajectories to avoid unwanted inertial vibration while considering the
machine structural dynamics. Additionally, Dumanli and Sencer [20,21] proposed a
novel method in which the reference trajectory was modified based on a data-driven

model of the feed drive system, to achieve perfect tracking.

Machining shape

@7
- Motor .| Machine
il Machining Interpreter Controller > ool

— command A
CAM
7'y Management
Machining
REEIES Record execution log
Sharing datab|ase
v v [ 4 Y
e Machining Machinin Machining Machining Knowledge
informgtion technology pr— 9 resource execution machining
information p information information site

X

Link

Integrated CNC system platform

Fig. 1-2 Integrated CNC system platform [15] (The figure is used with permission from Japan
Society of Mechanical Engineers.)

(2 Couple simulation of process—machine interactions (considering models of process,

machine, and/or controller)

The process simulation considering process—machine interaction, known as virtual

machining technology, is also essential [22,23]. The simulated results should be fed

3
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back to the process design step. The most typical enabling technology is stable process
planning by utilizing the stability lobe diagram (SLD) [24,25], which is
comprehensively described in subsection 1.4.1. To compute SLD and simulate the

process, commercial software systems (e.g., CUTPRO®) have been developed.

Prediction of machining results (geometry and surface resulting from process-
machine-controller interactions according to process planning designed by CAD/CAM)

The total inspection of machined parts using a virtual model is summarized as
“virtual meteorology” (Fig. 1-3 [26]), which is highly expected to realize a total
inspection and zero-defect production system [27]. The surface topography is
simulated by calculating the cutter-workpiece engagement (CWE) while integrally
coupling various information such as the sensor/servo data, FE analysis (FEA), and
mathematical model of process-machine interactions [26,28]. Here, the calculation
time is not a trivial problem to achieve online virtual inspection in real time or semi-
real time. In this case, the digital shadow approach, which constructs an essential

mathematical model, is a practical solution [29].

Microscopic view Close-up view
- 3

2.06 mm

Tmodel "

model

Experimental results Simulation results
% CSG: Constructive Solid Geometry

Fig. 1-3 Measured and simulated surface structures in a chattering process [26] (The figure is
used with permission from Elsevier.)

Multi-physical monitoring (sensor-based process and machine-condition monitoring)

This part represents process and condition monitoring by using single- or multiple
sensors. Fujishima et al. [30] developed a conceptual sensory machine tool that can
acquire a huge volume of sensing data into the NC or programmable logic controller
(PLC) through the developed interface boards and Ethernet (Fig. 1-4). Mohring et al.
[31] also developed a sensory machine tool equipped with sensing fixture and an
adaptive sensory milling spindle. Additionally, M6hring and his colleague developed a
state monitoring system for the wear of a ball screw by measuring the preload of a

double nut using a thin film-like sensor [32].
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Temperature 3 Spindle and table
Cutting force 3 Kistler dynamometer in x y z directions

Fig. 1-4 Sensory machine tool with sensing data storage system [30] (The figure is used with
permission from Elsevier.)

Autonomous adaptronic machine components (including actuators with monitoring

and control functions to directly influence the process-machine interactions)

Intelligent components integrating an actuator with the control function, as well
as monitoring and signal processing functions, can directly influence the machine or
machining process state. A piezoelectric actuator is the most frequently used tool in
this filed for various objectives/applications, such as vibration-assisted machining for
difficult-to-cut materials [6], vibration damping including chatter [33-35], and
compensation of tool deflection [31]. Especially, the functions of a piezoactuator are
often integrated in a spindle as an intelligent spindle unit [36,37]. The mechatronics

technologies for machine tools are also summarized in [38].

Model-based teach-less monitoring and its recalibration (digital-twin/digital-shadow

process and machine-condition monitoring)

In model-based teach-less monitoring techniques, the reference information of the
processes is generated/parameterized in a virtual simulator, and can be utilized to
determine the threshold for certain decision-making without trial-and-error and/or
extracting high-value process information from the sensor signals (Fig. 1-5) [39].
Therefore, it is expected to realize highly flexible adaptation for mass customization.
As an exemplary application, Altintas and Aslan [40] detected tool breakage by
comparing the cutting torque estimated in real time from the motor current with that

simulated based on the process model and CWE at each tool position. Consequently,
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Virtual Parameterization

Planning

Machine

Fig. 1-5 Concept of model-based teach-less process monitoring [39] (The figure is used with
permission from Elsevier.)

the tool breakage was robustly detected under the adaptive threshold determined by
referring to the simulation result. Nouri et al. [41] converted the measured cutting
force signals into the dimensions of the cutting force coefficient using the mechanistic
milling model and nominal CWE during the process. As the cutting coefficients are
normalized parameters, tool wear monitoring was realized independent of the cutting
conditions. Note that the accurate derivation of CWE along the tool path is a key part,
as only the abnormal tool states need to be separated from the natural signal variation
due to CWE variation [10].

To ensure the integrity of the monitoring system, deterioration detection and
recalibration of the simulator or sensor system is also essential. In [31], a procedure
was developed to calibrate the sensory fixture system by comparing it to the force
sensor signal integrated into the spindle. To address the variation in the environment
and/or system state, Putz et al. [42] showed how a self-adaptive monitoring system

can be realized by detecting whether the system is in equilibrium.

Machine simulation including mechanical, thermal, and control behaviors

The virtual machine tool technology configured by a full FE model or a rigid and
flexible multi-body model reduced from the FE model can be utilized for not only
developing a new machine tool in the design phase but also optimizing the machining
process by evaluating it in a computer simulation environment. In particular, a multi-
body model comprising rigid links connected through flexible springs allows the

virtual assessment of the interaction between a specific CNC control model and
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machine tool structure, as well as the modification of control parameters based on the
simulation [43,44]. Moreover, the virtual machine tool can be integrated into the
numerical cutting process simulation (i.e., simulation of process—machine interactions

in @) and improve its fidelity [45].

Control-integrated monitoring (based on servo information inside CNC controller)

The most basic representation of this part is the process/condition monitoring
performed using the internal information acquired in the CNC of machine tools, such
as motor torque, stage position response obtained by the linear encoder, and the motor
angle response obtained from the rotary encoder. The motors and encoders are usually
installed relatively far from the cutting point. Nevertheless, the internal information
still contains rich information regarding the process over a wide frequency band; hence,
it is also important to use this information effectively. Many previous studies have
proved that the internal information can be effectively used to detect abnormal process
states, such as tool wear [46—49], tool breakage [40,50-52], and even high-frequency
chatter vibration [53—55].

Process control (changing process parameters provided by CNC controller)
To realize SOMS, process-control parameters, such as feed rate [40,56-58], stage

position [59], tool posture [60], and spindle speed [61], must be modified adaptively in
conjunction with the process monitoring system. Besides the process monitoring
system, the adaptive process control system may also involve a specific process model
for establishing the optimal control strategy. Process control especially focusing on

chatter is presented in section 1.4

Feedback of workpiece quality data (for calibrating the 3rd functions)

The machined surface appears as the final output for all system inputs related to
the machining process. In ultimate ideal cases, the intelligent components of SOMS
are self-adaptively modified/calibrated by learning the input—output relation of the
machining system, and consequently, the desired machined surface can be obtained
even in the different machining parts and materials. The developed on-machine and
in-process surface metrologies can be used as enabling technologies, which are

summarized in [62].

More detailed description and enabling technologies are summarized in [10]. SOMS

covers a very wide range of components, and several enabling technologies have been

developed, especially in the last two decades. Nevertheless, an intensive implementation

and combination of each functionality is not state of the art in the industry and requires

further research and development [10].
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This dissertation is oriented to SOMS for chatter vibration, and especially addresses
the 8th and 9th functionalities presented in Fig. 1-1. For chatter monitoring, a sensorless
cutting force estimation technique, only composed of the internal information of machine
tools, is employed, and a novel detection algorithm is proposed. Additionally, chatter control
strategies are proposed in turning/boring, parallel turning, and parallel milling processes
based on the corresponding chatter models constructed considering the process—machine
interaction. The only prerequisite for all proposed chatter suppression systems is
measurement of the chatter frequency, and no additional actuators are required for chatter
control. This chapter first reviews the existing chatter monitoring and

avoidance/suppression techniques, and then, presents the aim of the dissertation.

1.2. Basic comprehension of chatter in machining

Chatter vibration in machining processes, resulting in low surface/shape quality,
catastrophic tool/machine damage, and limited machining efficiency, is a classical problem
first raised in the research field in the late 1950s. Even today, it remains a significant issue
in the manufacturing sector, as evidenced from the increasing publications on chatter, and
poses a more serious issue when considered in conjunction with the recent trends of highly
efficient and/or flexible-parts manufacturing as well as lightweight machine structures
required for energy-saving [63—65].

The abnormal vibration in machining processes is roughly classified into forced
vibration and (self-excited) chatter vibration. Forced vibration is further divided into force
disturbance type and displacement disturbance type. Additionally, the self-excited chatter
vibration can be classified into regenerative type and mode coupling type (Table 1-1 [66,67]).

Table 1-1 Abnormal vibration in machining processes [66,67]

Vibration Type Factor

. Regenerative effect caused by previous vibration left
Regenerative chatter .
on the machined surface

Chatter
Mode coupling chatter Coupling of multi-directional vibrations
Force disturbance . . .
Intermittent cutting, serrated chip, etc.
(Process-related)
Forced

. . Bearing, gears, motor cogging, rotor imbalance, jerk

Displacement disturbance . Lo .
of machine tool, air/oil pressure fluctuation, floor
(Non-process-related) i )
vibration, etc.

The displacement disturbance-type forced vibration is generated by the vibrations from
motors, gears, bearings, and floors, and does not depend on the machining process.

Therefore, it cannot be avoided by changing the tools and machining conditions. The basic
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Fig. 1-6 Schematic of basic mechanism of regenerative chatter vibration: (a) e, = 0,2m, (b) 0 < &, < m,
(0 e.=m,(d) m<e <2m.

countermeasures are isolating/suppressing the vibration source or improving the machine’s
dynamic rigidity and/or damping. In contrast, the force disturbance type is process-
dependent; hence it is important to optimize the machining conditions. For instance, in case
of intermittent cutting, such as milling, a periodic cutting force fluctuation composed of a
tooth-passing frequency and its harmonics excites the machine as a disturbance. When this
synchronizes with the resonance frequency of the machine, a large vibration develops as
forced vibration. Therefore, the spindle speed should be shifted so that an integer multiple
of the tooth-passing frequency does not synchronize with the resonance frequency.

Self-excited chatter vibration is an instable phenomenon in which vibration develops
due to the transfer characteristics of the cutting process and machine structure (.e.,
process—machine interaction), even though there is no forced vibration source.

Fig. 1-6 shows the mechanism of regenerative chatter vibration. In this figure, it is
assumed that the tool flexibly vibrates in a particular vibration. The present tool vibration
(i.e., inner modulation) is transcribed to the workpiece by the machining process, which will
cause variation in the uncut chip thickness in the consecutive cut (i.e., regeneration as a
previous vibration denoted as outer modulation). Consequently, the fluctuation in the
cutting force generated by the fluctuated uncut chip thickness excites the machine tools
again, and its present vibration is also transcribed to the workpiece. This process-inherent
closed-loop phenomenon is well-known as the regenerative effect, and the process becomes
unstable when its closed loop is in an unstable condition.

Some researchers [68—73] have discussed the regenerative chatter mechanism from the
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viewpoint of the energy cycle flow according to the chatter vibration cycle, which is also
depicted in Fig. 1-6. For destabilization of the machining process, the phase shift between
the present and previous vibrations, ¢, [rad], is a key factor. Because the resultant cutting
force applied on the tool, F.(t) [N], always acts on the tool in positive direction, the direction
of mechanical work that the tool receives from the cutting force is switched according to the
tool’s vibration cycle. In the first half vibration cycle where the tool cuts into the workpiece,
the negative work acts on the tool, which yields the amount of energy, E, [J], dissipated
through the cutting process. In contrast, the tool receives positive energy, E, [J], in the
second half vibration cycle, where the tool retracts from the workpiece.

In case that the phase shift is zero or 2m (Fig. 1-6(a)), the uncut chip thicknesses in the
first and second half vibration cycles are the same; hence, the inflow and consumed energies
are the same and the total energy balance in a vibration cycle becomes zero. This is a critical
energy stable state. However, this condition is stable because the uncut chip thickness is
ideally constant, and the machine is not excited. The case of 0 < ¢, < m (Fig. 1-6(b)) is also
highly stable as the consumed energy is larger than the inflow energy, and therefore, the
vibration is damped out during the cycle, although the machine is excited by the fluctuation
in the uncut chip thickness. In case of ¢, = n (Fig. 1-6(c)), the energy cycle is in a critical
state where the total energy in the cutter-workpiece system (CWS) is not transferred during
the vibration cycle. However, the largest fluctuation in the uncut chip thickness, shown in
Fig. 1-6(c), may cause a large vibration and an unstable process as the generated vibration
does not decay. The final case of 7 < g, < 2m (Fig. 1-6(d)) is an unstable energy condition,
because of E, > E,, whose difference flows into the flexible CWS every vibration cycle. As a
result, the mechanical vibration (.e., regenerative chatter) will develop to divert the net

inflow energy, Ef []], if it exceeds the inherent damping capacity of CWS, as follows [70]:
Ef = E, — E, > Ey (1-1)

where E; []] is the amount of energy the machine can absorb in a cycle. From the above,
the energy stability of CWS depends on the phase shift, and the unstable phase shift range

can be defined as follows:
nm<e <2m (1-2)

which can also be derived from the general stability analysis [24,25]. Almost all machining
processes involving rotary motion can be destabilized due to the regenerative effect.

The mode coupling chatter is an unstable phenomenon peculiar to the rotating tools. In
a rotary tool, the direction of the cutting force changes depending on the rotational position
of the cutting edge. Consequently, instability can occur due to the coupling of vibrations in
multiple directions and cutting force fluctuations (Fig. 1-7). Especially in the end milling

process, the flexural vibration of the shaft has similar vibration modes in two orthogonal
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Fig. 1-7 Mode coupling caused by multi-directional vibration mode

directions, and the effect of mode coupling increases when the resonance frequencies match
and the cutting forces act in both directions (e.g., slotting). As the mode coupling effect
occurs due to the cutting force fluctuations caused by the regenerative effect, both effects
simultaneously influence the self-excited chatter onset [67]. Note that it is important to
address and avoid all types of the self-excited chatter and forced vibration in an actual

production site [74].

1.3. Chatter monitoring techniques

Considering that predictive maintenance and process optimization are performed based
on the machine status diagnosis results, it can be stated that condition/process monitoring
is the core technology for SOMS. To construct a highly reliable monitoring system, it is
1mportant to use appropriate sensors according to the purpose. From this first perspective,
chatter monitoring techniques are summarized in subsection 1.3.1.

However, clear process information cannot be obtained in usual cases by simply
acquiring the sensor information. It is necessary to perform some data processing and
extract the feature quantities or patterns that have strong correlations with the machining
state to be monitored. In summary, "data/signal processing" is the second important
viewpoint to extract high-value information that cannot be obtained from simple sensor
usage. The signal processing techniques for chatter monitoring are summarized in

subsection 1.3.2.

1.3.1. Sensor signal selection

Tool condition monitoring (TCM) can be roughly divided into “direct measurement” and
“Indirect measurement” depending on the sensor used [75]. In the direct method, state

changes in the tool shape due to tool wear/breakage, as well as deflection and vibration of
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Table 1-2 Physical quantities and sensors for indirect measurement

Physical quantity Sensor

Cutting force (Torque) Piezoelectric dynamometer
Tension Load cell

Temperature Thermocouple

Vibration Accelerometer

Sound Microphone

Acoustic emission AE sensor

Table 1-3 Characteristics of major sensors for indirect process monitoring

Dynamometer AE sensor Accelerometer Microphone
Typical frequency ~5 kHz (size From 10 kHz to 10 kH From 20 Hz to
~ zZ

range of sensor signal  dependent [83]) 10 MHz [82] 20 kHz [83]
Cost * k& * % * * *
Sensitivity/SN ratio

S * * * * * * * * *
(Reliability)
Compatibility with

o * * * * * * % %
machining space
Robustness to sensor-
* k& * * * *

location variation

*** High, ** Middle, * Low

Table 1-4 Application of indirect measurement with respect to process monitoring

Sensor
Application Dynamometer Accelerometer AE sensor Microphone
Chatter detection * kK * * * * Kk k
Tool-breakage detection * Kk K * * * k k * X
Tool-wear diagnosis * K Kk * K * X *
Part-quality prediction * Kk Kk * Kk Kk * *

*** Very effective, ** Effective, * Not effective

the tool tip, are directly detected using sensors such as a vision sensor [76-79] and laser
displacement sensor [80,81]. Therefore, the tool status can be monitored with high accuracy.
However, these measuring units are generally expensive and difficult to install in the
machining space; hence, the indirect method is generally used for real-time TCM.

In the indirect method, the tool state is indirectly estimated from physical quantity data,
such as cutting force, vibration, and sound. Table 1-2 shows the measured physical
quantities and main sensors used in the indirect method. Additionally, the features of each
sensor and its application to process monitoring are summarized in Table 1-3 and Table 1-4
with reference to [75,82,83], in terms of the cutting force, vibration, sound, and AE that are
frequently used. The detailed aspects of each physical quantity measurement in process

monitoring are summarized below.
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Measurement of AE signals:

The tool state, such as tool wear, can be estimated by measuring the elastic wave
generated when the material is deformed and sheared at the contact between the tool and
workpiece during machining. The frequency band of the AE signal typically ranges from 10
kHz to 10 MHz, which is extremely higher than the process force and environmental noise.
Therefore, the AE signal has very high sensitivity and responsiveness, and is known to be
effective for detecting instantaneous phenomena, such as tool breakage and contact [82,84].
In addition, as the AE sensor is relatively low cost and highly reliable, it can also be used
to enhance the reliability of the process monitoring system by being combined with various
sensors [82,85]. Note that it is necessary to focus on the sensor placement and signal
overrange by carefully considering the elastic wave transmission path [82]. For chatter
detection, Chiou et al. [86] monitored the chatter vibration based on the root mean square
(RMS) value of the AE signal and acceleration sensor information in the turning process.

However, chatter monitoring using AE signals has been rarely reported.

Measurement of machining sounds:

Delio et al. [87] compared the chatter detection performance in a dynamometer,
accelerometer, and microphone in the end-milling process. They concluded that the
microphone is most suitable for chatter detection because of its sufficient signal bandwidth
and sensitivity. As microphones are inexpensive and do not disturb the machining space
due to non-contact measurement, they have been extensively used in chatter monitoring
and avoidance applications [63]. However, they have little reliability in a low-frequency
region, where the influence of environmental noise cannot be ignored. Therefore,
microphones are rarely used at the production site where environmental noise is large,
although they are often used at the research level [63,87]. It is important to eliminate or

reduce the environmental noise through signal processing, when using a microphone.

Measurement of vibration:

Accelerometers are commonly used in vibration measurement and are extremely easy
to handle. Their miniaturization and cost reduction have been progressing due to the
development of MEMS technologies. Therefore, they are frequently used for chatter
monitoring. Li et al. [88] detected chatter vibrations during the turning process by using a
coherence function between two acceleration sensors mounted orthogonally on the tool.
Lamraoui et al. [89] performed early chatter detection in the end-milling process based on
the acceleration signals transformed into the angular domain through synchronization with
the rotary-encoder information of the spindle. When using acceleration sensors, sufficient
attention must be paid to process-unrelated vibrations from the floor and rotating parts
(e.g., spindle), vibration damping due to mechanical components, and little reliability in the

low-frequency range [63,82].
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Measurement of cutting force:

As shown in Table 1-4, the cutting force is strongly related to all tool conditions, and a
piezoelectric (table) dynamometer, which is a de-facto standard for sufficient bandwidth and
accuracy [90], is most frequently used in TCM research [82]. Tlusty et al. [91] stated that
cutting force is the most suitable index for chatter monitoring because it is deeply linked to
the mutual vibration between the tool and workpiece. Kuljanica et al. [92] compared the
signals generated from a rotating cutting-force dynamometer (RCD), an accelerometer
mounted on the spindle side, and an AE sensor mounted on the workpiece side. They also
obtained similar conclusions. However, the table dynamometer is still expensive and incurs
large interference with the machining space. It is also necessary to focus on the thermal
drift and signal overrange. Although the interference with the machining space can be
minimized using a spindle-integrated force sensor [93—95] or RCD with a wireless data-
transfer system [96], the cost will increase beyond that of the ordinal table dynamometer.
In addition, it might be necessary to design a spindle system for sensor integration. As a
result, dynamometers have not been widely applied to the shop floor from the perspectives
of cost, failure frequency, thermal stability, and compatibility with the workspace. Some
studies have mentioned that the use of an acceleration sensor is the most preferable when

considering the practical viewpoints such as sensor cost [97].

So far, many chatter detection methods using various sensors have been proposed. Note
that the method of incorporating a sensor’s signal into the control system of a machine tool
1s also important to acquire variables at a high sampling rate for wideband process
monitoring. Simultaneously, a high-capacity storage system is required to utilize the
process data, whose size and variety are dynamically increasing due to IoT [9]. In a machine
tool, I/0 signal lines are frequently connected to the PL.C, which commonly performs in the
millisecond range and is not suitable for acquiring analog signals at a high sampling rate.
Additionally, several machine tool manufacturers adopt an NC system provided by NC
manufacturers on behalf of an in-house developed NC system [30]. Accessibility to sensor
signals is usually limited by NC manufacturers, which makes it difficult to incorporate the
acquired signals into the control system of machine tools.

Besides the above limitations, the use of external sensors inevitably causes problems
such as an increase in failure rates and installation/maintenance costs and interference
with the machining space. Therefore, several studies have attempted to detect chatter
vibrations only from the internal information of machine tools [53-55,98]. Soloman et al.
[98] detected chatter vibration based on the variation in the R value (the ratio of RMS values
of the static and dynamic components). The R value was calculated from the cutting force
estimated by the motor current response and the transfer characteristics of the spindle

system. Aslan and Altintas [53] also detected chatter based on the frequency spectrum of a
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reference spindle motor current. Kakinuma et al. [54] and Koike et al. [55] constructed a
wide-band and type-assorted chatter monitoring system by digitally filtering the cutting
torque estimated by a disturbance observer (DOB [99]), which integrates the angle
information of the rotary encoder and the spindle motor current. An external sensorless
process monitoring that uses internal information of machine tools (.e., encoder
information and motor current) is a sustainable approach, as it does not yield any adverse
effect, such as additional costs or constraint of the machining space. Another major
advantage is that the process monitoring system can be constructed as an add-on to existing

machine tools.

1.3.2. Signal processing for chatter monitoring

The signal processing for process monitoring can be classified into three approaches:
signal-, AI/ML-, and model-based approaches [29]. Model-based approaches are currently
represented as the term “digital twin” or “digital shadow” (the 6th functions for SOMS). For
real-time chatter monitoring/detection, the classical signal-based approaches are commonly
employed, although AI/ML-based approaches have appeared recently [100-102]. In the
signal-based approach, chatter vibration is indirectly detected based on sensory
characteristic features (SCFs), such as the maximum peak [53,87,103], RMS [86,98],
variance (or standard deviation) [55,97,104—106], correlation [81,88], singular value
entropy [107], energy entropy/ratio [108—113], and/or other statistical indicators [114].
SCFs are extracted in time domain [55,86,97,98,104,107,108], frequency domain using
Fourier transform [53,87,103], or time—frequency domain using short-time Fourier
transform (STFT) [110,114,115], wavelet transform (WT) including wavelet packet
decomposition [105,106], or mode decomposition techniques [109,111-113].

Signal-based chatter detection in time domain:

Soliman et al. [98] demonstrated that the index calculated from the RMS value of the

cutting torque reconstructed from the spindle motor current can be utilized for chatter
monitoring. Yeh and Lai [104] detected the chatter based on the time transition of the
standard deviation extracted from the measured cutting force in the peripheral turning of
a slender workpiece. In addition, van Dijk et al. [97] detected chatter in a high-speed milling
process by setting a threshold on the variance in the acceleration signals measured at the
spindle. Recently, Koike et al. [55] proposed an assorted chatter-detection method by
combining the moving variance (MV) and moving Fourier transform (MFT) modified using
sliding discrete Fourier transform (SDFT) algorithms [116]. The SDFT and MFT algorithms
can analyze a specific frequency with low calculation costs independent of the sample
number of the analyzed data (i.e., 0(1)); hence, they are useful when the desired analysis

frequency is accurately known in advance. In [55], the power spectrum density (PSD) of
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forced vibrations was calculated by MFT, because forced vibrations are mostly excited at
the tooth-passing frequency and its harmonics, which can be calculated from the cutting
conditions. The self-excited chatter was detected by subtracting PSD of the forced vibration
from the total PSD calculated by MV. Generally, time-domain methods are suitable for real-
time calculation (i.e., real-time monitoring and fast detection) because of the low
computational load and simple algorithm.

However, the chatter frequency cannot be deduced directly in usual cases, although a
few studies have estimated the chatter frequency as with the chatter detection [81,108].
Additionally, the threshold for decision-making is often determined experimentally and
empirically through trial and error, as SCFs, such as variance (standard deviation), largely
fluctuate under the experimental conditions [117]. One of the solutions is to draw a limit
curve by referring to the signal in the first part of the batch where the conditions are
assumed to be ideal. However, it is not suitable for a recent single/small batch production
system, although it may be sufficient for mass production; hence, setting a robust and
optimal threshold over the changes in the machining conditions and environment remains

a practical challenge [10].

Signal-based chatter detection in frequency domain:

Delio et al. [87] and Altintas et al. [103] analyzed the fast Fourier transform (FFT) of

the cutting sounds acquired by a microphone and determined that it was chatter vibration
when the maximum peak value of the frequency spectra exceeded a certain threshold. Aslan
and Altintas [53] also imposed an empirical threshold to the magnitude ratio of the highest
peak in the comb-filtered DFT of a spindle drive motor current command and the tooth-
passing spectrum in an unfiltered signal. Li et al. [88] detected chatter vibration by using
the spectral coherence between two acceleration sensor signals. The greatest advantage of
chatter detection in the frequency domain is that the chatter frequency can be acquired
simultaneously.

However, FFT analysis is usually unsuitable for real-time fast chatter detection, as its
calculation orderis O(N,, log(N,,)) where N,, [—] is the number of data samples; hence, the
required computation cost rapidly increases with the number of samples of the analyzed
cutting data [104]. Due to the recent increase in the PC processing capabilities, there are
now opportunities for real-time chatter monitoring by using STFT, where FFT is performed
by sequentially sliding the small analysis window. Nevertheless, it remains problematic,
especially when processing at a high speed in a servo/phase cycle of machine tools and
quickly detecting chatter without lowering the frequency resolution [55]. Additionally, the
setting of the threshold is a practical issue as in the time-domain methods, considering that
the sum of PSDs at all frequencies, except for the DC component, coincides with the

variance in the time domain [117].
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Signal-based chatter detection in time—frequency domain:

Yoon and Chin [105] applied the discrete wavelet transform to the measured cutting
force and detected chatter vibration from the standard-deviation ratio of the wavelet
coefficient. Berger et al. [106] also used the discrete wavelet coefficient of the measured
cutting force to calculate the mean absolute deviation for chatter detection. WT excels in
the analysis of non-stationary signals and can capture the state changes with high
sensitivity, as the signal characteristics are localized according to the frequency bands [100].
In addition, the calculation order is O(N,,), which is smaller than that of FFT. Therefore, it
is said to be more suitable for chatter monitoring than STFT [63,118]. Comprehensive
techniques of WT for process monitoring are summarized in [75]. Furthermore, newly
developed time-frequency domain methods, such as ensemble empirical mode
decomposition [113] and variation mode decomposition [109,111,112], have also been
applied to chatter detection. However, there is no theoretical principle for selecting a
suitable wavelet base function and decomposition levels, which significantly influence the
analysis results [107,112]. Additionally, the question of how to determine a robust threshold
for discriminating the chatter onset remains unanswered, even with WT or other time-

frequency domain methods [63].

Al/ML-based chatter detection:
To robustly classify the chatter state under different machining conditions, AI/ML

approaches have been employed for the classification problem of the extracted SCFs. Yao et
al. [100] recognized the chatter conditions in the boring process by using a least-square
support vector machine, and Lamraoui et al. [101] used a neural network for milling chatter
detection. In [102], transfer learning was applied to enhance the performance of classifiers
with different machining configurations. Note that the key for all AI/ML approaches is to
sufficiently train high-quality SCF's that are strongly related to the targeted applications.
As the configuration of AI/ML and training data must be carefully considered and prepared,

the AI/ML approach generally requires much more labor than simple signal-based methods.

Note that the sensor and SCF fusion is also an important aspect for realizing reliable
TCM systems [92,119,120]. More information on TCM methods, including chatter
monitoring, is available in the literature [63,65,75,82,83,91,118,121,122].

1.4. Chatter avoidance/suppression techniques

1.4.1. Planning stable process based on stability lobe diagram

To preliminarily avoid chatter vibration, SLD is used, where the critical cutting depth

of a tool with respect to the spindle speed is determined based on the machine dynamics
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Fig. 1-8 Procedure to obtain SLD [64] (The figure is used with permission from Elsevier.)

(frequency response function, FRF) and cutting process model (Fig. 1-8 [64]).

SLD has a long history, and was first proposed scientifically by Tobias and Fishwick
[123] and Tlusty and Polacek [124] at almost the same time during 1950—-1960s. They
derived the basic stability law between the machine dynamic stiffness and a material’s
cutting force coefficient in the orthogonal turning process. In particular, Tobias and
Fishwick [123] indicated the effect of spindle speed on stability (stability pocket or “lobes”)
due to the regenerative time delay. Then, Altintas and Budak [125] developed a systematic
frequency-domain methodology for stability prediction in the milling process under the
assumption of a single dominant frequency (.e., zeroth-order approximation, ZOA). As ZOA
assumes a single chatter frequency, its prediction accuracy is known to deteriorate under
low radial immersion, where multiple harmonics of chatter often occur. A general
formulation for milling stability in the frequency domain that can consider multiple chatter
frequencies has been proposed (i.e., multi-frequency method) [126-128]. Besides the
frequency-domain method, various other methods, such as semi-discretization method
[129-131], Floquet theory method [132], and full-discretization method [133,134], have
been proposed for stability analysis.

To accommodate various machining processes, the stability analyses for specific tools
and processes, such as ball end milling [135], serrated tool [136], variable helix tool [137—
139], variable pitch tool [140-144], asymmetric dynamics tool [145,146], plunge milling
[147], and spindle speed variation [132,148—153], have been performed. Sustained efforts
are also being made to develop an authentic process model and a more accurate SLD by
accounting for the nonlinearity, such as the interrupted regenerative effect at CWS [154—

157] and the ploughing effect including process damping and friction chatter [158—161].
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With the advent of multi-tasking machine tools, such as mill-turn center, stability
analysis for simultaneous processes with plural tools, such as parallel turning, parallel
milling, and turn milling, has also been developed. For the parallel turning process, Budak
et al. [162,163] conducted an encompass stability analysis for a general multi-dimensional
model of CWS. They analyzed various process stabilities in parallel turning, such as the
chatter onset at the tool/workpiece side and the cutting of a shared/different surface. Budak
and his colleagues [164] also demonstrated the stability analysis in the parallel milling
process and Brecher et al. [165] investigated the holistic machine interaction in parallel
milling. Recently, chatter stability in a more complicated turn-milling process [166,167] and
robot machining [168] has been analyzed.

Considerable research has been conducted for stability analysis in various machining
processes, as described in the literature [24,25,169]. This research direction is essential for
not only planning a stable process but also comprehending the phenomenon and the
behavior of process stability. However, the SLD approach generally requires time-
consuming preliminary tests to accurately identify the machine dynamics and process
parameters of CWS. This drawback will become increasingly evident in complex
simultaneous processes because it requires the consideration of multiple parameters. In
addition, SLD is sensitive to changes in FRFs and excited mode shapes due to the axis
position of the machine tool [170], spindle rotation/speed [171,172], cutting points [164,173],
and material removal [174,175]. It is known that the FRF identified by an offline method,
such as a tap test, is different from that identified under an actual machining condition
[176] and often results in the prediction error of SLD. Ensuring reliable stability prediction
is still challenging in academia and industry.

To address this issue, considerable efforts have been made, such as in-process
identification of machine/workpiece dynamics to track the variation in FRF [177,178],
probabilistic chatter prediction considering uncertainty [179,180], creating SLD based on
the actual cutting experiments/database [30,181-185], and conducting hardware-in-the-
loop test (semi-virtual machining) for process analysis [186,187]. In particular, the stability
prediction based on the actual machining results (i.e., database) is expected to become more
effective in the future, in conjunction with various accumulating sensors’ information in
various machining situations through IoT, penetration of AI/ML into production systems,

and further improvement in computer performance.

1.4.2. Enhancing machine-inherent stabilizing capacity

Improvements in the inherent stabilizing capacity of machine tools by altering the
dynamic stiffness, system damping, and machine assembly have also been extensively
studied, which can be classified into passive and active damping with or without additional

actuators [118,188].
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In passive damping techniques, a tuned mass damper (TMD) is the most commonly used.
In TMD, one or more additional masses are attached to the structure of interest to absorb
the vibrations [189,190]. As an alternative to the common linear TMD, a nonlinear TMD
has also been proposed [191], where the damping performance was further improved by an
additional element of elastic support dry (Coulomb) friction exhibiting hysteretic damping
mechanism of the sliding friction. To obtain effective damping capability by TMD, it must
be designed optimally over the resonance peak of interest. However, as indicated in relation
to SLD (subsection 1.4.1), the machine structural dynamics can vary depending on the axis
position [170], which should decrease the TMD performance. To address this problem,
Burtscher and Fleischer [192] proposed an adaptive TMD system in which the TMD mass
can be continuously changed by filling it with a fluid. For the thin-walled milling process,
Fei et al. [193,194] developed a moving fixture element, which always supports the
workpiece at the back surface of the tool-workpiece contact zone, and consequently,
suppresses the vibration and deformation of the workpiece (Fig. 1-9(a)). The moving damper
was realized by connecting the support fixture to the spindle unit. Alternatively, Ozturk et
al. [195] achieved similar mobile support with the assistance of an industrial robot equipped
with a rubber roller (Fig. 1-9(b)). In addition, Zhang et al. [196,197] attenuated the chatter
of a flexible workpiece by performing machining in a chamber filled with viscous fluid.
Munoa et al. [198] developed a tunable clamping table system to damp out chatter in the
thin-walled part by applying the TMD principle.

(@) (b)

Rotary

Dynamometer

Milling
tool

Worktable Robot Adaptor
—» Workpiece

i
Dynamometer

See from direction A

Fig. 1-9 Configuration of moving support for suppressing thin-walled workpiece chatter (a) in [193]
and (b) in [195] (The figure is used with permission from Elsevier.)

Note that as the dynamics of the machine structure (e.g., column, headstock, and table)
substantially impact the stability against the low-speed heavy-duty machining, it is
1mportant to increase the stiffness and/or damping of machine tools in the design phase. It

is effective to use a high-damping structural material [199] and/or a high-friction guiding
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system, such as a sliding type [200], although it would be conflicting to the high-speed
precision positioning and lightweight design. In high-speed machining, the process stability
is mainly determined by the system FRF formed by the assembly of the spindle, bearing,
holder, and tool. In this case, there is a great opportunity to suppress the tooltip FRF G.e.,
enhance chatter stability) by capitalizing on the absorber effect under the dynamic
interactions by optimizing the spindle-bearing—holder—tool assembly (e.g., optimally
selecting and designing the dimensions/locations of the assembly components) [201-203].
In addition, the stability can be improved by appropriately applying asymmetric stiffness
at the tool holder according to the machining conditions (e.g., up or down cut) [204]. In some
cases of the simultaneous process, the dynamic coupling between multiple tools can be
actively used to enhance the process stability. For instance, in the shared-surface parallel
turning with flexible tools, Ozturk et al. [205] and Reith et al. [206] increased the stability
limit by detuning the ratio of natural frequency between the two tools.

For the active damping of chatter at the spindle, tool, or workpiece, an additional
piezoelectric actuator is most frequently used to directly influence the process [72] or reduce
the dynamic compliance [33—35]. Alternatively, an electromagnetic actuator is also used, so
that the non-contact electromagnetic force can be applied to suppress the mechanical
vibration. Recently, Beudaert et al. [207] developed an easy-to-handle portable damping
system for a flexible workpiece, integrating an electromagnetic actuator, an accelerometer
for chatter detection, and a model-free autonomous controller for the tuning function.

A low-frequency chatter, such as that induced by structural dynamics, can be actively
suppressed using a feed-drive controller of machine tools without an additional actuator.
Kakinuma et al. [208] applied a band-limited force control to suppress the low-frequency
chatter in a high-precision linear motor-driven lathe. Additionally, Munoa et al. [170]
demonstrated an active damping of the structural chatter induced by the bending mode of
the ram and torsional mode of the column in heavy-duty face milling with a large milling
machine. They fed the sensor signal of the accelerometer at the ram tip back to the feed-
drive controller as an additional velocity feedback loop, and then designed the loop transfer

function (TF) based on the loop-shaping technique.

1.4.3. Controlling tool path, posture, or geometries

Although the feed rate, which is a process control parameter, does not substantially
affect the chatter stability, it can stabilize the process by optimally adjusting other control
parameters, such as the tool path and/or tool posture. The feed rate is an important factor
for avoiding forced vibration. The underlying concept of tool path/posture control for chatter
avoidance is controlling the directional factor [209], as the tool posture/path, resultant
cutting-force direction, and regenerative direction are related through CWE. In summary,

the tool path/posture should be controlled so as to reduce the work of the regeneration effect
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and cutting force over the vibration (.e., flexible) direction. Shamoto et al. [60] proposed the
chatter stability index (CSI), which represents the degree of orthogonality among the
vibration, resultant cutting force, and regenerative width vector, for the turning process.
They experimentally and theoretically showed that a stable process can be achieved by
planning the tool path/posture for a high CSI. Recently, Maulimov and Sencer [210]
investigated the CSI for the milling process. Especially in five-axis ball-end milling [211]
and robotic machining process [212—-214], chatter-free tool path/posture planning is a major
concern and very complex because of acting in conjunction with pose-dependent dynamic
and static stiffness.

In the multi-point cutter process (e.g., milling process), special geometric tools, such as
variable pitch tools (VPCs) [140,144,215-218], variable helix tools [219-221], and serrated
tools [222], can be used as an alternative for chatter control. The various design
methodologies described in the literature can effectively suppress the chatter. All these tools
focus on suppressing the regenerative chatter by discretely or continuously perturbing the
delay representing the regenerative effect. Alternatively, it is also effective to increase the
process damping effect by applying a cutting-edge chamfer [223] or flank-surface texture
[224] for a low apparent clearance angle, which can be applied to not only multi-point but
also single-point cutter processes, such as turning and boring.

The serrated tool can be used for the roughing process, although it can increase both
the asymptotic stability limit and the number of stability pockets [225]. The variable pitch
cutter (VPC) and variable helix cutter (VHC) are expected to have a sufficient chatter
suppression if optimally designed. On one hand, VHC is inherently less robust to changes
in the axial depth of the cut, although it is robust to changes in chatter frequency. On the
other hand, VPC exhibits the opposite property. To address the issue of robustness against
changes in chatter frequency in VPCs, Suzuki et al. [215] introduced the regeneration factor
(RF) and proposed a novel robust design method to suppress h,, [-] vibration modes by
using 2h,,-flute VPCs. They also proposed an advanced tool design that combines the
advantages of VPC and VHC [221]. Note that being robust to the variation in chatter
frequency implies being robust to that in spindle speed; hence, it is expected to suppress
chatter in a wide spindle speed range.

Although special tools are effective for suppressing chatter, the cost of these tools is
higher than that of ordinal tools. Furthermore, to optimally design these special tools, it is
generally required to know in advance the used cutting conditions (e.g., spindle speed range
and depth of cut) and the corresponding chatter frequency. If the cutting conditions or
chatter frequency change substantially, the special tool must be redesigned. The above
aspects are the major drawbacks to using special tools in industry.

Even in the parallel tuning process, where the two tools cut the same surface, it has

been confirmed that a high chatter stability can be achieved by tuning the angular
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positioning of the tools (i.e., pitch angle) [226—228]. This process is referred to as “unequal
pitch turning,” similar to variable (i.e., unequal) pitch tool, as the pitch differences between
two successive cuts perturb the regenerative effect and improve the stability. The stability
over the tool chatter (i.e., flexible tools) can only be improved by unequal pitch turning if
the tool dynamics are coupled through the machine structure (e.g., when both turrets are
attached to the same column) [226]. Additionally, there is no simple rule to design an
optimal pitch angle in this case; hence, it is accomplished by the stability analysis based on
the machine dynamics.

In contrast, the optimal pitch angle can be simply designed for the workpiece chatter
under the same design criterion as that of VPCs, based on the chatter frequency and spindle
speed [227]. As it is feasible to provide a pitch difference with the turret-position control
system during unequal pitch turning, unlike the variable pitch cutters, the robust and
flexible chatter suppression can be expected by adaptively tuning the pitch angle according

to the changes in the spindle speed and chatter frequency [228].

1.4.4. Controlling spindle speed/rotation during processes

Spindle speed is the most flexible process control parameter for altering the process
stability. Therefore, among the stability improvement techniques, the spindle speed control
techniques are widely known to be easy to implement, provide flexibility of design, and be
effective in chatter avoidance/suppression. As the spindle speed control can be completely
implemented only with the spindle system without any special tool or device, it is highly
compatible with SOMS. Spindle speed control can be categorized as discrete spindle speed
tuning (DSST) and continuous spindle speed variation (CSSV or simply SSV).

In DSST, the spindle speed is regulated based on the measured chatter conditions, so
that the process will enter the stability pocket. In accordance with the important
investigation into favorable searching methods for DSST performed by Trang and Lee [229],
the spindle speed should be iteratively updated until the chatter is diminished in line with
Eq. (1-3), as follows:

60f.

Snew = Nc(kc 1) (1-3)

where f, [Hzl is the chatter frequency, N, [—] is the number of teeth, and k.[—] is an
arbitrary natural number that corresponds to the stability/chatter lobe number.
Spew [min~1] is the new spindle speed after update.

Eq. (1-3) indicates that the chatter phase shift between the previous and present
vibrations on the machined surface by consecutive cuts is set to 0 or 2w, where one of the
harmonics of the tooth-pass frequency is synchronized with the measured chatter frequency

(Fig. 1-10). The most important point in Eq. (1-3) is that only the observable chatter
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Fig. 1-10 Iterative tuning procedure of spindle speed in DSST based on [229] (The figure is used with
permission from Elsevier.)

frequency during the cutting process is required to select the new spindle speed. In addition,
there are other searching methods in which the spindle speed monotonically increases until
the defined chatter index falls below the threshold [61]. Some of these monitoring-based
stable spindle speed searching functions have already been incorporated into commercial
machine tools (e.g., Machining Navi M-i and M-g from OKUMA Corporation, Machine
Vibration Control from DMG MORI Co., Ltd., and Smooth Al spindle from Yamazaki Mazak
Corporation), and are being used in industrial applications.

In SSV, the spindle speed is continuously varied during the cutting process to disrupt
the regenerative effect. So far, various CSSV modes have been proposed, such as the
sinusoidal [68,230], triangular [231,232], rectangular [233], random [234,235], linear
ramped [236], and multi-harmonic [69,237] SSVs. Among these varying shapes of CSSV,
the sinusoidal spindle speed variation (SSSV) and the triangular spindle speed variation
(TSSV) are commonly observed because of their intuitiveness and effectiveness. The options
for SSV have also been prepared in the industrial field (e.g., SSSV obtained by the CNC
function from Haas Automation Inc. and TSSV obtained by Machining Navi L-g from
OKUMA Corporation).

Some comparison studies have concluded that SSSV is the most efficient approach from

the viewpoints of both chatter stabilization and spindle-speed tracking performance
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[151,238]. Therefore, the sinusoidal trajectory is the most studied [64]. In contrast, some
studies have stated that TSSV is more beneficial in terms of constraints of spindle
acceleration [152,231], as the maximum theoretical spindle acceleration of TSSV is less
than that of SSSV for the same design parameters. Furthermore, some other studies have
experimentally reported that TSSV is more effective in terms of chatter suppression
performance [73,232]. This discrepancy is attributable to a transient vibration, called “the
beat vibration,” which frequently emerges due to a momentary destabilization every
SSSV/TSSV cycle and makes the process stability interpretation in a real system much
more difficult [151]. Sexton and Stone [239] stated that the improvement in process stability
by SSV often becomes modest compared to that observed during the stability simulation.
The beat vibration tends to occur around the TSSV/SSSV extremums [232,236,240]. The
authors in [232] suggested that TSSV can robustly suppress the beat vibration, and thus,
TSSV is more stable than SSSV. This makes sense, as the velocity gradient in SSSV becomes
very small at the turnaround points of the spindle speed (i.e., acceleration/deceleration).

However, most studies recommending TSSV overlook the spindle jerk in TSSV, which
can be interpreted as a type of multi-harmonic SSSV where an infinite number of odd
harmonics are superimposed. Thus, an infinite jerk, and therefore, a very large torque are
required at the turnaround points of TSSV [238,241]. To follow the harmonic components
of TSSV, a synchronous motor is required instead of the induction motor. A larger
(synchronous) motor will lead to an increase in the cost, size, and thermal deformation of
the machine tool [241]. However, according to the stability analysis recently conducted in
[152], TSSV contains much broader optimal parameter spaces than SSSV, although SSSV
shows slight advantage on the improvement in the depth of the cut (.e., productivity).
Therefore, SSSV might be more sensitive to the selection of design parameters.

In most previous studies, SSV was designed using several time-consuming, costly, and
complex-stability simulations, which involved varying the amplitude and frequency of SSV
to determine the optimal parameters [64,230]; hence, these design procedures cannot be
implemented in machine tools as an intelligent function. According to the critical review
conducted in [64], only Al-Regib et al. [68] proposed simple criteria to select appropriate
design parameters in SSSV by numerically calculating the internal process energy based
on the kinematic model of CWS. Their design method only requires the measured chatter
frequency; hence, it can be online or integrable in machine tools such as DSST. However,
their design criteria do not provide flexible options for considering the machine limitation,
such as power, acceleration, and/or bandwidth of the spindle motor [240]. Urbikain et al.
[242] stated that the limitations of SSV actually originate from the machines, and the
scientific literature does not recommend any realistic value for the tuning of SSV
parameters. Therefore, despite the substantial research, the SSV techniques have not yet

been sufficiently used in actual manufacturing sectors [243].
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Fig. 1-11 Schematic of SDM in double-sided face milling of a flexible thin plate [245] (The figure is used
with permission from Elsevier.)

In the parallel milling process, process stability can be controlled by actively using the
dynamic interaction between CWSs by controlling the spindle speed or rotational angle.
Brecher et al. [165] showed that the relative angular tool offset (ATO) between multiple
milling tools, which yields phase differences of cutting forces at each CWS, substantially
affects the stability if the same spindle speed and depth of cut are applied to all tools. In
this case, the combination of cutting type (i.e., up/down), besides ATO, considerably alters
the process stability [164]. Budak et al. [164] demonstrated that the stability margin of
parallel milling with a flexible workpiece can be substantially increased by optimally tuning
the spindle speeds of both tools. Only Shamoto et al. [244,245] proposed a simple strategy
in which the regenerative effect was comprehensively canceled out by several cutters
rotating at different speeds, which is termed as the speed difference method (SDM).

In the SDM, the optimal speed difference originates only from the chatter frequency,
based on the similar principle as that of VPCs. The authors in [244,245] presented SDM for
a flexible thin plate machined by double-sided face milling rotating in the same direction,
where the vibration in a one-dimensional (1D) space perpendicular to the machining surface
can be assumed (Fig. 1-11). Considering only regenerative effect in the thickness direction,
they clarified the effectiveness of SDM analytically and experimentally. SDM is
advantageous because the spindle speed can be flexibly adjusted to adapt to the chatter
frequency.

SDM application makes the flexible workpiece more susceptible to forced vibration;
hence, for the finishing process with no regenerative chatter, the forced vibration should be
suppressed by completely synchronizing the rotation angle between the tools (i.e., zero ATO)

as well as the cutting conditions to cancel out the cutting forces as much as possible [246].
1.4.5. Application and selection of chatter suppression techniques
In [64], the guidelines for selecting an appropriate chatter suppression technique have
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Fig. 1-12 Chatter suppression strategies according to different zones in SLD and chatter origins [64]
(The figure is used with permission from Elsevier.)

been compiled. As the first step in finding the best solution for the chatter problem, it is
important to evaluate the cause of chatter and the number of complete waves per tooth-
passing period produced by the chatter, i.e., chatter lobe number: k., - f./f, (Fig. 1-12)
where f, [Hzl] is the tooth-passing frequency. The relative locations in SLD are categorized
in the following four zones: (A) process damping zone (k. > 10), (B) intermediate zone (10 >
k. = 3), (C) high-speed zone (3 > k. = 0.5), and (D) ultra-high-speed zone (0.5 > k_).

In zone D, as a stable region expands considerably as the spindle speed increases,
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increasing the spindle speed is always a promising option if the machinability and motor
limitation (e.g., cutting speed and motor power) are satisfied. Note that this zone is rarely
reached as other chatter is induced by higher-frequency modes.

In zone C, the stability can be drastically increased by selecting a spindle speed that
coincides with that of the stability pockets. Additionally, this zone is often dominated by
clear local modes of tool, spindle, workpiece, or fixture. Thus, stable process planning by
SLD or online stability pocket searching by DSST can be applied with reasonable reliability.
Therefore, the SLD and DSST approaches are usually employed for high-spindle-speed
machining, such as the high-speed aluminum-alloy milling process.

In contrast, CSSV is always an envisaged solution in zones A and B. Therefore, the
CSSV is usually promising in low-spindle-speed processes, such as not only turning/boring
but also grinding and heavy-duty milling. For an effective chatter suppression over a wide
range of spindle speeds, Bediaga et al. [247] conceptualized a flexible system that
automatically switches between DSST and CSSV according to the observed chatter lobe
number. However, no simple optimal design rule for CSSV has been established yet.

If the process parameters cannot be changed because of machinability limitations, VPC,
VHC, and other special edge geometry tools, which enhance the process damping effect, are
also good alternatives, although they require the optimization of geometries in advance. In
the roughing process with large chip load and cutting depth, the serrated tool or high-feed

inserts is a good alternative independent of the zone. In addition, the improvement in
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Fig. 1-14 Existing chatter suppression strategies in the parallel milling process

stiffness or damping is effective in most cases. This is preferable, especially when the
process parameters and tool are fixed, other chatter solutions are not enough, or the
machine tool performs different machining tasks highly limited by the structural chatter.
In the simultaneous machining processes, a process-specific solution for the chatter
problem is available depending on the experimental setup. To date, some findings have been
obtained to avoid chatter in the parallel turning/milling process, as described in the
previous subsections. The guidelines for chatter suppression strategies in the parallel

tuning and milling processes are summarized in Fig. 1-13 and Fig. 1-14, respectively.

1.5. Research purpose

1.5.1. Motivations and objectives

SOMS has great potential to realize a highly intelligent manufacturing system with
sufficient flexibility and autonomy to handle mass customization. Machining chatter is a
major issue that SOMS should address, as it remains a major impediment to productivity.
This study aims to develop novel enabling techniques for SOMS so that the machine tool
can self-actively suppress the chatter vibration according to the monitored chatter state.

For this purpose, only the internal servo information and actuator (i.e., servo/spindle motor)
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of the machine tool are used to monitor and suppress the chatter, which correspond to the
8th (i.e., control-integrated monitoring) and 9th (.e., process control) functions of the
categorized SOMS functionality, respectively (Fig. 1-1). All methodologies for chatter
detection/suppression proposed in this dissertation are based on the physical mechanism of
chatter vibration.

As previously mentioned in subsection 1.3.1, the cutting force is the most valuable
physical quantity for process monitoring and control. However, the piezoelectric
dynamometer has not been widely used on the shop floor because of concerns such as costs,
failure frequency, thermal stability, and compatibility with the workpiece, although it is
frequently used in the research and development phase in laboratories. Therefore, in this
consistent study, the existing DOB techniques are employed to estimate the cutting force,
including the high-frequency components induced by the chatter. The estimated cutting
force is utilized in the developed chatter monitoring system.

To date, several chatter detection techniques have been proposed, as summarized in
subsection 1.3.2. However, only a few studies have discussed a simple threshold setting and
type-assorted detection of abnormal vibrations. Furthermore, some signal processing
approaches proposed for chatter detection are too complicated to be integrated with the NC
system. In practice, the chatter detection system should meet the following requirements:
(1) type-assorted chatter detection for appropriate countermeasures according to the
abnormal-vibration type, (2) small computation load for recognizing abrupt state changes
in the real time, and (3) a unique threshold independent of the cutting conditions for mass
customization. To meet these requirements, this paper proposes a novel online chatter
detection technique, involving the novel concept of “phase shift monitoring.” As this concept
1s based on the chatter mechanism, setting a unique threshold is feasible. To determine the
phase shift in the machining process, the novel indices of the mechanical power factor
(MPF) [248,249] and mechanical energy factor (MEF) are introduced for type-assorted
chatter monitoring, inspired from the power factor (PF) theory in an AC electrical circuit.

For chatter suppression, many enabling technologies have already been established, as
summarized in section 1.4. In particular, the chatter suppression approach, which controls
process parameters such as tool posture, trajectory, feed rate, and spindle speed on a
monitoring basis, is very advantageous and compatible for SOMS, as the process-control
parameters can be easily adjusted without any special device to influence the process. DSST
is practically used for high-speed machining in industry at a mature level. However, a
simple optimal design methodology for CSSV, which can be online or integrable in machine
tools, such as DSST, have not yet been established. For an effective chatter suppression
system that supports various machining types and spindle speed ranges, an SOMS-oriented
optimal design method not only for DSST but also for CSSV is indispensable. To address
this challenge, in this study, a practical design methodology for an optimal SSSV is proposed
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Fig. 1-15 Problem in unequal pitch turning for flexible workpiece

based on the novel analysis of the process energy balance.

In addition, the investigation of process control strategies for chatter suppression in an
advanced simultaneous machining process is not sufficient. Simultaneous machining with
multiple tools, especially in a flexible workpiece, is of great interest to both industry and
academia, as the process stability can be substantially improved by a process-specific
solution that makes good use of dynamic coupling of CWSs.

In the shared-surface parallel turning of a flexible workpiece, the VPC-inspired
unequal-pitch turning can effectively suppress the chatter [227,228]. Only the chatter
frequency at the used spindle speed is required to be designed, and the pitch angle can be
flexibly changed by turret-position control. The unequal pitch turning is also advantageous
in terms of machinability limitation, as the cutting speed (i.e., spindle speed) is sometimes
limited by the cutting insert and may not be selected arbitrarily [226]. Therefore, unequal
pitch turning is one of the most promising techniques for SOMS. However, there is a concern
regarding the eccentricity of the flexible workpiece, as the sum of the force vectors cannot
perfectly cancel each other when applying an unequal pitch (Fig. 1-15). This viewpoint has
never been evaluated. If the cutting insert can tolerate a change in the cutting speed,
controlling the spindle speed is also an effective and flexible technique to suppress chatter
vibration and maximize the material removal rate. From this viewpoint, this paper also
proposes a novel chatter suppression technique in parallel turning assisted with tool swing
motion (TSM) flexibly provided by the feed-drive system. As the regenerative effect (i.e., the
delay between two consecutive cuts) is perturbed by TSM, the proposed TSM process is
expected to effectively suppress the chatter. Additionally, as both tools swing in the
circumferential direction of the workpiece while maintaining equal pitch, the imbalance of

the force vector is not caused ideally. The TSM provided by feed-drive system has bandwidth
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advantage over the SSV provided by the spindle system.

In the parallel milling process of a flexible workpiece, SDM, proposed by Shamoto et al.
[244,245], is a promising technique for an SOMS-oriented autonomous chatter suppression
system for the same reason as that for unequal-pitch turning (.e., simple design criterion
based on the chatter frequency inspired from VPC and flexible redesign by adjusting the
process parameter, i.e., spindle speed). The authors in [244,245] assumed double-side face
milling rotating in the “same” direction and a thin plate with flexibility perpendicular to
the machining surface (i.e., tool axis direction) (Fig. 1-11). However, the effectiveness of
SDM in other machining situations has not been clarified yet. For instance, if there are
flexibilities on a plane perpendicular to the tool axis direction, two tools should be rotated
in opposite direction to balance the cutting forces. In addition, dynamic variations of the
cutting width will dominantly occur on this plane, which must be considered. A part of this
study discusses anew the effectiveness of SDM in this scenario based on the developed
process model, and then experimentally shows that the chatter suppression performance
can be enhanced by the adaptive SDM system based on real-time chatter monitoring.

The research direction of chatter suppression techniques dealt with in this study is
depicted in Fig. 1-12 to Fig. 1-14. Although considerable individual techniques for chatter
monitoring and suppression/avoidance have been proposed, the most important challenge
in SOMS is to achieve system integration such that multiple functionalities act as one
system for self-optimizing machining processes and produce high added value @.e., system
of systems). This study presents active process control strategies with monitoring-based
optimal design based on the process models in the specific applications, and realizes system
integration of the control-integrated process monitoring and control for autonomous chatter
suppression. The proposed techniques and discussion in this dissertation can help in the

automation of solutions toward realizing full-fledged SOMS.

1.5.2. Organization of the dissertation

Fig. 1-16 summarizes the organization of the dissertation. Chapter 1 provides an
overview of the functionalities of SOMS, which is a novel concept for addressing the recent
manufacturing issues. Then, focusing on the critical machining chatter problem, the state
of the art in terms of chatter monitoring and suppression/avoidance techniques is
summarized. Based on the state of the enabling technologies for SOMS in the chatter issue,
the motivation and purpose of this dissertation are declared while indicating the specific
research direction.

Chapter 2 describes the existing sensorless cutting force estimation techniques using
the internal servo information of the machine tool. The cutting force estimation formula is
derived from the motion equations of the modeled feed-drive system based on the

disturbance estimation theory. As several approaches have been proposed to date, the
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characteristics of each cutting force observer are compared analytically and experimentally
with a developed prototype three-axis ball-screw-driven machine tool. In addition, the main
concerns in achieving an accurate cutting force estimation and the compensation techniques
are proposed. If the proposed compensation techniques can be applied successfully, the
accuracy of the sensorless cutting force estimation system can be substantially enhanced
with the sufficient bandwidth.

In Chapter 3, the online chatter detection method is proposed based on the novel concept
of phase shift monitoring by using MPF and MEF, which are proposed anew as indices for
chatter detection, inspired from the PF theory in an AC circuit. The MPF and MEF in the
machining process represent the phase differences between the cutting force and tool
velocity/displacement and can be utilized to detect the forced and (regenerative) chatter
vibration, respectively. The detailed methodologies for detecting forced and chatter

vibration by MPF/MEF and its efficient calculation for an online system, as well as the
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system integration with the sensorless cutting estimation technique, are described. The
effectiveness of the proposed method is verified with a developed high-precision liner-motor-
driven lathe. After investigating the influence of the window length on computing
MPF/MEF with oscillation tests, the performance of the proposed system is evaluated using
a series of outside turning tests.

In Chapter 4, the practical design methodology for an optimal SSSV is proposed based
on the novel analysis of the process energy balance. Through mathematical treatment of
the chatter vibration in SSSV, an analogy can be found between the SSSV characteristics
and the frequency modulation (FM) techniques used in radio communication engineering,
defining the modulation index (MI) for SSSV. The analytical kinematic energy model can
be expressed with the Bessel function having MI as an argument. It provides design
candidates for selecting the optimal amplitude of SSSV, which effectively dissipates the
chatter energy. In addition, the limit criteria for SSSV frequency, according to the variation
amplitude, are discussed to ensure the SSSV effect and prevent the beat vibration. The
proposed design methodology is verified by a series of time-domain simulations and a series
of boring tests with a commercial large-scale double-column-type machining center.

In Chapter 5, the TSM process for chatter suppression is proposed in parallel turning
under the following assumption: rigid tools with the same depth of cut and insert geometries
machine the shared surface of a flexible workpiece. In the TSM process, the two tools are
swung in the circumferential direction of the workpiece in a sinusoidal manner while
maintaining equal pitch. The systematic design procedure for TSM is also introduced based
on the analogy with the SSSV process. In a prototype multi-tasking machine tool modified
to be flexibly controlled, the chatter stabilization performance and workpiece runout in the
proposed TSM process are experimentally evaluated and compared with the conventional
equal- and unequal-pitch turning.

In Chapter 6, the SDM 1is described under the assumption that a slender workpiece,
which is flexible on a plane perpendicular to the tool axis direction, is simultaneously
machined by two end mills rotating in opposite directions. As the effectiveness of SDM has
not yet been elucidated for this scenario, it is evaluated through a series of process
simulations in the time and frequency domains, which are developed in this study. Based
on the findings, an adaptive SDM system is also developed. The difference in the spindle
speed is adaptively optimized during the process according to the chatter frequency tracked
from the cutting force estimated by a sensorless cutting force observer. Its effectiveness is
also verified in the prototype multi-tasking machine tool, and the results show that the
developed real-time adaptive SDM system can suppress the chatter vibration more robustly.

In Chapter 7, conclusions of the dissertation are summarized.
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2. Sensorless cutting force estimation based
on disturbance observer

To date, several sensorless cutting estimation techniques using the servo information of
the machine tool have been proposed. The formulas of existing observer-based cutting force
estimation are derived in section 2.2, based on the defined physical model of feed drive
system in section 2.1. The main characteristics and informative knowledges of each
techniques are summarized in section 2.3 and 2.4, while demonstrating milling tests with
a prototype three-axis ball-screw-driven machine tool. In section 2.5, the compensation
techniques for deterioration in cutting force estimation, induced by position-dependent
model parameters and/or complex structure dynamics, are proposed [250,251] to overcome

the limitations for accurate cutting force estimation in the existing sensorless techniques.

2.1. Physical model of feed drive system in machine tools

Fig. 2-1 shows the most used ball-screw-driven feed-drive system in the machine tool,
which comprises many mechanical elements, such as the driven body (table + workpiece),
guide, ball screw shaft, nut, support bearing, servo motor, and coupling; hence, it usually
has multiple modes. There are two typical modes: the torsional and axis modes resulting
from the ball screw shaft. These have a substantial impact on the control system stability
and positioning accuracy. The torsional resonance frequency of a ball screw is generally
higher than the axial resonance frequency. If high-frequency vibration does not impair the
stability of the servo system [252], a dual-inertial model that models only the primary mode
in the axial direction is available [253-256] (Fig. 2-2). In the dual-inertia model, rotating
mechanical elements (e.g., motor, coupling, and ball screw shaft) and translational elements

(e.g., nut and movable stage) are both regarded as one mass. This enables the description
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Fig. 2-1 Mechanical element of ball-screw-driven system

35



Chapter 2 Sensorless cutting force estimation based on disturbance observer

F
RO K
t ‘_Ct, st
Om
Kmlgef Xt

e — Dm, Tsf

Fig. 2-2 Dual-inertia model of ball-screw-driven system

of the dynamic behavior of each mass due to the primary mode in the axial direction. The
dual inertial model is advantageous in terms of simplicity and intuitiveness, and
consequently, widely used for system design, such as control system and disturbance
observer. Note that the structural damping between two masses is not included in this study.
In addition, two or more vibration modes cannot be considered in the dual-inertia model.
The driven body (i.e., movable translational mass) cannot often be regarded as a simple
rigid body depending on the machine tool kinematic chain. This is a major obstacle in
achieving accurate sensorless cutting force estimation with sufficient bandwidth, as will be
described later in subsection 2.5.2.

From Fig. 2-2, the motion equations of the dual-inertia model can be described as follows.

]mém + Kr(Rr@m - Xt)Rr + Dm@m = Kmlgef =T 2-1)
f

M X, + K. (X, — R.0,) + C:X, = —F — F, (2-2)
f

where J,, [kg- m?] is a total inertia of rotational elements, M, [kg] is a movable mass,
K, [N/m] is a total stiffness of feed-screw system, D,, [N-m-s/rad] is a damping coefficient
of rotational elements, C,[N-s/m] is a damping coefficient of translational elements,
Km [N-m/A] is a torque coefficient. Fgr [N], T [N-m], F[N] is a friction force, friction
torque, and cutting force, respectively, which applied on feed-drive system as load
forces/torques. Additionally, I;ef [A], O, [rad], and X, [m] are motor current reference,
motor angle, and stage position, respectively. These three signals can be obtained in CNC
as servo information according to types of stage drive (i.e., linear-motor-driven or ball-
screw-driven system) and position control (i.e., semi-closed or full-closed control). Here,
R, [m/rad] is a transform coefficient for rotational to translational motion, which is

calculated from the lead length of screw shaft, [, [m], as R, = [,/(2m). The parameters are

also summarized in the Nomenclature.
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Although the actual load applied to the machine elements includes Coriolis force and
centrifugal force, these are ignored because they are sufficiently smaller than the friction
force/torque and the cutting force. Note that the armature current is assumed to be
equivalent to the motor current reference value, as the bandwidth of the current loop is
sufficiently high in general. Here, Egs. (2-1) and (2-2) can be rewritten in the following

matrix format:

T i e A L e R L S A S CE
0 M Xt 0 Ce X; —K.R, K. X —F — st

Furthermore, by applying Laplace transform and rearranging it, Eq. (2-3) can be

transformed as follows:

{Rer(s)} __ M.s? + Cis + K, K, ] {Km e /Rr}
X:(s) MZ2sD,.(s) K, Um/R?)s? + (D,,/R?)s + K, —F
2 2 2 (2-4)
_ a $°+ 20 ws + wi . wg {Kmlgef/Rr}
M,sD,.(s) w? 0{—52 + 2 w.s + w? —F
T

where a, [—] is inertia ratio, and D,(s) is defined as:

Dr(s) = % + 20, (ay{m + §)s? + {wF + 4, {nGewils + 20, (G + (D0} (2-5)
M, K; — Dy /R? Ce

—_ — = — = 1 = = 2'6

Ay m/R%’wt Mt:wr We ar+ r(m ZthtJ(t Ztht ( )

where w; [rad/s] is an anti-resonance frequency at motor side, ws [rad/s] is a resonance
frequency in dual inertia system, {,[—], and {; [—] are damping ratio of rotational
elements, and translational elements, respectively. Note that, for simplicity, the friction
terms are omitted here in Eq. (2-4).

If the axial rigidity is sufficiently high and the elastic deformation between the
translational and rotating systems can be ignored, the ball-screw-driven system can be
expressed as a one-inertia (i.e., rigid body) model. Assuming that the operating efficiency
from the rotating system to the translational system is unity, the ball-screw-driven system

as the single-inertia model is expressed as follows:

. . 1 1
MoK + CoXpp = — K2 —

Rr R_r sf— st —-F (2'7)

M, =J./R?+ M,,C, = D,,/R? + C;, X,y = R,0,, (2-8)
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where M, [kg] and C, [N-s/m] are a total mass and damping coefficient in rigid body
motion, respectively. X,, [m] is an equivalent value of @,, in translational motion.

Here, the linear-motor-driven system with a linear encoder is also utilized for high-
precision machine tools. In the linear-motor-driven system, the linear motor directly drives
the stage for translational motion without mechanical elements for rotation—translation
conversion, such as a ball screw. Generally, the linear-motor-driven system is also modeled

as an inertia model, as follows:
M & =K1 —Fy—F (2-9)

where K; [N/A] is a thrust-force coefficient. Note that viscous friction is neglected in the

above equation as it should have a small value in the linear-motor-driven system.

2.2. Observer-based sensorless cutting force estimation

2.2.1. Disturbance observer

DOB [99] was originally constructed for estimating disturbance in a single-inertia plant,
such as a servomotor, based on the input motor current and output motor angle information.
In a broad sense, DOB includes the feed-forward compensation to the current control system
by the compensation motor current equivalent to the estimated disturbance. By canceling
the disturbance including the load force and parameter fluctuations, robust motion control
can be realized. As DOB is a model-based method, the nominal values of mechanical
parameters are used for disturbance estimation. If the errors between the nominal values
and the actual parameters are explicitly shown, Eq. (2-7) can be rewritten with parameter

fluctuations, as follows:
i} .1 e 1
Mgy + AM) X, + (Con + ACH Xy, = 7. (Kmn + AK DI, — R Tsr — Fgp —F (2-10)
where (), and 4 denote the nominal values and variation in parameters, respectively.
From Eq. (2-10), the disturbance force, Fy;s [N], including the parameter-fluctuation-
induced forces, frictional forces and cutting force can be derived as follows:
Fpte = — Ky 7 — My oy — CanX (2-11)
dis_R_ mnia = MMandm T “andm
T

where

1 ) .
Fais = 7 Top + Fyp + F = MK 15T + AM X, + AC X (2-12)

r
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The motor current reference value is observable information. In addition, velocity and
acceleration information can be estimated by differentiating the motor angle signal
obtained from the rotary encoder attached to the servomotor. Therefore, the disturbance
force can be estimated based on Eq. (2-11). This is the principle of the disturbance
estimation theory (i.e., DOB). Note that as differential processing amplifies high-frequency
noise, a low-pass filter (LPF) should be applied for noise reduction.

When the parameter errors are sufficiently reduced by prior identification, the
disturbance in Eq. (2-12) can be regarded as comprising cutting and friction forces during
machining; hence, by applying the disturbance estimation theory and subtracting the
friction terms identified in advance Gi.e., Ty; - Tys, Fsy — Fyr,  indicates estimated value),

the cutting force is estimated as follows:

" K .. . 1 . o
FPOB = GLpF (%Igef = MonXin — CanXim — R_Tsf - sf) (2-13)
™m ™
where FPOB[N] is the cutting force estimated in DOB and G,pr indicates LPF.
Eq. (2-13) is the cutting force observer based on the single-inertia model in the ball-
screw-driven system. Here, the principle of conventional motor-current-based cutting force

estimation, FCUR [N], can be simply expressed as:

~ K, 1 A

FCUR = G, (Rmn el - R_Tsf _ st) (2-14)
™m ™m

In the linear-motor-driven system modeled as single inertia of Eq. (2-9), the estimation

manner is derived similar to that in Eqs. (2-13) and (2-14):

FPoB = GLPF(Ktnlgef - MtnXt - FSf) (2-15)

FCUR = GLPF(KtnIzZEf - ﬁs}”) (2-16)

Fig. 2-3(a) and (b) shows the block diagram of Egs. (2-13) and (2-15), respectively. The
estimation accuracy is improved by compensating the phase lag between the servo signals
induced by the current loop, servo amplifier, and signal communication [257—-259], which is
also explicitly depicted in Fig. 2-3. In Fig. 2-3, w; [rad/s] is bandwidth of current loop,
Ty [s], T [s], and T; [s] are dead times at servo amplifier, motor, and stage, respectively.
The phase lag compensation by 1st order LPF with w;, and dead-time components with

T, [s], T, [s], and T; [s] should be applied if required.

2.2.2. Load-side disturbance observer

Recently, machine tools inherently equipped with a linear encoder have become

mainstream due to the demand for part accuracy assurance (.e., full-closed-loop control).
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Fig. 2-3 Block diagram of cutting-force-estimation system based on DOB: (a) in ball-screw-driven
system, (b) in linear-motor-driven system

In a fully closed ball-screw-driven system, the disturbance estimation technique for the
dual-inertia model is available.
The load-side disturbance observer (LDOB) [260] is one of these techniques, and is based

on the motion equation of the translational (i.e., load side) system in Eq. (2-3), as follows:
M X, + CX + K (X — R.Op ) = —F — Fys (2-17)

Consequently, the estimation method of the cutting force in LDOB can be derived based
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on Eq. (2-17) according to the same procedure as that used for DOB:
FLPOB = GLPF(_MtnXt — CenX¢ + KenXy — FSf) (2-18)

where FLPOB |N] is cutting force estimated in LDOB and X, [m] is relative displacement

between the motor and stage:
X, = R0, — X; = X,y — X, (2-19)

Based on Eq. (2-18), the cutting force is estimated using the multi-encoder signals and
the identified friction force. The block diagram of LDOB is shown in Fig. 2-4, where phase

lag compensations are also explicitly depicted.

2.2.3. Multi-encoder-based disturbance observer

Another method of disturbance estimation in dual-inertial model is the multi-encoder-
based disturbance observer (MEDOB) [261,262], which can also be utilized for cutting force
estimation in machine tools [257]. By correlating the motor- and load-side motion equation
in Eq. (2-3) to eliminate the interaction term of K, (R,0,, — X;), the following equation can

be obtained:
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1. 1 . . N S
R_r]m0m+R_rDm0m+MtXt+CtXt:R_Tla R sf — F — Fg¢
(2-20)
. . i} . K oyep 1
%Mme+Cme+MtXt+CtXt=R_Tla "R, sf — F — Fsf
where M,, [kg] and C,, [N-s/m] are equivalent value of J,, [kg- m?] and D,, [N-m-s/rad]

in translational motion, respectively:
M, :]m/Rg O = Dm/RE (2-21)
The method of estimating the cutting force in MEDOB, EFMEPOB [N], can be derived as

Kmn
Ryn

1 .

I;ef - anXm - CmnXm - MtnXt - CtnXt - R_Tsf - st) (2'22)
™m

FMEDOB — GLPF(

Unlike Eq. (2-13) for a single-inertia model, Eq. (2-22) treats the rotational and
translational motions independently; hence, each motion can be considered even around the
resonance frequency, where the rotational and translational parts move in opposite phases.
As the interaction term of axial stiffness is eliminated in MEDOB, the cutting force is
estimated by focusing on the movements of the two masses at both ends, instead of directly

considering the relative motion between the rotational and translational systems due to the
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spring. In a real system, this makes a difference in the estimation results in each estimation
technique, as discussed in sections 2.3 and 2.4. An advantage of MEDOB is that it is not
necessary to identify the axial stiffness, which may be position-dependent [263], as
discussed later. The block diagram of the cutting force estimation system based on MEDOB

1s shown in Fig. 2-5.

2.2.4. Mode-decoupled disturbance observer

The methods of cutting force estimation in DOB, LDOB, and MEDOB are directly
derived in the physical-space-coordinate system from the motion equation of the dual-
inertia model. Recently, mode-decoupled cutting force estimation in an equivalent SDoF (.e.,
modal-space coordinate) system has been proposed [258,259]. In the dual-inertia model of
the ball-screw-driven system, there are two vibration modes: a rigid-body mode, which
represents the center-of-mass motion, and a vibration mode, which represents the relative
motion between the rotational and translational parts induced by the spring element. In
the physical-space-coordinate system, these two modes are mixed, but become mutually
independent in the modal space. A conceptual figure of modal decomposition in the dual-
inertia model of the ball-screw feed-drive stage is depicted in Fig. 2-6.

Thus, each mode can be handled individually as an equivalent SDoF system. As a first

step toward modal decomposition, Eq. (2-3) is rewritten as follows:

[M]{X} + [CI{X} + [K]{X} = {F} (2-23)
where
Rer(Z Xm)
I_. F
TITTTTT

> x.
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Fig. 2-6 Conceptual figure of modal decomposition in dual inertia model

TTTTTTT

43



Chapter 2 Sensorless cutting force estimation based on disturbance observer

=i o=l om-[% ¥
X} = {))((T} {F} = {Km[gelR: ;;Sf/Rr} (2-25)

As there are off-diagonal terms in the stiffness matrix, the rotational and translational
motions are coupled in the physical-space-coordinate system. Here, it is assumed that the
following relationship holds between the modal- and physical-space coordinates through the

modal transformation matrix:
{X} = [pl{Xa} (2-26)

where (), indicates value in modal-space coordinate.
By multiplying the transpose matrix of [¢p] from the left side after substituting Eq.
(2-26) into Eq. (2-23), Eq. (2-23) can be decomposed as follows:

[Md]{)"(d} + [Cd]{Xd} + [Kql{X4} = [@]"{F} (2-27)
where

[Mq] = (9] [M1[$], [Cal = [@]"[Cl[], [Kal = [¢]"[K][¢] (2-28)

To specifically obtain the modal matrix of the dual-inertia model in a ball-screw-driven
system, the free vibration in Eq. (2-23) is considered, that is, the right-hand side of Eq.

(2-23) is set to zero. Then, the solution of free vibration is assumed as follows:
X} = {@)ett (2-29)

where A, is the eigenvalue and {¢} is the corresponding eigenvector.

Consequently, the characteristic equation is derived as follows:
(A2[M] + 2,[C] + [K]D{gp}e’" = {0} (2-30)

For Eq. (2-30) to have meaningful solutions, the determinant on the left-hand side in
Eq. (2-30) must be zero. However, as it becomes a quadratic equation of the eigenvalue, it
cannot be solved analytically in general; hence, the proportional viscosity damping is

assumed, as follows:
[C] = a.[M], where a, = C,,/M,, = C./M, (2-31)

where a,[N-s/(m-kg)] is a constant for proportional damping. Viscous damping is
assumed to be proportional to mass only, as structural damping is not modeled in this study.

By substituting Eq. (2-31) into Eq. (2-30), Eq. (2-30) can be rearranged as follows:
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(—p2[M] + [KD{g}e*t = {0} (2-32)
where
p? = —(Z +ach) (2-33)

As the determinant on the left-hand side of Eq. (2-32) becomes a quadratic equation for

pZ, it can be analytically solved as follows:

M,, + M,

W r (2-34)

(_Prsz + Kr)(—Prth +K,) - Kr2 =0 - prgl =0, Pzz =

As a result, the eigenvectors of the rigid-body and vibration modes can be defined by
substituting the solutions of Eq.(2-34) into Eq. (2-32):

[_KIQT _Klir] {p,}e?nt = {g} - {p,} ={p1} = {1} (2-35)
Krléar alr(lzr] {pyle?rt = {g} - {@,} ={@,} = {—11/ar} (2-36)

Finally, the modal matrix is defined based on Egs. (2-35) and (2-36), as follows:

(9] = [{og} {@u}] = E —11/ar] (2-37)

where (), and ( ), are values in rigid-body and vibration mode, respectively.
By applying the derived modal matrix based on Egs. (2-26), (2-28), and (2-31), the

physical-space system is transformed into modal-space system:

X =117 00 = ) = —{m ) (2-39
gl = 1ot = [ M L =Y
Kal = @K1 = [0 14 1)eyirc] =0 ) (2-39

[cd]=[¢]T[c1[¢]=ac[¢1T[M1[¢]=[acéw ’ a?\/l]:[%} (,9]

Egs. (2-38) and (2-39) show that the center-of-mass motion independent of the spring
element is extracted in the rigid-body mode by multiplying the inertia ratio as a weight
with the stage position. In contrast, the vibration mode represents the relative motion

between two masses, as it accounts for the difference in positions. In addition, all off-
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Fig. 2-7 Schematic block diagram of cutting force estimation in modal space

diagonal terms become zero, which means that each mode is an SDoF system that does not
interfere with the other systems.

The explicit form of the motion equation in modal space can be expressed as follows:

S M R (e 5 R

Therefore, based on Eq. (2-40), the estimation method of the cutting force can be derived
in both rigid-body and vibration modes by the same procedure as the conventional

disturbance estimation techniques:

~ K s . 1 o
FRIG = GLPF (% I;ef - Mang - anXg - R_Tsf - st) (2'41)
™m ™
I Kin vef ) . 1. 1
F - GLPF —qrn R Ia - (Manv + Canv + Kanv) - R_Tsf + (X_st (2'42)
™m ™ ™
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where FRIG[N] and F''B[N] are cutting forces estimated in rigid-body and vibration
modes, respectively.

A schematic block diagram of the cutting force estimation in modal space is shown in
Fig. 2-7. Note that the estimation formula of the rigid-body mode in Eq. (2-41) is proven to
be equivalent to that of MEDOB in Eq. (2-22) [259]. Therefore, the rigid-body mode is not

dealt with in later comparative studies.

2.3. Characteristics of each observer

In this section, the characteristics of cutting force techniques based on DOB, LDOB,
MEDOB, and vibration mode-based disturbance observer (VMDOB) are discussed through
numerical simulations. By substituting Eq. (2-4) into Eq. (2-13) in Laplace domain, so that

X, = R.0,, disappears, the following equation can be derived:

ar(s + Z(twt)zsz Km
sD,.(s) R,

wESZ + Zar((r + (t)wgs

FIQOB = —Gpr(s) - sD.(s)
-

[gef + GLpr(s) - Fi (2-43)

where Fj; [N] is load force at the load side such as cutting force.

Note that the friction terms and parameter errors of the nominal values are ignored for
simplification. Eq. (2-43) shows that the disturbance TF between the load force (i.e., cutting
force in machining process) and the estimated force based on DOB in a dual-inertia-modeled
ball-screw-driven system can be described as follows:

F2°P w?s? +2a,({r + {)wis

—— = Gpr(s) - sD.(s)

(2-44)
Fls

Fig. 2-8 shows an exemplary disturbance TF of Eq. (2-44). The physical parameters of

@ g : (b) o
7DOB i

= 5 _Fls ...... Gppr 1
£ Fis : 2 90}
= W
<’ 3
© Unity gain 180t
8 Ll yg T -180

0 : ' 270 :

10" 10?2 @/ /(2m) 103 10" 102 10°
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Fig. 2-8 Disturbance TF between actual cutting force and estimated force based on DOB in dual-
inertia-modeled ball-screw-driven system: (a) gain characteristic, (b) phase characteristic (physical
parameters are the same as X-axis of the experimental system shown in Table 2-1: M, = 79kg, M,, =
100kg, C; =2.4x10*N-s/m, C, = 2.8 x 103 Ns/m, K, = 24 N/pym, 1, = 5.0 mm. Additionally, LPF of
Grpr(S) = gipr/(s + gupr) With g pr = 1000 rad/s is applied as an example.)
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the ball-screw-driven system in the simulation coincide with the values identified in the X-
axis of the real experimental setup in section 2.4 (Table 2-1).

In the low-frequency region where the rotational and translation systems together
behave as a nearly rigid-body motion, almost a unity gain of disturbance TF can be observed
(i.e., the estimated cutting force is expected to be accurate). However, the disturbance TF
obtains high gain around the axial resonance frequency, that is, the cutting force is
overestimated in this vicinity. In addition, the gain characteristics are considerably
attenuated with a large phase delay over the actual cutting force in the higher-frequency
region. This is because the mechanical transfer characteristics from the stage to the motor
act as LPF. In summary, Fig. 2-8 indicates that a bandwidth with a reliable accuracy of the
DOB-based cutting force estimation is limited due to the axial mode of the ball-screw-driven
system. When the DOB is applied to the linear-motor-driven stage (Fig. 2-3(b)), the
disturbance TF ideally exhibits the same characteristic as the applied LPF, as the
estimation method of DOB is derived based on the motion equation of a single-inertia model
(blue-dot line in Fig. 2-8).

As LDOB, MEDOB, and VMDOB are derived based on the dual-inertia model, their
disturbance TF ideally follows the characteristic of the applied LPF even in the ball-screw-
driven system. This means that the estimated cutting force is ideally the same in all
techniques. Nevertheless, as the component forces contributing to the estimated cutting
force differ due to the different estimation method, the characteristics of each method also
differ. Fig. 2-9 shows the gain characteristics of disturbance TF of the estimated cutting
force in each technique. This figure is obtained from the stage-position/motor-angle
response and current reference when applying the swept (cutting) force to the movable stage,
emulated in the servo simulator of the ball-screw-driven system. Simultaneously, the
disturbance TFs in terms of each component forces are also depicted.

In MEDOB (Fig. 2-9(a)), the contribution of the equivalent motor-thrust force
Kmnlgef /Ry, dominates the cutting force estimation, although its gain is not unity; that is,
the equivalent inertia force of rotating mass compensates for the gain characteristic of the
resultant estimated cutting force. Around the resonance frequency (.e., 286 Hz), both
inertia forces of rotational and translational masses have high gain. However, the inertia
forces cancel each other out because of their opposite phases, and consequently, the other
component forces contribute to the cutting force estimation. Overall, in MEDOB, the cutting
force is reconstructed through an elaborate balance of many component forces. This
indicates that MEDOB is sensitive to the phase differences between signals that upset the
delicate signal balances. This is especially noticeable near the resonance frequency, where
the phase difference between two masses changes sharply. In the enlarged view of Fig.
2-9(a), the gain characteristics of MEDOB slightly deteriorate around the resonance, even

in a very ideal simulation. This suggests that the estimated cutting force in MEDOB 1is
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Fig. 2-9 Gain characteristics of disturbance TF between the actual cutting force and estimated force in
a dual-inertia-modeled ball-screw-driven system: (a) MEDOB, (b) LDOB, (c) VMDOB (parameter
conditions remain the same as those in Fig. 2-8)

sensitive to the slight deviation in the balance of component forces, including phase shift,
which might be induced by numerical differential processing. Note that the enlarged view
looks noisy because of the numerical signal processing for calculation. It is not evitable and
has no notable meaning.

In LDOB (Fig. 2-9(b)), the balance between the component forces is simple, because of
only focusing on the load-side motion equation. Almost only the restoring force represented
by axial stiffness contributes to the estimated cutting force in a low-frequency region. At
the resonance frequency, although the gains of inertia force and restoring force are
amplified, they cancel each other out because of their opposite phase shifts. Consequently,
the contribution of the damping force relatively increases. In a very high-frequency region,
almost only inertia force contributes to the cutting force estimation. As the restoring force

1s directly considered, LDOB is less sensitive to the deviation of the force-component
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balance than MEDOB, as seen in the enlarged view.
VMDOB appears similar to LDOB in the gain characteristic (Fig. 2-9(c)). Expanding Eq.

(2-42) into a form expressed by physical parameters yields the following equation:

. K .. . Urp .
FVIB = G,y —am%lgef + M X, + ConXy + (1 + aty) Ko Xy + %Tsf —Fy; (2-45)
™ n

When the inertia ratio is very small, as in the simulation conditions (.e., a, = 0.079),
the terms weighted by the inertia ratio can be neglected. Furthermore, the motor
vibrational velocity/acceleration induced by the cutting force are expected to be much

smaller than that on the stage side G.e., X, = —X,, X, ~ —X,). Consequently, the estimation
method of VMDOB can be regarded as

FVIB =~ GLPF(_MtTlXt - CtnXt + Kran - ﬁSf) (2_46)

This is the same as the estimation method of LDOB in Eq. (2-18). In summary, VMDOB
and LDOB are almost the same in a machine with a low inertia ratio.

However, the gain characteristic of disturbance TF in VMDOB is deteriorated, as
observed in the enlarged view of Fig. 2-9(c). This is because the physical parameters in the
simulation are inconsistent with the proportional viscous damping in Eq. (2-31), which is
assumed for deriving Eq. (2-42): C,,/M,, = 30,C;/M, = 304 - C,,/M,, # C;/M,. Although
VMDOB would be useful when integrated with the existing process monitoring techniques
established for the SDoF system, an exact assumption of the proportional viscous damping

rarely holds in real machine tools. Therefore, LDOB might be a more reasonable strategy.

It has been confirmed that VMDOB can estimate the cutting force less than the
maximum static friction force in the stopped axis, whereas MEDOB cannot [259]. This is
because VMDOB directly considers the restoring force induced by the axial stiffness term.
As LDOB is similar to VMDOB, it is inferred that LDOB can also capture the cutting force
in the stopped axis. Here, the axial stiffness of the ball-screw-driven system can be

theoretically expressed by a series connection of several springs of mechanical components:

~ 1 I
k=477 =771 (2-47)

tp— p—tp—
Knut Kbs Knut

Kb+75

where K, [N/m], K, [N/m], and K,,; [N/m] are axial stiffnesses of bearing, screw shaft,
and nut, respectively. Kp; [N/m] is the summation of K, and K. Note that the attachment
rigidities of the nut and bearing are ignored as they are sufficiently high in general.

When the screw shaft is doubly anchored at both ends by using the support bearings,

the sum of axial stiffness of the bearing and screw shaft is expressed as follows:

50



Chapter 2 Sensorless cutting force estimation based on disturbance observer

Opposit_e < > Motor
motor side side
58.7 T T T
58.6 F i

58.4

Axial stiffness [N/um]
(6]
oo
(@)]

58.3 ' : '
-40 -20 0 20 40

Stage position [mm]

Fig. 2-10 Exemplary theoretical characteristic of axial stiffness in double-anchored ball-screw-driven
stage (design values in X-axis of the prototype double-column-type machine tool are used: Kj; =
104 N/um, Ky, = 94 N/um, Kpye = 98.6 N/pm, E; = 206 x 10° Pa, dy = 15 mm, Lg = 280 mm)

1 1 1

T 11 . 4%, T 1 4, X, (2-48)

K, 'K Ky ' mdZE, K,; T ndlL,

Kps =

where X, [m] is absolute stage position from the motor-side bearing, dg [m] is diameter of
screw shaft, E [Pa] is Young’s modulus of screw shaft, L; [m] is length of screw shaft,
Ky, [N/m] is axial stiffness of bearing at the motor side, and K, [N/m] is axial stiffness of
bearing at opposite motor side.

Therefore, the resultant axial stiffness depends on the stage position under the
condition of double anchor support. An example profile of axial stiffness to indicate its
tendency according to the stage position is shown in Fig. 2-10. The design values on the X-
axis of the developed three-axis ball-screw-driven machine tool (subsection 2.4.1) are used
for the calculation, although Young’s modulus is set as a literature value of steel. Note that
the plotted data are shifted so that the zero position denotes the center of the screw shaft,
and the view around the center position from -40 to 40 mm is enlarged in Fig. 2-10. As
shown in Fig. 2-10, the axial stiffness increases around both ends of the motor and anti-
motor sides. Especially, the axial stiffness has a large deviation around the motor side;
hence, the nominal stiffness value in LDOB and VMDOB must be compensated depending
on the stage position for an accurate cutting force estimation. If the compensation is difficult,
MEDOB is advantageous, that it, is not necessary to identify the stiffness, although
MEDOB has difficulty in estimating the cutting force in the stopped axes under the effect
of static friction [259].
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Fig. 2-11 Configuration of prototype three-axis double-column-type machine tool with ball-screw-
driven stage: (a) Front view, (b) oblique view, and (c) signal flow of control system

2.4. Experimental comparison

2.4.1. Experimental setup

Fig. 2-11 shows a three-axis double-column prototype machine tool with a ball-screw-

driven system. The ball screw is connected to a synchronous AC servomotor with a low

cogging torque through a disc-type coupling and has a small torque fluctuation depending

on the nut position. In addition, rotary and linear encoders are mounted on all translational

axes; hence, the motor current, motor angle, and stage position can be used as the internal
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information. Each encoder has a high resolution to reduce the quantization error associated
with differential processing in the high-frequency region. An additional rotary encoder (17
bit) is also installed on the anti-motor side to calculate the motor electric angle, although it
is not used for cutting force estimation. The workpiece is fixed on the X-stage. A piezoelectric
table dynamometer (Type 9129AA from Kistler) is equipped under the workpiece to measure
the cutting force as a reference. A spindle unit is installed on the Z-stage, which is attached
on the Y-stage.

In Fig. 2-11(c), the configuration of the machine tool control system is also described.
Although only the configuration of the X-stage is shown as a representative, the signal flow
is the same for all axes. As three encoders are attached to each axis (i.e., XYZ), nine position
information are fed back to the controller. The signals from the 23-bit rotary and linear
encoders are sent directly to the controller, whereas those from the 17-bit rotary encoders
are sent to the controller through the servo amplifier. In the controller, a torque command
1s generated for each servo cycle by calculating the corresponding current command based
on the feedback signals obtained from the 23-bit rotary encoder and linear encoder. After
the current command value is converted to the voltage command value, the voltage
command is D/A converted in the interface card and applied to the servo amplifier. To
perform the current control of the motor in the servo amplifier, the angle information of the
17-bit rotary encoder is used for calculating the electric angle. The 17-bit rotary encoder is
not used for cutting force estimation.

In this study, a P-P controller with feed-forward compensation for disturbance
cancellation by MEDOB is adopted as the positioning control system, instead of the P-PI
controller generally used for machine tools. Additionally, velocity and acceleration feed-
forward commands are applied to enhance the responsiveness. Note that the controller
specifications for positioning do not affect the cutting force estimation, as the cutting force
observers are assembled inside the position and velocity feedback loop. The detailed

specifications of the experimental setup are summarized in Appendix A.

Fig. 2-12 shows the FRF's obtained from the equivalent motor thrust force to the stage
acceleration and the equivalent motor acceleration in translational motion, obtained by a
sinusoidal motor swept excitation. The excitation frequency was swept logarithmically from
0.1 Hz to 1 kHz, and the tests were applied to the XY-axes. In an ideal dual-inertia model
without system delay times, the phase delay of FRF between the motor-angular acceleration
and the motor current does not fall below 0°. Similarly, the phase delay of FRF between the
stage acceleration and motor current does not fall below -180°. However, the phase lags of
FRF's continue to increase with the frequency if there are time delay elements in the system.
As this phenomenon was observed in the experimental system and could not be ignored, the

phase-lag compensations were applied before calculating the FRFs. The amount of phase-
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Fig. 2-12 Experimental FRFs from the equivalent motor thrust force to encoder accelerations: (a) X-
axis, (b) Y-axis (pitch length is 5 mm in both XY-axes, and therefore, the rotation-to-translation
transform coefficient is R,, = 7.96 X 10~* m/rad)

lag compensation was determined by trial and error, so that the resultant phase shifts of

FRFs become flat in a high-frequency region, similar to an ideal dual-inertia model.

Next, the physical parameters of the dual-inertia model were iteratively tuned using

the MDoF curve-fitting technique with a nonlinear least square method (LSM) [264,265],
such that the sum of residual errors between the model FRFs based on Eq. (2-4) and the

experimental FRFs would be minimized in the defined frequency range.
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Table 2-1 Physical parameters for dual inertia model identified by motor sine swept excitation

Axis X Y
Resonance frequency in dual-inertia system w,/2m [Hzl 286 228
Total inertia of motor, coupling, and ball screw J,,, [kg-m?] 6.3 x 10® 6.9 x 10%
Equivalent value of J,, in translational motion M,,, [kg] 1.0 x 102 1.1 x 102
Total movable mass M, [kgl 7.9 24
Inertia ratio a, [] 0.079 0.22
Damping coefficient of rotational element D, [N-m-s/rad] 1.8 x 103 8.1 X103
Equivalent value of D,, in translational motion Cp, [N-s/m] 2.8 x 103 1.3 x 104
Damping coefficient of translational element C, [N-s/m] 2.4 x 102 4.2 %108
Axial stiffness of feed screw system K,, [N/uml] 24 40

Bandwidth of current loop w,, [rad/s] 5000 (catalogue value)

Dead time T,, Ty,, T; [msl] 0.2,0.2,0.2
Dead time for phase lag compensation Ty, T,, T; [ms] 0.4,0,0

Table 2-2 Minimum detectable force fluctuation per sampling period
Axis X Y
Inertia force of rotational elements, M,,,X,, [NI 5.9 6.5
Inertia force of translational elements, M,,X, [NI 0.19 0.59
Damping force of rotational elements, CppX,, [NI 0.017 0.076
Damping force of translational elements, C., X, [NI 0.0059 0.010
Restoring force induced by axial stiffness, K,,X, [N] 0.0059 0.0098
Inertia force in vibration modal space, M,,X, [N] 2.4 2.7
Damping force in vibration modal space, C,,X, [N] 0.074 0.047
Elastic force in vibration modal space, K,,X, [N] 0.080 0.054
Sampling frequency [kHz] 10
Resolution of stage response [nml] 0.244
Resolution of angular response [nm] 0.596

Table 2-1 shows the identified physical parameters of dual-inertia model for using the
observers. As the signal flow is the same in the XY-axes, dead times in the system become
almost the same on both axes. The design values of [M,,, M,] are roughly [111, 10] kg and
[111, 21] kg in X- and Y-axis, respectively; hence, the identified values for the dual-inertia
model expressing axial resonance appear reasonable.

Table 2-2 shows the theoretical resolution of each acting force calculated based on the
identified physical parameters and machine specifications, such as the sampling frequency
and encoder resolutions. Note that the minimum detectable forces of restoring force and
vibration mode were calculated based on the specification of a high-resolution linear encoder.
The resolutions of both rotary and linear encoders were designed to be sufficiently high to
sense the very high-frequency small cutting force (e.g., 2-3 kHz). In this machine, it was

confirmed that the 17-bit rotary encoder, whose resolution in translational motion is 38 nm,
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was not sufficient to estimate the high-frequency cutting force variation, since the dynamic
variation of angle responses induced by load forces significantly decreases in the high
frequency range due the structure and friction damping, especially in such low-inertia
machine tool [266]. Consequently, quantization errors in angle measurement become non-
negligible especially when applying differential processing. Since the contribution of inertia
force to the estimated cutting force significantly increases in high frequencies, it is
important to enhance the resolutions of both linear and rotary encoders.

Fig. 2-12 shows that, overall, the dual-inertia model fits well in the X-axis, although
another high-frequency mode can be observed around 800 Hz. This mode has been
confirmed to be a torsional mode of a ball screw; hence, it is clearly observed in motor
angular acceleration. As the XY-axes use the same ball screw, the torsional mode is observed
at the same frequency on the Y-stage as well. Nevertheless, almost no resonance peak due
to torsional mode appears on the stage accelerations in both X-and Y-axis.

Unlike the X-axis, the experimental FRFs between the motor thrust force and encoder
accelerations on the Y-axis cannot be expressed reasonably by the dual inertia model overall,
as shown in Fig. 2-12(b). Especially, the gain characteristic of FRF between the motor thrust
force and the stage acceleration obtained by linear encoder (.e., red line) does not fit well
with the dual inertia model. This is attributable to the excited structural dynamics,
including the Z-stage and spindle units, attached on the Y-stage. The result suggests that
the multi-body dynamics on the Y-stage is not negligible, and the reliability of the observer-

based cutting force estimation is strongly limited, even in the low-frequency region.

2.4.2. Exemplary results representing observer characteristics

A comparative study in terms of the cutting-force-estimation performance in each
observer technique was conducted through a series of actual cutting tests. To evaluate the
observer performances, the cutting force measured by the piezoelectric table dynamometer
was used as a reference. In previous studies done by Yamada et al. [257,259,266], the
influence of error factors in sensorless cutting force estimation, such as delay times in
control system, disturbance fluctuations (e.g., torque ripple), and quantization errors in
angle/position measurements, has been evaluated in detail; hence, such error factors are
not discussed in this subsection. Only experimental results to explain the essential
properties in observer techniques are demonstrated.

Fig. 2-13 shows a schematic for the experimental procedure. The cutting forces in XY-
direction were simultaneously estimated by the observer techniques implemented in the X-
and Y-axis ball-screw-driven system while feeding the X- or Y-stage (Fig. 2-11). The cutting
and system conditions are tabulated in Table 2-3. As a yawing mode of the X-stage was
observed around 800 Hz in addition to the torsional modes of the ball screws in XY-axes,

the cutoff frequency of LPF was set to 500 Hz to eliminate the influence of these modes. In
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Fig. 2-13 Schematic of the cutting tests for comparative study

Table 2-3 Cutting conditions for comparative study

Tool type Square endmill (D = 6 mm, N, = 2)
Feed per tooth [um] 30

Spindle speed [min-1] 1000, 7000, 13000
Cutting type Down cut

Axial depth of cut [mm] 2.0

Radial depth of cut [mm] 1.5 (quarter immexrsion)
Sampling frequency of signals [kHz] 10

Cutoff frequency of LPF for observer [Hz] 500

MEDOB, LDOB, and VMDOB, the cutting force is estimated based on the dual inertia
model representing axial dynamics of ball-screw-driven system; hence, for accurate cutting
force estimation, the LPF should be set to avoid the effect of other higher frequency modes.

When the cutting force was estimated in the stage-moving axis, the friction force was
compensated by the recording method using the same approach as that used by Yamada et
al. [257,259]. In the recording method, the air-cutting data obtained by the preliminary
1dling test in advance are subtracted from each servo signal under cutting to extract the
cutting force. Note that the friction forces often change according to the table position,
workpiece mass, and the use of chip cover [267]. Nevertheless, the position-dependent
fluctuation of friction force has high repeatability [257,267,268]. Therefore, the recording
method can most reliably compensate for the friction forces in the cutting force observer,
although it results in double process time. To avoid the preliminary air cutting test in each
process, the model-based approach with an established friction model, such as the Tustin
model [269], Lund-Grenoble (LuGre) model [40,270], or generalized Maxwell-slip (GMS)

model [20,271], is a practical option, although the position-dependent friction cannot be
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Fig. 2-14 Cutting force in X-direction estimated by each observer technique under 1000 mint: (a)
feeding X-stage (Y-stage stop), (b) feeding Y-stage (X-stage stop)

directly treated. On the stage-fixed axis, friction compensation was not performed.

Fig. 2-14 shows the estimation results of X-direction cutting force under 1000 min™! (i.e.,
spindle rotational and tooth-passing frequencies are 16.7 and 33.3 Hz, respectively). In Fig.
2-14(a) G.e., X-stage is fed), the dynamic fluctuations in the cutting force were estimated
with relatively high accuracy in all methods. There were no large differences in the
estimation results based on the motor current (F€UR) DOB (FP%8) and MEDOB (FMEDOB),
This indicates that the inertia force contributed little to the cutting force estimation because
of the low-frequency process force. Even in DOB and MEDOB, the motor current
information dominantly contributes the cutting force estimation when the process
frequencies are much lower than the axial resonance (e.g., 286 Hz in this case) of the ball-
screw-driven system.

In contrast, the relative displacement between the motor angle and stage position (.e.,
deformation of the ball screw) dominantly contributes to the estimation of the low-frequency
force in LDOB (FLP9B) Furthermore, as the inertia ratio was very small G.e., a, = 0.079),
VMDOB (FV'B) became almost the same as LDOB, as discussed in Fig. 2-9. Because the
estimated results of LDOB and VMDOB were relatively accurate in both Fig. 2-14(a) and
(b), the identified axial stiffness was considered valid.

In Fig. 2-14(b), LDOB and VMDOB estimated the cutting force on the stationary axis

EFPOB  and FMEDOB do not capture the

without friction compensation, whereas FCUR,

cutting force at all. This difference is attributed to whether the restoring force induced by
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Fig. 2-15 Cutting force in X-direction estimated by each observer technique while feeding X-stage under
7000 min-1: (a) Overview of time waveform, (b) FFT

axial stiffness is directly considered [259]. In the current-based method, it is difficult to
estimate the cutting force less than the maximum static friction force on the stationary axis
[257,259,272]. In the developed system, a kinetic friction force of ~120 N was confirmed;
hence, the static friction force should be larger than 120 N. As the cutting force was less
than 120 N, it could not be estimated even using DOB or MEDOB, where the motor-current
information is dominated in the low-frequency region. In contrast, LDOB and VMDOB
could successfully estimate the cutting force less than the maximum static friction force.

Fig. 2-15 shows the estimated cutting force in X-direction while feeding the X-stage
under 7000 min’!, where the tooth-passing frequency of 233.3 Hz was near the axial
resonance frequency. Note that the estimation result in VMDOB is omitted here because it
is almost the same as LDOB. DOB significantly overestimated the cutting force at the tooth-
passing frequency (i.e., around the axial resonance frequency) due to the assumption of a
rigid-body single-inertia system, as discussed in Fig. 2-8. In contrast, MEDOB and LDOB
based on a dual-inertia model improved estimation accuracy. although they still
overestimated the cutting force. This may be because of the modeling error around the
resonance frequency. Another small mode neighboring the fitted axial resonant mode can
be observed in Fig. 2-12. The observer-based approach is considerably affected by the
modeling error under the assumption of a dual-inertia model.

Here, the cutting force was reasonably estimated by simply using the motor current. In

the region below the resonant frequency, the disturbance TF from the load force to an

59



Chapter 2 Sensorless cutting force estimation based on disturbance observer

(@)
40
30
= 1= 20}
g i g 10
e £ of
10+
-20 .
4.03 4 4.01 4.02 4.03
(b) Time [s] Time [s]
10 T T T T 10 T T r
e CURRENT Spindle rotational e MIEDOB Tooth-passing
Z 81— gng frequency-(217-Hz) Z 8 :—quOB frequency (433 Hz)
v Gt Tooth-passing v 6t Spindle rotational
g . frequency (433 Hz) ?, . frequency (217 Hz)
= alt Torque ripple \ = alt Torque ripple
a Y a
IS —M = —_—
< 2% | 1 { < 2%
0 . " 0 M‘*‘ ahs
0 100 200 300 400 500 0 100 200 300 400 500
Frequency [Hz] Frequency [Hz]
© 8 T T 8 T T
———CURRENT ——MEDOB Tooth-passing
= ——DOB = ——LDOB
Z.6T | Ref Tooth-passing 1 Z6|n Ref frequency (433 HzH
% frequency (433 Hz) %
S4t VA 1 24}
a a
g2 g2
425 430 435 440 425 430 435 440
Frequency [HZz] Frequency [HZz]

Fig. 2-16 Cutting force in X-direction estimated by each observer technique while feeding X-stage under
13000 min!: (a) Time waveform, (b) FFT, (b) enlarged view around tooth-passing frequency

equivalent motor thrust force (i.e., blue dash line in Fig. 2-9(a)) does not deviate much from
the unity gain, although it is not ideally unity. However, the transfer gain (i.e., sensitivity)
decreases sharply when the resonance frequency is exceeded. This suggests that the
bandwidth for high sensitivity in current-based estimation is constrained by the less-
dominant mode of the ball-screw-driven system.

Fig. 2-16 shows the results obtained at a higher spindle speed of 13000 mint. The
cutting force in the X-direction was estimated while feeding the X-stage. The result of
VMDOB is also omitted, as that in Fig. 2-15. In DOB, the spindle rotational component of
216.7 Hz induced by tool eccentricity was overestimated, because it is near the axial
resonance frequency where the DOB is significantly deteriorated (also see Fig. 2-15). In the
current-based method in Fig. 2-16, the estimation of the tooth-passing component was dull,
although the spindle rotational frequency matches the measured value well. This is because
the tooth-passing frequency of 433.3 Hz is much higher than the axial resonance frequency

of 286 Hz, and the sensitivity of the motor current has already dropped significantly.
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Fig. 2-17 Estimated cutting force in X-direction while feeding Y-stage under 13000 min™!

Consequently, the current-based estimation did not reflect the dynamic variations in the
cutting force well, as seen in Fig. 2-16(a).

In contrast, LDOB and MEDOB reasonably captured the dynamic cutting force while
maintaining high sensitivity. By integrating the load-side stage acceleration obtained from
high-resolution linear encoder, a high sensitivity against a high-frequency process force can
be maintained even in the case of high damping guideways, such as the sliding type [273].
Here, the torque ripples, which were not eliminated by the recording method, appear
strongly in the current-based method, DOB, and MEDOB, as seen in Fig. 2-16(b). In
contrast, LDOB was not much affected by this torque ripple. As LDOB does not use the
motor current, it is less susceptible to error factors from the motor.

Fig. 2-17 shows the cutting force in the X-direction while feeding Y-stage (i.e., estimation
in cross-feed direction) under 13000 minl. As observed in Fig. 2-14 as well, the motor-
current-based method could not estimate the cutting force to be less than the maximum
static friction force on the stationary axis. In DOB and MEDOB, the estimated signals
oscillated in response to the dynamic cutting force, unlike the motor thrust force. This is
because the signals in DOB and MEDOB were dominantly constructed by the inertia force
(i.e., acceleration signal), as the tooth-passing frequency @.e., 433.3 Hz) was much higher
than the resonant frequency of 286 Hz (Fig. 2-9(a)). As the inertia force reflected the
vibrational state of motor/stage acceleration, the resultant estimated cutting force could
capture the high-frequency dynamic variation of the cutting force even on the stationary
axis. However, the estimated accuracy of DOB and MEDOB in Fig. 2-17 was unreliable as
well, because the motor-current information was unreliable. The resultant estimated
cutting force is determined by the balance between the inertia force and motor-thrust force.
Especially, the estimation of low-frequency components—including the DC component,
where the motor current is in charge—was not valid at all. In contrast, LDOB accurately
estimated the cutting force on the stationary axis even under a high spindle speed of 13000
min as well as a low spindle speed, as shown in Fig. 2-14(b). Note that the result obtained

for VMDOB was the same as that obtained for LDOB in Fig. 2-17.
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Fig. 2-18 Cutting force in Y-direction estimated by each observer technique under 1000 min'®: (a)
Feeding Y-stage (X-stage stop), (b) feeding X-stage (Y-stage stop)

Fig. 2-18 shows the results of cutting force estimation in the Y-direction at a spindle
speed of 1000 min'!. As shown in Fig. 2-18(a), the signals in FCUR, FPOB and FMEDOB could
capture the dynamic cutting force without large deviations, although they were vibratory,
compared to Fig. 2-14, due to the complex dynamics on the Y-axis. As already discussed in
Fig. 2-14, the motor current information dominantly contributes to the cutting force
estimation in these methods when the frequency components of the process force are much
lower than the axial resonance of the ball-screw-driven system (e.g., 228 Hz on the Y-axis).

However, the cutting force could not be estimated in LDOB and VMDOB at all. This
result suggests that it is difficult to use LDOB and VMDOB when the dynamics of the ball-
screw-driven system cannot be modeled as a dual-inertia model well. On the Y-axis, the
motor and encoder are installed far from the cutting point through some mechanical units
(see Fig. 2-11). The vibration from the structural modes was superimposed on the stage
displacement, and consequently, the waveform of the low-frequency process force
reconstructed from the relative displacement might deteriorate. It is also necessary to focus
on the reliability of the identified parameters, because of the forcible fitting by the dual-
inertia model on the Y-axis. As LDOB and VMDOB did not function properly, the cutting
force on the stationary axis could not be estimated, as shown in Fig. 2-18(b). The results of
VMDOB and LDOB were slightly different because the inertia ratio is slightly larger on the
Y-axis (.e., Ay = 0.22), although the difference in the result was not significant.

Fig. 2-19 shows the estimated cutting force in the Y-direction while feeding the Y-stage

under 7000 min’!, where the tooth-passing frequency of 233.3 Hz was near the axial
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Fig. 2-19 Cutting force in Y direction estimated by each observer technique while feeding the Y-stage
under 7000 min‘: (a) Overview of time waveform, (b) FFT

resonance frequency of 228 Hz. The estimation result in VMDOB is omitted because it was
not much different from LDOB. DOB substantially overestimated the tooth-passing
frequency, which was close to the resonance frequency. Also, LDOB and MEDOB
significantly overestimated the cutting force, especially at the second harmonic (.e., high
frequency dominated by the inertia force induced by vibratory acceleration), although they
sensitively react to the dynamic cutting forces. This is because the Y-axis has a large
modeling error, especially in the high-frequency region, as shown in Fig. 2-12(b). When the
ball-screw-driven system has multiple-inertia dynamics, including flexible structural
modes, the observer system significantly deteriorates (i.e., overestimates or underestimates
the cutting force) due to the unmodeled modes even when dual-inertia-mode-based observer
techniques are used. To realize a reliable cutting force estimation with a sufficient
bandwidth in this complex situation, the deterioration of disturbance TF induced by the
machine structure must be compensated, as described in subsection 2.5.2.

Only a simple current-based method reasonably estimated the cutting force in Fig. 2-19.
Although the current-based method should be also affected by the flexible structural
dynamics at the stage side [40,274], the influence of load-side dynamics on the disturbance
TF for the motor-thrust force was small because of the low inertia ratio. As discussed in Fig.
2-16, however, the motor current cannot capture the dynamic cutting force at even a higher
spindle speed, because of the low sensitivity caused by the mechanical transfer

characteristic of the ball-screw-driven system from the stage to the motor side.
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Fig. 2-20 Exemplary result representing the impact of position-dependent stiffness on LDOB-based
cutting force estimation in X-axis (X-stage is fed from the position of -40 mm to 40 mm. Feed per tooth:
20 pm, Spindle speed: 6000 min-!, Axial depth of cut: 0.2 mm, Slotting)

If the ball-screw-driven systems fit the dual-inertia model relatively well, such as on the
X-axis, LDOB or VMDOB (.e., relative motion-based method) has great potential to
estimate the cutting force most accurately in both feed and cross-feed directions, as
discussed in Fig. 2-14-Fig. 2-17. In LDOB and VMDOB, the identification of the stiffness
parameter is especially important, as the restoring force affects the estimation result over
a wide range of frequency, especially in the low-frequency region (Fig. 2-9(b)(c)). However,
the axial stiffness of this system depends on the stage position, as discussed in Fig. 2-10,
which affects the relative motion-based cutting force estimation.

Fig. 2-20 shows an exemplary result representing the impact of position-dependent
stiffness on LODB-based cutting force estimation. The cutting conditions are denoted in the
caption. The cutting force was estimated on the X-axis while feeding the X-stage from an
absolute position of -40 mm to 40 mm. The center of the stage stroke was defined as the
zero position. As it approaches the motor side, the dynamic cutting force was
underestimated because of the changes in axial stiffness depending on the stage position. A
compensation for position-dependent stiffness to maintain an accurate cutting force

estimation in LDOB is introduced in subsection 2.5.1.
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2.5. Compensation of cutting force estimation system

2.5.1. Position-dependent stiffness of ball-screw-driven system

LDOB is a very simple strategy and has great potential to estimate the cutting force
most accurately in both feed and cross-feed directions, if the ball-screw-driven system fits
the dual-inertia model relatively well (e.g., as on the X-axis of Fig. 2-12(a)). However, it is
necessary to carefully focus on the position dependency of machine dynamics, especially the
position-dependent stiffness term.

In Fig. 2-12, the model parameters of the dual inertia model are identified from the
FRFs between the equivalent motor-thrust force and encoder signals obtained by motor
sweep excitation tests. The physical parameters are extracted by curve fitting to FRFs in
the frequency method. However, it is difficult to identify the continuous characteristics of
position-dependent dynamics by using this approach; hence, a direct identification in time
domain by LSM with a single sinusoidal motor excitation is proposed. During the motor
excitation, the cutting force does not exist. The friction term is concentrated in the DC and
low-frequency regions and the high-frequency noise can be eliminated from the obtained
signals by using a peak/band-pass filter. When a sine wave signal is input as a velocity
command and the stage is oscillated at a constant frequency, the dynamic components (.e.,
restore force and damping force) are balanced with the inertia force at the stage side, which

1s expressed as follows:
M X, = K. X, — C. X, (2-49)

Here, the sum of squares of the residuals, €, [N?], at a certain window length, N,, [—],

1s expressed as follows:

Ny

1o, o
€e = EZ{Mth(h) — (K Xr(ny — CeXewy)} (2-50)
h=1

If the parameter vector is defined as 4 = {K,., C;}7, the following relation in terms of the

identified parameters should be satisfied to minimize the residual sum square:

5 = K; Z X2 — Ce Z XrmyXeny — Me z XrawXeey =0
€
7 =0-+ (2-51)
A 66
6C —-K, Z Xr(h)Xt(h) + Ctz Xt(h) + M, Z Xt(h)Xt(h) =0
¢ h=1 h=1

Thus, the parameters are identified as follows:
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To capture the position-dependent characteristic of stiffness, the above calculation is
repeated in every sampling period while sliding the calculation window (Fig. 2-21). The
calculation cycle can be set arbitrarily. Here, the movable mass, M;, needs to be known to
employ the proposed method. As a case study, the design value was simply set in this
dissertation. The identified position-dependent stiffness is subsequently installed in LDOB.
Note that the damping coefficient of the translational element is also identified
simultaneously. The identified damping term can also be installed in LDOB, whereas the
stiffness term is more important.

Fig. 2-22 shows the position-dependent axial stiffness of the double-anchored ball-
screw-driven system on the X-axis identified by the proposed procedure. A sinusoidal motor
velocity command with an amplitude of 1.0 mm/s and frequency of 200 Hz was
superimposed while feeding the X-stage at 4.0 mm/s (i.e., the same speed as that in Fig.
2-20). The X-stage was fed from -40 mm to 40 mm around the stroke center. The 2rd-order
IIR peak filter having a peak frequency of 200 Hz was applied, and the calculation window
length was set to 1000 samples under 10 kHz sampling. As the stage moved from the center
to the motor side, the identified axial stiffness increased. In contrast, stiffness was
identified as a nearly constant value in the opposite side of the motor from the center, which

1s almost the same as the value identified by the motor sweep test around the center position
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in Fig. 2-12(a). The tendency of Fig. 2-22 is similar to the theoretical analysis shown in Fig.
2-10, although the absolute value is different. Note that the periodic small fluctuation in
the identified values was induced by the lead length of the screw shaft, although it was
relatively small compared to the global variation according to the stage position.

Fig. 2-23 shows the result of the cutting force estimation in LDOB with position-
dependent axial stiffness. The position dependency can be handled by creating a stiffness
function according to the stage position based on Fig. 2-22 and recording the absolute stage
position during the process. Compared to Fig. 2-20, the estimation accuracy on the motor
side was clearly improved in Fig. 2-23. Fig. 2-24 summarizes the root mean square error
(RMSE) of the cutting forces estimated by LDOB with or without considering the position-
dependent axial stiffness relative to the reference values measured by the dynamometer.
The RMSEs were calculated for each 10 mm section. Before calculating the RMSE, the
signals of the dynamometer and LDOB were synchronized.

Note that the dynamic characteristics (e.g., stiffness and damping) can also vary
depending on the amplitude of the exciting disturbance force due to pre-sliding friction,
known as nonlinear spring characteristics in the microdisplacement region [275,276]. The
nonlinear spring in the microdisplacement region affects the cutting force estimation by
LDOB/VMDOB, particularly on the stationary axis, but does not significantly affect the
estimation when the stage is moving [250]. The force-amplitude-dependent model
characteristic can be captured by the same methodology while varying not only the stage
position but also the excitation amplitude of the motor velocity command. LDOB/VMDOB
can be compensated by a created position and force-amplitude-dependent stiffness/damping
function according to the absolute stage position and the amplitude of relative displacement
during the process as arguments [250]. As a moving identification test was conducted in Fig.
2-22, the motor-excitation amplitude did not change the identification result significantly.

In the exemplary results shown in Fig. 2-22-Fig. 2-24, the tooth-passing frequency of
the end milling test was the same as the excitation frequency in the identification test. It
was confirmed that the cutting force could be estimated reasonably even if the tooth-pass
frequency and excitation frequency for the identification tests were different, although the
best performance was exhibited when the tooth-pass frequency coincided with the excitation
frequency. However, the excitation frequency for the identification test must not be close to
the resonance frequency, as the conditions of A matrix in Eq. (2-53) will change, and
consequently, the axial stiffness tends to be underestimated [250]. Empirically, the ratio of
resonant frequency to excitation frequency should be set as below 0.8 at least. It is expected

that an approximate resonance frequency will be estimated theoretically.
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Fig. 2-23 Cutting force estimation in LDOB when considering the position dependency of axial
stiffness identified in Fig. 2-22 (Cutting data in Fig. 2-20 are utilized)
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2.5.2. Disturbance transfer function induced by structural modes

When the ball-screw-driven system cannot be regarded as dual-inertia dynamics, the
reliable bandwidth of the sensorless cutting-force-estimation system is substantially
limited, as discussed in Fig. 2-18 and Fig. 2-19. This is an essential limit of the sensorless
cutting force estimation by model-based observer techniques. Note that the motor current
information also becomes more affected by the structural dynamics from the stage side as
the inertia ratio increases. Although the accuracy can be improved by increasing the order
of the assumed model, additional encoders/accelerometers corresponding to the assumed
degree of freedom are required. Additionally, identification of observer parameters has
become very time-consuming, and the consideration of where to install additional sensors
has not yet been systematized; hence, this approach is not realistic in industry.

Recently, Altintas and Aslan [40,94] compensated the disturbance TF for the current-
based cutting force estimation system deteriorated by structural dynamics, by using a
digital filter that exhibits inverse characteristics of disturbance FRF obtained by the tap
test. They generated a strictly proper inverse filter by applying Kalman filter theory (Fig.
2-25). However, the reliable bandwidth of the compensated signal was still limited to 200
Hz, because it is not easy to accurately measure the disturbance FRF due to the effect of

pre-sliding friction on the stationary axis as well as the low sensitivity of the motor current
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Fig. 2-26 Concept of pre-compensation for sensorless cutting force estimation system

in a high-frequency region (e.g., discussion in Fig. 2-14 and Fig. 2-16).

Alternatively, this subsection presents a novel concept to directly generate a
compensation filter based on the actual cutting tests for the sensorless cutting-force-
estimation system (Fig. 2-26) [251]. The performance deterioration of the model-based
observer techniques induced by the modeling error, including structural dynamics, is pre-
compensated through iterative milling tests in the development phase, denoted as the pre-
compensation step. In this step, a digital filter for compensation is directly self-adjusted by
the proposed optimization loop, referring to the cutting force measured by the dynamometer.
In particular, observer techniques integrated with linear encoder information offers a good
opportunity to obtain a reasonable compensation filter, as a high sensitivity to the cutting
force is maintained over a wide frequency range. If the sensitivity is nearly zero in the high-
frequency range, such as the current-based estimation, an infinite power of filters is
required to obtain unity gain. This filter becomes unstable, and thus, cannot be realized.

The proposed approach can reduce the uncertainties and manual operation induced

from the tap test for measuring the disturbance FRF; hence, it is more reliable. The
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dynamometer is removed in the actual operation on the shop floor after completing the pre-
compensation step. Consequently, the sensorless cutting force estimation system
compensated by the self-generated digital filter can accurately sense the cutting force
without any drawback induced using the dynamometer on the shop floor, such as thermal
drift, overload, limitations of workpiece size, and machining-space invasion. The concept of
pre-compensation is inspired from precision measurement instruments such as coordinate
measuring machine (CMM), which are always calibrated before use.

The estimated cutting force is compensated by 1D digital filtering, whose general proper

form (i.e., numerator and denominator have the same order) can be expressed as follows:

bo + b]_Z_l + sz_Z + "'blZ_l

(2-54)
1+a;z7 +az72 + - qz7!

Gi(z) =

where a; [-] and b, [-] (I =0,1,2,..) are filter coefficients in denominator and numerator,
respectively. Consequently, the compensated estimated cutting force at the k-th sampling
point can be expressed as a recursive function with the coefficient vector of the [-th-order

digital filter as follows:

bo + b]_Z_l + sz_Z + "'blZ_l ~

1+a;z7 ' +az72 +--qz7!

o Feomp[k] = by - {F[k], Flk — 1], .., Flk — 1]} — a; - {Fe™ [k — 1], ..., Feomp [ — 1]} (2755)
where 4 = {a;, b;} = {[ay,ay, ..., a;], [bg, by, ..., b1}

Feomp = G,(2)F =

where F™ [N] is the compensated signal of the estimated cutting force, F[N]. By
regarding A as a variable tuning vector, the filter coefficients are directly adjusted by
nonlinear programming so that the compensated force matches the reference cutting force,
F"¢/ [N], measured by the dynamometer.

Fig. 2-27 shows the self-tuning procedure, which comprises two optimization loops. In
the inner optimization loop, the filter coefficients at a specific filter order are tuned to
minimize the set error function. The phase of the compensated force is shifted due to digital
filtering. In addition, the sensor signals and servo signals are not usually synchronized;
hence, time-domain tuning may not be suitable. From the above viewpoints, gain-based

tuning in the frequency domain is applied. The error function, J, [N], is defined as
e=Rg—UI™ - J, =/ ee” where Rg = Abs(FFT[r]), UZ”™ = Abs(FFT[u®™])  (2-56)

The gain vectors Rg and Ug’"" are obtained by the FFT of the time-series dataset of
the reference signal and that of the tuning signal (i.e., compensated signal) derived by
filtering the original estimation signal. The datasets of r, u®®™? and u contain signal values

at each sampling point corresponding to F™/ (.e., cutting force measured by the
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Fig. 2-27 Dual optimization loop for self-adjustment of digital filter

dynamometer), F°™ and F, respectively. The filter coefficient vector is automatically
adjusted by the Simplex method to minimize the error function. By restoring the spectrum
amplitude, including that from DC to the Nyquist frequency in the gain vectors, an
overfitting that ignores filter stability can be avoided.

Here, setting the initial conditions is not trivial for nonlinear optimization. In addition,
an appropriate filter order should be self-determined. An outer optimization loop addresses
these challenges. In the outer loop, the filter order is increased gradually, and the inner loop
runs for each order and outputs the filter coefficient vector optimally tuned at that order.
The outer loop also updates the initial conditions for the inner iteration by reusing the filter-
coefficient vector tuned in the previous order (Fig. 2-28). This procedure can eliminate the
need to set the initial condition and gradually find a better optimal point with reduced
iteration time, although the tuned coefficient vector is not necessarily a global optimal
solution. If the residual error function does not decrease even for an increase in the filter
order, the filter adjustment is terminated. The outer optimization loop inputs the non-
filtering condition (i.e., G; = by = 1) to the inner loop as the first initial condition. Therefore,
the iteration ends if filtering is not required. In Fig. 2-28, the iterative tuning of the cascade
optimization loop is completed at the filter order of 4, as the changing rate of the residual
error function drops below 0.1 %; hence, the 3rd-order digital filter in the previous step and

the corresponding adjusted filter coefficients are employed.
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Fig. 2-28 Update procedure of filter order and initial conditions

For a reliable optimization in the frequency domain, the steady-state excitation through
the milling test at a constant spindle speed should be conducted. Therefore, all frequencies
cannot be excited, like that in the tap test, which makes it impossible to generate the digital
filter at once to compensate for the entire frequency range. To address this problem,
iterative experimental tuning for the cascaded compensation filter is conducted based on
the machine-in-the-loop concept (Fig. 2-29).

The compensation filter is gradually completed by cascading each filter generated

through iterative milling tests while discretely varying the spindle speed, as follows:
G.(2) = G(l)(z) . G(z)(z) e G(n—l)(z) . G(")(z) (2-57)

where G™(z) is a digital filter generated by passing the dual optimization loop (.e., Fig.
2-27) in the n-th cutting test. If n experiments for pre-compensation are performed, total
n filters are generated. Note that the filter coefficient vectors behave unlike filter (Gén) (z) =
1) if not needed. Consequently, the resultant cascade filter, G, represents the compensator
(compensation TF) for the disturbance TF in the cutting force estimation system.

When a new filter is generated, all previous experimental datasets and generated
compensation filters must be considered; hence, the reference and original estimation

datasets input into the filter-tuning program are extended as
r=[r®,r®, . ro-D (®] y = [u®,u®, ., u®=D, y@®] (2-58)

where r" and u" are the reference and original datasets gathered by the n-th cutting test.

Before inputting the extended original dataset of the estimated cutting force into the tuning
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Fig. 2-29 Iterative milling test procedure for generating a cascaded compensation digital filter

program, it is filtered by the cascaded filter composed of all previous filters (.e., G.(z) =
GV (2)- 6@ (z)- - - 6™V (2)). Then, a new filter is generated to fill in the insufficient part
and the total characteristic of the cascaded digital filter is changed.

Fig. 2-30 shows the concrete recalibration step of each filter. It is also important to
prevent overfitting at certain frequencies, as the filter is tuned based on the discrete-
frequency excitation through milling tests. In this step, all previous filters are readjusted
by the Simplex method in order, considering the other filters. During the recalibration of
one filter, coefficient vectors of the others and its own filter order are fixed. Consequently,
overall, the total cascaded filter fits better for all input frequencies. Although the next
spindle speed for learning should be designed within a certain spindle speed range after
evaluating the frequency-domain distribution of the residual error function, the spindle
speeds ranging 1000-15000 min! with 1000 min'! increments (.e., 15-times milling tests)

are applied in this dissertation as a case study.

74



Chapter 2 Sensorless cutting force estimation based on disturbance observer

Procedure

Re-calibration of
all previous digital filter
M (2),63(2),..,60V(z)

Apply cascaded digital filter
G.=GWcD..q0-Dg0+D) ... (n-1)

C

Inner optimization loop

l

Initial condition G;, = G®

l

Recalibrate digital filter G
while fixing the filter order
(i.e., inner optimization loop)

Fig. 2-30 Recalibration procedure of all previous digital filters

1 5 1 1 1 1
—— Total cascaded filter with recalibration step
Total cascaded filter without recalibration step
Z 1 ]
Z,
£
B 0.5 |
O 1 1
0 200 400 600 800 1000

Frequency [Hz]

Fig. 2-31 Gain characteristic of self-optimized cascaded digital filter

Fig. 2-31 shows the gain characteristic of the cascaded digital filter to compensate for
the MEDOB system on the Y-axis, self-optimized by the proposed procedure. The iterative
straight cutting tests were conducted by providing feed in the Y-direction and down-milling
aluminum alloy 7075 with a two-flute 6-mm-diameter end mill. The feed per tooth, axial
depth of cut, and radial depth of cut were set as 30 pm, 2.0 mm, and 1.5 mm (quarter
immersion), respectively. The friction compensation was achieved using the recording
method, although various friction models can be used. Here, since the disturbance TF in
the high frequency region deteriorated by unmodelled high-frequency modes can be
compensated through the proposed method, an LPF with wider cut-off frequency can be
applied. Therefore, a LPF with 1 kHz cut-off frequency is applied to the MEDOB system in

this section, although the cut-off frequency of 500 Hz was applied in previous sections (Table
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2-3), to eliminate the influence of high-frequency modes, even for the X-axis.

The filters are gradually generated and self-adjusted to complement each other through
15 tests conducted at spindle speeds ranging 1000—15000 min'! with 1000 min! increments.
The characteristic of the total cascaded filter is modified as the iterative milling tests
progress. Only the final cascaded compensation filter G.e., G.(z) = GV (2) 6P (z)- - -
G(15)(2)) is depicted in Fig. 2-31. Note that the DC gain of the cascaded filter is also modified
so that the error function, including the friction compensation error, will decrease overall.
To show the impact of the recalibration step in Fig. 2-30, the total cascaded filter generated
without the recalibration step is also shown in Fig. 2-31. Some of the training results
obtained in the pre-compensation step are shown in Appendix B, which verify that the self-
shaping process of the cascaded compensation digital filter is functioning successfully.

To verify the generated compensation filter, additional straight milling tests in the Y-
direction were conducted with various combinations of spindle speed and cutting depth,
which were not used in the pre-compensation step. Note that the LPF with 1 kHz cut-off
frequency was applied to both the compensated and non-compensated signals of the
estimated cutting force, for a fair comparison.

Fig. 2-32 compares the compensated and uncompensated MEDOB signals; the
conventional motor-current-based estimation is also depicted. The cutting condition is
presented in the caption. The MEDOB-based cutting force estimation system was improved
by the self-optimized cascaded digital filter with the recalibration step in Fig. 2-31. As
shown in Fig. 2-32(b), there is no large deviation in all estimation results at the tooth-pass
frequency of 113 Hz, because of the relatively low-frequency region. However, there is a
large error in the normal MEDOB at the second harmonic of 226 Hz. This error was
successfully compensated by the generated digital filter. The time waveform of the current-
based cutting force estimation appears dull. This is because the motor current did not
sensitively reflect the vibrational state at the third harmonic of 339 Hz. As already
discussed (Fig. 2-9 and Fig. 2-16), the gain of disturbance TF of the motor-current-based
estimation can substantially decrease in the high-frequency region over the resonance
frequency of the ball-screw-driven system (e.g., 228 Hz on the Y-axis). The compensated
MEDOB system appropriately estimated all frequency components.

To show the impact of the recalibration step, the estimation result of the compensated
MEDOB without the recalibration step is shown in Fig. 2-33. The compensation
performance is generally enhanced by applying the recalibration step sequentially, although
the time required to tune the filters become longer. In Fig. 2-33, the RMSE in the time
waveform showed an improvement by ~23% by applying the recalibration step, over the

RMSE in the compensation without the recalibration step.
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Fig. 2-32 Comparison of the cutting force in Y-direction while feeding Y-stage estimated by the motor
current, uncompensated MEDOB, and compensated MEDOB (S = 3400 min~?, a, = 25mm,a, =

1.0 mm, down cut with two-fluted 6-mm-diameter end mill and a feed per tooth of 30 pm): (a) Time
waveform, (b) enlarged FFT results at tooth-passing frequency as well as 2nd and 3rd harmonics

Fig. 2-34 shows the additional results obtained at higher spindle speeds of 8300 and

12500 min! in both time and frequency domains. In brief, the estimation accuracy of

MEDOB was substantially improved by the proposed compensation system in both cases.

The spectrum error at the tooth-passing frequency became ~9% and 17% at 8300 and 12500
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compensated MEDOB with or without recalibration step (same data as those used in Fig. 2-32 are used
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Fig. 2-34 Cutting force in the Y-direction while feeding the Y-stage estimated by MEDOB with or
without compensation (down cut with two-fluted 6-mm-diameter end mill and a feed per tooth of 30
pm): (a) § =8300min~1, ap = 1.5mm,a, = 3.0 mm (b) S =12500 min_l,ap = 25mm,a, = 1.5mm

min’!, respectively, whereas ~200% or more errors were induced in the uncompensated
MEDOB system in both cases.

Note that the estimation accuracy in high harmonics was still not sufficient. This is
because the frequency-spectrum distribution in the training dataset concentrated on the
relatively low-frequency region, since the undesigned 15-times tests with 1000 min'!

increments ranging from 1000 to 15000 min! were simply conducted in the pre-
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compensation step. In this case, the compensation accuracy can be enhanced by increasing
the dataset with a high spindle speed and/or many teeth, so that many high frequencies
will be included. It is also important to establish a systematic experiment design method
for the pre-compensation. Furthermore, because of the gain-based tuning for filter
generation, the phase characteristic of the compensated signal is not considered; hence, the
time waveform of the saw-like cutting force can be corrupted after compensation due to the
phase delay of digital filtering. As the frequency response of the force sensing system is
ideally desired to have a unity gain and low phase delay for the widest frequency range [94],

this problem must be solved in the future.

2.6. Summary

This chapter introduced the existing sensorless cutting-force-estimation techniques
based on disturbance estimation theories or the motor current. In-depth characteristics in
each technique, as well as challenges and compensations for accurate cutting force
estimation, were described through simulations (i.e., theoretical aspects) and actual cutting
tests with the prototype three-axis machine tool having a fully closed ball-screw-driven

system. The contents are summarized as follows.

1. In the dual-inertia model of the ball-screw-driven system, estimation by a simple DOB
(i.e., rigid-body single-inertia model basis) will significantly deteriorate around the
unmodeled axial resonance frequency. DOB can be useful for the linear-motor-driven
stage modeled as a rigid body. By applying a dual-inertia-model approach, such as
MEDOB, LDOB, or VMDOB, the unity gain of the disturbance transfer function can be
ideally obtained. This means that the estimated cutting force is ideally the same for all
techniques. Nevertheless, the estimation characteristics differ depending on the
method, as the component forces contributing to the estimated cutting force are
different. MEDOB, LDOB, and VMDOB can be implemented in a fully closed ball-
screw-driven system. By integrating the high-resolution load-side linear encoder
information, the high detectable-force resolution and sensitivity to dynamic cutting

force in the high-frequency region can be maintained.

2. Only LDOB and VMDOB can estimate the cutting force regardless of whether the stage
is moving or not, even when the cutting force is less than the maximum static friction
force. This is because of the relative motion-based estimation, which directly considers
the restoring force induced by the axial stiffness of the ball-screw-driven system. In
case of a low inertia ratio, VMDOB will become almost the same as LDOB. Additionally,
LDOB does not use the motor current, which has large error factors in some cases.

LDOB is a more reasonable strategy than VMDOB because of its theoretical simplicity.
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As the observer technique is model-based, the estimation accuracy substantially
depends on the modeling accuracy. In LDOB/VMDOB, the identification of axial
stiffness is particularly important. In machine tools, axial stiffness may have position
dependency depending on the anchor type of the ball-screw-driven system. The
position-dependent variation from a nominal value in the axial stiffness deteriorates
the estimation accuracy of LDOB and VMDOB. In this case, the estimation accuracy
can be improved by handling the stiffness function identified in advance according to
the absolute stage position during the process. Alternatively, MEDOB is useful because
there is no need to identify the axial stiffness; however, it cannot estimate the cutting

force less than the maximum static friction on the stationary axis.

When the ball-screw-driven system cannot be regarded as a dual-inertia model due to
the complex structural dynamics, the reliable estimation bandwidth is substantially
limited. This is an essential limit of sensorless cutting force estimation by model-based
observer techniques. To address this challenge, a practical compensation technique
with a cutting-data-driven self-optimized compensation digital filter, which is learned

through iterative milling tests in the pre-compensation step, is proposed.
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3. Online chatter detection based on phase
shift monitoring

3.1. Introduction and concept

In this chapter, a novel online type-assorted chatter detection, based on the concept of
“phase shift monitoring” and inspired by the PF theory in AC circuits, is proposed.

The PF is an index used to represent the energy-transmission efficiency in an electrical
system and varies from —1 to 1. A high PF indicates that the electric power is consumed
effectively in the electrical devices. Fig. 3-1(a) shows a schematic of a simple AC circuit. A
complex power, which includes an active and a reactive power, develops after the current
starts flowing in the circuit. The active power, P, [W] is consumed at the load, while the
reactive power, P,.q.: [W] is not consumed at the load.

Fig. 3-1(b) shows the geometric relationship between the active and the reactive powers

in a complex coordinate system. The complex power, P, [W] can be expressed as follows:
Pe = Paet + 1Preqct (3-1)

The PF is defined by the ratio of the active power to the norm of the complex power (i.e.,

apparent power, Py, [W]) as follows:

P
PF =% = cosf (3-2)
app
1 [t'+Tw 1 t'+Tw
Papp = |Pc| = T_f Iez(t) dt T—f Eez(t) dt (3-3)
wJt! wJ¢!
t'+Ty,
Pyt = ™ f I, (t)E.(t) dt (3-4)
w J¢!

where I, [A] and E, [V] are the AC current and voltage, respectively, and 6,z [rad] is the
phase angle between I,(t) and E,(t). Inaddition, T,, [s] is the calculation window length.
Focusing on the analogy between electrical and mechanical systems, Mizoguchi et al.
[248,249] converted the PF into an MPF. They used the MPF as an indicator of motion
efficiency in a motion-control system [277,278].
Here, based on Eq. (3-2), the PF can be also interpreted as an indicator of the phase
shift between the current and voltage. Considering the system analogy, the MPF also

indicates a phase shift between the velocity and load force in the mechanical system. By
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Fig. 3-2 Analogy between electrical and mechanical systems

extending the MPF concept, a novel index, namely the MEF, which indicates the phase
difference between the displacement and load force is also proposed in this study.

In a machining system, the phase shift is a key factor for the onset of chatter (see Fig.
1-6). Consequently, both the MPF and MEF can be applied to the chatter detection system.
In the following sections, a detailed methodology for constructing a type-assorted chatter
detection, with a unique threshold by the MPF and MEF is described. Additionally, the

construction of a system that integrates sensorless cutting force estimation is also depicted.

3.2. Methodology

3.2.1. Mechanical power factor for abnormal forced vibration
detection

To introduce the MPF, a differential equation of an electrical system is applied to a
mechanical system. The RLC circuit is the most basic model for the electrical system, which
corresponds to an SDoF vibration model in the mechanical system (see Fig. 3-2). The circuit

and motion equations are, respectively shown as follows:
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d 1
Leale(t) + R I (t) + - f L,(t) dt = E,(t) (3-5)
e

d
Mﬁv(t) + Cv(t) + KJ v(t) dt = Fii(t) (3-6)

where, on one hand, L. [H], R.[Q], and C,[F] are the inductance, resistance, and
capacitance in electrical system, respectively. On the other hand, M [kg], C [N-s/m], and
K [N/m] are the mass, damping, and stiffness in mechanical system, respectively.

As expressed in Eqgs. (3-5) and (3-6), the current and voltage in the electrical system
correspond to the velocity, v[m/s] and load force, F,; [N] in the mechanical system,
respectively. As a result, the MPF can be defined with active and apparent mechanical

powers, Wy, [W] and W,,, [W] by employing Eqgs. (3-2)-(3-4), as follows:

w
MPF = [ = c0s Oy (3-7)
app
1 (t'+Tw 1 (t'+Tw
Wapp = EL v2(t) dt aft’ FA(t)dt (3-8)
t'+Ty,
Weee =7- [ v(OF(0) dt (3-9)
w Jt!
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Table 3-1 Number of calculations required to obtain the MPF

Addition/subtraction Multiplication/division

1. Square of each velocity and force — 2N,

2. Each average calculation of O 2(N, — 1) 2

3. Each root value of @ — 2

4. Multiplication of each RMS value of @ — 1

5. Multiplication of velocity and force — N,

6. Average calculation of ® N, —1 1

7. Division of ® by @ — 1

Total number of MPF calculations 3N, —3 3Ny, + 7

where 6, [rad] is the phase difference between v(t) and Fy(t).

Here, the abnormal forced vibration is a type of a resonance phenomenon. If the
frequency of the cutting force components corresponds to the resonance frequency of the
machine, the machine will vibrate significantly because of the resonance phenomenon. If
the CWS can be modeled as an SDoF system, the resultant phase of the vibrational tool
displacement is delayed by m/2 rad compared that of the dynamic force at the resonance
frequency. In other words, as the phase of the velocity leads by 7/2 rad compared to the
displacement, the phase shift of mobility under an abnormal forced-vibration condition

should be close to 0 as shown below (see Fig. 3-3):

v(ioy) _

Fls(lwr) vF

As an MPF value of close to 1 indicates that the phase difference between the velocity
and load force is almost 0 rad, it is expected that the MPF can be used to detect abnormal
forced vibration. Note that the actual information that can be obtained during the
machining is a discrete-time value, sampled in each sampling period. Therefore, the

continuous expressions in Egs. (3-7)—(3-9) are discretized as follows:

Wace[K]

MPF[k] = Wopp[K] (3-11)
L Ny, —1 L Ny, —1
Woolk] = |— v2[k —h] |— F2[k — h] (3-12)
pp NW hZ:O NW ;) L
1 Ny—1
Wieelk] = — v[k — h]F5[k — h] (3-13)
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Table 3-2 Number of calculations required to obtain the MPF by emplying the MA algorithm

Addition/subtraction Multiplication/division

1. Square of each velocity and force at the 0 9
sample number k

2. Each moving average calculation of @O 4

3. Each root value of @ — 2
4. Multiplication of each RMS value of @ —

5. Multiplication of velocity and force at the B 1
sample number k

6. Moving average calculation of ® 2 1
7. Division of ® by @ — 1
Total number of MPF calculations 6 10

where N, [—] is the corresponding number of sample data: N,, = Floor(T,, /sampling period).

If the MPF is calculated using Egs. (3-11)— (3-13), the total number of calculation steps
increases in proportion to N,,, as given in Table 3-1. Nevertheless, the calculation steps of
both the apparent and active mechanical powers include calculation of an average, which
suggests that the average value is continuously calculated with a small calculation load,
when the moving average (MA) algorithm is used in the discrete-time system. The MA

algorithm is expressed as:
ul[k] = ulk — 1] + (u[k] — u[k — N,,])/N,, (3-14)

where ul[k] and #u[k] are the analyzed signal and its average value, at k-th sample
number, respectively.

Consequently, if @[k — 1], u[k], and u[k — N,,] are known, the new average value u[k]
can be calculated by adding/subtracting twice and multiplying/dividing once. The total
number of MA calculations will not change even if the number of samples increases. The
MA algorithm can be implemented easily by retaining the signals past N,, samples using
a ring buffer. By applying the MA algorithm to determine the MPF and MEF, the apparent
and active mechanical powers can be obtained with a low computation cost independent of

the size of the sampling as follows:

— 2[k]-v2[k—Ny FE[k]—FA[k—Ny, .
W / 2[k]FE [k \/vz 4 v?I- ;W[ ]JFls[k 1”% (3-15)

1J[k]Fls[k] - ‘l][k - Nw]Fls[k - Nw]
Ny,

Wace[k] = vFs[k] = vF [k — 1] + (3-16)

As a result, MPF[k] can continue to be computed at every sampling period by

adding/subtracting six times and multiplying/dividing ten times as shown in Table 3-2.
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3.2.2. Mechanical energy factor for chatter detection

As described in Eq. (1-2), the unstable region owing to the regenerative chatter can be
represented in terms of a phase shift, &, [rad], as 7 < e, < 2m. According to [25], the
relationship between the phase shift, ¢, and the phase angle of the compliance TF,

0, [rad] in the SDoF system can be related as follows:
£ = 3m+ 20, (3-17)

Consequently, the chatter condition can be determined by employing the phase

difference between the tool displacement and dynamic cutting force as follows:

x(iw.) T

m 3 (3-18)

- < ng =4
where w, [rad] is the chatter frequency. The chatter vibration has a strong relationship
with 6,r. As the range of 0, 1s between —m and -m/2, the range of cosine value of 6,5

under the chatter condition is as follows:
—1 < oSO <0 (3-19)

For detecting chatter vibration, based on Eq. (3-19), a novel index, namely MEF is
proposed. In the MPF, the cosine value of 6, is derived from the velocity and dynamic force
by introducing the apparent and active mechanical powers. In other words, the velocity and
force are correlated to the power dimension. Similarly, the cosine value of 6, can be
obtained by employing the displacement and dynamic force. As the multiplication of
displacement and force has the dimensions of energy, a new indicator for self-excited chatter
detection is preferable to be defined in relation to the energy. From this viewpoint, the

apparent and active mechanical energy, Eg,, [J] and E, [J] can be defined as follows:

1 (t'+Tw 1 (t'+Tw
Eapp = T_f x(t)2 dt T—f Fls(t)z dt (3'20)
wJt! w J¢!

t'+Ty,
Eqet = T f x(t)F(t) dt (3-21)
wJt!

Then, the MEF indicating the phase difference between the displacement and the load

force is defined as follow:

= oS Oy (3-22)
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Self-excited chatter is detected  Abnormal forced vibration is detected
(Machining is close to resonance)

Fig. 3-4 Flowchart of the proposed chatter detection system

Owing to the nature of Eq. (3-19), the value of MEF is less than 0 when the chatter
vibration occurs, i.e., the chatter detection is possible based on the phase shift monitoring
without setting a threshold for the vibration magnitude. Consequently, the threshold will
be determined uniquely, independent of the cutting condition or workpiece material.

Similar to the MPF, the MEF is also discretized as follows:

Eqct[K]
Eapplk]

[ — — —- 2 2
Eapplk] = 2 [KIFEIK] = sz =11+ "72“‘]‘;2"‘”“\/ Flolle — 1] + SRl (3-24)

MEF[k] = (3-23)

Eact[k] — xFlS[k] _ X_Fls[k _ 1] + x[k]Fls[k] - x[kN_ Nw]Fls[k - Nw] (3_25)

Based on Egs. (3-23)—(3-25), the MEF is also computed at every sampling period with
six iterations of addition/subtraction, and ten iterations of multiplication/division,
independent of the number of data samples. Finally, a type-discrimination chatter detection
can be constructed by monitoring both the MPF and MEF, as shown in Fig. 3-4. The MPF
and MEF are continuously computed with a low computation cost, and the thresholds for

detecting forced and chatter vibration can be set uniquely as follows:

{MPF =~ 1 if forced vibration occurs (3-26)

MEF < 0 if chatter vibration occurs
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3.3. Experimental system configurations

3.3.1. Experimental setup and procedure

Fig. 3-5(a) shows the prototype precision lathe, including a work spindle supported by
an aerostatic bearing and an XZ-stage driven by shaft-type linear motors along two linear
ball guideways. Fig. 3-5(b) also depicts the schematic of CWS where the tool approach angle
was approximately 90°. Optical linear encoders with a resolution of 10 nm were attached to

the stage in each direction. The detailed specifications of the developed linear motor-driven

high-precision lathe are also summarized in Appendix A.

Optical
encoder

—1 A
X Z
>
O
O
(00}
>
(@)
=
=
O
Tool insert
¢ [Feoed

Fig. 3-5 Experimental setup: (a) prototype linear motor-driven high-precision lathe; (b) schematic of

corresponding CWS
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Fig. 3-6 Compliance FRF from the tool-tip to the jig under the fixed-position control

Fig. 3-6 shows the experimental compliance FRF from the tool tip to the Z-stage,
obtained by a preliminary tap test under the fixed-position control. It agreed well with that
from the tooltip to the Z-stage and can be regarded as an SDoF system. Here, the resonant
frequency of 32.5 Hz was slightly different from the frequency of 35. 0 Hz, where the phase
difference was -90 degree owing to influence of the controller. Because the MEF/MPF follows
the phase characteristic, this difference would influence the reliability of the phase shift
monitoring, especially for the MPF. It should be compensated to achieve a more accurate
monitoring. However, it was not practical to set the threshold to “exactly” 1. Furthermore,
the forced vibration would pose a problem when the disturbance frequency was “around”
the resonant frequency, as the magnitude of compliance was already high around the
resonance. In fact, the amplitude of compliance was still high at 35.0 Hz. As the phase of
mobility at 32.5 Hz should be 23 ° (i.e., the cosine value was 0.92), the threshold of the MPF
for forced vibration detection was set to 0.90 in this study. Empirically, an approximate

value of 0.8 — 0.9 may be a reasonable threshold for the MPF for detecting forced vibration.

3.3.2. MPF/MEF monitoring system applying a DOB

In machining process, the dynamic load force corresponds to the cutting force G.e., F;; -
F); hence, the dynamic cutting force must be monitored to apply the MPF and MEF for
chatter detection. In this study, the dynamic cutting force is estimated by applying a DOB
to the control system of the linear motor-driven stage. The shaft-type linear motor in the
developed lathe is suitable for estimating the high-precision force because of its friction-less

and cogging-less structure. The cutting force estimation manner of the DOB in a linear
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Fig. 3-7 Block diagram of the MPF/MEF monitoring system

motor-driven system has been described in Eq. (2-15).

To compute the MPF/MEF, the tool vibrational displacement and velocity are also
needed. In this study, the tool displacement is directly obtained from the linear encoder, as
the developed high-precision lathe has an SDoF characteristic from the tool-tip to the linear
encoder (see Fig. 3-6). The velocity response is calculated by numerically differentiating the
obtained position information.

Fig. 3-7 shows a block diagram of the MPF/MEF monitoring system, integrated with the
DOB-based cutting force estimation. Note that the same LPF as the cutting force observer
was inserted into the velocity and displacement information before the MPF/MEF
calculation to eliminate the relative phase lag caused by the LPF. In addition, a high-pass
filter (HPF) was applied to all the information to cut off the DC components, because only
the dynamic component, essential for the chatter as well as the PF is originally defined in
the AC circuit. Consequently, the compensation of the friction force in the DOB became

unnecessary. Note that the pass-through filters cause an additional phase shift of the
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Table 3-3 Parameters for the monitoring system

X-stage Z-stage
Sampling time [ps] 80
Nominal movable mass, M., [kgl 7.2 3.0
Nominal thrust-force coefficient, K, [N/A] 18.5 20.5
Cutoff frequency of LPF, g,pr [rad/s] 500 1000
Cutoff frequency of HPF, gypr [rad/s] — 4t

signals. However, they do not pose a problem for chatter detection by the MPF/METF, if the
same type and number of filters are inserted in all the signals, as the MPF/MEF captures
the “relative” phase shift between the signals. Therefore, the phase lag compensations are
also important if needed. After the filtering process, the MEF and MPF were calculated at
every servo cycle.

Table 3-3 lists the parameters for the monitoring systems. A second order LPF and a bi-
quad HPF were employed. Phase lag compensations were not applied in this system. Note
that the bandwidth of the LPF must be higher than the expected chatter frequency so that
the chatter component was not eliminated. The nominal movable masses and thrust-force
coefficients in the X- and Z- stages were simply determined from the design values. As
shown in Fig. 3-5(b), the vibration direction of the width of cut corresponded to the feed
direction (i.e., the Z-direction), and the process force in the Z-direction fluctuated

dynamically. Therefore, the proposed chatter-detection method was applied to the Z-stage.

3.4. Experimental results

Using the above experimental setup, three types of experiments were conducted. In the
first experiment, the oscillation test was conducted to evaluate the influence of the
calculation window length, T,,, on the calculation accuracy of the MPF and MEF (see Fig.
3-8). The calculation window length was varied from 1 to 200 ms under several oscillation
frequencies. The obtained results were evaluated with the peak-to-peak (P-P) values of the
resultant MPF and MEF. In the second and third experiments, outside turning tests were
conducted, while gradually increasing the radial depth of the cut and spindle speed during
the process, respectively. The performance of the proposed method was evaluated by

comparing the results of the machined surface quality and frequency analyses.

3.4.1. Oscillation test

The oscillator applied a vibration of approximately 9.25 Hz as the low-frequency and 40
Hz as the high-frequency to the Z-stage in the Z-direction. Fig. 3-9(a) shows the results of

the estimated force and velocity during the oscillation. The phase difference between the
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Fig. 3-8 Experimental setup for the oscillation test
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Fig. 3-9 Response of the estimated force, and (a) velocity, (b) displacement in the oscillation test

force and velocity was approximately 132° (2.31 rad) at 9.25-Hz excitation and —58° (-1.01
rad) at 40-Hz excitation, respectively; hence, the MPF values were expected to become
approximately —0.67 and 0.53 at each frequency. Similarly, Fig. 3-9(b) shows the result of
the estimated force and displacement response. The phase difference between the force and
displacement was approximately 45° (0.79 rad) at 9.25-Hz excitation and —135° (-0.70 rad)
at 40 Hz; hence the MEF values should be 0.70 and —0.70 at each frequency.

Fig. 3-10 shows the behavior of the MEF with window lengths of 10 and 200 ms. The
MPF calculation exhibited a similar tendency. As shown in Fig. 3-10, the accuracy of the
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Fig. 3-10 Representative results of MEF monitoring with different window lengths and input
frequencies
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Fig. 3-11 Summary of the P-P value of the resultant MPF/MEF for each window length

MEF/MPF calculation depended on the window length according to the input frequency.
Fig. 3-11 summarizes the P-P values of the MEF and MPF at every calculation window
length, and shows that the calculation accuracy tended to reduce every half period of the
input oscillation (.e., 1/(2x 9.25Hz) = 54 ms, 1/(2 x 40 Hz) = 12.5ms). It suggests that
the ratio of the window length to the input oscillation period was important. In particular,

it was preferable to set the window length to an integer multiple of half of the input
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oscillation period. In AC electrical circuits, T,, is set to correspond to the frequency of the
AC current/voltage, and is usually known in advance. However, the optimal window length
is unclear in the machining process because the chatter frequency is usually unknown. Here,
as seen in Fig. 3-10, the MPF/MEF value fluctuated significantly with a low-frequency input
with the same window length; hence, the window length should be set considering the lower
frequency component of the analytical object rather than the higher frequency component.
From the above analysis, the window length was set to the same period of the spindle
speed in the outside turning tests, as the rotational frequency was generally lower than the
chatter/resonance frequency. The integer number of waves generated in the spindle period
should be sufficiently large to alleviate the calculation error. Consequently, the chatter can
be detected at least after one spindle rotation, when the chatter occurs, because all the data

in each sliding window was updated after one spindle rotation.

3.4.2. Turning test increasing the depth of cut

To verify the performance of the proposed chatter detection method, an outside turning
test was conducted, while increasing the depth of the cut, in the second experiment. The
cutting conditions are summarized in Table 3-4. The calculation window length was set to
67 ms G.e., T, = 67 ms — N,, = Round(67 ms/80 pus) = 838 samples) so that it coincided with
the spindle-rotation frequency, as discussed in the previous subsection.

Fig. 3-12(a) shows the machined surface quality evaluated along with its roughness
curve measured using the stylus profiling instrument (Surfcom Flex-50A; Tokyo Seimitsu
Co., Ltd, see Fig. 3-13). The machining time according to the feed length during the turning
is also shown in Fig. 3-12(b). The chatter mark (i.e., the deteriorated surface) can be clearly
observed after a machining time of 22 s.

Fig. 3-14 shows the off-line STFT analysis of the estimated cutting force. Before 22 s,
the component of 15 Hz corresponding to a spindle rotation of 900 min'! was dominant,
while the 41-Hz component could be observed after 17 s. From 17 to 22 s, the cutting process
might be in a transition region from being stable to unstable. After 22 s, chatter was
generated with a peak frequency of 41 Hz, which corresponded to neither the spindle
rotational frequency nor the resonance frequency; hence, it could be considered to be a

chatter vibration, and not an abnormal forced vibration.

Table 3-4 Cutting conditions for outside truning, while increasing the depth of cut

Cutting tool Carbide
Workpiece AB5056B (¢ 20 mm x 30 mm)
Feed rate in Z-direction [um/rev] 36.0

Feed rate in X-direction [nm/rev] 67.0

Spindle speed [min!] 900

Calculation window length [ms] 67

Depth of cut [uml] 150 — 178
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Fig. 3-12 Results in outside turning, while increasing the depth of the cut: (a) picture and roughness
curve of the machined surface, (b) machining time along feed length

Stylus

Data logger
Feed of stylus

Stylus ] /Machined surface

Feed length Workpiece

’ \ Measurement procedure \
Ny )

o

lative height

e

o

s Y @ Origin point for measuring

pickup " Drive surface topography

Fig. 3-13 Measurement instrument for surface topography (e.g., surface roughness/waviness)

95



Chapter 3 Online chatter detection based on phase shift monitoring

100 . T T =+ 2
N
I N
S =
o 1 &£
=) a)
5 %
LL
0 i : i Chatter-area- 0
0 10 20 30
Time [s]

Fig. 3-14 STFT of the cutting force estimated by DOB in outside turning, while increasing the depth of
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Fig. 3-15 Monitoring MPF and MEF in outside turning, while increasing the depth of cut

Based on Fig. 3-14, it may be inferred that chatter detection is feasible if a real-time
implementation of STFT is possible. However, it may be difficult to detect the chatter
quickly because of the computational cost as well as the relatively long analysis section to
ensure the frequency resolution. Additionally, an appropriate threshold must be considered
carefully for robust autonomous detection, and may be reconsidered if the experimental
conditions are changed, as the spectrum amplitude depends on the cutting conditions.

Fig. 3-15 shows the results of the online MPF and MEF monitoring. Both the MEF and
MPF began to fluctuate from 17 s (i.e., the transition area determined from the STFT
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analysis). This is because the chatter component and the spindle rotational component were
mixed in this area. However, each factor remained in a stable area, as the stable component
was still dominant. After 22 s, the MEF value suddenly become negative and remained
negative during the self-excited chatter. In this area, the MPF was not close to 1 (i.e., lower
than the threshold of 0.9, as discussed in Fig. 3-6), although it approached 1. As a result, it
can be considered that the resonance did not occur, which corresponded to the analysis
presented in the machined surface and STFT. The results show that the chatter could be
detected, while distinguishing it from the abnormal forced vibration by comprehensively
monitoring the MPF and MEF.

Here, the PF originally indicated the energy-transmission efficiency in the AC circuit,
1.e., how much energy supplied from the power supply was consumed at the load.
Considering the analogy between the electrical and mechanical systems, to sum up, the
MPF suggested how much energy supplied from the cutting force was consumed as the
vibration of the machine took place. Under the (regenerative) chatter condition, the energy
flowed into the tool side continuously and was consumed as the vibration continued (refer
Fig. 1-6). That is why the MPF also approached 1 when the chatter occurred. When the
MPF was equal to 1, the energy supplied from the cutting force was converted into vibration

energy most efficiently, which implied that a resonance occurred.

3.4.3. Turning test increasing the spindle rotational speed

Another outside turning test was conducted, while increasing the spindle speed under
a constant depth of cut, as the third experiment. Table 3-5 lists the cutting conditions. Here,
the calculation window length was adaptively changed during the process, in response to
the changes in the spindle speed.

Fig. 3-16 shows the machined surface quality with its roughness and waviness curve
(Fig. 3-16(a)) measured by the stylus profiling instrument similar to the second experiment
(see Fig. 3-13) as well as the machining time according to the feed length(Fig. 3-16(b)). As
seen in Fig. 3-16, the surface roughness deteriorated in the feed length from 4.3 to 7.9 mm,
and after 12.3 mm. From 7.9 to 12.3 mm, the waviness deteriorated, whereas the

deterioration of the surface roughness could not be observed in this area.

Table 3-5 Cutting conditions for outside truning while increasing the spindle speed

Cutting tool Carbide
Workpiece A5056B (¢ 20 mm x 30 mm)
Feed rate in Z-direction [pm/rev] 36.0

Feed rate in X-direction [nm/rev) 0.0

Spindle speed [min!] 500 — 2290 (100 min'/s)
Calculation window length [ms] 60/Spindle speed x 103
Depth of cut [pum] 180
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Fig. 3-16 Results in the outside turning, while the spindle speed was increased: (a) picture, roughness
curve, and waviness curve of the machined surface, (b) machining time along feed length

Fig. 3-17 shows the estimated cutting force after the HPF in the Z-direction and its off-
line STFT result. As soon as the machining started, a vibration with a frequency of 8.4 Hz
caused by the spindle rotation of 500 min! was generated. Subsequently, the frequency
component gradually increased in response to an increase in the spindle speed. The
frequencies of about 38 and 76 Hz were excited suddenly from 7.5 s (a spindle speed of 1240
min1), and dominated the frequency component in the cutting force until 12.0 s (a spindle
speed of 1690 min'1). The vibration amplitude of the estimated cutting force also increased

in this area. Because these frequencies were in discord with the higher harmonics of the
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Fig. 3-17 The cutting force estimated by DOB in outside turning, while increasing the spindle speed:
(a) time waveform, (b) STFT analysis

spindle rotational frequency, it can be concluded that the (regenerative) chatter occurred
from 7.5 to 12.0 s (i.e., between the spindle speeds of 1240 to 1690 min™1).

The amplitude of the estimated cutting force decreased and the chatter seemed to
disappear from 12.0 s. On the other hand, the spectrum of the spindle-rotation frequency
around the resonance appeared to be excited (i.e., an abnormal forced vibration occurred).
Instead of the surface roughness, the waviness began to deteriorate from 12.0 s.

In the turning process, surface roughness resulted from the cusp height. However, the
cusp height might not increase when the spindle-rotation frequency was sufficiently close
to the resonant frequency, as the tool displacement per spindle rotation was approximately
the same in each cycle (Fig. 3-18). As a result, the waviness deteriorated when the abnormal

forced vibration occurred, whereas the surface roughness did not worsen in this experiment.
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In general, an increase in the waviness causes a deterioration in the form accuracy of the
machined parts; therefore, detecting the abnormal forced vibration is also critical in
practical applications.

Here, it appears that the chatter of approximately 65 Hz occurred again at the same
time. The amplitude of the estimated cutting force also increased in this area. As

synchronization between the tool vibration and spindle rotation collapsed due to the chatter
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vibration, it could be considered that the surface roughness, and not the surface waviness,
deteriorated again from 15.6 s (i.e., a spindle speed of 2050 min'1), as shown in Fig. 3-16.
Fig. 3-19 shows the online MPF and MEF monitoring results. The MEF value suddenly
became negative when the first chatter vibration occurred, although the MPF remained
approximately at 0.5; hence the first chatter from 7.5 s was clearly detected by the MEF.
According to the result in Fig. 3-15, the MEF was expected to continue displaying a negative
value during the chatter vibration. However, the MEF remained approximately zero after
10 s, and finally transitioned to a positive value before 12.0 s. In the STFT analysis of Fig.
3-17(b), it can be seen that the spindle-rotation frequency began to be slightly excited from
approximately 10.0 s. Consequently, it changed the MEF to a positive value. At the same
time, the MPF began to approach 1.0. From 12.0 to 15.6 s, when only the abnormal forced
vibration occurred, the MPF evidently tended to stay close to 1. Assuming a threshold of 0.9
for the MPF, the abnormal forced vibration was successfully monitored by the MPF.
Shortly before 15.6 s, both the MPF and MEF fluctuated largely, which was similar to
the transition phenomenon seen in Fig. 3-15. In fact, the chatter reoccurred after 15.6 s in
this experiment. As the chatter and forced vibrations occurred (or the chatter occurred very
close to the resonant frequency) after 15.6 s, the MEF transitioned to a negative value.
However, the MEF already showed a negative value at 13.8 s, and the MPF gradually
decreased by a small extent owing to the influence of the chatter frequency of 65 Hz. When
either the chatter or the abnormal forced vibration occurred individually, the type-assorted
detection of abnormal vibration was feasible by the monitoring of both the MPF and MEF.
However, if some dominant components existed, the reliability of the proposed chatter
detection system would deteriorate, although the tendency of the cutting state could be

captured.

3.5. Summary

This chapter describes a chatter detection methodology based on two novel indices,

namely the MPF and MEF. The findings from this chapter can be summarized as follows:

1. In machining processes, MPF and MEF represent the phase differences between the
dynamic cutting force on the one hand, and the velocity or displacement on the other
hand, in the CWS, respectively. Based on the onset mechanism of abnormal vibrations,
the MPF and MEF could be utilized to monitor the forced and chatter vibration,

respectively.

2. The MPF and MEF could be calculated during the process with a low computational
cost, independent of the calculation window length, by employing the MA algorithm.

Based on the results of the oscillation tests, the window length was set to the spindle-
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rotation period in the turning process. Consequently, a fast chatter/forced detection

could be achieved, at least after one spindle rotation.

3. By combining with the observer-based cutting-force estimation, the MPF and MEF
were successfully obtained without using any additional sensors. Note that the
proposed method has the potential to be developed on a sensor-based system, such as a

dynamometer, displacement sensor, and accelerometer.

4. In the outside turning tests, the MEF rapidly became negative as soon as the
(regenerative) chatter occurred, and remained negative during the chatter condition.
In addition, the MPF was fairly close to 1 during the abnormal forced vibration G.e.,
resonance), whereas it did not become 1 during the stable cutting or only the
regenerative-chatter generation. However, when some dominant frequency components

existed, the reliability of the proposed method could deteriorate.

The proposed method could help distinguish between a stable cutting, chatter, and
forced vibration using unique thresholds. The threshold of the MEF was clear (.e., MEF <
0). Although the exact threshold of the MPF was 1, a range of 0.8-0.9 is reasonable in
practice. Because the aforementioned thresholds were determined from the chatter
mechanism, they were expected to be independent of the workpiece materials or the cutting
conditions; hence, there is ideally no need to reconsider the thresholds for each experiment.

Here, the concept of proposed method can be applied to a ball-screw-driven stage,
wherein a sensorless detection system with an observer-based cutting force estimation can
also be achieved if the chatter-induced process force can be estimated accurately. Note that,
in this study, the stage displacement measured by linear encoder were simply used for the
calculation of MPF and MEF, as the tool and stage vibrated together as a SDoF system (see
Fig. 3-6). However, when chatter results from a local mode of tool/workpiece/spindle,
MPF/MEF calculation considering a transfer function from the vibration element and stage
must be achieved. Another option is sensor-based direct measurement of vibration and
cutting force near the cutting point. In particular, system integration to the adaptronic
machine components (fifth functionality of SOMS in Fig. 1-1), such as intelligent/sensory
spindle unit [36,37] integrating sensors and monitoring functions, may be effective. For
chatter in a rotating flexible tool/workpiece, the sensorless phase shift monitoring by
MPF/MEF in angular domain (with or without coordinate transformation), calculated from
the estimated cutting torque and angular velocity/displacement of spindle, is also
interesting. Additionally, further improvements to the detection algorithm may be

necessary, especially in processes with intermittent cutting and/or 2DoF system.
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4. Chatter suppression with spindle speed
variation

4.1. Assumptions and concepts

In this chapter, a practical design methodology for optimal sinusoidal SSV (SSSV),
oriented towards SOMS is proposed that can be simply integrated into machine tools to
realize autonomous chatter suppression with an in-situ optimal design. As described in Fig.
1-6, the regenerative chatter mechanism can be interpreted from the viewpoint of the

internal process energy balance as follows (same formula as Eq. (1-1)):
Ef =E, —E, > E, (4-1)

As the total inflow energy in the SSV cycle is changed by a phase shift perturbation
owing to the spindle speed variation, the optimal design methodology for SSSV is proposed
to properly control the process energy balance [279]. The net inflow of energy, Es[]] in a
section [t;,t.] canbe defined kinematically with the resultant dynamic cutting force vector,

F, and vibration vector, q. as follows:

= [P0 a0 (12
b

Note that this study only considers the net inflow of energy to be minimized because the
damping capacity should always work positively for process stabilization. To estimate Ej,
the machine dynamics must be identified, as was done in the SLD approach [70].

By only considering the minimization of Eq. (4-2), the self-acting selection of proper SSV
parameters can be achieved, based on the observable chatter frequency during the process.
For analytically calculating Eq. (4-2), the cutting force and vibration have to be modeled
first. In the next subsection, the details of the process modeling for obtaining the internal
process energy is described. Fig. 4-1 shows a general SDoF turning process, assuming that
the tool vibrates in a flexible manner in a particular vibration direction in a 3D space.
Through chatter modeling, a novel interpretation of the SSSV process is provided, using the

analogy of frequency modulation (FM) techniques used in radio communication engineering.

4.2. Process modeling

4.2.1. Vibration model and novel interpretation of SSSV

In many machining applications, only one dominant elastic mode usually becomes

unstable and yields a single dominant chatter frequency. This hypothesis, known as ZOA,
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view of the cutting edge

1s widely used even in the milling process. Especially, this should be true in non-periodic
processes, such as turning and boring processes. The chatter vibration is expressed as a

simple harmonic motion with a unit vector in the vibration direction e,, as follows:

q:(t) = qc(t)eq = Ac cos(wct + ) €q (4-3)

L qe(t—1) =q.(t - T)eq = A, cos(wct — w.T +P,) €q (4-4)

where q.(t) [m] is a present chatter vibration in a certain direction, and A, [m], w, [rad/s],
and . [rad] are its amplitude, frequency, and initial phase, respectively.
Here, q.(t — 1) is the previous vibration (i.e., regeneration), and the time delay, 7 [s] is

constant (.e., T = 1,) in a constant spindle speed (CSS). In CSS, it matches the tooth-pass
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period as follows:

(4-5)

where S, [min] is a nominal spindle speed, and N, [—] is the number of teeth. The
nominal delay term matches the spindle rotational period in a single-point cutter, such as
turning and boring process (i.e., N, =1). Note that the number of teeth is explicitly
indicated to retain the general expression.

In SSV, the delay term continuously varies with time because of time-varying spindle

speed, S(t). The variation profile of SSSV around the nominal value is defined as follows:
S(t) = S,(1 + R, sin(wst)) (4-6)

where R, [—] and wg[rad/s] (or f; [Hz]) are the relative variation amplitude (RVA) and
frequency of the spindle speed variation, respectively. These are design parameters for the
SSSV. R, = 0 implies an ordinary CSS process.

In SSV, the time-varying delay term cannot be usually expressed in a straightforward
manner, as in Eq. (4-5) (i.e., the reciprocal of the tooth-passing frequency). However, by
assuming that the relative variation frequency of the spindle speed over the tooth-pass

frequency (i.e., RVF) is small, it can be approximated as follows [240]:

60 60 Tn

N_S(t) - NS, (1 + Ry sin(wgt)) -1 + Ry, sin(wgt) (4-7)

(t) =~ ©(t) =

where (~) indicates the approximated value, and nominal values in SSSV denotes the
“center” values (e.g., S, and 1, denote the center spindle speed and center delay time, in
the SSSV process, respectively). Here, the RVF, R [—] is generally defined as follows:

_ 60fs WsTy

NS, Ty

RF (4_8)
Eq. (4-7) has a sine function in its denominator. This expression is still inconvenient

because it is a non-closed form for the integral in Eq. (4-2). In [240] and here, Eq. (4-7) is

transformed to a simpler expression with the sine function in the numerator, considering

the absolute amplitude of the delay variation as follows:

_ max(#(t)) — min(Z())

(t) = #(t) = (t) = 1, 5

sin(wgt)
(4-9)

= RA .
S>Tt)=1,(1—- T—R2 sin(wgt)

By employing Eq. (4-9), the regenerative vibration in Eq. (4-4) with a time-varying delay
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Fig. 4-2 Schematic diagram of the technological analogy between SSSV and FM (The chatter frequency
as carrier signal is modulated by the spindle speed variation as the input message wave).

owing to the SSSV effect, can be expressed as follows:

RA(ZT[kcn + gcn)
1-— RA2

qc(t — () = A, cos (a)cnt — &en + sin(w,t) + l/JC) (4-10)
Here, k., [-] and &, [rad] are the nominal chatter lobe number (k. € N,) and nominal
phase shift between the present and previous vibrations over the center spindle speed of

Sy, respectively. These parameters can be obtained using the following relationship as:

60fcn SCTL
=k, +—=
N.s, ety

> WenTy = 2Ky + £ (4-11)

Note that the chatter frequency in the CSS process with S, explicitly shown as wg,.

Eq. (4-10) indicates that the relative phase between the present and previous vibrations
fluctuates with time when SSSV is applied. Interestingly, it is equivalent to the phase
modulation (PM) principle defined in radio communication engineering. PM is a type of
frequency modulation (FM); hence, the chatter vibration in the SSSV process, represented
by Eq. (4-10), can be reinterpreted based on the analogy with FM technology. In short, the
spindle speed corresponds to the information signal in FM. In addition, the regenerative
chatter vibration before the SSSV, and chatter after the SSSV correspond to the carrier
signal and modulated signal, respectively (see Fig. 4-2). Based on Eq. (4-10), the

instantaneous frequency of the modulated chatter in SSSV is derived as follows:

RA (znkCTl + gcn)
1—R?

we(t) = wepy + Aw, cos(wgt) , where Aw, = w; (4-12)
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In the FM technology, the ratio of the maximum shifted frequency, Aw, [rad/s] to the
information signal frequency, w; is defined as the modulation index (MI), which represents
the degree of modulation. In this study, MI, ms [—] is redefined for the SSSV process as a

novel design index, utilizing the analogy, as follows:

_Aw.  RyQrken + &cn)

MI=my=—== - (4-13)
Consequently, Eq. (4-10) can be further rewritten as follows:
q.(t —7(®)) =~ A, cos(went — €y + My sin(wst) + P,) (4-19)

= A, cos(Went — €cn +Y.) cos(mf sin(wst)) — A;sin(wept — €cn +Y0) sin(mf sin(wst))

Note that this model represents that the previous vibration appears to be modulated,
whereas the present vibration is not modulated, assuming that the chatter frequency is
constant. This assumption is similar to the analytical model in some of the previous studies
[68,73,230,240]. However, the resultant present vibration is also modulated by the SSSV.
Recently, Nam et al. [232] empirically discussed the chatter frequency shift during the SSV.
A comprehensive discussion for the FM phenomenon in Eq. (4-12), associated with [232], is
given in Appendix C. Here, the special form in Eq. (4-14) can be further expanded by using

a Bessel function of the first kind as follows:

cos(mf sin(wst)) = ]O(mf) +2 EJZl(mf) cos(2lwgt)
o = (4-15)

sin(mf sin(a)st)) =2 2]21_1(mf) sin((Zl - 1)a)st)
=1

where J; (mf) is the [-th order Bessel function of the first kind, with MI as an argument
(see Fig. 4-3). By substituting Eq. (4-15) for Eq. (4-14) and rearranging the resultant
equation, the infinite order expression of the approximated regenerative chatter vibration
with modulation can be finally derived as follows:

[o¢]

q.(t—t(®) =~ A, Z Ji(my) cos((wen + lwg)t — &cn + Pc) (4-16)

l=—0o0

where
]—l(mf) = (_1)l]l(mf) (4-17)

According to Eq. (4-16), an infinite number of side-band frequencies, w¢, & lws (I =
1,2,...,00), are generated in SSSV in accordance with its frequency. This is also pointed out
in [151,230]. Eq. (4-16) includes the CSS process, as Jo(m,) is 1 and all other order Bessel

functions are zero under R, = 0 (.e., my = 0).
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Fig. 4-3 Bessel function of the first kind with the modulation index as an argument

4.2.2. Derivation of analytical net inflow of process energy

The regenerative chatter model with Eq. (4-7) is a non-closed form, which means that
the energy calculation in Eq. (4-2) is not integrable. Therefore, Al-Regib et al. [68] solved
Eq. (4-2) using numerical integration. They plotted the corresponding energy minimum
point based on the results obtained in numerous energy simulations, while varying the
combination of SSSV design parameters and the nominal spindle speed. Then, they
heuristically derived the optimal design criteria for SSSV to attain an effective chatter
energy dissipation. On the other hand, Eq. (4-2) can be solved analytically with an
approximation of Eq. (4-16). Here, a dynamic cutting force vector, F, can be defined with a

dynamic cutting area, A; [m?], and a specific cutting force vector, K., as follows:
Fc(t) = As(t) ' Kc (4'18)

By utilizing the well-known Colwell’s empirical chip flow rule (i.e., the chip flows along

the cutting width vector), the specific cutting force vector can be expressed as:
K, = {tisKecsinn - Kee  peKeccosn)T (4-19)

where K. [Pa] and uf [—] are a cutting force constant in principal force and a constant
ratio of the force in the chip flow direction to the principal force, respectively, and 7 [rad] is
a chip flow angle. Note that the components of K, are generally positive, as the forces act
on the tool along the positive directions in the XYZ-coordinate system, as shown in Fig. 4-1.

Furthermore, the cutting width vector is defined as:

b.={ay, 0 b,}T (4-20)
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where a,, [m] and b,, [m] are the cutting chord lengths projected onto the Z- and X-axis,
in Fig. 4-1, respectively.
In a general turning process, the vibration before one rotation is not always regenerated

over the entire cutting width, and the regenerative width vector, r. is defined as follows:
r.={a, 0 b,—c}T (4-21)

where ¢ [m] is a feed per tooth. Note that the Y-direction component of each width vector
is always zero because it does not change the cutting area. The dynamic cutting area can

be obtained by the inner product of vibration and each width vector as follows:

Ag(t) = =be-qc(t) + - q.(t — 1)

(4-22)
= —b.q.(t) + byq.(t —7) = bc(_QC(t) + pheqc(t — T))

where b, [m] (: b, - eq) and b, [m] (= r.* eq) are the cutting width and regenerative
width in the vibration direction, respectively, and u.(= b,/b.; 0 < u. < 1) is known as the
overlap factor. The unit direction vector of vibration, eq is defined with y [rad] and g [rad]

(i.e., vibration-direction angles on the XZ- and XY-plane in Fig. 4-1, respectively), as follows:
eq = {sinycosp sinB cosycosp}T (4-23)

Consequently, the process energy balance can be obtained from Eqs. (4-2), (4-18), (4-19),
(4-22), and (4-23) as follows:

te ‘.,

Er = f —Ktcbcdqu(t)éIc(t) dt + f MCKthCdqu(t —1)4.(t) dt (4-24)
ty ty

dp = pssinnsiny cosf + sinf + s cos7 cosy cos (4-25)

Note that the energy related to the static cutting force is dropped from Eq. (4-24), as it
does not affect the chatter stability. Furthermore, the first term of Eq. (4-24) can be
neglected, as it is not related to the regenerative effect. In fact, it can be easily shown that
the first term becomes zero in every chatter vibration cycle. This is understandable, as the
process becomes unstable owing to the regenerative effect. As a result, the approximated

solution of Eq. (4-24), with Eq. (4-3) and Eq. (4-16), can be finally obtained as follows:

te
Ef = f :ucKtcbcdch(t - T(t))‘?c(t) dtz
t

b

te
f sin((Qwen + lwg)t — e + 21, ) dt (4-26)

tp

1 , -
~ _EﬂcKtcbcdecwcn X Z ]l(mf) te
l=—00 — f sin(lwst — &.,,) dt
t

b

109



Chapter 4 Chatter suppression with spindle speed variation

where

te ] -1 te
J; sin(Qwen + lwg)t — &4 + 29, ) dt = Gom + 10D [cos((2wen + lwg)t — &cn + 21pc)]tb (4-27)

b

sin(lwgt — &4,,) dt = (4-28)

—1 ¢
Jte m [COS(Z(I)St — Scn)]tz n+0
t —sin g, [t]:z n=20

Here, Eq. (4-27) should be negligibly small compared to Eq. (4-28), as the chatter
frequency is usually much higher than the SSSV frequency; hence, Eq. (4-26) should be
regarded as a simpler form as follows:

[o9]

1 e
Ef ~ EHCKthCdeEwcn Z ]l(mf) sin(lwst — &) dt (4-29)
th

l=—o0

4.3. Self-acting optimal design for SSSV

To realize a self-acting optimal design that can be online or integrable in CNC machine
tools, the information required for the design procedure should be known from the cutting
conditions or can be observed unmanned. This section proposes a novel design for SSSV
based on MI to attain an effective chatter energy dissipation, by selecting a proper RVA.
Furthermore, the novel criteria in terms of the limitations of the SSSV frequency are
proposed for preventing the beat vibration and ensuring an expected SSSV effect. The
proposed method requires only the chatter frequency and a nominal spindle speed similar
to the DSST. Additionally, the proposed method presents some candidates for a proper
design, thus enabling a flexible design, considering the constraints of the machines and

cutting conditions.

4.3.1. Design criterion for selecting a proper RVA

In the CSS process, the integral section for Eq. (4-29) should be set to the chatter
vibration cycle G.e., [tp,t.] = [0,27/w,,]) or an integer multiple of it. In the SSSV process,
however, a long-term energy cycle is generated according to the variation frequency of the
spindle speed. Therefore, the integral section is set to coincide with the SSSV cycle as
[ty  te] = [0, 27/ ws], even though Al-Regib et al. [68] used [0, 1/w,] in an earlier study. If the
integral section is not equal to the SSSV cycle, the result of the energy balance changes
depending on the integral section, as the system is constantly changing in certain time
portions of the SSSV cycle. By setting [t,,t.] = [0,27/w,], it can be found that all the terms

related to the sideband components become zero in Eq. (4-29), and the process energy
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Fig. 4-4 Zeroth order Bessel function of the first kind with the MI and its local minimum points

Table 4-1 List of modulation indices corresponding to the local minimum point of J, (mf)

# Modulation index # Modulation index Modulation index
1 3.832 6 35.332 11 66.753

2 10.173 7 41.617 12 73.037

3 16.471 8 47.901 13 79.320

4 22.760 9 54.186 14 85.604

5 29.047 10 60.469

balance in the SSSV cycle can be derived as follows:

_ T[:ucKtcbc de%wanO (mf)
Wg

Ef - sin g;, (4-30)

Eq. (4-30) indicates that only the original chatter component is related to the total
energy balance in the SSSV cycle, i.e., the corresponding 0-th order Bessel function of the
first kind with the MI is dominant. In the CSS process, ]O(mf) =Jo(0) =1, wg = Wy, and
the chatter happensin 7 < ., < 2 (.e., Eq. (1-2)); hence, the energy balance of Eq. (4-30)
1s positive under the chatter condition, considering that the other coefficients are positive.
It should be stated that the directional factor d; [—], can be negative depending on the
vibration direction. In this case, the chatter frequencies are lower than the natural
frequency [209], which implies that the unstable phase shift range becomes 0 < &, <7 in
the SDoF system. To sum up, the process energy balance of Eq. (4-30) is always positive in
the CSS at least in a state of regenerative chatter.

However, the overall energy inflow in the SSSV cycle can be controlled by utilizing the
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MI, through the 0-th order Bessel function of the first kind, shown in Fig. 4-4. From Fig.
4-4, it can be noticed that the chatter energy can be effectively dissipated by setting the MI
corresponding to the local minimum points of the 0-th order Bessel function of the first kind,
a part of which is listed in Table 4-1. As a result, the optimal design criterion of RVA (R, >

0) can be proposed from the relational expression of Eq. (4-13) as follows:

—2rkey + &cn) + \/(Zﬂkm +&n)? +4mf

Ry = , = 3.832,10.173,16.471, ...
4 me mf

(4-31)

This proposed design criterion for RVA has two important features of practical use.
Firstly, the RVA is designed only from the observable chatter frequency using Eq. (4-5) and
(4-11), as the nominal spindle speed is known from the cutting conditions. Secondly, Eq.
(4-31) presents multiple proper design candidates of RVA, which indicates that a proper
flexible design is feasible, considering the machine constraints of the spindle drive motor.
As a result, the practicality and realization of effective chatter suppression by SSSV is
significantly enhanced.

Here, the RVA design criterion is heuristically derived following Al-Regib et al. [68] as:

SCTl
R, =
AT 2mk,y,

(4-32)

where measuring the chatter frequency as well as Eq. (4-31) are the only requirements. Eq.
(4-32) roughly corresponds to the first local minimum point in Eq. (4-31) (i.e., m; = 3.832),
although the energy integral section considered for Eqs. (4-31) and (4-32) is originally
different G.e., t, = 1/ws in Eq. (4-32); t, = 2m/w, in Eq. (4-31)).

The comparison of Eq. (4-31) corresponding to my = 3.832 and Eq. (4-32) proposed by
Al-Regib et al. is shown in Fig. 4-5. The black lines show the boundaries of the RVA and the
corresponding negative energy balance around m; = 3.832 (see Fig. 4-4), i.e., over a range
of 2.405 < m; <5.502. In Eq. (4-32), the recommended RVA increases monotonically as the
nominal phase shift approaches 2w from m at a certain lobe number. This is because Eq.
(4-32) is inspired from the DSST, even though Al-Regib et al. derived it in terms of the
minimum energy balance. In fact, the maximum spindle speed, S,,, of SSSV with the RVA
in Eq. (4-32) is itself a part of the strategy of DSST, shown in Eq. (1-3), as follows:

(4-33)

Ecn ) _ WDenTn 60fcn

S. =S (1 = =
max.on +27chn "ok, Zken

As a result, the variation of the optimal RVA in Eq. (4-32) is sensitive to the nominal
phase shift, especially in cases involving a low lobe number (@.e., relatively high spindle

speed over the chatter frequency). The above points can also be comprehended visually from
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Fig. 4-5 Comparison of the design criteria for RVA corresponding to first minimum point of J, (mf) G.e.,
my = 3.832) and the one proposed by Al-Regib et al. (the black lines are the boundary for the negative
energy balance around /,(3.832), i.e., 2.405 < m; < 5.520)

- Sm’a‘" RVA | Sinax = 60fen/ken
= s b
o |
IS ) ”Large RV@{
e=
=2 Kent1 fp 0
Y G RN
E T T
© 271
= 3|
S 20
o 2
Q i
g
o m .

Spindle speed

Fig. 4-6 SLD-based comprehension of the design criterion for RVA proposed by Al-Regib et al. [68]

a correspondence with the SLD, as shown in Fig. 4-6. Even though the energy integral
sections considered for Egs. (4-31) and (4-32) are different, the RVA recommended by Eq.

(4-32) is close to the one suggested by Eq. (4-31), having m, = 3.832, especially, in the case
f

of &, < 3m/2. Note that, as Eq. (4-32) gives only one option for selecting the RVA, there is

no opportunity to consider the machine constraints for the users.
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Fig. 4-7 Schematic diagram of the spindle speed and corresponding time-varying phase shift profile in
the SSSV process (instantaneous phase shift varies with time owing to the spindle speed variation).

4.3.2. Lower limit criterion for variation frequency of spindle speed

In general SSV techniques, the RVA affects the chatter stability more significantly than
the RVF [151,280]. Nevertheless, some studies, based on simulations and/or experiments
suggested the existence of a lower limit value of the SSV frequency for an effective chatter
suppression [68,73,230,238,281]. Unless the SSV frequency exceeds a specific value, an
effective SSV process cannot be obtained.

According to Al-Regib et al. [68], the SSV frequency represents how fast the energy is
dissipated from the CWS (.e., how fast the energy cycle can rotate in the SSV to dissipate
the energy). From this perspective, they also proposed the criterion in terms of a lower limit
of the SSV frequency, so that the chatter energy will begin to be dissipated (i.e., the process
enters a stable phase region ranging from O to m) within at most one tooth path after
applying the SSV. In summary, the lower limit criterion for the SSSV frequency,
w;“(ﬁlin) [rad] was proposed so that the time-varying phase shift will pass through the section

AB in Fig. 4-7, within one tooth pass as suggested in [68]:
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60wy,
NcSp

. 60
=2k, + M, Sp =S, (1 + R4 sin (ws m))

(4-34)
s(min) = g R (2mtk, +m) R4

However, the existence of the lower limit of the SSV frequency may be related to the
beat vibration; hence, Eq. (4-34) may not be robust, considering that the beat vibration
tends to occur around the extrema of the spindle speed [232,236]. From this viewpoint, the
unstable transition regions are newly regarded as sections CD and EF in Fig. 4-7 after
reaching the extremum values of the spindle speed. It is necessary to pass through an
unstable transition region as soon as possible. As the phase shift becomes 2w with the

spindle speed, S, [min~1], at point D, the following equation holds good:

601,

60fen __ 0
N (kS + 1)

koo 1 28, s
= —_—
ZSD c D

o (4-35)

Smax

where k.™* [—] is the instantaneous lobe number at the maximum spindle speed,

Simax Imin~1] and can be expressed as follows:

(4-36)

c

&
60f., )_l 60f., _|ken T35
NeSmax/  INS,(1+R)I | 1+R,

e
Note that the chatter frequency is assumed to be constant here (i.e., f,, in the CSS process).
Considering that the spindle speed reaches S, after N, number of teeth passes from

Smax> the following equation also holds good:

60N,
Sp =8, (1 + R, cos (wsN 5 ! )) (4-37)
cmax

By combining Egs. (4-35) and (4-37), a novel criterion, w$(,,) [rad] can be proposed as:

(4-38)

T

D _ N:Smax 1 2ntk ey, + €cn 1
Wsmin) = co S T
60N, Ry(2mk.me* + 2;)  Ra

Similarly, another criterion for the SSSV frequency for section EF, wf,;,) [rad] can be

obtained as follows:

(4-39)

T

pr - NcSmin COS_l i _ 27chn + Een
stmin) = “60N, Ry Ry(2mk’min — )

where S,,;;, [min™!] is the minimum spindle speed; kf’"i" [—] is the phase shift at the

minimum spindle speed and can be written as:
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&
kSmin — Int( 60fcn ) _ l 60fcn _ Ken + ﬁ (4-40)
¢ NcSmin Ncsn(l - RA) 1- RA

The larger of the results of Eqs. (4-38) and (4-39) is utilized as the lower limit for the
SSSV frequency, which is generally more restrictive than that suggested by Eq. (4-34). The
chatter amplitude grows exponentially every tooth pass or spindle rotation when the
instantaneous phase shift enters the unstable region. The instantaneous phase shift should
pass out of the unstable region before the momentary chatter grows significantly to avoid
the beat vibration. Note that N, = N, may be reasonable, as N, = 1 in multi-point tool G.e.,
the phase shift will pass through the defined section within one tooth pass) is very
restrictive in Eqs. (4-38) and (4-39).

Here, Assuming an SDoF system of CWS, the damping dissipated energy, E,; [J], in a

chatter cycle is as follows [70]:

2n

cn K
B = [ 77 a0 dt = 208208y (41
0

T

where C[N-s/m], K[N/m], {,[-], and w, [rad/s] are the modal damping coefficient,
modal stiffness, modal damping ratio, and modal frequency, respectively. This suggests that
when the flexible part has a low modal damping and/or a high resonance with a low modal
mass, the chatter vibration momentarily grows very quickly owing to a low inherent
damping capacity. In that case, Eqs. (4-38) and (4-39) should be satisfied to avoid the beat

vibration by an adequate margin.

4.3.3. Upper limit criterion for variation frequency of spindle speed

As mentioned in Eq. (4-7), the time-varying delay, t(t) cannot be generally expressed
in a straightforward manner, as in Eq. (4-5) in the SSV process; hence, Egs. (4-7) and (4-9)
are derived under the assumption of a low RVF. To be precise, the following equation in in

terms of 7(t) must hold [240]:

21
S,(1 + Ry sin(wgt)) dt = I (4-42)

t'—z(t) c

t'"  21S(t) 21 (¢
[ 0, o
v 60 60

Eq. (4-42) can be solved in terms of 7(t) using numerical methods, such as the Newton—
Raphson method, once the time-varying profile of the spindle speed is determined.

Fig. 4-8 shows the example results of the time delay terms, calculated from Egs. (4-7),
(4-9), and (4-42) according to the RVF under a commanded spindle speed of 1200 min'! and
an RVA of 10%. As seen in Fig. 4-8(a), all time-delay terms have almost the same behavior

in case of a small RVF of 10%. However, the actual value deviates from the expected
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expression, as RVF increases, as shown in Fig. 4-8 (b).

Fig. 4-9(a) shows the ratio of the expected and the exact variation amplitude of the

time delay terms (4, [s] and A4, [s]), which is defined as follows:

_ {max(z(®) - min(z(®))}/2 _ A,
_ {max (%(t)) — min (%(t))} 2 A (4-43)

The amplitude ratio, p [—], can be utilized as an index for the efficiency of the SSSV
process, as the real amplitude becomes pA,, whereas the expected one is A,. The SSSV
efficiency decreases as the RVF increases, and becomes zero when the RVF is 100% (.e., the
SSSV frequency is equal to the tooth-passing frequency). This means that the apparent
delay does not vary, and the process appears similar to the CSS even though the SSSV is
applied. Therefore, the SSSV frequency should be applied where p is close to 100%. This
area become narrows as the RVA increases. Note that the approximate delay of 7(t) and

#(t) have the same behavior in terms of Eq. (4-43), as Eq. (4-9) is derived by taking the
peak to peak value of Eq. (4-7).
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Fig. 4-9(b) shows the limit curves of RVF according to RVA for ensuring efficiencies of
98%, 95%, and 90%, respectively. The strict constraint on SSSV efficiency ensures the
expected SSV effect, whereas the limit curve of RVF becomes smaller. It should be
determined, as required by the user. By applying a polynomial curve fitting to Fig. 4-9(b),
the upper limit for the RVF according to RVA, Rr(nax) [—] can be made regardless of S,
since the RVA and RVF are the normalized design parameters, e.g., a 95% limit curve can

be made as:
Re(max) = —0.5243R} + 1.2404R; — 0.9219R7 + 0.0147R, + 0.1755 (4-44)

Next, the corresponding upper limit of SSSV frequency, wsgnay) [rad/s] Or fsomax [Hz])
can be calculated as follows:
27TRF(max)

RF(max)
Ws(max) = 7 - fs(max) = T
n n

(4-45)

4.3.4. Priority of design candidates

The proper RVA candidates are derived from the perspective of the energy minimum
points in long term SSSV cycle. They have the potential to effectively dissipate the chatter
vibration energy. However, the negative energy balance in the SSSV cycle does not always
make the process stable. Conversely, the process does not always become unstable even if
the energy balance is positive. This is because a positive energy balance simply suggests
that effect of the unstable region is larger than that of the stable one in an SSSV cycle.

In general, for SSV, a large RVA value can robustly suppress the chatter vibration [282],
as it results in a quick passage through the unstable region with a high spindle acceleration.
In addition, a larger RVA yields a larger modulation index; hence, the chatter vibration is
modulated in a wider range of frequency band. As the chatter tends to occur near the
resonance, the vibration frequency moves further away from the resonance at a certain time
portion when a larger RVA is applied. It may moderate the momentary growth of chatter
vibration in the unstable portion. As a result, the SSV with a large RVA has chance to
robustly suppress the chatter even in case of fast growth rate of the chatter with high depth
of cut. Furthermore, a large RVF generally yields a stable process owing to a faster passage
through the unstable region [73], although too high an RVF is counterproductive.

From the above perspective, the RV factor is introduced for considering the priority of
the parameter candidates. The RV factor, RV [—] is defined as follows [242]:

Ryw,Ty,

RV =R, Rp = Ryfstn = (4-46)

2n

Here, the maximum acceleration and also maximum jerk of the SSSV trajectory are
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proportional to RV factor as follows:

2nSy, Rawst, 21N S;

S(t =S, R0, = = 4-47
(Ol e = SnRas === 60 (4-47)
. 428 w.T, Riw.T 42 N2S3

_ 2 _ n . stn . AWstn _ cYn . . -
$@), . = SnRaw? = o om = 3e0 R RV (4-48)

In summary, the RV factor is an indicator of the spindle speed acceleration/jerk. A larger
RV factor will induce a larger spindle acceleration and also a spindle jerk. Referring to
[232,236], the larger acceleration rate of the spindle speed tends to robustly suppress the
chatter. On the other hand, the maximum allowable acceleration of the spindle system will
be restricted by the machine. Some studies imposed constraint on the maximum spindle
acceleration or the RV factor as a machine limitation [231,242]. For instance, the RV was
kept below 1.35% in [242]. It was recommended that a candidate with as high an RV factor
as possible be selected for robust chatter suppression, considering the machine constraints.

Note that the maximum acceleration in the triangular SSV (TSSV) would be smaller
than that indicated in Eq. (4-47). However, the maximum jerk in TSSV would be infinite,
which may cause a much larger instantaneous torque in TSSV than that in SSSV [238,241],
although the spindle jerk perspective is often overlooked.

4.3.5. Summary of the design procedure for an optimal SSSV
process

The procedure for the proposed SSSV design methodology is summarized below:

(1) The chatter frequency, w,, is measured during the process.

(2) The nominal lobe number, k.,, and the nominal phase shift, &.,, are calculated from
the measured chatter frequency and the commanded spindle speed, S,, using Eq. (4-11).

(3) RVA candidates corresponding to the MI in Table 4-1 are obtained using Eq. (4-31). The
RVA candidates are constrained by a maximum value that the users set according to
the machine specification or the machinability limitations (e.g., cutting speed),
depending on the workpiece material. Empirically, the RVA is often set to less than 20%
to avoid the adverse effects of SSSV, such as excessive amount of motor energy and
undesirable tear of the workpiece [242].

(4) The lower limit of the SSSV frequency at each RVA candidate is calculated using Egs.
(4-38) and (4-39). The higher of the two values is utilized for the limitation. Additionally,
the upper limit of the SSSV frequency is calculated based on the fitted limit curve. The
95% limit curve is employed in this study (e.g., Eq. (4-44)). The candidates, whose lower

limit of frequency exceeds the spindle bandwidth or the upper limit value, are excluded.
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(5) Based on the combination of the remaining RVA candidates and the corresponding
lower-limit frequency, a possible candidate with the highest RV factor is selected,
considering the acceptable maximum spindle acceleration. Finally, the applied SSSV

frequency is determined so that all the limit criteria will be satisfied.

4.4. Time-domain process simulation

4.4.1. Simulation conditions

To evaluate the proposed design method, a series of time-domain plunge turning
simulations were carried out. In the plunge turning process, the cutting edge was assumed
to be ideally sharp and furthermore, it was assumed that the vibration direction was
entirely the same as the chip flow direction; hence, n =y =90°, g =0%and b, = b, = a, =
Apn G.e., pc = 1) in Fig. 4-1. Referring to [232], the modal mass, damping coefficient, and
stiffness were set to 0.1247 kg, 45.97 N-s/m, and 1.063 x 107 N/m, respectively (.e., the
resonant frequency was 1469 Hz). Additionally, the specific cutting force of K,. and Ur
were set to 1284 MPa and 0.5537 (.e., urKie =711 MPa), respectively. Following [232], the
process was considered stable when the vibration amplitude of the maximum frequency
spectrum, [q;(iw) |;mqx, was less than 1.5 um,_,. The process was determined as chatter in
the case of |q;(iw) |;nax = 1.5 umy_p,. Each simulation lasted 30 s with a sampling frequency
of 10 kHz. Nonlinearities [283], such as the jumping effect of CWS were considered G.e., the
cutting forces would become zero when the negative uncut chip thickness was calculated).
Note that the multiple regenerative effect [284] was not considered, although it was
confirmed that the trends of the results did not change even when it was considered. As the

1 and a feed rate of ¢ =

cutting conditions, the nominal spindle speed of S,, = 1393 min~
0.080 mm/rev were used in all the simulations. The spindle-rotation frequency was
significantly smaller than the resonance frequency and the predicted asymptotic stability
limit was 0.61 mm. The time delay was accurately calculated based on Eq. (4-42) in the
simulation. The static displacement was eliminated by HPF with a 50-Hz cut-off frequency

in the displayed results.

4.4.2. Comprehensive description of beat vibration

Fig. 4-10 shows the results of the CSS and SSSV processes with R, = 5.5% and f, =
1.0 Hz, when the cutting width b, was set to 0.915 mm (.e., 1.5 times the asymptotic
stability limit). Chatter was observed at 1500 Hz in the CSS process (Fig. 4-10(c)).

In the example SSSV process, the vibration was significantly amplified periodically G.e.,
the beat vibration). Its enlarged view is shown in Fig. 4-10(b), where the profiles of the

spindle speed and time-varying phase shift are also depicted. It can be confirmed that the
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Fig. 4-10 Typical chatter results in CSS and SSSV (b, = 0.915 mm, S, = 1393 min~%,R, = 5.5 %,and f; =
1.0 Hz): (a) overview; (b) enlarged view associated with the time-varying spindle speed and phase shift
(refer Fig. 4-7); (c) FFT analysis

beat vibration tended to be amplified around the defined unstable transition region (refer

Fig. 4-7); hence it is reasonable to pass through these regions as fast as possible before the

chatter develops significantly. As seen in Fig. 4-10(c), the spectrum peak often looked
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significantly small in the SSSV process even when a large beat vibration occurred in the
time-domain. This is because the spectrum energy was distributed by the frequency
modulation of the SSV process. The frequency spacing of each spectrum (.e., side-band
frequency) coincided with the SSSV frequency as predicted by Eq. (4-16).

Based on f, = 1500 Hz and S,, = 1393 min~1, the nominal chatter lobe number and the
phase shift were calculated as 64 and 219°, respectively. Then, the SSSV would be designed
by the proposed design procedure.

4.4.3. Results of the design candidates

Fig. 4-11 shows the behavior of the energy balance in the SSSV cycle according to the
RVA. The energy was normalized by constant coefficients. Both the analytical energy model
of Eq. (4-30) and the numerical one with the non-closed-form integration are depicted for
comparison. As seen in Fig. 4-11, the analytical model predicted the energy behavior well
in the low RVA (i.e., MI) region, whereas there was a discrepancy in the higher RVA/MI
region owing to the approximations from Eqs. (4-7) — (4-9). Nevertheless, the notable point
is that the locations of the extrema in the approximated and exact energy were very well
matched, although the correspondence of the extrema was opposite in some RVA values.
This suggests that the local minimum/maximum energy points in SSSV cycle were strongly

dominated by ]O(mf).
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3 — Exact energy solution with non-closed-form integration
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Fig. 4-11 Comparison of the analytical energy (i.e., Eq. (4-30)) and numerical models with non-closed
form integration under k., = 64,5, = 219° and f; = 1.0 Hz (the categorized phase shift stability
based on Eq. (4-49) is also depicted)
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Considering that the beat vibration would emerge especially around the extrema of the
spindle speed, the instantaneous phase stability at S,,,, and S,,;, were investigated. The
phase shift at the maximum and minimum spindle speeds sfm‘” [rad] and sfmi" [rad],

respectively, can be obtained as follows:

g
60 k + cn
g5max = 21 - Frac (—fcn ) = 2| — 27 _ kgmex ),
N.Smax 1+R,
(4-49)
€o
. 60f, ko + 5 .
S cn 2T S,
min — 2 . F = 2 — min
& m - Frac (—Nc Smin) U g R, k.

If ef’"“" and/or sf’"i" fall into the unstable phase region, the beat vibration may be
aggravated instantaneously. The phase stability is categorized into three levels, highly
stable (HS), moderately stable (MS), and unstable (US). In case of HS phase stability, both

Smax

&

and ef min pemain in the stable phase region (i.e., 0 < &, < 7). On the other hand, if

both of them remain in the unstable region (i.e., m < &, < 2m) the phase is regarded as a US
phase. If only either SCS"“”‘ or sf min js unstable, while the other is stable, then it is
considered as an MS phase. Fig. 4-11 also shows the results of phase stability for the RVA
candidates corresponding to MI in Table 4-1. The good correlation between the energy
stability and phase stability can be observed. In the US condition, the energy balance tends
to be positive in spite of a local minimum point of ]O(mf). On the other hand, a large
negative energy balance tends to exist in case of HS stability. The energy balance tends to
approach zero in under MS stability.

Table 4-2 summarizes the design criteria calculated by following the proposed design
procedure. Note that N, = N, = 1 was assumed in Eqgs. (4-38) and (4-39). The upper limits
for the variation of the frequency were calculated based on the polynomial fitting to the 95%
upper limit curve in Eq. (4-44). In the first and second candidates, the lower limit value of
SSSV frequency exceeded the upper limit value; hence, the expected SSSV effect could not
be secured. Furthermore, the 14th candidate was excluded, as its RVA value exceeded 20%
[242]. Therefore, a series of SSSV turning simulations using the third to 13th candidates

were conducted. In each simulation, the SSSV frequency was set to the corresponding lower

limit value (i.e., ws = Wganin))-

4.4.4. Verification of design candidates

Fig. 4-12(a) shows the result of the stability map for b, = 0.915mm. The origin
represents the CSS process. The SSSV with R, = 4.051% and Rp = 14.718% was still in a
state of chatter in spite of the large negative energy balance, as seen in Fig. 4-11. This is

because of the low RV factor which could not stabilize the process under a cutting width of
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Table 4-2 Design candidates where f,, = 1500 Hz,S,, = 1393 min~%,and N, = 1 (k., = 64, £., = 219°)

# 1 2 3 4 5 6 7
my [-] 3.832 10.173  16.471  22.760  29.047  35.332  41.617
R, [%] 0.944 2.504 4.051 5.589 7.119 8.639 10.146
Phase stability HS HS HS HS MS MS Us
fsemax) [Hzl 4.076 4.070 4.055 4.032 4.000 3.962 3.918
fsminy [Hzl 8.438 4.474 3.417 2.803 2.335 2.088 2.002
Reminy Cnfsminy) (%) 36.347  19.270  14.718  12.073  10.057 8.995 8.625
RV [%] 0.343 0.483 0.596 0.675 0.716 0.777 0.875
Priority N/A N/A 10 9 8 7 6
# 8 9 10 11 12 13 14
my [ 47901  54.186  60.469  66.753  73.037  79.320  85.604
R, [%] 11.640  13.118  14.579  16.022  17.444  18.846  20.225
Phase stability Us HS MS USs HS MS MS
fs(maxy [Hzl 3.867 3.812 3.753 3.690 3.624 3.556 3.486
fseminy [Hzl 1.183 2.167 1.752 1.397 2.136 1.688 1.066
Regmin) Gnfsaminy) %] 5.094 9.334 7.546 6.017 9.202 7.270 4.589
RV [%] 0.593 1.224 1.100 0.964 1.605 1.370 0.9282
Priority 11 3 4 5 1 2 N/A

0.915 mm; hence, it is recommended to select a combination of parameters with the highest
RV possible. Here, the case of Ry = 11.640% with Rp = 5.094% was defined as a stable
process in spite of having almost the same RV as #3. This is because the RVA had a much
more stabilizing effect on the chatter, in general. However, a larger beat vibration emerged
in the case of #8 than in the other conditions (Fig. 4-12(b)), as the RVF is alternatively low.
However, excessively high RVF values must be avoided for securing the expected SSSV
effect (Fig. 4-12(c)). In the case of R, = 5.589%, the chatter occurred again under a high
RVF of 30.151% (f, = 7.000 Hz), whereas the process was stable under an RVF of 12.073%
(f, = 2.803 Hz). In summary, it is important to set an upper bound constraint on the RVF.

Based on the RV factor, the highest priority candidate was #12. Next, the candidates of
#13 and #9 were recommended in that order. In fact, these candidates had either HS or MS
phase stability and relatively good energy balance. Note that the lower limit value of the
SSSV  frequency tended to become more secure, especially, in the HS condition.
Consequently, the priority of HS candidates became relatively high. As already mentioned,
there is a correlation between the phase stability and energy balance in the SSSV cycle.
Therefore, the proper candidates actually having good energy balance are automatically
sorted, based on the RV factor.

Fig. 4-13(a) shows the result of the stability map for a larger cutting width of b, =
1.525 mm (2.5 times the asymptotic stability limit). The design candidates, #12 and #13
were stable because of their high RV. However, a large beat vibration was observed at some
time portion in the case of #13, as shown in Fig. 4-13(b). Therefore, #12 could be regarded

as the most stable candidate.
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Tig. 4-12 Results for b, = 0.915 mm: (a) stability map for each design candidate in Table 4-2; (b)
comparison of design candidates, #4 and #8; (c) excessive RVF value in the candidate of #4

Note that as the vibration appeared to be small at some time instances and its frequency
spectra were distributed, the determination of the process stability was difficult in the time-
domain simulation [151]. In such a case, it is necessary to be careful, as it may not be

possible to sufficiently improve the machined surface quality.
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Tig. 4-13 Results for b, = 1.525 mm: (a) stability map for each design candidate in Table 4-2; (b) time
waveform in the candidates, #12 and #13

The RVA and/or RV factor in #12 and #13 may be relatively large for practical use, and
the next proper candidate, namely #9 could be a reasonable solution. In fact, the process
became stable for this candidate (i.e., R, = 13.118% and Rr = 9.334%) in the case of by =
1.495 mm (i.e., 2.45 times the asymptotic stability limit), as shown in Fig. 4-14.

Here, an additional simulation was performed for each RVA value, while changing the
SSSV frequency so that the same RV of 1.224% was maintained. Its stability map is shown
in Fig. 4-15(a). With a smaller RVA value, the process could not be stabilized even for the
same RV value. This also substantiates that the RVA affected the chatter stability more
significantly. The process was considered stable at the four RVA values, indicated by P1 —
P4. However, as can be clearly seen in Fig. 4-15(b), the chatter vibration was most effectively
suppressed at P1 and P3, whose RVA values were 13.118% and 17.444%, respectively. This

result demonstrates the good correlation with the energy behavior in Fig. 4-11.
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Fig. 4-14 Stability map of each design candidate in Table 4-2 for b, = 1.495 mm
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Fig. 4-15 Results for b, = 1.495 mm at each RVA with a constant RV of 1.224%: (a) stability map; (b)
vibration severity represented by standard deviation at stable conditions

Fig. 4-16 shows some additional results of stability map with a lower cutting width. The
degree of stability improvement of the design candidates matched well with the priority
based on the RV factor.

From the simulation results, it can be stated that the SSSV could be optimally designed
with only the chatter frequency by the proposed design method, while considering the
machine constraints. In particular, the candidates with good energy balance and high RV
factor had the potential to robustly suppress the chatter vibration with less beat vibration.
The actual behavior of the energy balance for the design candidates could be discriminated
based on the phase shift stability at the extrema of the spindle speed. Note that good energy
balance was also observed at some RVA values corresponding to local maxima of ]O(mf)
(e.g., 9.4% and 15.4% in Fig. 4-11). Those points can be utilized by expanding the design

candidates of Table 4-1 to include the local maxima of J, (mf).

127



Chapter 4 Chatter suppression with spindle speed variation

O: Stable (lqc(iw)lmax <15 ”mo—p)a % : Chatter (|QC(iw)|max =15 umo—p)

(a) (b)
20 - - - 20 - : -
2.40 times of asymptotic stability limit 2.35 times of asymptotic stability limit
15} X 15+ X
< 10 x < 10 X
w10t 9 110t 9
w10 )8< x x O o 140 g x x O o
r 7 6 30 10| 7 6 30 1 0
5t x 4 ; 24 5} x 4 g 2
CSS 11 ~ CsSs 11 A
0 g . | _ Priority 0 g | | . Priority
0 5 10 15 20 5 10 15 20
(c) RVA [%] (d) RVA [%]
20 - - - 20 . . ;
2.30 times of asymptotic stability limit 2.20 times of asymptotic stability limit
15t X 15+ X
< 10 x < 10 y
w10t 9 I 9
L0 sxo 9 ©° |87 500 9. ©
(1% 7 6 30 19| 7 6 30 1o
5} x 4 g 21 5t x 4 (5) 2 ]
CsSS 11 A CSS 11 N
0 g Priority 0 g . | ~ Priority
0 5 10 15 20 0 5 10 15 20
RVA [%] RVA [%]

Fig. 4-16 Stability map for each design candidate in Table 4-2 for cutting widths of 1.342-1.464 mm:
(a) b, =1.464 mm; (b) b, = 1.434 mm; (¢) b, = 1.403 mm; (d) b, = 1.342 mm

4.5. Experimental verification

4.5.1. Experimental setup

A series of boring tests were carried out for verification. Note that the cutting mechanics
of the boring process are essentially the same as those of a general turning process [285].

Fig. 4-17 shows a large-scale double-column machining center (MPF-2614FS; Shibaura
Machine Co., Ltd), having full-closed ball-screw-driven stages in XYZ-axes. The boring bar,
having a single point cutter was fed in the Z-direction with rotation and then the inside of
hole was machined. The common conditions of the boring tests are summarized in Table 4-3.

In most cases of the boring process, chatter is induced from a flexible boring bar. Using
preliminary tap tests and modal analysis, the most flexibility was confirmed at the first
bending mode of the boring bar at approximately 1480 Hz. The 3-axes accelerometers were
attached on the non-rotational parts of both the spindle and workpiece, although only the
acceleration results at the workpiece side are shown, as the vibration was clearly observed
without the non-process vibration induced by spindle rotation. Note that MEDOB was

implemented on all stages, and it was confirmed that chatter frequency can sensitively
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Table 4-3 Common experimental conditions

Nominal spindle speed [min] 1393
Length of boring bar [mm] 99
Diameter of boring bar [mm] 16
Insert nose radius [mm] 0.4
Workpiece material S55C
Radial depth of cut [mm] 0.1
Feed rate [mm/rev] 0.08
Data sampling frequency [kHz] 10

il
ghccelerometet

Fig. 4-17 Experimental setup for boring tests
extracted without additional sensors even in this large-scale machine tool.

4.5.2. Experimental results and discussion

Fig. 4-18(a) and (b) show the measured vibration and its FFT analysis of the CSS boring,
respectively. Only the X-axis vibration is shown as a representative result because a similar
trend was confirmed along the other axes. In the CSS process, the chatter vibration was
clearly observed at approximately 1500 Hz (near the first bending mode of the boring bar),
whereas two dominant chatter frequencies appeared to be excited (at 1503 and 1549 Hz).
The chatter originated from the rotating boring part and was measured by an accelerometer
at a stationary place. In this case, it was known that the vibration spectrum split into two
peaks, which were located at +n,, X (S,/60) from the actual frequency [173]. Here, n,, is
the number of waves in the vibration mode, and it equaled 1 for the first bending mode;
hence, the actual chatter frequency should be 1526 Hz. The chatter onset could be observed
form the machined surface of Fig. 4-18(c).

The typical results of the SSSV process with R4, =16.0% and f, =1.0Hz (Rp =
4.3% and RV = 0.69%), which were empirically defined by the operator, are also shown in
Fig. 4-18(a) and (b). The beat vibration corresponding to the SSSV cycle was obviously
observed in the time waveform. On the contrary, no noticeable spectral peaks were observed
in the FFT result, unlike in a stable process because of the spectrum energy distribution by
the FM, as discussed in Fig. 4-10(c). However, the machined surface appeared like a striped
pattern, with alternating stable surfaces and chatter marks owing to the beat vibration (see
Fig. 4-18(d)). Note that it was confirmed that the frequency distribution was wider than
that suggested by Eq. (4-12) G.e., f., £ fimg), which is discussed in Appendix C with the

corresponding spectrogram of the unstable SSSV.
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Fig. 4-18 Experimental results from CSS boring and typical SSSV (R, = 16.0% and f, = 1.0 Hz): (a)
measured acceleration; (b) FFT analysis; (c) and (d) appearance of the machined surface in the CSS

and the typical SSSV process, respectively

Feed direction

Based on the measured chatter frequency, the SSSV was designed by the proposed
design procedure. As the chatter frequency and the commanded spindle speed were 1526

Hz and 1393 min'!, respectively, the nominal chatter lobe number and the phase shift were
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Table 4-4 Design candidates for the optimal SSSV in the experiment

Priority 7 5 3 4 1 2 6

my [ 29.05 35.33 54.19 60.47 73.04 79.32 85.60
R, [%] 7.0 8.5 12.9 14.3 17.2 18.5 19.9
Phase stability MS MS HS MS HS MS MS
fstmaxy [Hzl 4.00 3.97 3.82 3.76 3.64 3.57 3.50
fs(miny [Hazl 2.35 2.19 2.03 1.60 2.03 1.57 0.89
Reqminy [%] 10.11 9.45 8.75 6.90 8.74 6.75 3.84
RV [%] 0.71 0.80 1.13 0.99 1.50 1.25 0.76

4 ' T T T T
CSS Optimal SSSV

r
v

N

Acceleration [m/82]
) o

(X-axis vibration measured at the workpiece side)
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Time [s]
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Fig. 4-19 Optimal SSSV designed by the proposed methodology (R, = 12.9% and f;, = 2.2 Hz)

65 and 262°. Table 4-4 shows the seven design candidates with the highest priority. Note
that N, = N, =1 for calculating the lower limit SSSV frequency and only the candidates in
Table 4-1 were considered. In addition, Eq. (4-44) G.e., 95% limit curve) was used to
calculate the upper limit frequency.

In this experimental verification, the candidate with R, = 12.9% was applied as a

reasonably optimal solution, considering the machine and process limitations. This
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Fig. 4-20 Verification of lower limit criterion of the SSSV frequency under an optimal RVA of 12.9% for
S, = 1393 min~: (a) time waveform; (b) enlarged view of the FFT results (f; = 1.0 and 2.0 Hz)

corresponded to the nineth local minimum point of J, (mf) and my = 54.186. In addition, it
possessed the HS phase stability. In fact, it had a large negative energy balance, which was
confirmed by a numerical energy calculation. The SSSV frequency was set to 2.2 Hz for
satisfying the lower limit criterion of 2.03 Hz.

Fig. 4-19 shows the experimental results for the optimal SSSV under R, = 12.9% and
fs = 2.2Hz. As can be seen clearly in Fig. 4-19, the chatter vibration was completely
diminished without the large beat vibration after the SSSV was applied. As a result, the
surface quality of machined surface was significantly improved. Note that the optimal RVA
in accordance with Eq. (4-32) proposed by Al-Regib et al. [68] was 1.1%, which was close to
the first local minimum point of J, (mf). Furthermore, the corresponding lower limit value
for the SSSV frequency, based on the existing criterion of Eq. (4-34) was 1.17 Hz. However,
it was also confirmed that the chatter was not at all suppressed by the SSSV designed by

existing method, as the values of the RVA and SSSV frequency were very small in this case.
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Fig. 4-21 Variation in the energy balance in the SSSV process owing to the identification error of the
chatter frequency (1526 vs 1503 Hz; the energy was numerically calculated with the non-closed form
model and the phase stability for f., = 1526 Hz was also depicted)

To verify its optimality, additional boring tests were also carried out. Fig. 4-20(a) shows
the experimental results obtained by varying the SSSV frequency under an RVA of 12.9%.
For f; = 1.0 Hz, which was significantly smaller than the lower limit value, a vigorous beat
vibration occurred immediately after the boring process was started, as in the case of the
typical SSSV; this is depicted in Fig. 4-18(a). For f, = 2.0 Hz, which was slightly smaller
than the lower limit value, the chatter vibration was suppressed in the first half of the
process, whereas the large beat vibration began to emerge in the latter half. It can be stated
that the proposed lower limit criterion for the SSSV frequency was reasonable.

Additionally, the FFT results for f, = 1.0 2.0 Hz are shown in Fig. 4-20(b), which was
enlarged at approximately 1526 Hz. The side-band frequencies at intervals of SSSV
frequency could be also observed in the experiment. Note that the corresponding results of
the time-frequency analysis are also included in Appendix C to discuss the chatter
frequency shift during the SSSV process.

Here, the proposed design method was directly affected by the measurement error of
the chatter frequency. Assuming a simple strategy for chatter detection during the process
(e.g., the maximum spectrum peak was regarded as the chatter frequency [103]), an online
system would detect the chatter frequency as 1503 Hz in Fig. 4-18(b) G.e., k., = 64 and
g = 266°). Fig. 4-21 depicts the variation in the energy balance owing to the chatter
identification error (i.e., 1526 vs 1503 Hz). As k., was one less in f., = 1503 Hz, the same

modulation index computed a larger RVA than for f., = 1526 Hz. Focusing on my = 54.19,
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the corresponding RVA value became 13.1% for f., = 1503 Hz. In addition, fsunin) wWas
calculated as 2.00 Hz. These were not large deviations from the case of f, = 1526 Hz; hence,
this identification error would not cause any issues in this case (i.e., a high lobe number).
However, it could cause a relatively large deviation of the design values in a low lobe-
number case.

Finally, Fig. 4-22 shows an additional comparison of three different RVAs (7.0%, 12.9%,
and 14.3%, which are respectively, the third, fourth, and seventh priority candidates in
Table 4-4). To sufficiently satisfy fsimin) for each RVA, the frequency was set to 2.5, 2.2, and
2.0 Hz (corresponding to RV values of 0.75, 1.22%, and 1.23%, respectively). As seen in Fig.
4-22(a), the chatter was suppressed without an excessive beat vibration for all the
combinations of the design parameters in the 0.1-mm radial depth of cut. However, the
performance of chatter reduction was slightly different according to the design parameters.
From Fig. 4-22(b) and (c), the slight beating vibration in accordance with the SSSV period
and its harmonics remained, which was inevitable even in the stable SSV process. The
reduction rates of the vibration severity over the chatter condition in the CSS were 79.2%,
82.0%, and 76.7% for RVA values of 7.0%, 12.9%, and 14.3%, respectively.

This shows a good correlation with the process energy behavior in the SSSV cycle, as
the normalized energy balance at these RVA values were 0.15, —0.29, and 0.21, respectively
(see Fig. 4-21). In fact, the RVA candidate of 12.9% had HS phase stability; hence the best
performance of the chatter suppression was observed at this condition. Note that it was
observed that the repeatability fluctuated at the RVA of 7.0% with f, =25Hz Q.e.,
reproduced tests sometimes became unstable), whereas a high repeatability was confirmed
in the other conditions. This might be because the candidate with the seventh priority was
close to the stability boundary and consequently not robust.

Here, in the case of R, = 12.9% and f, = 2.0 Hz (i.e., RV = 1.11%), the process became
unstable in spite of a much higher RV value than that employed in the case of R, = 7.0%
and f, =25Hz (.e, RV =0.75%). This was contrary to the trend observed in the
simulation depicted in Fig. 4-15(b), in which the same RV value with a larger RVA tended
to be still stable (i.e., R, = 12.9% and f, = 1.35 Hz is expected to be stable). It suggests that
the lower limit criterion for the SSSV frequency significantly impacted the process
stabilization in this experiment. As pointed out in [151,239], many times, the expected
process improvement cannot be achieved in the real experimental system of an SSV, owing
to the large influence of the beat vibration. In such cases, it may be essential to conform
with the lower limit criterion of the SSSV frequency for each RVA value. Nevertheless, the
chatter can be properly suppressed by following the proposed design methodology, as
demonstrated by both the simulations and experimental results. Especially, candidates
with larger RV values and stable energy balance (i.e., HS phase stability) have the potential

to effectively suppress the chatter vibration.
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Fig. 4-22 Experimental results in three different combinations of proper design parameters #3, #4,
and #6 in Table 4-4): (a) time waveform; (b) moving variance (the window length was set to 0.1024 s,
i.e., 210 samples); (¢c) FFT of the moving variance
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4.6. Summary

This chapter has proposed a novel programmable optimal design for the sinusoidal

spindle speed variation (SSSV). The contents of this chapter can be summarized as follows:

1.

Based on a technological analogy between frequency modulation (FM) and SSSV, a
modulation index was introduced into the SSSV process as a novel design index. The
optimum SSSV design candidates for the relative variation amplitude (RVA) were
selected, so that the modulation index coincided with the extreme points of the 0-th
order Bessel function of the first kind. In particular, the candidates having a stable
phase stability at the maximum and minimum spindle speeds secured a large negative

energy balance in the SSSV cycle.

Considering that the beat vibration tended to develop around the extrema of the spindle
speed, a novel lower limit criterion for the SSSV frequency according to the RVA was
proposed. In addition, an upper limit criterion for the relative frequency of the spindle
speed variation (RVF) according to the RVA was also proposed for achieving the
expected SSSV effect.

A series of time-domain simulations and boring tests were carried out to verify the
proposed design methodology. It was confirmed that the design candidates with a good
energy balance and a high RV (= RVAXRVF) value, identified through the proposed
design procedure, could robustly dissipate the chatter vibration with a small beat

vibration.

The requirement of the proposed design methodology is only the measurement of the
chatter frequency, as in the case of discrete spindle speed tuning; hence it can
contribute to autonomous chatter suppression integrated with chatter monitoring for
the SOMS. Additionally, it is possible to incorporate the machine constraints into the
design procedure in a flexible manner. As a result, a practical design of an SSSV

becomes feasible on an actual shop floor.

Even though SSV is specifically effective in high lobe number scenarios, the proposed

design procedure should be, in principle, applicable to low/middle lobe number scenarios as

well. It is important that the proposed design method be applied to many real industrial

applications and subjected to more verification for further development. Additionally,

establishing a simple optimal design procedure for more general periodic spindle variation

manner, where high-order multiple sinusoidal harmonics are superposed, is a research

challenge, since special periodic shapes involving multiple harmonics inherently have

potential to further improve the process stability [152,237,286].
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5. Chatter suppression in parallel turning
assisted with tool swing motion

5.1. Assumptions and concepts

This chapter proposes a novel concept for chatter suppression assisted with tool swing
motion (TSM) in parallel turning [287,288]. To verify the proposed TSM process, it is
assumed that rigid tools having the same insert geometries cut a flexible workpiece while
sharing the machined surface with the same depth of cut. For chatter suppression under
the same assumption, an effective methodology, known as unequal-pitch turning, has been
proposed, where the optimal pitch angle is deduced based on the chatter frequency with a
similar design methodology as VPCs [227,228]. As the pitch difference is given by turret
position control, the unequal-pitch turning can flexibly respond to changes in the cutting
state. However, the unequal pitch turning can cause the eccentricity of a flexible workpiece
due to the unbalanced cutting forces (see Fig. 1-15). Therefore, the chatter stabilization
performance and workpiece runout in the TSM process are experimentally evaluated and
compared with conventional equal and unequal pitch turning.

In the TSM process, the two tools are swung in the circumferential direction of the
workpiece sinusoidally while maintaining an equal pitch, as shown in Fig. 5-1; hence, the
imbalance of the force vector is not caused ideally. The delay term between two consecutive
cuts varies with time by applying TSM, as in the case of SSV. Based on the analogy between
TSM and SSSV, the design procedure for SSSV discussed in Chapter 4 is extended for the
TSM process. Consequently, TSM can be appropriately designed based solely on the chatter
frequency. Similar to unequal pitch turning, TSM is also flexibly provided by the feed-drive

system with turret position control. As the bandwidth of the position-control system is

X l : Offset angle 6, I X
Tool 1

I oo [ Lxyr) Spindle
rotation
Tool 2 \H
Feed direction Maximum
D— swing angle Tool 2
|95w(max)|

Swing frequency wy,,

Fig. 5-1 Schematic of tool swing process in parallel turning
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Fig. 5-2 Schematic of shared-surface parallel turning with flexible workpiece

generally much higher than that of the spindle system, the high-frequency modulation,
which cannot be realized by the spindle system, is feasible. For instance, the bandwidth of
the position control loop in the feed drive system is usually on the order of 25-30 Hz, even
for a typical CNC machine [2,289]. This is an advantage for the TSM process, as the
limitation of the SSV process often results from the machine, such as the bandwidth of the

spindle system [240,242].

5.2. Process modeling of shared-surface parallel turning

First, the process model for shared-surface parallel turning with a flexible workpiece is
developed to understand, in detail, the process dynamics and mechanism of unequal pitch
turning and T'SM process for chatter suppression.

Fig. 5-2 shows a schematic of shared-surface parallel turning with a slender workpiece.

The local Cartesian coordinate system XYZ is defined in each tool and workpiece. It is
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assumed that the vibration direction of the workpiece coincides with the X-direction for the
intuitiveness, although the slender workpiece should also be flexible in the Y-direction G.e.,
2DoF system in XY-plane). In particular, the workpiece will elliptically vibrate in the XY-
plane and the vibration direction can be defined as the long axis of the ellipse [290].

The general turning process model has already been shown in Chapter 4 (see Fig. 4-1).
The parallel tuning model will be established by expanding the aforementioned process
model of general single turning. Assuming the complete shared surface with the same tool
geometries and depth of cut, the cutting force vector, F., at each tool in its own coordinate

system can be defined similarly to the single turning process, as follows:
FP(t) = AP () - K, (5-1)

where A, [m?] is the dynamic cutting area, () indicates value for p-th tool.
Here, the specific cutting force vector, K, is defined with Colwell’s empirical chip flow

rule as follows:
K. = {UrKiccosn Ko peKeesinnyT = K, {urcosn 1 pgsinn)T (5-2)

where K. [N/m?] is the specific principal force, pu; [-] is the constant ratio of the force in
chip flow direction to the principal force, and 7 [rad] is the chip-flow angle.
Additionally, the cutting width vector, b, and regenerative width vector, r, which

constitute the dynamic cutting area, are defined as follows:

bcz{bw 0 aw}T' (5-3)

r.={b,—c 0 a,}T (5-4)

where b, [m], a,, [m] G.e., cutting chord length projected onto Z- and X-axis, respectively),
and 7 in Fig. 5-2 are geometrically calculated from the insert geometries (i.e., nose radius,

1, [m] and approach angle, k [rad]) and feed rate, ¢ [m/tooth] as follows [159]:

c a,—T1.(1—cosk
3 +-£2 st( ) + esink ap, > 1,(1 — cosk)
bW = c ank . (5'5)
3 + % — (1:S - ap) a, <1.(1—cosk)
Rey =7 — rz—(g)zzi(£<<1>—>a =a,—h (5-6)
cu & & 2 8r£ r£ w 14 cu
n = tan™'(ay /by) (5-7)

where a, [m] is a depth of cut as a cutting condition, and h, [m] is a geometric surface

roughness (e.g., cusp height).
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Chapter 5 Chatter suppression in parallel turning assisted with tool swing motion

The dynamic cutting area is calculated by the inner product of the vibration vector and
each width vector. Here, considering that the coordinate system for tool 2 is rotated by 180°
around the Z-axis with respect to the workpiece coordinate system, the unit vibration vector,
e,, at each CWS is defined as follows:

1 cost —sinmt 0](1 -1
el =10¢, el? =|sinmt cosm 0]|{0;=10 (5-8)
0 0 0 1110 0
where only the workpiece vibration in the X-direction (i.e., x¥(t) [m]) is considered.
Assuming that the surface machined by tool 1 is regenerated at tool 2, and vice versa,
the dynamic cutting area at each CWS can be defined as follows:
AFH(E) = b xV (el —re-xV(t —t)ed = b[x"(t) + ucx™ (t — )]
(5-9)
AP () = be - xV (t)ef — .- xW(t —t2)elt = —b [x"(t) + pcx™ (t — 72)]
where |b, - e;p| = by, = b, |r.- e;p| =b, —c=b,,and u, = b,/b. (0 <p, <1).Here, b, [m]
and b, [m] are the cutting and regenerative width in the vibration direction, respectively,
and u. [—] is known as overlap factor. ( )" indicates value for workpiece.

The time delay, 7 [s], in each CWS depends on not only the spindle speed, S [min~!] but
also the pitch angle, 8, [rad], as follows:

_ 606" o 600

t1 _
t 218 21S

(5-10)

As a result, considering the law of action and reaction in the workpiece coordinate

system, the cutting force acting on the workpiece can be derived as follows:

E" -1 0 0 10 0
FP)={FE";=10 -1 0 [4A8@®) -K.+]|0 1 0 |A%()" K,
w —_ —_
E) 0 0 1 0 0 -1 (5-11)
Uy COST) Ugcosn
= —Keche[xV () + pex™ (t — )] { 1 } — Keebe[xY (8) + pex™ (t — T2)] { 1 }
Ugsinm —Ussinny

where F [N], F, [N], and F, [N] are the cutting force in X-, Y-, and Z-direction, respectively.
The dynamic cutting force acting on the workpiece will excite the workpiece and produce
vibration in the X-direction again. Therefore, considering F' =F"/ (yf cos r)) , the

workpiece vibration in the X-direction can be described with the workpiece FRF as
xw(iwc) = Ok (iwc)wa(iwc) + q))‘C/XI (iwc)FyW(iwc)

@ (iw,)

[y cOST

(5-12)

= oY (iw,) + EY (i) = 2P (iw) EY (iw,)
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specific cutting force Equivalent 1D TF
projected in X-direction in X-direction
| —Kichty cosn | 05 ()
Total dynamic Dynamic cutting force
uncut chip area (thrust force) EY
Cutting width
QT 2b, * ®
+ x¥ (t)
Regenerative width Delay at tool 1
(“): T b, |¢ e mez”setl —@
+ xW(t — 1)
Regenerative width Delay at tool 2
b, [¢ e leZnSQtZ .
xW(t —1%2)

Fig. 5-3 Block diagram of shared-surface parallel turning with flexible workpiece

where <I>w(eq) [m/N] is the 1D equivalent TF [171,285] of the workpiece for the X-directional
cutting force to the X-directional vibration. Because xY(t—1'") is represented as
e~ 0T xW(je) at a certain chatter frequency, w, [rad/s], in the frequency domain, by
substituting Egs. (5-10) and (5-12) into Eq. (5-11), the characteristic force equation can be

derived as follows:

EY(iw.) = —Kpebepty cosn (2 + p e 9™ + p e~ )x W (iw,)

1800e g1 60w (5-13)

= —Kycbeus cosn(2+uce 25 O + e ams O ) W(eq)(lwc)FW(Lwc)
The block diagram of the shared-surface parallel turning process with a flexible

workpiece, represented as Eq. (5-13), is shown in Fig. 5-3. In equal pitch turning G.e., 05 =
6% = 1), Eq. (5-13) can be further simplified as follows:

60w,
F¥(iwe) = —2Kicbepip cosn (1 +ue s )@X(eq)(iwc)FxW(iwc) (5-14)

Here, in the conventional single parallel turning process, the characteristic force

equation is derived as follows:

AL(t) = b xV(D)el! —r - xV(t —1)el! = b [xW(t) — px¥(t — )] (5-15)
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-1 0 0 Uf COST)
FY(t) = [ 0 -1 0 |AY() K¢ = —Kb[xV(t) — pex™(t — ‘ctl)]{ 1 } (5-16)
0o 0 -1 Uy sinng
899\ ieq)
wa(iwc) = _Ktcbc/'lf cosn (1 — HUce s )(pxx a (iwc)wa(iwc) (5-17)

Comparing Egs. (5-14) and (5-17), the regenerative effect is found to work with twice
the gain in the parallel turning process. In summary, the chatter vibration is more likely to
occur in the shared-surface parallel turning process than the conventional single turning;
hence, chatter suppression techniques are more important for maximizing the productivity
advantage of the simultaneous process. Note that the “static” cutting forces in the XY-
direction can be cancelled out in parallel turning; hence, the workpiece deformation caused
by the cutting forces (i.e., deterioration of shape accuracy) can be suppressed.

The sign of the delay term is opposite in Eqgs. (5-14) and (5-17), which suggests that the
range of the chatter phase shift, ¢ [rad], is shifted in the shared-surface parallel turning
process. In conventional single turning, represented as Eq. (5-17), the following relationship

holds between the chatter phase shift and the phase angle of the compliance TF [25]:
Im [(D,‘?;(ep)(iwc)]
Re [(Dw(ep)(ia)c)] '

xx

g, =3m+2tan~?!

W.T = 21k, + €, (5-18)

where k. [-] is the chatter lobe number. A similar expression has already been shown in
Eq. (3-17). Eq. (5-18) means that, when the maximum negative real part of an equivalent
1D TF exists in the third quadrant in the complex plane (.e., ranging from —mn/2 to —mn),

the chatter vibration will occur in the following phase shift range:
T
37T+2><(—7r)<ec<37r+2><(—5)—>7r<ec<27r (5-19)

Eq. (5-19) is also described intuitively in Fig. 1-6. Here, the delay term in Eq. (5-14) can
be rearranged as follows:

60w,

., 60w i 60 m .
e 25 = —e Mt 25 = —e lwc(25+wc) = _p-iwct’ (5-20)

From the above, it can be deduced that the chatter phase shift against the tooth-passing
period in Eq. (5-14) ranges from 0 to m:

60a)c+ k. + &' 60w,
= -
25 T AMeTE 7 o

WepT' = =2nk.+ ¢, —n=2mk. + ¢,

(5-21)
(m<e, <2m » 0< g, <m)
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This point including the model of Fig. 5-3 was first suggested by this study. The validity of

Eq. (5-21) is confirmed in the after-mentioned experimental results.

5.3. Chatter suppression in unequal pitch parallel turning

In this section, the existing unequal pitch turning, including its design methodology, is
outlined based on the described parallel turning model. The performance of unequal pitch
turning is compared to that of the TSM process in the later section.

Fig. 5-4 shows a schematic of shared-surface unequal pitch turning with a slender
workpiece. The regenerative effect can be eliminated by setting an appropriate shifted pitch
angle (i.e., A6,/ 2). When this angle is zero, it results in pitch parallel turning. The design
method for unequal parallel turning is inspired from VPCs, where the pitch angle is
designed such that the regeneration factor (RF) is zero [215]. RF is a quantitative index

representing the regenerative effect in processes, and can be defined as

Ng N¢
1 o o
RF = — E e 0T = — E e i) (5-22)
N 4 N 4
Jj=1 Jj=1

where 7; [s] and & ; [rad] are the delay and the phase shift left on the machined surface,
at tooth j, respectively, and N, [—] is the number of teeth.

In Eq. (5-13), the regeneration factor in shared-surface parallel turning can be defined
similarly as emloct 4 g-iwct? if the regenerative width is the same on both sides. This is
because the dynamic cutting area by tool 1 is entirely influenced by the surface pre-
machined by tool 2, and vice versa, similar to the two-flute cutter. Consequently, if the

difference in the phase shift Ae. [rad] between tools 1 and 2 is set as

X X
l 1 Shifted pitch |
Tool 1 1 angle A6, /2

i Y Z
: 9},2 + A6, = 9;,1

Spindle
rotation

Tool 2. |4 7
Feed direction

C——
Tool 2

Fig. 5-4 Schematic of unequal pitch turning
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Ae, = e —e? =n(2my +1),my, €Z — e™héc = emim(@mpt1) = _q, (5-23)

the regenerative effect in the parallel turning process can be canceled out as follows:

t1 t

e-iwet™ 4 e—iwc‘rtz — e—isc1 + e—iaEZ — _}_e—isgze—iAsC + e—isEZ =0 (5-24)

where m, is an arbitrary integer number. In an equal pitch cutter, the absolute value of
the regenerative factor |RF| is equal to 1 because of Ag, = 0, i.e., the process is completely
affected by the regenerative effect. In contrast, |RF| in the equal pitch parallel turning
becomes 2, and the regeneration affects the process with twice the gain, as mentioned above.
Here, the total chatter wavelength left within a certain pitch angle 6;” can be
expressed as follows:
60w,

60
2mk? + £ = D gir - e g (5-25)

From Egs. (5-23) and (5-25) , the following equation can be derived:

_ 60f.

1
27'[(](21 — kEZ) + 27 (mp + —) = T

> (65t — 65%) (5-26)

The number of chatter marks k' and k¢ are integers that can be included in m,,. As
a result, the pitch angle difference 46, [rad] (= 65' — 65?) between two tools should satisfy

the following equation to cancel out the regenerative effect:

A8, = 2m (mp + 1) 2 (5-27)
2) 60f,

which can be calculated from only the chatter frequency at a certain spindle speed. Eq.
(5-27) is exactly the same as the design principle for alternating the pitch variation, which
1s a type of VPC. As the spindle speed and chatter frequency are involved in the optimal
pitch design, it 1s necessary to know the cutting conditions and the vibration frequency in
advance before creating VPCs. In the parallel turning process, however, as the pitch angle
1s adjusted by the turret position control, it can flexibly respond to changes in spindle speed
and/or chatter frequency [228].

Note that Eq. (5-27) is valid only under the assumption of a flexible workpiece (.e.,
chatter originates from the workpiece) in the parallel turning process. In case of tool-side
chatter, the corresponding forces act on different bodies; hence, the phase shift neither has
any effect nor is principally responsible for the process stability [226]. In this case, coupled
or detuned dynamics of the two tools can substantially influence the process stability,
although dynamic coupling is sensitive to the radial angle (i.e., pitch angle) between tools

[206,226].
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Furthermore, only a small pitch angle variation for unequal pitch turning is valid,
because the dynamic forces contributing to chatter acting on the cutting edge are not exactly
tangent and radial to the perimeter of the slender workpiece (Fig. 1-15). In summary, the
sum of the force vectors cannot cancel out each other in unequal pitch turning, which may
have a negative effect on process stability and workpiece eccentricity in shared-surface
parallel turning for a flexible workpiece [163]. Additionally, the shifted pitch angle is
provided without tool rotation in the radial direction due to mechanical limitation; hence,
changes in apparent insert geometries, such as the rake angle and clearance angle, also
help or impede process stabilization [163].

In addition, the vibration direction of the workpiece observed from tool 1, which is

related to regenerative width, may change according to the shifted pitch angle:

cos(A8,/2) —sin(A6,/2) 0] (1
ex = |sin(a6,/2) cos(A6,/2) 0 {0} - bi? =rc ey (5-28)
0 0 1110

At a different regenerative width at each side, the regenerative effect cannot be ideally
cancelled out in the parallel turning process.

If a relatively small pitch angle variation can be assumed, the above influences will be
minimized. Therefore, the difference in the phase shift should be kept close to 7 (G.e., m, =

0) to prevent a large pitch variation; that is, Eq. (5-27) can be explicitly rewritten as follows:

1S

AG. =
Hp 60f,

(5-29)

Since the chatter lobe number is usually large in the turning process, the chatter

vibration can be sufficiently suppressed with a small pitch angle difference.

5.4. Chatter suppression in tool swing parallel turning

The TSM process comprises the following three design parameters: the swing frequency,
wg, [rad/s], maximum swing angle, |0$W(max)| [rad], and offset angle, 6, [rad] (Fig. 5-1).

Here, TSM is applied sinusoidally like SSSV, as follows:
Osw (t) = |95w(max)| cos(wgyt) + 6 (5-30)

The spindle speed is constant (i.e., S, [min~']) in swing machining. However, the

“relative” spindle speed of CWS incurs time variation due to TSM:

60(‘)sw | esw(max) |
2nS,

S.(t) =S, — %ésw(t) =S, (1 + sin(a)swt)> (5-31)
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N
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o

T(tl) (Eq. 5-32)

N
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w

24.7

Process delay [ms]
N
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24.4

Time [s]

Fig. 5-5 Time-varying delay in shared-surface parallel turning with TSM (|95W(max)| =4.5° fow =5Hz,
and S, = 1200 min~")

Consequently, the delay term representing the regenerative effect varies with time
similar to the SSSV process. Fig. 5-5 indeed shows the time variation of the delay term. In

shared-surface parallel turning, the following equation holds in terms of 7(t):

t
.L © Zggn dt =m+ |95W(max)| cos(wgy,t) — |95W(max)| cos (wsw(t - T(t))) (5-32)

By solving Eq. (5-32) with the set profile of tool swing motion, the exact time-varying
delay can be obtained. For comparison, the non-closed form of approximated delay term, i.e.,
T(t) = 60/ (ZSr(t)) is also shown in Fig. 5-5. The delay term can be represented with time-
varying “relative” spindle speed. Note that the approximated delay term will deviate from
the exact value as RVF increases, similar to the SSV discussed in Fig. 4-8 and Fig. 4-9.
Similar to Eq. (4-8), RVF can also be defined in parallel turning as follows:

_ 60fs,

= NS, (5-33)

Rp

To sum up, the chatter vibration is suppressed by disrupting the regenerative effect with
time-varying delay even in the TSM process. The sinusoidal TSM and SSSV process can be
interpreted in a unified manner; hence, the RVA in the TSM process can be defined based

on the similarity between Eq. (4-6) and Eq. (5-31) as follows:

_ 60wsw | esw(max) |

5-34
A 2nS, ( ‘

An appropriate selection of the RVA value can be achieved by the criterion proposed in
Chapter 4 (.e., Eq. (4-31)). The chatter will occur in the range 0 < &, <7 in shared-

surface parallel turning, as discussed in Section 5.2, although the unstable range is usually
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T < &, < 2w in the conventional turning process. Nonetheless, the local minimum points
of the Otk order Bessel function of the first kind are suitable options as the sign of energy
balance is also reversed. Therefore, Eq. (4-31) can be directly used even for the parallel
turning process. A more detailed discussion about the energy balance is shown in Appendix
E. Note that only the 1st minimum point of the Bessel function (G.e., J,(3.832)) is considered
for a small swing angle, as the tool posture cannot be changed by synchronizing TSM.

Consequently, the optimal design criterion for TSM can be derived as follows:

27S.
(wswlgsw(max) Dopt = 6_0nRA(opt) (5-35)

where

—Q2rkey + &cn) + \/(ancn + )%+ 4m}§ (5-36)

Ragopey = ,my = 3.832

me

To design the TSM based on Eq. (5-35), either the maximum swing angle or the
frequency must be set first to determine the other parameter. In Chapter 4, the lower limit
criteria for SSSV frequency are also proposed (e.g., Eq. (4-38)). However, as the unstable
phase shift becomes 0 < g, < m, Eq. (4-38) is slightly modified to secure a robust lower

limit criterion:

NcSr(max) 1 ( 27chn + & 1 >
W in) = —————C0S"~ - — (5-37)
sw(min) 60N, RA(Zﬂ'kfmax + gfmax + gcn) Ry
where
60f, 60f,
JSmax — Int (—m),ssm"" = 2m - Frac <—Cn> (5-38)
¢ NcSr(max) ¢ NCSr(max)

Eq. (5-37) indicates that the instantaneous chatter phase is shifted by &, within N,
teeth passes from the maximum relative spindle speed to pass through the unstable region
around it before the momentary chatter (i.e., beat vibration) grows significantly.

In terms of the upper limit criterion for the swing frequency, Eq. (4-44) representing a
95% upper limit curve could be observed even in the TSM simulation with Eqgs. (5-32)—
(5-34); hence, Eq. (4-44) can be employed directly, as follows:

Rp(max) = —0.5243R} + 1.2404R} — 0.9219RZ + 0.0147R, + 0.1755 (5-39)

Since the criteria for the frequency can be calculated once the RVA value is extracted
from Eq.(5-36), the TSM frequency, f;,, [Hz] (= ws, /(21)) is determined first to satisfy the

following relationship:
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,Apparent rake angle

Insert rake angle (+)

., Apparent edge
7% inclination

Appar

I__n"éert rake
angle (+) Qe SF L

s Clearance Apparent k
angle (+) i clearance angle
Apparent : !
clearance angle * A/\
% Workpiece rotation : X
RGO N N G TS v z
E : J Tool swing ®
: RN Feed direction

Fig. 5-6 Variation in apparent tool geometries according to TSM

60f, N_S N_S.
RF(min) < T;: < RF(max) - %RF(min) < fsw < %RF(max) (5_40)

Then, the optimal combination of maximum swing angle is determined from Eq. (5-35).
In addition, the apparent tool geometry changes according to the TSM, as the machine tool
1s usually incapable of rotating the tool posture to synchronize with the TSM. Consequently,
the offset angle must be set to avoid excessive contact of the tools and workpiece at the flank
face when the swing angle exceeds the clearance angle (Fig. 5-6).

Finally, the design procedure is summarized in Fig. 5-7. The requirements for
conducting the proposed design procedure are only the commanded nominal spindle speed
(i.e., cutting conditions) and the chatter frequency at that time. If the relative relationship
between the nominal lobe number and phase shift is the same, the normalized design
criteria for RVA and RVF are the same even under different cutting conditions.
Consequently, the same TSM is recommended. Note that the workpiece diameter must be
known when the TSM path is generated, although the TSM design can be achieved
regardless of the workpiece diameter. Practically, the current information about the

workpiece diameter can be obtained by interlocking with upstream CAM systems.
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A 4

Calculate the lower and upper limit
(Cutting conditionsD value for swing frequency at Ry (opr)

(Eq. 5-37 and e.g. Eq. 5-39)
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£ automatically decided (i.e. Eq. 5-35)
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(i.e. Eq. 5-36) Ratonts PPy

Fig. 5-7 Design procedure for the proposed TSM process based on analogy with SSSV

5.5. Experimental verification

5.5.1. Experimental setup

Fig. 5-8 shows a prototype multi-tasking machine tool (Super NTY3, Nakamura-Tome
Precision Industry Co., Ltd., Japan), which was modified to be flexibly controlled by an
industrial motion controller (Power PMAC, OMRON Corporation, Japan) (Fig. 5-8(a)). It
comprises three turrets and two work spindles. The cutting tools for parallel turning were
attached to turrets 1 and 2, each of which can move in three translational directions of XYZ-
axes. A slender cylindrical workpiece (Fig. 5-9) was chucked on a left-side work spindle.
Then, the workpiece was machined simultaneously from both sides by two tools attached
on the left-side upper and lower turrets, respectively (Fig. 5-8(b)). The type of driven system
and encoder specification in the left-side upper and lower turrets and work spindle are
summarized in Table 5-1. More detailed specifications are summarized in Appendix A.

Fig. 5-10 shows the system configuration for parallel turning tests. The control signals
were generated by the motion controller (i.e., power PMAC) at a sampling frequency of 9000
Hz (i.e., 111 ps). An optimal linear encoder was attached to only the X1- and Y1-axes of
turret 1, where the fully closed control could be applied. The MEDOB (.e., Eq. (2-22)) was
also implemented in X1- and Y1-axes for cutting force estimation. The estimated cutting
force was employed to evaluate the chatter vibration (i.e., vibration frequency and severity).

It has been confirmed that the MEDOB can monitor the high-frequency chatter state at the
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Fig. 5-8 Prototype multi-tasking machine tool: (a) external appearance (b) workspace view
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Fig. 5-9 FRFs of flexible workpiece obtained by tap test

cutting point even in a high-damping guideway, such as the sliding type (e.g., Y1-axis), by
integrating the high-resolution linear encoder information [273]. Although the estimated
cutting force is calculated in each servo cycle of 111 ps inside the machine tool, the data for
the analysis can be gathered only every 333 ps G.e., 3 kHz).

The tool positions are given by the feed drive systems in the translational axes of turret
1 and/or 2. Therefore, the shifted pitch angle and swing angle can be changed flexibly. The
swing frequency can be enhanced up to the bandwidth of position control, which is much
larger than that of the spindle-drive system, regardless of the workpiece mass unlike the

SSV technique. It was experimentally confirmed that the position response in turrets 1 and
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Table 5-1 Specification of driven system of left-side upper and lower turret and work spindle

Unit X1 Y1 71 X2 Y2 72 C1
Type of guideway - Rolling Sliding Rolling Rolling Sliding Rolling
Lead length mm 8 6 12 8 6 12

. BS + BS + BS + BS + BS + BS +
Drive system . . . . Belt
coupling coupling coupling  belt belt  coupling
Reduction ratio - 1 1 1 1 1 1 14/13
Encoder resolution --====m===mmmmmmmmmmmos oo oo oo oo oo oo oo
Linear encoder nm 1 1
Rotary encoder count/rev. 120000 160000 80000 120000 160000 80000 262144
nm 66.7 37.5 150 66.7 37.5 150 -

Ring encoder count/rev - - 19660800

* BS: Ball-screw

Servo Y1(up)
amplifier

Direct PWM Cl
Amp.(Delta tau)

z2(low) —JE
Servo Y2(low) 2

amplifier X2(low) &0
oo I : N
(ke || AR N
Multi-tasking machine tool :
B

with multi-turrets

=71 /s

A dw

Controller
(Power PMAC)

» Servo control cycle: 111 ps (9 kHz)
» Data acquisition cycle for cutting force estimation: 333 us (3 kHz)

» Cutting force estimation in X(up), (MEDOB: M,,, = 734 kg, M, = 362 kg,
Kyn = 0.617 Nm/A,R,,, = 1.27 mm/rad)

» Vibration-severity assessment based on the estimated cutting force
(Sum of power spectrum density (PSD) in the high frequency range)

» Chatter frequency extraction (maximum spectrum frequency)

+ Tool swing motion control (|8swamax | @sw, and 6;)

Fig. 5-10 System configuration for parallel turning tests

2 can be controlled within +1 dB against the command value of up to 20 Hz at least.

Note that the actual machine axes of each turret are not mutually perpendicular G.e.,
Y'-axis). The angle between X1- and Y’1-axes is 45°, as is the angle between the X2- and
Y’2-axes. Turretl/turret2 actually moves in X1/X2 and Y’1/Y’2 directions to provide the
desired displacement in X1Y1/X2Y2 plane (Fig. 5-11). The tool cannot rotate in the radial
direction owing to the mechanical limitation; hence, the tool posture did not change
according to the shifted pitch angle or swing angle.

The positions of the two tools were identical with the same feed speed, so that the rigid

tools would share the same surface of the slender workpiece. The most flexible mode was
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() iX1,x2 (b) L X1,X2
AY® AY"
Y’l,Y’Z 00! le' Y'2 Tool 1
AXEL AXE
AXH t1
Y L AX
N
N
AXT, = Ayt AX{ = Ayt % DY Workpiece
Y [ S 45° \ 2 \ rotation
Y1,Y2 < Y1,Y2+ —~
/ Swing N /
. ngl R
o Workpiece angle Gsu(t) \\ AV = Ax2,
2 rotation S ty
Ath
Shifted pitch
AXtZ
angle A8,/2 tx
Tool 2 Tool 2
AYCZ
s 6 AY" Dw AYY
t1 -2 o (2P 11— 2 .
AY 5osin{ ,AY Sn(59) AY > sin(fy,,) ,AY SIn@59)
Dv 9 D™
(I P P AXH = —[1 - 2
AXY = > [1 cos<2>] 2 [ cos(6gy) |
Turret's movement in Y'-axis: AX; ), = AY'"! Turrets’ movement in Y'-axis: AX; ), = AY"*!
Turret's movement in X-axis: AX{L = AY' + AX™ Turrets’ movement in X-axis: AXfL = AY' + AXH

Fig. 5-11 Angle generation by turret’s movement: (a) unequal pitch process, (b) TSM process

Table 5-2 Common cutting conditions in parallel milling tests and system conditions for MEDOB

Cutting conditions

Spindle speed [min™1] 1200 Nose radius, 7, [mml] 0.79
Depth of cut in each tool, a, [mm] 0.2 Insert rake angle [°] 15
Feed speed [mm /s] 3.0 Side/Front clearance angle [°] 6
(Feed rate, ¢ [mm/tooth]) (0.075) (made by edge inclination)
Material of workpiece SUS303 Side cutting edge angle [°] 5
Diameter of workpiece, DW [mml] 25 (Approach angle, x [°]) (85)
Projection length [mm] 130 Cutting edge inclination [°] -6
System conditions for MEDOB (X1-axis)
Equivalent rotating mass, M,,, [kgl 734 Conversion factor, R, [m/rad] 1.27x10°3
Movable mass, M,, [kgl 362 Sampling frequency [Hz] 3000
Torque coefficient, K, [Nm/A] 0.617 Cutoff frequency of LPF [Hz] 1000

confirmed around 625-645 Hz (Fig. 5-9), which is a local first bending mode of the workpiece.
Based on the conclusion in [163], the same depth of cut was set on both sides to obtain high
process stability. The common cutting conditions and system conditions for MEDOB are
summarized in Table 5-2.

The nominal masses for MEDOB were simply set to the design values. Since only the
high-frequency chatter component was focused, the static/quasistatic friction compensation

for MEDOB was not performed. In addition, the estimated force on the X1-axis was used
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Fig. 5-12 Spectrogram of the cutting force in X1-axis estimated by MEDOB in equal pitch parallel
turning with several offset angles: (a) 8, = 0°, (b) 6, = —5°, (c) 6, = 10°

for chatter evaluation because of the low-damping rolling guideway, although the results
did not change substantially even if the Y’'1-axis was analyzed. When evaluating the chatter

severity, HPF with 400 Hz cutoff was additionally applied.

5.5.2. Results of conventional equal pitch parallel turning process

First, the conventional parallel turning tests were conducted. Owing to mechanical
limitations, the tool postures cannot be changed, and the apparent tool geometries are
varied due to TSM, as shown in Fig. 5-6. This implies that the variation in apparent tool
geometries can help or impede the chatter suppression effect caused by TSM. In addition,
the equal pitch turning tests at several offset angles are performed to correctly evaluate the
chatter suppression effect in unequal pitch and TSM process.

Fig. 5-12 shows the STFT results for the cutting force estimated by MEDOB on the X1-
axis. In Fig. 5-12(a), the chatter is clearly observed. The maximum PSD components
regarded as dominant chatter frequency change with time from 813 to 734 Hz at an interval
of ~40 Hz (i.e., tooth-pass frequency) due to changes in the cutting point along the axial

direction of the workpiece. In Fig. 5-12(b), the chatter seems to be slightly mitigated,
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especially in the latter half of the Minimum real part of transfer function

process. In contrast, violent chatter 2-4|.6 -3,'1. -0|.8 '

vibration is clearly observed in Fig. i i i

5-12(c). This may be because of the = 0 N i :

variation in apparent tool geometries. E i :

The negative offset angle yields a small ; 2t i ; i

apparent clearance angle and a large § | é i

apparent rake angle. In contrast, the E -4 ': ir i

large apparent clearance angle and = | L |

small apparent rake angle result from E 6 i E Ji Prx

the positive offset angle. i i ! N
Generally, the low clearance angle _8.5I I-2I‘5 | 0 2i5 5

yields a high process damping effect Real part [um/N]

and increases the chatter stability Fig. 5-13 Vector diagram of equivalent 1D TF (x =

[160,223,291,292]. In [160,291], the 85°7 =0.79 mm,c = 0.075 mm,a, = 0.2 mm, and y; is
assumed as K,./K;. = 0.393 in Appendix D — b, =

monotonic increases in stability were  g¢ b, = 0.49 mm, h,, = 0.89 um,and = 19.5°)

analytically indicated as the clearance

angle decreases. Liu et al. [292] experimentally observed the high process stability by
utilizing a low-clearance-angle insert. Similar results were obtained in [223], where cutting-
edge chamfers were fabricated to decrease the apparent clearance angle. Additionally, a
larger rake angle tends to enhance the process stability [292], whereas a lower rake angle
makes chatter more likely because a larger thrust force is induced. In [293], it was found
that a smaller rake angle leads to a larger thrust force, and consequently, induces a larger
chatter amplitude. For a shared-surface parallel turning process with a flexible workpiece,
Azvar and Budak [163] suggested that tool geometries that induce a large thrust force will
shrink the stability region of SLD. Nevertheless, the chatter is not completely mitigated in
Fig. 5-12(b) despite the small apparent clearance angle and large apparent rake angle,
which are expect to have a positive effect on process stability.

Here, the observed chatter frequencies seem to be high, considering that the
regenerative chatter often occurs near the negative peak of the real part of the frequency
response function [25,245] (e.g., 652 Hz in @‘D,Zi(eq); Fig. 5-13). This indicates that the
loop/contact stiffness of the total system increases due to the double-side cutting. Although
a stationary tap test identifies the resonance in the cantilever-beam state (Fig. 5-9), the real
system may behave like a double-supported beam in shared-surface parallel turning and be
sensitive to the boundary condition of CWS as well as the cutting position.

Note that the phase shift G.e., Eq. (5-21)) corresponding to the chatter frequencies of
814, 775, and 735 Hz were 126°, 135°, and 135°, respectively, all of which range within 0 <

g. < m. The chatter within 0 < e, < 7w can also occur depending on the characteristic of
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Fig. 5-14 Appearance of machined surface in equal pitch shared-surface parallel turning (8, = 0°):

(a) surface picture, (b) consideration of the relationship between phase shift and chatter mark

¢,:;(eq) even in the conventional turning process. The maximum negative real part of <D,‘C’;(eq)

can be sometimes in the second quadrant in the complex plane, ranging from —m to —3 /2.
Consequently, the phase shift becomes 0 < &, <7 in Eq. (5-19). This phenomenon can be
treated in the framework of the directional factor. Considering Fig. 5-13, however, the
results shown in Fig. 5-12 (i.e.,0 <&, <m) are attributable to the inherent process—
machine interaction of the parallel turning model, as shown in Fig. 5-3.

Fig. 5-14(a) shows the observed machined surface for 8, = 0°. The machined surface
has deteriorated due to the chatter vibration. The surface roughness was measured by the
stylus profiling (Flex-50A form Tokyo Seimitsu Co., Ltd.), and became a value of 6.02 pm.
Here, observing the chatter marks in detail, the tilt of the chatter marks appears to increase

to the left. This is a well-known chatter-surface topography corresponding to the phase shift
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of m < ¢, < 2m and appears to contradict the experimental results of 0 < g, < 7.

This phenomenon can probably be understood as shown in Fig. 5-14(b). In parallel
turning, the previous vibration at the opposite tool is regenerated; hence, the resultant
phase shift between the previous vibration at the opposite side (i.e., dash wave of
xW'(t — 1)) and the present vibration (i.e., solid wave of xW'?(t)) appears torange 0 < g, <
m, which is directly calculated by Eq. (5-21). However, the phase shift observed from the
local view of the CWS system (i.e., between solid waves of x"(t) and x“'(t — 1)) may be
21 — &, inrange of m < g, < 2m. Thus, the resultant chatter marks appear to rise to the left.
Furthermore, as the actual local phase shift in each CWS ranges from m to 2w, similar to
that shown in Fig. 1-6(d), the energy flows into the workpiece from both sides. In summary,
the accumulated net inflow energy becomes double, which is consistent with the double

regeneration gain.

5.5.3. Results of parallel turning assisted with tool swing motion

Based on the observed dominant vibration frequencies, the TSM design and verification
tests were demonstrated.

Table 5-3 shows the results of design criteria for TSM at three dominant chatter frequencies
obtained by the proposed design procedure in Fig. 5-7. As N, =1 may be too restrictive,
N, = N, = 2 (i.e., one spindle rotation) was set for Eq. (5-37).

To discuss the validity of TSM design criteria, a series of tool swing parallel turning
were conducted while varying the TSM design parameters. First, the RVA was changed by
varying the tool swing angle at a certain swing frequency. The swing frequency was set as
5 Hz G.e., RVF was set as 12.5%) to fully satisfy the lower-limit criterion at all chatter
frequencies. Note that the offset angle was set when the swing angle exceeded the nominal
clearance angle of 6° to avoid excessive contact between the flank face and workpiece. An
apparent minimum clearance angle of 1° was ensured. The experimental conditions are
shown in Table 5-4, and the results are summarized in Fig. 5-15.

Fig. 5-15(a) shows some of the spectrograms (STFT, N,, = 2° samples) of the estimated
cutting force on the X1-aixs. The chatter was clearly suppressed from |95W(max)| = 4.0°
(R4, = 1.75 %). As the chatter vibration is not completely damped out in Fig. 5-12(b), the
chatter suppression effect is yielded by TSM. Fig. 5-15(b) shows the average chatter

Table 5-3 Criteria for TSM designed by the proposed procedure in Fig. 5-7

Chatter frequency, f., [Hzl 814 775 735
Nominal lobe number, k., 20 19 18
Nominal phase shift, ., [°] 117 135 135
Optimal RVA, Ryopr) [%] 2.99 3.14 3.32
Upper limit frequency, fswmax) [Hzl 7.01 7.00 7.00
Lower limit frequency, foo% ., [Hz] 3.80 3.96 3.97
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Table 5-4 TSM conditions for experimental tests while varying maximum swing angle at f;,, = 5.0 Hz

Swing frequency, f,, [Hzl 5.0
Corresponding RVF, Ry [%] 12.5
Swing angle, |Oswmaxn| [°] 20 30 40 45 50 60 70 80 90
Corresponding RVA, R, [%] 0.87 1.31 175 196 218 261 3.05 349 3.93
RV factor, RV = R, - Rr [%] 0.11 0.16 022 0.25 027 0.33 0.38 044 0.49
Offset angle, 6, [] 00 00 00 00 00 1.0 20 30 4.0

Movement in Y-axis, X, [mm] 062 093 12 14 15 18 22 25 28
Movement in X-axis, X,y [mm] 044 067 090 10 1.1 14 1.6 19 21

* Turrets’ movement in Y'-axis, X,,s, and X-axis, X;,, are calculated based on |95W(max)|.

reduction rate, compared to the normal equal pitch turning in Fig. 5-12(a). Spectrum peaks
corresponding to the swing frequency were observed in the residual signal of the estimated
cutting force; hence, Fig. 5-15(c) also summarizes the reduction rates calculated after
applying a comb filter with the basic frequency of 5 Hz. Although the optimal RVA was
approximately |0sy(max)| = 7.0° (R, = 3.05 %), no significant differences could be observed.
However, the chatter was robustly suppressed in a large swing angle with the offset angle,
where a large thrust force might be induced by a small apparent rake angle. This suggests
that the design range of the swing angle can be secured.

The chatter was sufficiently suppressed from R, = 1.75 %, which was relatively small
compared to the predicted optimal value. This may be because R, = 1.75 % with Ry =
12.5% (i.e., RV = 0.22 %) was enough to suppress the chatter at a cutting depth of 0.2 mm.
Here, considering the region of negative energy balance around my = 3.832 ranging
2.405 < my < 5.502 (see Fig. 4-4), the RVAis 1.97% at my = 2.405 @i.e., the first Bessel null
point) for f. = 775 Hz. This is close to |95W(max)| = 4.5°, where the process starts stabilizing.

Observing the results of SLD studies for the SSV process [151,152,230I, it seems that
the stability starts to improve after a certain RVA value, and then, the stability limit
increases or decreases according to the RVA and RVF. Similarly, in the net inflow energy
behavior of SSV governed by J, (mf), the energy is extremely high at a very low RVA before
ms = 2.405, and then increases and decreases according to my; however, its local maximum
point is small compared to that in the CSS process. Therefore, the boundary for stability
improvement may exist around my = 2.405, although R, = 3.05% is expected to be robust
in a larger depth of cut (i.e., stronger chatter condition).

If the RVA design criterion proposed by Al-Regib et al. (Eq. (4-32): Raopr) = €cn/(21tkcy))
is employed, the RVAis also 1.97 % for f, = 775 Hz and the corresponding lower limit value
of the swing frequency in Eq. (5-37) becomes 5.1 Hz. This seems reasonable for the
experimental results. As discussed in Fig. 4-5 and Fig. 4-6, however, Eq. (4-32) is very
sensitive to the phase shift, because it eventually has the same formula as DSST. For
example, if the chatter frequency is observed at 771 Hz (deviates by only 4 Hz from 775 Hz),
the phase shift becomes 99° and the resultant optimal RVA value is 1.45%, which is close
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Fig. 5-15 Summary of experiments while varying the maximum swing angle at f;, = 5.0 Hz: (a) part
of STFT results of the estimated cutting force on X-axis (|95W(max)| = 2.0°,3.0°,and 4.0°), (b) chatter
reduction rate, (c) chatter reduction rate eliminating swing-frequency-induced spectrum

t0 |Oswimax)| = 3.0°, where chatter occurs. As a phase shift close to 0° is regarded as a
stability pocket in DSST, the RVA value is calculated to be small (see Fig. 4-6).

Here, Fig. 5-16 shows the results when no offset angle is applied at |9$W(max)| =9.0°. A
large vibration occurs because of the excessive impact on the flank face in every swing
period, rather than the regenerative effect. In fact, the frequency range of the vibration was

obviously different from that shown in Fig. 5-15(a) and closer to the workpiece resonant
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Fig. 5-16 Comparison result with or without angle offset in |95W(max)| =9.0°(a) 6, = 4.0°, (b) 6, = 0.0°

Table 5-5 TSM conditions for experimental tests while varying swing frequency at |95W(max)| =5.0°

Swing frequency, fy, [Hzl 2.0 3.0 40 45 B50 60 70 80 90
Corresponding RVF, Ry [%] 5.00 750 10.0 11.3 12,5 15.0 17.5 20.0 225
Swing angle, |05y max| [°] 5.0
Corresponding RVA, R, [%] 0.87 131 1.75 1.96 2.18 261 3.05 3.49 3.93
RV factor, RV =R, - Rp [%] 0.043 0.098 0.17 0.22 0.27 0.39 053 0.70 0.88
Offset angle, 6, [°] 0.0
Movement in Y-axis, X;,/ [mm] 1.5
Movement in X-axis, X;, [mm] 1.1

* Turrets’ movement in Y’-axis, X;,s, and X-axis, X, are calculated based on |6$W(max)|

frequency. As the flank face is scraped off around the contact area as the machining
progresses, the vibration might have gradually disappeared. The excessive progress of the
flank wear was observed after machining. Thus, it is important to set the offset angle
properly for a safe process.

In addition, a series of experimental tests were conducted while changing the swing
frequency at |05y (max)| = 5.0°. The experimental conditions are shown in Table 5-5, and the
results are summarized in Fig. 5-17. In short, the results were similar to those shown in
Fig. 5-15, although RV factor was different in the same RVA. This suggests that the RVA
tends to affect the chatter stability more substantially than the RVF, similar to the SSV
process. In addition, the RVA in the TSM process can be controlled by not only the swing
angle but also the swing frequency, as predicted in Eq. (5-35), although no significant
differences for the optimal RVA value are observed in these experiments.

Fig. 5-18 also shows the results of the experimental tests conducted at different swing
frequencies (f;, = 3.0 Hz, f, = 4.5Hz, f,, = 20 Hz) under a fixed RVA value (i.e., swing
angle is also changed). An RVA of 1.96% was employed to avoid an excessively large swing
angle. In Fig. 5-18(a), the estimated cutting force in each test is shown. Note that the
frequency components synchronizing the swing frequency were eliminated by the comb
filter. In addition, Fig. 5-18(b) shows the swing angle response calculated from the turret

position responses in case of f;,, = 3.0 Hz. The relative spindle speed calculated from the
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swing angle response is also shown on the right-side vertical axis. At f;,, = 3.0 Hz, the beat
vibration was clearly observed around the maximum relative spindle speed similar to the
SSV process, because of the insufficient swing frequency, whereas the chatter was
suppressed at f;,, = 4.5 Hz.

However, the suppression performance was deteriorated again at f;, = 20 Hz (Rp =

50 %). As already discussed in Fig. 4-9, an excessively high RVF can reduce the efficiency
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Fig. 5-18 Experimental results obtained with various swing frequency at R, = 1.96 %' (a) enlarged
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of the SSV/TSM effect. At R = 50 % with R, = 1.96%, it is confirmed that the amplitude
ratio of the delay terms representing the efficiency (i.e., Eq. (4-43)) has already dropped by
64%. In short, the delay variation appears as the case of R, = 1.25% even at R, = 1.96%.
The chatter reduction rate with the comb filter at f;,, = 20 Hz is 68.3%.

From the above results, the swing frequency of ~4 Hz seems to be necessary to
sufficiently suppress the chatter vibration. Here, a high variation frequency, such as 4 Hz,
1s generally severe for the spindle drive system. Several studies have indicated the practical
difficulty of a fast SSV due to machine limitations, such as spindle-motor bandwidth and
power [240,242]. These limitations are attributed to the machine and workpiece
specification [280]. To maintain a low variation frequency, the RVA is alternatively set to be
high in the SSV process by allowing a large variation in the cutting speed. However, this
large variation will reduce the tool life [294]. The machinability limitation originates from
the tool insert and workpiece material. Nevertheless, the tool life will be substantially

extended when the process is stabilized from the chatter condition [295].
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In contrast, the bandwidth of the position control loop in the feed drive system is usually
on the order of 25-30 Hz even for typical CNC machines [2,289]; hence, the constraint of
the frequency bandwidth will not be a big problem for realization. As a result, there is a
good possibility of using a low RVA (i.e., local minimum point of J, (mf) with low modulation
index), especially in the turning process. However, the swing angle can become relatively
large even at a low RVA value. As the tool posture cannot be changed, a large swing angle
and offset angle will accelerate the tool wear because of the large thermo-mechanical load
[294] in the positive-swing-angle region (i.e., small apparent rake angle) or a long contact
length on the flank face [224] in the negative-swing-angle region (i.e., small apparent
clearance angle). To minimize such adverse effect of TSM and maintain little turret
movement, it is preferable to set the swing frequency as large as possible for the same RVA
to minimize the maximum swing angle. In this case, the upper-frequency-limit curve (e.g.,
Eq. (5-39)) can be directly used to determine the swing frequency, as the recommended RVA
value is determined first. If this is still not enough for the acceptable maximum swing angle,
my = 2.405, which is the boundary for the negative energy balance around J,(3.832), may

be an alternative.

5.5.4. Comparison of chatter stabilizing performance

In this subsection, the chatter stabilizing performance is compared with the unequal
pitch turning. The pitch angle difference, 6, was designed as 4.6° with Eq. (5-29) based on
f. = 775 Hz as a representative value. The corresponding amounts of turret movement on
the Y- and X-axes are 0.72 and 0.52 mm, respectively. In tool swing parallel turning,
|95W(max)| = 4.5° f,,w = 5.0 Hz, and 6, = 0.0° were employed since this combination of TSM
parameters has been confirmed to sufficiently suppress the chatter.

Fig. 5-19 shows the results of the moving average (MV) of the estimated cutting force in
the high-frequency range (i.e., 400—1000 Hz). Note that for a fair comparison, the comb filter
was not applied to signals in the TSM process. The window length for MV is set to 29
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Fig. 5-19 Results of moving variance of the estimated cutting force in each process: (a) Overview, (b)
enlarged view
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Fig. 5-20 Machine surface: (a) unequal pitch parallel turning, (b) tool swing parallel turning

samples, as in STFT in the previous analysis. Because the variance represents the total
power spectrum of the whole frequency band, except the DC component, MV shows a
temporal change in the total power spectrum.

In the overview of Fig. 5-19(a), on one hand, a high MV is clearly observed in equal pitch
turning because of the large power spectrum of the chatter vibration. On the other hand, a
very small MV is confirmed for the unequal pitch and tool swing parallel turning. This
means that the chatter vibrations were completely suppressed in these processes. As can be
seen in the enlarged view of Fig. 5-19(b), the MV of the chatter vibration in the TSM process
is as small as that in the case of unequal pitch turning. In summary, the proposed tool swing
parallel turning exhibits the same level of chatter stabilizing performance as the unequal
pitch, and thus, is remarkably effective for chatter suppression.

However, TSM-induced marks were observed on the machined surface, as shown in Fig.
5-20. The chatter surface in the conventional equal pitch turning has already been shown
in Fig. 5-14(a). In the unequal pitch turning of Fig. 5-20(a), the surface quality is
considerably improved because of chatter suppression. In the TSM process of Fig. 5-20(c),
periodic vertical marks can be observed, although there are no chatter marks. They are
marks generated by the tool swing process, as evidenced by the period of the marks
coinciding with the swing period. A possible reason causing the swing marks is a follow-up
error of the turret position during TSM.

Fig. 5-21 shows an exemplary result of the position responses in the XY-plane of the
upper and lower turrets in air cutting with TSM. The position trajectories deviated from

the ideal circumferential locus of the workpiece. This may be because of a tracking error of
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Fig. 5-21 Follow-up error of turret position control during tool swing motion (DY = 22.1 mm, f;,, =
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the position control system in the prototype machine tool controlled by an open CNC
controller. As shown in Fig. 5-11, since the actual machine-tool axes of Y'1 and Y’2 are tilted
(i.e., oblique coordinate system), positions in both X- and Y-axes are changed at the same
time when a turret moves in Y’-direction; hence, the position responses in XY’-axes of
machine tool should be synchronized elaborately to obtain the desired displacement in XY-
plane. Therefore, the swing marks would be eliminated by tuning the position
responsiveness of machine tool axes through changing controller gains or inputting
compensation signals. Although there were swing marks, because they were not unstable,
the surface quality was still enhanced compared to the chatter condition. Note that the
apparent tool geometries also change continuously according to the TSM. This may also
affect the surface quality of the machined workpiece; hence, it is important to design the
swing angle as small by increasing the swing frequency from the viewpoint of not only tool
wear but also surface integrity. As the lobe number is usually large in the turning process,

there is a high possibility that the maximum swing angle is small.

5.5.5. Comparison in workpiece runout

As mentioned in the first section, one of motivations for tool swing parallel turning is
the concern that unequal pitch turning would cause the eccentricity of a flexible workpiece
due to unbalanced cutting forces (see Fig. 1-15).

Fig. 5-22 shows the experimental setup for measuring the workpiece runout during the
machining process. A special jig equipped with three eddy current displacement sensors

(EX-305, from KEYENCE) was fixed to the upper-right turret of the machine tool. The
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Fig. 5-23 Vibration locus of the workpiece center: (a) equal pitch turning, (b) unequal pitch parallel
turning, (c) tool swing parallel turning

vibration displacement at the test section of the workpiece was measured during process.
To visualize the vibration trajectory of the workpiece center, the output obtained from the
three eddy current displacement sensors was reconstructed to illustrate the displacement
in the XY-plane by using the three-point method.

Fig. 5-23 shows the vibration locus of the workpiece center in the XY-plane. In the equal
pitch turning shown in Fig. 5-23(a), the trajectory exhibited a large variation because of the
chatter onset. Under the stable conditions shown in Fig. 5-23(b) and (c), the variation
reduced as the chatter was suppressed. However, in the unequal pitch turning shown in Fig.
5-23(b), the deviation of the locus center from the coordinate center was large despite the
stable condition. This would be because the static-force vectors cannot cancel each other out,
as illustrated in Fig. 1-15. The eccentricity of the workpiece in unequal pitch turning may
increase either when a longer workpiece is machined or when the shifted pitch angle is
larger. In contrast, Fig. 5-23(c) shows that tool swing parallel turning could suppress the

chatter vibration without eccentricity of the workpiece.
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5.6. Summary

This chapter proposed a chatter suppression technique in parallel turning using the

TSM provided by a feed drive system of CNC machine tools under the assumption: rigid

tools under the same cutting conditions machine the shared surface of the flexible workpiece.

In the TSM process, two tools are swung in the circumferential direction of the workpiece

sinusoidally while maintaining equal pitch. The contents are summarized as follows:

1.

The essential mechanism for chatter suppression in the TSM process could be
interpreted in the same way as the SSV process; hence, the systematic monitoring-
based (i.e., chatter frequency basis) design procedure for TSM in a sinusoidal manner
was also considered based on the analogy with SSSV shown in Chapter 4. As TSM is
provided by only the feed drive system, not only the design parameters can be flexibly
adjusted similar to SSV but also there may be a good chance to fulfill the frequency

threshold for effective chatter suppression due to the bandwidth advantage.

In the TSM process, RVA could be controlled by not only the swing angle but also the
swing frequency. When the tool posture cannot be changed by synchronizing TSM, the
combination with a larger swing frequency and a smaller swing angle should be better
considering the side-effects, such as tool wear. Similar to SSV, however, a too high RVF
led to a decrease in the efficiency of the TSM effect, and chatter could reoccur. This
phenomenon can be avoided by introducing the RVF limit boundary, as also discussed
in subsection 4.3.3. Considering the inevitable side-effects, such as promoting motor-
energy consumption and tool wear, the TSM process should be applied only when the
chatter onset is confirmed. In that case, the system integration with real-time chatter

detection/monitoring and automatic in-situ design must be achieved.

The chatter stabilization performance in the TSM process was experimentally
evaluated and compared with the conventional equal pitch and unequal pitch turning.
The TSM process exhibited an effective chatter suppression performance at the same
level as the unequal pitch turning. Instead of the chatter marks, however, swing marks
were observed on the machined surface. This could be mainly attributed to the follow-
up error of the turret position depending on the tool swing motion in the prototype

machine tool.

The eccentricity of the workpiece during the TSM process was also compared with the
conventional equal pitch and unequal pitch turning. In the TSM process, the chatter
vibration was suppressed without the eccentricity of the workpiece, whereas the
workpiece runout from the coordinate center was observed in unequal pitch turning.

This may be because the unbalanced force vectors are not induced in the TSM process.

166



Chapter 6 Chatter suppression in parallel milling with adaptive spindle speed control

6. Chatter suppression in parallel milling
with adaptive spindle speed control

6.1. Assumptions and concepts

With regard to parallel milling process, Shamoto et al. [244,245] proposed a simple
strategy, in which regenerative effect is canceled out comprehensively by a plurality of
cutters rotating at different speeds. This technique is called the speed difference method
(SDM). In the SDM, the optimal speed difference is also provided only from the chatter
frequency based on a design principle similar to that of a VPC tool. Some of the previous
studies presented the SDM for a flexible thin plate, machined by a double-sided face milling
machine rotating in the “same” direction, where an SDoF vibration in a 1D space
perpendicular to the machining surface (i.e., thickness direction of the thin-plate workpiece)
can be assumed. Considering only the regenerative effect in the thickness direction, the
effectiveness of the SDM was clarified analytically and experimentally (Fig. 1-11).

However, if the workpiece is flexible on a plane perpendicular to the tool axis direction,
two tools should be rotated in opposite directions to avoid the torsional deformation of the
workpiece by balancing the cutting forces, as shown in Fig. 6-1. Additionally, the dynamic
variations of the cutting width will dominantly occur on this plane (i.e., ZY-plane, shown in
Fig. 6-1), and not along the thickness direction (i.e., X-direction); hence, the process—
machine interaction/dynamics on the ZY-plane must be considered.

In this chapter, the SDM for a flexible workpiece, machined simultaneously by two tools
rotating in opposite directions is analyzed by developing a process model that focuses on
the regenerative effect on a plane perpendicular to the tool axis direction. Because the
effectiveness of the SDM has not been elucidated for this scenario, it is discussed with a
series of developed process simulations in time- as well as frequency- domains, in addition
to a set of experiments. Furthermore, an automatic chatter suppression system oriented
towards an SOMS is also presented in this chapter. By adaptively optimizing the difference
in the spindle speeds during the process (i.e., an adaptive SDM), the chatter can be
suppressed more robustly. The adaptive SDM system is achieved by real-time tracking of

the chatter frequency from the observer-based estimated cutting force.

6.2. Modeling of double-sided parallel milling process

6.2.1. Time-domain modeling

Fig. 6-1 shows a schematic of the double-sided parallel end milling process. A local

Cartesian coordinate system XYZ and a rotating coordinate UV are defined for each tool.
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Fig. 6-1 Schematic diagram of a double-sided parallel end milling process

The workpiece coordinate system XWYWZW coincides with the global coordinate system of
the machine (refer to the experimental setup of Fig. 6-10). In the time-domain simulation,
the minute cutting forces are calculated in all the discrete minute disk elements, which are
the divisions along the tool axial direction, with Aa, = a,/N,, where a, [m] is an axial

depth of cut, N, [-] is the number of minute disk elements, and therefore Aa, [m] is the

thickness of each minute disk element.
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Subsequently, the total cutting force is derived by summing up all the directional minute
cutting forces. Assuming that each minute cutting force acts on a corresponding cutting
edge, the minute cutting forces in the tangential, radial, and axial directions at tooth j (i =
1,2,..,N) indisk h(h=1,2,..,N®) of tool p (p = 1,2) can be calculated as follows:

dF(051) = [Kehen(8) + Ke 16(6;7)Aay
AR5 (00) = [Kehn(00) + Krl18(65)Aay (6-1)
A n(80) = [Kachn(677) + Kaclo(67)Aayy

where dF; [N], dE. [N], and dF, [N] are the minute tangential, radial, and axial cutting
forces, respectively, and K. [N/m?], K,.[N/m?], K,.[N/m?], K. [N/m], K,.[N/m], and
K,. [N/m] are the cutting/edge force coefficients in each corresponding direction. Note that
() indicates values for tool p (p = 1,2).

Here, 9]%’1 [rad] are a rotation angle at j-th tooth in h-th disk of p-th tool, and § (Qﬁl) is
a unit step function to discriminate whether the corresponding cutting edge is in or out of

cut, which are defined as follows:

2(h— 1) tan B
o = 0%+ G- Doy - X agy )
1 <0 <6®<o?
5(9;% — st j,h ex (6-3)

tp tp tp tp
0 <6, <0 orb;, >0,

where 6, [rad], B, [rad], and D'[m] are the pitch angle, helix angle, and diameter of tool,
respectively. In addition, the start angle, 6 [rad], and the exit angle, 6,, [radl, can be
basically calculated based on the relationship between the tool diameter and the radial depth

of the cut, a, [m], as follows:

0 , foranup cut
Qtp = Zatp - Dtp
cos™! (eD—tp , foradown cut
(6-4)
_, (D? —2a,
cos D ) for an up cut
T , foradown cut

tp _
Hex -

Note that when a cylindrical workpiece is machined as shown in Fig. 6-1, the starting
and exit angles for the engagement also depend on the height in the tool axis direction;
hence the engagement angle must be modified at each of the minute disk elements. However,
Eq. (6-4) is simply used in the simulation to capture the process stability tendency.

The uncut chip thicknesses, hY;,(6/})[m] and h% ,(6/%)[m], can be derived by

considering the dynamic vibration of the CWS due to the present and previous vibration
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G.e., q(t) and q(t —1); q:y,2), as follows:

hglj’h(ejt}l) = ctlsinejt‘}l + (AzY + AzW) sin 9}}1 + (Ay® — AyWt) cos 9}}1 65
h,(6/7) = c2sindf% + (Az% + AzW*2) sin 67 + (Ay™ + Ay™'?) cos 6%
where

A = q®(t) — qP(t — t%); AqWYP =q¥ () —qV(t —1P); qiy,z (6-6)

Note that ()Y indicates values for the workpiece.
Next, the minute cutting force in Eq. (6-1) can be converted to a cutting force in the
Cartesian tool coordinate system (.e., dF, [N], dF, [N], and dF, [N]) as follows:

tp tpy _ tp
dF5,(0;1) = —dFg,
t (atp\ _ tp . otp tp tp .
dF, j,h(ej,h) = +dF," , sin6;, — dF,", cos6;}, 6-7)
tp tpy _ tp tp tp . tp
dF, j,h(ej,h = —dF, n COS 9th —dF, jn SN Gj_h

Subsequently, the total cutting forces of the p-th tool in the XYZ-direction, F; [N]
(q: x,y,2) are obtained by summing Eq. (6-7),as follows:

tp tp
Nc NL

thp (th) = Z Z dF;rj_’h (thf;t , q:%,9,2 (6-8)

j=1h=1

Finally, the cutting forces acting on the workpiece are defined based on the directional

cutting forces of each tool by considering the law of action and reaction, as follows:

wa(gtl’etZ) — +Fxt1(9t1) _ F;Z(atZ)
By (6',6%) = —F1(0™) + F2(6%) (6-9)
sz(gtl’etZ) — +th1(9t1) + thZ(th)

A time-domain chatter simulation can be performed using a coupled calculation of the
cutting force, the vibration responses of the tools and workpiece based on equations above
and the modeled machine FRF's. Next, the frequency-domain model is described to discuss

the stability behavior.

6.2.2. Frequency-domain modeling

Fig. 6-2 shows a general block diagram representing the dynamic variation of the
double-sided parallel end milling process in the ZY-plane, which can be derived from the
developed process model represented by Egs. (6-1)—(6-9). Note that the helix angle is not
considered in Fig. 6-2 and the time-varying directional matrix of the milling process force
composed of @, is the same as that in a conventional milling process [24,25,125], which

1s represented as follows:
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Fig. 6-2 Block diagram of double-sided parallel end milling process

tp

NC
ay = Z - —8(6;7)[sin(26,7) + k7 (1 — cos(26,))]
j=

tp

NC
a = | =571+ cos(267)) + K sin(267)]

tp

NC
ay = Z - —8(6;7)[sin(26,7) + k7 (1 — cos(26,))]
j=

tp

NC
= 81+ cos(26) + K sin26)

171

(6-10)



Chapter 6 Chatter suppression in parallel milling with adaptive spindle speed control

[0 —1] ) {Azw,u}h:jr {ZW}

w,tl yv
Jois Ay Delay in CWS 1
_aotl
Cutting force matrix {F;l} ree
1 [ao 2z Qo zy]
2 Wt |agy, agyy
o i
0 -1
N FRF matrix of workpiece
[(pgg(iwc) (D;X/ (iwc) l———@
t (B oy (iw,) Dy (iw.) {ZW}
EY ¥
Cutting force matrix
— 1 Qozz Xozy
2 apKic [“0 yz Qo yy] Ef?
FtZ .
y Delay in CWS 2
AZW,tZ e_iegz ZW
{Ayw’tz} T4 {y‘”}
(U<

Fig. 6-3 Block diagram with ZOA of double-side parallel milling with a flexible workpiece (identical
rigid tool with the same pitch and cutting conditions is assumed, except for the spindle).

where k, [—] is the ratio of radial to tangential cutting force: k, = K,./K;c.
Here, the tool vibration can be neglected, as a flexible workpiece is assumed in this

dissertation. Additionally, the same cutting conditions on both sides with identical equal-

pitch tools are assumed except for the spindle speed (.e., aj' = ai?, K{} = K{Z, afﬁz, = ;Z,,
2

and sﬁlj =gl ],). Consequently, Fig. 6-2 is simplified to Fig. 6-3, where the zeroth order

approximation (ZOA) G.e., «a becomes time-invariant average directional dynamic

aq’
milling force coefficient of a; 44) [125] is also assumed.
Based on Fig. 6-3, the characteristic force equation to analyze the process stability can

be obtained as follows:

200 27 0 _ p—ieft %o zz % Zy]
{FZW} = la K, 0 20 yy € —Qoyz Qoyy Pz Py {FZW} (6-11)
wa 2 pite _e—i£§2 [0(0 2z Qo ZY] (DJ% (’D;’,; wa
Aoyz QAoyy
where
Qo = No/(40) [cos(26) — 2,6 + k, sin(20)] e
oy = No/(4m) [~ sin(26) — 26 + k, cos(20)]5e ©12)

=
gy, = No/(4m) [—sin(20) + 260 + k. COS(ZB)]g:Z‘
Qo yy = Ne/(4) [~ cos(20) — 2k,6 — ky sin(20) g
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Here, it is assumed that the phase difference between tools 1 and 2, Ag, [rad] can be

controlled by changing the spindle speed as follows:
€2 = gl 4 Ne, > e e = gmibecgicd (6-13)

Therefore, Eq. (6-11) can be rearranged as follows:

FZW 1 _jett sz
{wa} = S apKyc{[Ao] — e [DM,]}[TF] { wa} (6-14)
_[2a022 0 )
[Aol =] o7 24, yy] (6-15)
— (+1+e7e)ay,, (—1+e %)y, (6-16)
[DMs] =1 i _ite, 6-16
( 1+e )aoyz (+1+e )aoyy

oY oY
[TF] = [dfvi dfﬂ] (6-17)

yz yy

Note that the helix angle is assumed to be zero when the block diagrams of Fig. 6-2 and
Fig. 6-3 are derived. Nonetheless, the helix angle does not affect the average milling force
coefficients in the ZOA, represented by Eq. (6-12); hence, the characteristic force equation
of Eq. (6-11)/(6-14) (i.e., Fig. 6-3) will be valid for any arbitrary helix angle. The influence of
the helix angle on the stability may be analyzed by modifying the characteristic equation to
include the helix angle, as developed in [296].

Here, a slender cylindrical workpiece is evidently flexible in the X-direction also, and
can cause chatter as observed in [244,245]. However, the regenerative gain (i.e., the
dynamic variation of cutting width and resultant dynamic cutting force) should be
significantly smaller than that in the Y-direction in the case of Fig. 6-1. Therefore, the
vibration on the ZY-plane (especially in the Y- direction) will become the dominant factor
for the chatter onset. The corresponding critical axial depth of cut in various conditions can

be obtained by applying a numerical search, so that Eq. (6-14) is satisfied.

6.3. Proper control strategy for spindle speed

6.3.1. Principle of SDM for chatter suppression

In [244,245], the SDM for chatter suppression was used in double-sided face milling of
flexible thin plates. In the current scenario, the delay term of the total CWS at the

workpiece is simply expressed as e~iec" + e~ie¢ if the regenerative widths are almost the
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same on both the sides. Subsequently, by setting Ae,. as
Ag, = n(Zmp + 1), my € Z (6-18)

the total delay term ideally becomes zero (i.e., the regenerative effect generally diminishes)

as follows:

e—is'él + e—isgz — e—i‘s}l + e—iAsce—istl N e—isgl(l + e—i(n+2nmp)) =0 (6-19)
As also described in the unequal pitch turning in Section 5.3 of Chapter 5, this is same
as the design principle for VPC tools. Here, Eq. (6-19) is equivalent to setting the difference

between the tooth-pass periods of the two tools, At [s] as follows:

Ar=&=(1+m )1 (6-20)
W, 2 P)f.
where w, [rad/s] or f.[Hz] is a chatter frequency.

This is the principle of the SDM for chatter suppression, which is inspired from VPCs.
However, the effectiveness of the SDM has not been elucidated in the process model of Fig.
6-3. Therefore, it is discussed through both frequency-domain stability analysis and time-
domain process simulations. In the simulations, the cutting conditions (e.g., tool geometries,
feed speed, and radial depth of cut) have been unified to the experimental ones shown later
(see Table 6-1). In addition, the experimentally identified values are used for the force

coefficients and dynamics of the flexible workpiece, which are summarized in Appendix D.

6.3.2. Stability analysis in the frequency-domain

Fig. 6-4 shows the SLDs of conventional and parallel milling processes for the same
spindle speed on both the sides. In this study, the asymptotic axial depth in each tool (azt,1 =
a},z) was 0.23 mm for the parallel milling with the same spindle speed, whereas a more=
than twice asymptotic borderline of 0.64 mm was predicted for the conventional milling
process. This shows that parallel milling affected the regenerative effect more significantly
than the conventional process, and the total material removable rate (MRR) could not be
increased in this case. However, the process stability could be enhanced by providing an
appropriate phase difference, via controlling the spindle speed.

Fig. 6-5 shows the SLDs with some phase shift differences. The stability limit increased
when different phase shifts were applied by controlling the spindle speed; the maximum
stability was observed at As = m, which was similar to the observations made in some
previous studies [244,245]. This is because the dominant flexibility existed only in the Y-
direction, where the process could be regarded as an SDoF system. Based on Eq. (6-16), the
diagonal terms of the delay matrix were cancelled out. However, the nondiagonal terms

remained, as the average directional force coefficients in the simulated conditions were
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Fig. 6-5 SLDs of conventional and parallel milling with a phase shift difference

@,z = —0.39% ag,, =—1.00; @y, =1.00; and a,,, = —0.39.

Fig. 6-6 summarizes the behavior of the average directional force coefficients
corresponding to various conditions, such as cutting types (.e., up/down cut), engagement
angles (.e., 8, 6,,), and component force ratio G.e., K,./K;.). As shown in Fig. 6-6, the
diagonal terms of the delay matrix, a,,, and a,,, could not both become zero at the same
time in either the up cut or the down cut. Similarly, the nondiagonal terms of the delay

matrix, @g,, and a@gy;, could not become zero at the same time.
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Fig. 6-6 Behavior of average directional force coefficients according to the engagement angle (8,, — 65;)
under various force component ratios and cutting types: (a) up cut (65 = 0); (b) down cut (4,, = m)

In summary, it is inherently impossible to completely cancel out the regenerative effect
as was the case with the previous studies. When the SDM was applied, the regenerative
effect in the Y-direction was transferred to the Z-direction, and vice versa, owing to the
nondiagonal regenerative terms. Nevertheless, the stability could be improved, as can be

observed from Fig. 6-5, as the workpiece in the Z-direction was very rigid in the model case.
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Generally, the mode coupling chatter is inevitable even in the SDM. Especially, the
remaining nondiagonal terms may encourage the mode coupling effect. Fig. 6-7 shows the
SLDs in cases involving symmetric dynamics (.e., ®}5 = ®}%) under slotting and quarter-
immersion down cut. Other process conditions were the same as those depicted in Fig. 6-5.

Fig. 6-7 shows that Ae, = m decreased the stability in the slotting case. This is because
the nondiagonal terms of the delay matrix were amplified by the SDM, thus producing a
large mode-coupling effect. A simple method to eliminate the mode-coupling was through
regulating the radial depth of the cut [220]. The stability improvement with Ae = 7 could,
in fact, be observed in a quarter immersion down cut, where a,,, = 0.16, a;,, = —0.38,
@yyz = 0.29, and ag,, = —0.42. Thus, the SDM must be carefully applied if the process has

a 2-DoF system with a mode coupling effect.

6.3.3. Time-domain process simulation

Fig. 6-8 shows the simulation results of parallel milling using the same spindle speed
of 960 min'! (G.e., Ae, = 0), wherein the axial depth of cut in each tool was 0.4 mm. As shown
in Fig. 6-4, this simulation should be unstable. In the time-domain simulation, the vibration
responses were calculated by solving the modeled differential equation at each sampling
period of 100 ps (.e., 10 kHz) using the fourth order Runge—Kutta method. Nonlinearities
[283], such as the jumping effect of the CWS were considered (i.e., the cutting forces became
zero, when the negative uncut chip thickness was calculated), whereas the multiple

regenerative effect [284] was not considered. Additionally, the forced vibration components
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Fig. 6-8 Time-domain simulation of parallel milling process with the same spindle speed (St = §t =
960 min~! and a, = 0.4 mm): (a) time waveform; (b) its FFT

yielded by the tooth-pass and its harmonic cutting forces were eliminated by using a comb
filter [53]; thus, only the chatter components are displayed.

In Fig. 6-8, chatter vibration is clearly observed, as predicted from Fig. 6-4. Note that
the ATO (.e., the offset angle of spindle rotation between the two tools) was set to zero. In
this case, the chatter would not ideally occur because the cutting force in the Y-direction
was completely canceled out at both the sides. However, the cross FRFs began to destabilize
the process because the cutting force in the Z-direction could not be canceled out
simultaneously. As soon as a slight vibration occurred in the Y-direction, the process would
be significantly affected by the regenerative effect. Here, it is noteworthy that multiple
vibration frequencies were excited even in the slotting test, with one dominant mode

considered. These frequencies were in the neighborhood of the most dominant resonant
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Fig. 6-9 Results of the simulated parallel milling with speed difference (S*2 = 960 min~*and a, =

04mm): (@) Ae,=m/2 (S™'=972min1); (b) Ae,=m (S =984min~1); (c) Ae, =5m/4 (St =

990 min~1)
frequency (i.e., 642 Hz in (Dyy), with a frequency spacing of 32 Hz corresponding to the tooth-
pass frequency. This indicates that the ZOA, which assumed a single dominant chatter
frequency, might not be suitable for accurately analyzing the SLDs, although the process
stability tendency could be captured. Therefore, the maximum frequency spectrum
component was simply regarded as the chatter frequency G.e., 659.2 Hz).

Fig. 6-9 shows the results of applying the SDM with Ae. = /2 (S® =972 min™1); Ag, =

7 (S* =984 min~1); and Ae, = 57/4 (S* = 990 min~1). The other conditions were the same
as those depicted in Fig. 6-8. Note that the ATO did not affect the process when different
spindle speeds were assigned for tools 1 and 2, because the rotational angle between the

tools varied continuously [164]. As shown in Fig. 6-9, the chatter was attenuated in all the
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results, with the most effective chatter suppression being observed at Aes, = m. These
results were consistent with the stability behavior presented in Fig. 6-5.

However, it is noteworthy that the vibration increased and decreased periodically
according to the difference in the tooth-pass frequencies of the two tools. A similar beat
vibration was often observed in the spindle speed variation process, as discussed in Chapter
4 (e.g., Fig. 4-18). Generally, this nonlinear beat vibration cannot be analyzed by a
frequency-domain stability analysis [151]. Consequently, the beat vibration complicated the
process stability interpretation. For instance, the vibration level was sufficiently low at
some time points in the case of Ae, = 57/4, where the corresponding stability limit was
higher than the applied depth of cut (see Fig. 6-5). However, the vibration was amplified at
other time points. This beat vibration would pose a problem if the SDM was applied in the
parallel end milling process; hence, it should be avoided to the extent possible. In a high
lobe number zone, such as the currently simulated case (k, = Floor(60 X 659.2/(2 x 960)) =
20), the beat vibration could be very sensitive to a slight difference in the spindle speed (e.g.,
only a 6 min! difference between Fig. 6-9(b) and (c)). Therefore, it is crucial to select the
spindle speed, based on an accurate tracking of the chatter frequency in actual conditions

during the process.

6.4. Experimental observation of beat vibration in the
SDM

6.4.1. Experimental setup

The effectiveness of the SDM in parallel end milling was verified through experiments
as well. Fig. 6-10 shows the schematic diagram of the experimental setup and procedure for
the parallel milling tests. The same multi-tasking machine tool and workpiece as in the
parallel turning process were used here as well; hence a more detailed system configuration
and specification could be also obtained in Subsection 5.5.1 of Chapter 5 and Appendix A.
The same cutting force estimation system as used with the MEDOB was implemented along
the X1-axis of the upper turret (see Table 5-2), and utilized to evaluate the chatter state in
the parallel milling tests.

A slender cylindrical workpiece chucked on the left-side work spindle was machined
simultaneously from both the sides using tool 1 (upper) and tool 2 (lower). The axial and
radial depths of the cut were set to be the same at both the sides. In addition, the tool
positions of the two tools along the Z-direction were identical; hence, the feed speed was
fixed even if the spindle speed of either of the tools changed. The tools rotated in opposite
directions when viewed from the same direction to balance the cutting force in the X- and

Y-directions. The cutting conditions are summarized in Table 6-1.
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Fig. 6-10 Experimental setup for the parallel milling process
Table 6-1 Common cutting conditions and system conditions for the MEDOB

Cutting tools HSS square end mill

Tool geometries D® =10 mm, NY =2 and B,” = 30°

Projection length of tools [mm] 30

Material of workpiece SUS303

Diameter of workpiece [mm] 25

Projection length of workpiece [mm] 130

Reference spindle speed (Tool 2) [min!] 960

Axial depth of cut (Tools 1 and 2) [mm] 2

Radial depth of cut (Tools 1 and 2) [mm] 10 (slotting)

Feed speed (Tools 1 and 2) [mm/min] 60

Note that it was confirmed that the dominant local modes of the tools existed at

approximately 2 kHz, which was much higher than in the workpiece mode. Additionally,

the corresponding compliance gains of the tools were significantly smaller than those of the

workpiece; hence the regenerative chatter should be predominantly induced by the

dynamics of the flexible workpiece.

6.4.2.

Experimental results

Fig. 6-11(a) shows the experimental results in the parallel milling with the same spindle

speed on both the sides (.e., S™ =S§% =960 min~'). Note that the cutting force was

overestimated, particularly, in the high-frequency region, owing to modeling errors and
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Fig. 6-11 Experimental results of parallel milling tests (top: time waveform of the estimated cutting
force; middle: Its FFT; bottom: machined surface): (a) same spindle speed (S = 960 min~! and S% =
960 min~1); (b) SDM designed offline (S** = 1009 min~! and S* = 960 min~")

numerical differentiation. Nevertheless, the estimated cutting force sensitively reflected
the vibrational state, including the high-frequency chatter and low-frequency forced
vibration components, as can be seen in the FFT result. As discussed in the simulation
result of Fig. 6-8, multiple chatter frequencies were clearly observed in the tooth-pass
frequency interval (i.e., 32 Hz). In fact, the chatter marks and consequently a deteriorated
surface roughness of 8.22 um (measured using Surfcom Flex-50A; Tokyo Seimitsu Co., Ltd)
were observed.

Here, the axial depth of cut for the chatter state in the experiment (.e., a, =2 mm) was

significantly larger than the analyzed stability limit in the simulation. One possible reason
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was a decrease in the engagement angle along the tool axial direction owing to the
cylindrical shape of the workpiece, which was not considered to be so in the simulation.
Additionally, the loop stiffness of the CWS probably increased under actual cutting
conditions. Because the double-side slotting test was performed at the same position along
the Z-direction, the system might be assumed to behave similar to a double-supported beam.
In fact, the measured chatter frequency was significantly higher than the resonant
frequency obtained by the tap test under the cantilever-beam state. This suggests the
difficulty of accurate process prediction and importance of automatic and adaptive chatter
suppression system by tracking the chatter frequency during the actual process conditions.

Based on Fig. 6-11(a), the maximum spectrum frequency of 984 Hz was regarded as the
chatter frequency, and the SDM was designed by using Eq. (6-19) with m, = 1. As a result,
the spindle speed of tool 1 (§t1) was changed to 1009 min~!. The spindle speed of tool 2
remained the same (i.e., §% = 960 min~!). The results are shown in Fig. 6-11(b). The chatter
vibration was clearly suppressed by the SDM, and the surface roughness was reduced to
4.73 pm. However, a beat vibration in the time waveform and beat marks on the machined
surface were observed. Based on the observation of the machined surface, there were five
beat marks, one after every 3 mm, corresponding to an interval of approximately 1.67 /s,
considering the feed speed of 60 mm/min. This was approximately the same as the
difference between the tooth-pass frequencies of the two tools (i.e.,(2 x 49)/60 = 1.63 Hz),

as suggested in the simulation section as well.

6.5. Adaptive SDM system for reliable chatter suppression

6.5.1. Methodology with online chatter-frequency extraction

One of the possible reasons for the large beat vibration in Fig. 6-11(b) was the variation
in the phase difference from the optimal value. Particularly, it changed sensitively in the
high-lobe number zone (k. = Floor(60 x 984/(2 x 960 )) = 30) with a slight difference in the
spindle speed. In a real system, the chatter frequency might vary according to the cutting
position, material removed, and/or slight variation of the experimental setup (e.g., the
projection length of the workpiece). Therefore, an automatic chatter suppression system
with the adaptive SDM based on an in-process monitoring of the chatter state was
developed.

To automatically track the chatter frequency in real time during the process, the moving
Fourier transform (MFT) [55], which is a type of the SDFT [116], was applied to the
estimated cutting force. In the MFT, the power spectrum at a certain frequency, w,,; [rad/s]
could be calculated with a low computational cost, while sliding the window, N, [—], in a

similar manner as in the MA algorithm as follows:
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Fig. 6-12 Online extraction of chatter frequency by MFT applied to the estimated cutting force

MFT[k] = MFT[k — 1] + 2;—‘[:{] elWextTsk _ %;NW] el @extTs(k=Ny) (6-21)
where ul[k] and MFT[k] are the analyzed signal and its MFT value, at the k-th sample
data under the sampling frequency of T [s], respectively.

By applying the MFT to multiple frequencies at an arbitrary frequency interval
(resolution) within an arbitrary frequency range, the most excited frequency component can
be determined, which is simply regarded as the chatter frequency [103].

Fig. 6-12 shows an example result of the in-process chatter frequency extraction from
the cutting force, estimated in the same-speed parallel milling shown in Fig. 6-11(a). The
frequency resolution and window length for the MFT were set to 1 Hz and 4000 samples
(.e., 444 ms under a 9-kHz servo cycle), respectively. The chatter frequency was updated
when all the data in the calculation window were updated (.e., after every 444 ms), as the
chatter frequency did not change suddenly with each sampling period. Here, as the
computational power of the PC used in the experiment was not adequate to analyze the
entire frequency range, the measurement range of the chatter frequency was limited (e.g.,
850-1050 Hz) as a case study. The spindle speed difference was adaptively tuned based on

the identified chatter frequency in real time.

6.5.2. Experimental results of the adaptive SDM

Fig. 6-13 summarizes the results of the adaptive SDM. The spindle control system was
switched on from 10 s, although it could be automatically started using a chatter detection
technique. Note that the spindle speed of tool 1 was altered after every 1.0 s. The
experimental results clearly show that the developed system suppressed the chatter
vibration by adaptively controlling the spindle speed during the process, based on the

chatter frequency that was automatically extracted from the estimated cutting force in real
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Fig. 6-13 Experimental results of the adaptive SDM: (a) extracted chatter frequency; (b) spindle speed;
(c) estimated cutting force; (d) spectrogram (STFT)

time. Because only the servo information and spindle control system were used for chatter
monitoring and suppression, this system required no additional equipment or sensors.
Therefore, it would benefit the next-generation machine tools that integrate the SOMS.
Fig. 6-14(a) shows the moving variance representing the temporal power spectrum of
the entire frequency range except for the DC component during each process. The
experimental data of the conventional parallel milling with the same spindle speed and

SDM was the same as that depicted in Fig. 6-11. In the SDM designed offline, on one hand,
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Fig. 6-14 Comparison of processes: (a) Moving variance of the estimated cutting force; (b) FFT of the
estimated cutting force and machined surface in the adaptive SDM (compared to Fig. 6-11)

the beat vibration according to the difference between the tooth-pass frequencies could be
clearly observed, although the chatter was reduced. On the other hand, the adaptive SDM
system reduced the chatter vibration more effectively, including the beat vibration, and
consequently the surface roughness was reduced to 3.17 pm, as seen in Fig. 6-14(b). This
could be because the speed difference approached the optimal value in the current real
condition. The experimental results suggested that the adaptive system was highly
promising in achieving a more effective chatter suppression.

Note that the slight beat marks remained even in the adaptive SDM system. However,
the SDM is not suitable for finishing processes because of the forced vibration. In finishing
processes with a low cutting depth, which is sufficient to avoid the chatter, the forced
vibration should be cancelled out by perfectly synchronizing the tool rotation angles and

direction on both the sides [246].

6.6. Summary

In this chapter, the effectiveness of the SDM for the parallel end milling process was
discussed. It was assumed that a slender and flexible workpiece on a plane perpendicular
to the tool axis direction, was machined simultaneously by two end mills rotating in
opposite directions. Based on the obtained findings through the developed process
simulation, a monitoring-based real-time spindle speed control system (i.e., an adaptive
SDM) for robust chatter suppression was developed. The contents of this chapter can be

summarized as follows:
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1. The SDM with Ae, = n(anp + 1) ; M, € Z could improve the process stability if the
mode-coupling effect did not exist. However, in a process with mode-coupling, the SDM

might exhibit a contrary effect.

2. When the SDM was applied, the beat vibration occurred according to the difference
between the tooth-pass frequencies of the two tools, which was also transcribed on the
machine surface; hence, it is necessary to avoid the beat vibration to the extent possible.
In cases involving large chatter lobe numbers, the beat vibration would be very

sensitive to even a slight difference from the optimal value of the spindle speed.

3. By using the adaptive SDM system with an observer-based chatter state extraction in
real time, the chatter could be suppressed more effectively with less beat vibration. The
developed automatic chatter suppression system required no additional equipment or

sensors.

In this study, the spindle speed of one side was fixed during process. However, further
improvement of the stability may be achieved by adaptively optimizing not only the
difference of tooth-pass period between tools but also the reference speed. Furthermore,
applying SSV techniques to parallel milling process and/or combination of SSV and SDM
can also be considered. More comprehensive strategies for adaptive optimal spindle speed

control for simultaneous milling processes should be further studied in the future.
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7. Conclusions

This dissertation proposed novel enabling technologies for SOMS, where the machine
tool can self-actively suppress the chatter vibration according to the monitored chatter state.
In the chatter vibration, the “phase shift” is a key factor. All methodologies for chatter
detection and suppression proposed in this dissertation are interpreted from the perspective
of phase-shift control and monitoring. Additionally, only the internal servo information and

motors of the machine tool are utilized to monitor and suppress the chatter.

In Chapter 1, an overview of SOMS functionalities is provided. SOMS is a novel
intelligent concept to address the recent high-level manufacturing issues, such as
energy/labor-saving, flexibility, traceability, and reliability. The machining chatter problem
1s a main concern even in SOMS, as it remains a major impediment to productivity. The
basic categorization and mechanism of machining chatter are also given, followed by the
state-of-the-art enabling technologies for SOMS in the chatter issue. Based on the problems
of existing chatter monitoring and suppression techniques, the research direction and

concrete objective/applications in this dissertation are explicitly defined.

In Chapter 2, the existing sensorless cutting force estimation techniques using the
internal servo information of the machine tool are derived with in-depth description of their
characteristics through a series of exemplary simulations and experiments. On one hand,
the conventional DOB is useful in the linear-motor-driven stage, where a single-inertia
model can be assumed. On the other hand, the expanded DOB techniques, such as MEDOB,
LDOB, and VMDOB, should be used in the ball-screw-driven system. These techniques can
be applied to machine tools with fully closed ball-screw-driven stages, which have become
recent mainstream. In case that the ball-screw-driven system can be regarded as a dual-
inertial model, MEDOB, LDOB, and VMDOB can accurately estimate the cutting force with
a sufficiently reliable bandwidth. Interestingly, although these three techniques should
produce the same estimation results in ideal cases, their behavior is strongly characterized
by the internal component forces, contributing to the estimated cutting force. In addition,
the limitations of the sensorless cutting force estimation system are mentioned. Especially,
the essential limitation is attributed to the complex structural dynamics that make the
dual-inertia model ambiguous. To overcome this limitation, the pre-compensation concept
with a cutting-data-driven self-optimized compensation digital filter is proposed. If the
proposed compensation techniques can be applied successfully, the accuracy of the
sensorless cutting force estimation system can be substantially enhanced with sufficient
bandwidth. Note that the estimated cutting force can capture a very high-frequency chatter

by integrating linear encoder information (i.e., high sensitivity can be maintained),
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although the estimation accuracy of the spectrum amplitude depends on the modeling error.

In this dissertation, the estimated cutting force is consistently used for chatter monitoring.

In Chapter 3, an online chatter detection method is proposed based on the novel concept
of phase shift monitoring by using MPF and MEF, which are proposed anew as indices for
chatter detection, inspired from the power factor in the AC circuit. The MPF and MEF
during the machining process represent the phase differences between the cutting force and
tool velocity/displacement, and can be utilized to detect the forced vibration and self-excited
(regenerative) chatter, respectively. In addition, a concrete algorithm for type-assorted
online fast chatter detection by MPF/MEF with low computational cost is described.
Additionally, the system integration with a sensorless cutting estimation technique is
proposed. Note that, in principle, the chatter detection with MPF/MEF can be applied to
the sensor-based system with a dynamometer and displacement/acceleration sensor. If
MEF/MPF can be calculated ideally, on one hand, the MEF becomes rapidly negative when
the regenerative chatter occurs. On the other hand, the MPF become fairly close to 1 during
only forced vibration (.e., resonance). The experimental verification is performed in the
prototype precision lathe with linear-motor-driven stage, where the SDoF system can be
ideally assumed and a highly accurate cutting force estimation can be attained. However,
it is believed that further improvements of the proposed method must be studied
systemically for ball-screw-driven stage, other machining processes with or without MDoF
system, and/or local chatter of tool/workpiece/spindle. System Integration to a spindle axis
and/or adaptronic intelligent machine components is also interesting. Because the
thresholds for phase-shift monitoring with MEF/MPF are determined from the chatter
mechanism, it is expected that the chatter can be detected independent of the workpiece
materials and cutting conditions. If this can be achieved, the adaptability of chatter
monitoring function to SOMS addressing mass customization will be significantly enhanced.
It is also thought that the reliability of the system can be improved using MPF/MEF

together with the existing chatter detection techniques.

The simple, practical, and optimal design of the SSV process has been an open issue for
both industry and academia for a long time. Chapter 4 attempted integrating the SSSV
process in the framework of FM technology and constructing a systematic and
comprehensive design methodology, which can be online or integrable in CNC machine tools.
The proposed method stands on the minimization of the net inflow energy in the CWS
during the SSSV cycle. In the process of deriving the design methodology, the technological
analogy between the SSSV and PM/FM used in the radio communication engineering is
found and focused on. This allows the MI to be defined as a novel design index for SSSV. As
a result, the net inflow energy model can be expressed with the Bessel function having MI

as an argument. It provides design candidates for selecting the optimal amplitude of SSSV,
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which will effectively dissipate the chatter energy. Additionally, several limit criteria for
SSSV frequency according to the variation amplitude are proposed from the viewpoints of
SSSV efficiency and beat vibration. Note that the requirement of the proposed design
methodology is to only measure the chatter frequency, similar to DSST; hence, it can
contribute to self-acting chatter suppression integrated with a chatter monitoring system.
Additionally, it is possible to flexibly take the machine constraints into the design procedure
as several recommend design candidates are presented. As a result, the practical design of
SSSV is feasible on the actual shop floor; hence, it is important that the proposed design
method be applied to many real industrial applications and subjected to more verification
for further development. The future SOMS will need to include an effective and flexible
chatter avoidance system with autonomous spindle control that achieves the appropriate
use and in-situ optimal design of DSST and CSSV according to the observed chatter lobe

number, chatter origin, and machining process information.

In Chapter 5, a novel chatter stabilizing machining method employing TSM was
proposed in the parallel turning process under the following assumptions: two identical
rigid tools machine a flexible workpiece sharing the surface with the same depth of cut. In
the TSM process, the two tools are swung in the circumferential direction of the workpiece
sinusoidally while maintaining an equal pitch. An appropriate practical design procedure
for TSM 1is also discussed considering the technological analogy with the SSSV process and
the side-effects in the TSM process. In a prototype multi-tasking machine tool modified to
be flexibly controlled, the chatter stabilization performance and workpiece runout in the
TSM process are experimentally evaluated and compared with conventional equal and
unequal pitch turning. The results show that the TSM process can perform an effective
chatter suppression without the eccentricity of the workpiece, which may be induced by the
unbalanced cutting forces, although the swing marks due to the follow-up error of the turret
position are observed. The main advantage of the TSM process compared to the SSV process
1s the bandwidth of the feed drive system, which is independent of the workpiece mass and
generally much greater than the spindle drive system; hence, the TSM process can provide
a sufficient variation frequency for effective chatter suppression. There is also a possibility
that the design range can be further expanded in combination with SSV techniques in the
future. As TSM is provided by only the feed drive system and the design parameters can be
flexibly adjusted, as in the case of SSV, the proposed TSM has potential to be a practical
enabling technology for SOMS addressing the machining chatter issue.

In Chapter 6, the effectiveness of SDM for the parallel end-milling process was
discussed. It is assumed that two end mills rotating in opposite directions simultaneously
machine a slender workpiece having flexibility on a plane perpendicular to the tool axis

direction. In SDM, the spindle speed difference between two tools is just given to suppress
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the chatter. In addition, the speed difference is designed based on only chatter frequency;
hence, SDM is a promising enabling technology for SOMS. Although the concept of SDM
has already been proposed for the double-sided face milling of an SDoF thin plate where
tools rotate in the same direction [244,245], the effectiveness of SDM has not been
elucidated for the scenario mentioned in this dissertation. Therefore, the process model is
developed first. Based on an analysis with the developed time- and frequency-domain
simulations, the SDM corresponding to Ae, = m + 2mm,, can improve the process stability,
if the mode coupling effect does not exist. However, the SDM may decrease the process
stability with mode coupling because of non-diagonal regenerative terms that cannot be
erased. In addition, the beat vibration according to the difference in the tooth-pass
frequency between two tools is observed in both simulation and experiment when the SDM
1s applied. As it is clearly observed that the beat vibration is transcribed on the machine
surface, the beat vibration should be avoided to the maximum possible extent. Nonetheless,
the beat vibration changes sensitively with slight differences from the optimal speed
difference value, especially in a high-lobe-number scenario. To address this issue, a real-
time adaptive system is a potential solution. By developing an adaptive SDM system with
the observer-based chatter-frequency extraction in real time, chatter can be suppressed
more robustly with less beat vibration. In this study, however, the spindle speed of one side
was fixed during process. Further improvement of the stability may be achieved by
adaptively optimizing not only the difference of tooth-pass period between tools but also the

reference speed in the future.

None of the proposed systems require additional equipment, such as actuators and
sensors; hence, they can be implemented on machine tools as an add-on and contribute the
8th and 9th functions for SOMS (Fig. 1-1). Especially, these functionalities (i.e., control-
integrated monitoring and process control) are the fundamental SOMS functions inherently
possessed by the machine tool. Furthermore, as these two functions exhibit high affinity, a
highly intelligent cooperation between the two is expected. To achieve this expectation, this
dissertation is believed to provide valuable enabling techniques and essential information
for the process interpretation and control. Note that interpretation of process-machine
interaction with a simple model is essential for adaptive process control in SOMS. It is very
important to systematically organize the process control strategies involving simple models.
Particularly, there are no studies of autonomous process control for complex turn-milling
processes. If further process interpretation with a simpler and essential model progresses
also in turn-milling process, it is considered that elaborated cooperative process-control
strategies between a work spindle and single- or multiple milling spindles, involving DSST,
SSV, and/or SDM techniques, will be established.
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Chapter 7 Conclusions

Not to mention, further research for advanced cooperation and interaction between
other functionalities is also important. For instance, robustness and reliability of process
and condition monitoring for a harsh and changeable real machining environment would
be enhanced by integrating and refurbishing various external and internal sensors through
a modeling filter with digital simulations and/or machine learning. The hybrid strategies
with simultaneous adaptive control of several process parameters, in addition to an
additional adaptronic actuator, would be necessary while considering the process
characteristics and predicted surface quality. The feedforward process planning based on
the simulated process results, including the machined surface, is also essential for the dual
safety system while considering all characteristics of the process, machine, and controller.
Furthermore, the research on how to incorporate human know-how into SOMS (G.e.,

human—machine interaction) is an interesting new direction for SOMS.
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A) Specifications of the experimental setup

Table A-1. Major specifications in the 3-axes double-column-type prototype machine tool

Appendices

Ball screw (BSS1505-3E from NSK Ltd.)

Lead length [mm] 5
Diameter [mm] 15
Stroke [mm] 200 (X- and Y-axes); 100 (Z-axis)
Support type Double anchor
Preload type Oversized ball
Guideway type Rolling
Synchronous AC servomotor (TSM3204N2305E200 from Tamagawa Seiki Co., Ltd.)
Pole number 10
Slot number 12
Torque constant [Nm/A] 0.37
Rated torque [Nm] 1.27
Bandwidth of current control loop [rad/s] 5000
Motor-side rotary encoder (in the AC servo motor)
Measurement type Absolute method
Resolution [bit] 23
Equivalent resolution in translational motion [nm] 0.60
Signal period [count/rev] 512 (= 29)
Interpolation times 16384 (= 214)
Counter-motor-side rotary encoder (TS5667N701 from Tamagawa Seiki Co., Ltd.)
Measurement type Incremental method
Resolution [bit] 17
Equivalent resolution in translational motion [nm] 38
Signal period [count/rev] 512 (= 29)
Interpolation times 256 (= 28)
Linear encoder (LIF481, from HEIDENHAIN Co., Ltd.)
Measurement type Incremental method
Signal type Sine wave
Resolution [nm] 0.24
Grating period [pm] 8
Signal period after interpolation at scanning head [puml] 4
Spindle (BMS-4020RA from Nakanishi Co., Ltd.)
Rotation deflection accuracy [pm] < 1lpm
Maximum spindle speed [min] 20000
Maximum torque [Nm] 1.0
Controller (Power PMAC from Delta Tau Data Systems, Inc.)
Interface board ACC-24E3-2
Servo cycle [ps] 100 (10 kHz)
Phase cycle [ps] 100 (10 kHz)
Servo amplifier (VLASX-012P2-SXM from Toshiba machine Co., Ltd)
Resolution of A/D conversion [bit] 12
Piezoelectric dynamometer (Type 9129AA from Kistler Instrumente AG)
F, F, F,
Dynamic resolution [N] <0.01 <0.01 <0.01
Sensitivity [pC/NI] 8 4.1 8
Natural frequency [kHzl ~ 3.5 ~ 4.5 ~ 3.5
Linearity, all ranges [%FSO] <+0.3 <+0.3 <+0.3
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Table A-2. Major specifications in the prototype linear motor-driven high-precision lathe

X stage 7 stage

Linear motor (S160T from GMC Hillstone) (8160Q from GMC Hillstone)
Maximum thrust force [N] 58 78
Thrust-force coefficient [N/A] 18.5 20.5

Linear encoder (LIF401R from HEIDENHAIN) (LIP401R from HEIDENHAIN)
Scale pitch [um] 4 2
Resolution [nm] 0.244 0.122

Linear guide (LSP20100 from THK) (LSP1390 from THK)
Type Ball slide guide Ball slide guide
Maximum stroke [mm)] 75 50

Servo amplifier (SVFM2-H3-DSP from Servoland) (SVFM2-H3-DSP from Servoland)
Rated current [A] 5.5 (max) / 3.9 (rms) 5.5 (max) / 3.9 (rms)
PWM cycle [ps] 62.5 (16 kHz) 62.5 (16 kHz)

Work spindle (¢ 70 mm x 220 mm, steel) with aerostatic bearing
Flameless motor (B09-13 from SinMaywa Industries)

Max. rotational speed [min‘1] 4400
Torque coefficient [N + m/Al 0.43
Max. torque [N * m] 0.83
Rotor inertia [kg - m?] 0.000060
Rotary encoder (ERM280 from HEIDENHAIN Co., Ltd.)
Scale pitch [pulse/rev] 512
Resolution [pulse/rev] 8388608
Servo amplifier (S30TA-2-345 from SinMaywa Industries)
Rated current [A] 13.0 (max) / 9.2 (rms)
PWM cycle [ps] 62.5 (16 kHz)
Motion controller (Power PMAC from Delta Tau Data System), common to all axes
Interface card ACC-24E3
Servo cycle [us] 80 (12.5 kHz)
Phase cycle [ps] 20 (50.0 kHz)
Sampling time of position/angle data [ps] 0.32 (3.125 MHz)
Position data size [bit] 34
Command current data size [bit] 16

Table A-3. Major specifications of the experimental setup in the prototype multi-tasking machine tool

Work spindle C1(left)-axis
Mechanical specification ([spindle-side, motor-side])

Inertia of rotating element [kg *+ m2] [0.09003, 0.01758]
Diameter of belt pulley [mm] [140, 130]
Conversion factor of spindle and motor side 0.9288

Servo motor/driver specification (motor: HG-JR903 from Mitsubishi Electric Co., Ltd.; driver: GPL301
from Delta Tau Co., Ltd.)

Rated current [A] 41.0

Rated torque [Nm] 28.6

Torque constant [Nm/A] 0.6976

Maximum current [A] 134

Encoder feedback [cts/rev] 262144

Encoder resolution [deg] 0.00137

Specification of ring encoder at the spindle side (AK ERM 280 from HEIDENHAIN Co., Ltd.)

Encoder feedback [cts/rev] 19660800

Encoder resolution [deg] 0.00018
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Rotary axis of upper and lower milling ([M1(up)-axis, M2(Iow)-axis])

Mechanical specification

Inertia of rotating element [kg *+ m?] [0.00132, 0.00132]

Servo motor/driver specification (motor: [HG-JR353, HG-JR353] from Mitsubishi Electric Co., Ltd.;
driver: [GPL301, GPL301] from Delta Tau Co., Ltd.)

Rated current [A] [17.0, 17.0]
Rated torque [Nml] [10.5, 10.5]
Torque constant [Nm/Al [0.6176, 0.6176]
Maximum current [A] [51, 51]
Encoder feedback [cts/rev] [40000, 40000]
Encoder resolution [deg] [0.009, 0.009]

Upper left turret ([X1(up)-axis, Y1(up)-axis, Z1(up)-axis])

Mechanical specification

Mass of driven body [kg] [362.24, 233.53, 595.74]
Diameter [mm] [32, 32, 32]

Ball screw lead length [mm] [8, 6, 12]

Stroke [mml] [600, 398, 786]

Reduction ratio [1:1, 1:1, 1:1]

Motion conversion factor [m/rad] [0.0080/(2x1), 0.0060/(2xm), 0.0120/(2x7)]
Inertia of rotating element [kg *+ m?] [0.001189987, 0.002119255, 0.001228125]
Equivalent mass of rotating element [kgl [734.04, 2324.02, 336.70]

Servo motor/driver specification (motor: [HG-JR353B, HG-SR152B, HG-JR353] from Mitsubishi Electric
Co., Ltd.; driver: [MR-J4-350A, MR-J4-200A, MR-J4-350A] from Mitsubishi Electric Co., Ltd.)

Rated current [A] [18.0, 9.4, 17.0]
Rated torque [Nml] [11.1, 7.2, 15.0]
Torque constant [Nm/A] [0.6167, 0.7660, 0.6176]
Maximum current [A] [71, 29, 51]
Rotary encoder resolution [count/rev] [120000, 160000, 80000]
Linear encoder specification ([LC415-Endat2.2, LC415-Endat2.2, N/A] from HEIDENHAIN Co., Ltd.)
Accuracy grade [um)] [£3, +3]
Resolution [nml] (1, 1]
Measurement length [mm] [220, 220]
Lower left turret ([X2(low)-axis, Y2(Ilow)-axis, Z2(low)-axis])
Mass of driven body [kgl [364.13, 228.13, 639.74]
Diameter [mm] [32, 32, 32]
Ball screw lead length [mm] [8, 6, 12]
Stroke [mm] [600, 398, 1129]
Reduction ratio [1:1, 1:1, 1:1]
Motion conversion factor [m/rad] [0.0080/(2xm), 0.0060/(2xm), 0.012/(2xm)]
Inertia of rotating element [kg + m?] [0.001189987, 0.002119255, 0.001228125]
Equivalent mass of rotating element [kgl [734.04, 2324.02, 336.70]

Servo motor/driver specification (motor: [HG-JR353B, HG-SR152B, HG-JR353] from Mitsubishi Electric
Co., Ltd.; driver: [MR-J4-350A, MR-J4-200A, MR-J4-350A] from Mitsubishi Electric Co., Ltd.)

Rated current [Al [18.0, 9.4, 17.0]
Rated torque [Nm] [11.1, 7.2, 15.0]
Torque constant [Nm/A] [0.6167, 0.7660, 0.6176]
Maximum current [A] [71, 29, 51]
Rotary encoder resolution [count/rev] [120000, 160000, 80000]
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B) Training results from the pre-compensation step

— (Black line): Uncompensated signal (only time waveform)

— (red line): Compensated signal —— (blue line): Reference signal (dynamometer)
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Fig. B-1 Representative learning results from the pre-compensation step (i.e., confirmation of the fitting
for the training data): (a) S = 2000 min~% (b) § = 5000 min~%; (¢) S = 8000 min~"; (d) § = 10000 min~%; (e)
S =13000 min~?!
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C) Chatter frequency shift in SSSV

Nam et al. [232] empirically found that the chatter in SSV generally grows at a constant

spatial frequency and represented the time shift of the chatter frequency as follows:

S(t)

m— 1 (C-1)

w:(t) = (1 + 1 (t))a)c(t - T(t)), where 7, (t) =
where 7, isthe acceleration rate, as defined by Nam et al. Here, denoting the initial chatter
frequency in CSS and the modulated frequency in Eq. (4-12) as w.() and w.), Eq. (4-12)

can be rearranged as follows:

w(1)(t) = we(o) + wsmy cos(wst)

(C-2)

Rch(O)Tn
1—R?

2mRV
= We(1)(t) = Wego) + Ws cos(wst) = <1 + cos(wst)>wc(o)

1-R?
By comparing Eqgs. (C-1) and (C-2), it can be deduced that Eq. (4-12) represents the 1-st

modulation frequency. Therefore, the corresponding vibration models are redefined as:

Qeo) = qc(t) in Eq. 4-3) and qcq) = qeoy(t —7(t)) in Eq. (4-10). Additionally, an

approximated acceleration rate 7,(t) and its maximum value |rgomax| in the SSSV

process can be deduced as follows (see Fig. C-1):

2RV RywsT,  Myrws

= = (C-3)
1-— R‘i 1-— R‘i wc(o)

7 (t) = |ra(max)| cos(wgt) where |ra(max)| =

Note that the average acceleration rate in the SSV period, which was used in [232] as
the stability index, is always zero in Eq. (C-3), as 7,(t) is simply expressed by a cosine
function based on the approximation used for deriving Eq. (4-12). A similar relationship

holds good in the next modulation (i.e., gz = q.)(t — (1)) as follows:

e = 4o (t — E(O©)
= A, cos(weyt — 2€0 + Mg sin(wst) + my sin(wst — wsTy + |Taamaxn| sin(wst)) + P.)
= We2) (1) = we(o) + Mpws cos(wst)
+ mp{ws + [T amaxn|@s cos(wst)} cos(wst — wsTy + |Taamax| sin(wst)) (C-4)
mews .
= (1 + T(O)cos(wst)) {1+ | aman | cos(wst — wsTy + |Tamman| sin(ws)) o)

= (1 +7(0))wcm(t — 7))

where

R4

— ——sin(wst) | = wsT, — |ra(max)| sin(wgt) (C-5)
1-R?

W T(t) = weTy (1
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In summary, the modulation in the previous vibration may emerge as the present
vibration according to the spindle rotation, via excitation by the cutting force, including the
regeneration. Consequently, the range of frequency shift becomes broader than that given
by Eq. (4-12), and appears to approximately range from (1 + R,)f.,, as implied in [232] (also
see Fig. C-3). Although the analytical vibration model and its net energy inflow in that case
should be further investigated, it is worth noting that the energy balance of the SSV cycle
with different combinations of the modulation waves does not change, as shown in Fig. C-2.

In short, the following relationship holds good in Eq. (4-26) as:

Ey

1 1

Ts ) % . , _

K. bod, f Ae(ir1) (D dey () dt = f Qe ieay®dt, LI €N, (C-6)
HcBicDc Oy 0 0

To show the typical behavior of the frequency shift during SSSV, the spectrograms (.e.,
STFT) of the unstable SSSV tests described in Section 4.5 are summarized in Fig. C-3.
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Fig. C-1 Approximated acceleration rate (analysis Fig. C-2 Energy behavior calculated with high
conditions are same as those shown in Fig. 4-10) order modulated waves (Analysis conditions are
the same as Fig. 4-11)
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Fig. C-3 Spectrograms of unstable SSSV in the experiment (the common experimental conditions are
those shown in Table 4-3 and f., = 1526 Hz. The data samples of the analysis sliding window and its
overlap were set to 1024 and 1009 samples, respectively): (a) R, = 16.0%, f, = 1.0 Hz G.e., Fig. 4-18); (b)
R, =12.9%,f, = 1.0 Hz (i.e., Fig. 4-20); () R, = 12.9%, f; = 2.0 Hz (i.e., Fig. 4-20)
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D) Dynamics of the slender

Appendices

workpiece and specific cutting-

force coefficients in the parallel turning/milling process

Fig. D-1 and Table D-1 summarize the experimental FRFs and identified modal

parameters of the flexible workpiece used in the experimental setup for the parallel turning

and milling processes.

Table D-1 Identified modal parameters of the flexible workpice

FRF Dyx @, @, @, @, @,
Mode # 1 2 1 2 1 2 1 2 1 2 1 2

M [kgl 1.51 0236 373 1.45 0.749 0254 162 220 129 11.2 6.05 1.15
C [Ns/m] 451 454 755 143 186 41.6 3.89e3 412 3.69e4 1.95e3 1.49e3 185
K [N/jum] 105 363 319 238 6.41 4.12 142 36.1 1.13e3 182 51.2 184
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Fig. D-1 Experimental and fitted FRFs of the flexible workpiece in the prototype multi-tasking
machine tool: (a) Py (iw); (b) @y (iw); () Dy (iw); (d) Dy,(iw); (&) B,,(iw); () B,y (iw)

Additionally, a series of ordinal single milling tests (stable slotting) using an SUS303
plate and a similar tool, used for parallel milling, were performed on a three-axis milling
center. The specific cutting forces and edge-force coefficients were identified using the

average cutting force method [297]. The results are summarized in Fig. D-2 and Table D-2.
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Fig. D-2 Results of the stable slotting tests with SUS303 with various feed rates ¢ (N, = 2, a, =
2.0 mm, and S = 1000 min~!. The cutting force was measured by a Kistler type 9257B piezoelectric
table dynamometer.)

Table D-2 Identified cutting force coeffcients in the SUS303 plate

Direction Tangential (K., K;.) Radial (K,., K,..) Axial Ky, K,.)
Specific cutting force [MPal 1831 720 446
Edge force [N/'mm] 24 17 1.2
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E) Net inflow of energy in the tool swing parallel turning

As the vibration direction was assumed to coincide with the X-direction, only the net
inflow of energy owing to the cutting force in the X-direction was considered. From Eq.

(5-11), the cutting force in the X-direction at the workpiece can be written as follows:
EV(t) = —2K;cbede[x™ (t) + pex™ (t — 1)), where d; = pg cosn (E-1)

Note that an equal pitch was assumed G.e., % = % =17 = 60/(N,S,,); N, = 2). Similar to
Egs. (4-3) and (4-4), the workpiece vibration is defined as follows:

xV(t) = A;cos(w.t + ) = xW(t—1) = A cos(w.t — wT + P,) (E-2)

As the TSM with a sinusoidal manner is inherently the same as SSSV, the previous

vibration with time-varying delay can be expressed as follows, similar to Eq. (4-16):

(o8]

xV(t—1(®) = A, Z Ji(my) cos((wen + lwgy )t — cn + Pc) (E-3)
l=—00
Here, in the TSM process, even the MI is defined in the same way. Consequently,
focusing only on the terms related to the regeneration, the process energy balance is defined
as follows:
te

te
E; =J FY(t) - %V (t)dt zj —2u K bdex™ (t — ()% (1) dt
t

b tp

te
® f sin((Qwen + lwgy )t — €0 + 29) dt (E-4)
t

b

te
l=—co —f sin(lwg,, t — &.,) dt
ty

By comparing Eqs. (4-26) and (E-4), the process energy balance in the TSM cycle (.e.,

[ty t.] = [0, 21/ ws,,]) can be easily deduced as follows:

N ZanKtcbcde%wanO (mf)

a)SW

y sin &4, (E-5)
From the above, Eq. (E-5) become positive in the CSS process G.e., J,(0) = 1) under 0 <
en <m (Eq. (5-21)), as the other coefficients are generally positive. Therefore, it can be
interpreted that chatter would occur within 0 < g, < m in equal pitch parallel turning.
Additionally, the accumulated net inflow of energy becomes double in the CSS condition,

which corresponds to a double regeneration gain.
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