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Notation, Symbols and Abbreviations

Abbreviations
ADC analogue to digital converter
AMB active magnetic bearing
ANC active noise cancellation
AVC active vibration control
CNC computerized numerical control
CSSV continuous spindle speed variation
DAC digital to analogue converter
DAF direct acceleration feedback
DDE delayed differential equation
DelPF delayed position feedback
DelAF delayed acceleration feedback
DOC depth of cut
DPF direct position feedback
DSP digital signal processor
DVF direct velocity feedback
e.g. abbreviation for the Latin phrase "exempli gratia", meaning
“for example”
Eq. equation
FAAC frequency amplitude assurance criterion
FE Finite Element
Fig. figure
FIR finite impulse response
FRAC frequency response assurance criterion
FRF frequency response function
FxLMS filtered-x least mean squares
ie. short for the Latin phrase "id est", meaning “that is”
IEPE Integrated Electronics Piezo Electric
LMS least mean squares
LTI linear time invariant
LTV linear time variant

MbVF model-based velocity feedback



VI Notation, Symbols and Abbreviations

MDOF multiple-degree-of-freedom

MICA moving iron controllable actuator
MIMO multi-input-multi-output

LQG linear-quadratic-Gaussian (regulator)
PID proportional-integral-derivative

PLC programmable logic controller

PRBS pseudo random binary signal

PSO particle swarm optimization

PZT piezoelectric lead zirconate titanate
RLS recursive least squares

SDOF single-degree-of-freedom

Sec. section

SISO single-input-single-output

SLD stability lobe diagram

SSS spindle speed selection

Tab. table

TCP tool center point

TMD tuned mass damper

TRL technology readiness level

VDI abbreviation for the association of German engineers

(Verein Deutscher Ingenieure)

Notation
s scalar
v vector
M matrix
0 Zero vector
vI;mM” transposed vector or matrix
v:;M* conjugated complex vector or matrix
M! inverse matrix
3 wa(n) first derivative after w
x(t) first time derivative of x(t)
Xx(t) second time derivative of x(t)

| absolute value
Il euclidean norm



VII

llMloo

u()

max

Symbols!

Latin Symbols

A
Ay

Anotch

infinity norm, also known as uniform norm or supremum norm
structured singular value u

maximum value

system matrix of a state space system
gain margin

frequency band of a notch filter in rads™!
depth of cut in m

maximum stable depth of cut in m

input matrix of a state space system
modal input matrix

controller feedback matrix

output matrix of a state space system
controller transfer function

investment costs for the hardware of an active vibration control
system in €

setup/commissioning costs in €

production costs per workpiece in €

damping matrix in Nm™*

feedthrough matrix of a state space system

modal damping matrix in Nsm™!

damping of a damping element in Nsm™

damping of an actuator damping element in Nsm™
disturbance signal at the system input

performance channel input related to the disturbance signal
at the system input

disturbance signal at the system output
influence matrix describing the nodal degrees of freedom
time-discrete error signal in ms2 or V

! The units usually refer to the translational direction.



VIII Notation, Symbols and Abbreviations

e(t) error signal in ms™2 or V

é(t) performance channel output related to the error signal in
ms2orV

F(t) force vector in N

F, actuator force in N

Fy cutting force in feed direction in N

F, Lorentz force in N

F, open-loop transfer function

F. cutting force in radial direction in N

F, cutting force in tangential direction in N

f vector of the nodal degrees of freedom at the actuator position

fa frequency at the first half-power point in Hz

fb frequency at the second half-power point in Hz

fe chatter frequency in Hz

S modeled natural frequency in Hz

Afmax maximum frequency band in Hz

Afpin minimum frequency band in Hz

fn natural frequency in Hz

Sfrep cutting force at the TCP in x, y, or z direction in N

fx tooth passing frequency in Hz

G(s) transfer function of a controlled system

G(s) measured perturbations of G(s)

G(2) time-discrete transfer function of a controlled system

G(2) time-discrete estimation of G(z)

G,(s) actuator transfer function in NV~!

Gacomp(s) compensation filter for an actuator’s transfer function

Gyp transfer function of a high pass filter

G,(s) nominal transfer function of a controlled system

Gootch transfer function of a notch filter

Gref measured frequency response function

Giys synthesized frequency response function

g cumulated gain of an actuator and power amplifier

gc controller gain

H(s) frequency response function of a mechanical structure
inmN™ or mN 52

h(t) dynamic chip thickness in m

constant chip thickness in m



IX

te

Keia
Kr1.1

KtLl

identity matrix
electric current in A
cost function of a linear quadratic regulator

imaginary unit

stiffness of a spring in Nm™

stiffness of an actuator spring in Nm™!

controller feedback matrix

cutting force coefficient in feed direction in N mm™2

cutting force coefficient in radial direction in N mm™2

cutting force coefficient in tangential direction in N mm™2

edge force coefficient in feed direction in N mm™!

edge force coefficient in radial direction in N mm™

edge force coefficient in tangential direction in N mm™

specific cutting force coefficient for a, =1 mm and h =1 mm
in feed direction in Nmm™

specific cutting force coefficient for ¢, =1 mm and h =1 mm
in radial direction in N mm™2

specific cutting force coefficient for a, = 1 mm and h = 1 mm
in tangential direction in Nmm™2

1

p

stiffness matrix in Nm™
modal stiffness matrix in Nm™!

Kalman filter feedback matrix

number of FIR filter coefficients

mass matrix in kg

mass in kg

inertial mass of an actuator in kg

power value of the specific cutting force in feed direction
power value of the specific cutting force in radial direction
power value of the specific cutting force in tangential direction
rotational spindle speed in min~! (rpm-rate)

discrete time sample

number of physical degrees of freedom

matrix containing the algebraic solution of the Ricatti equation
weighted transfer function matrix with the performance
specifications

leaking integrator variable

weighting matrix of the states



Notation, Symbols and Abbreviations

qm(t)

cot
ttct

Lictave

u(t)
i(t)
i(t)
u(n)
u'(n)
Wd(s)
W, (s)
W, (s)

W, (s)
W, (s)
W(z)
w(n)
w(t)

w;(n)

displacement vector in modal coordinates
columns of M;; and M,

columns of M;, and M,,

weighting matrix of the inputs

time-discrete control reference in ms™2 or V
control reference in ms™2 or V

performance channel input related to the control reference
signal in ms™2 or V

uncertainty radius within the Nyquist plot
substitution matrix

sensitivity function

Laplace variable

delay time in s

delay time of the AVC hardware in s
complementary sensitivity function
performance channel transfer function matrix
time in s

time until breakeven is reached in s
change-over time between two workpieces in s
total cycle time of a workpiece in s

total cycle time of a workpiece produced with active vibration
control in s

control output in V

input vector of a state space system

performance channel output related to the control output in V
time-discrete control output in ms™2 or V

time-discrete modified control output in ms™2 or V

weighting transfer function for the disturbance signal d;(t)
weighting transfer function for the error signal é(t)

weighting transfer function of the unstructured
multiplicative uncertainties

weighting transfer function for the control reference 7(t)
weighting transfer function for the control output (t)
time-discrete FIR filter

time-discrete FIR coefficient vector

performance channel input vector

time-discrete element of the FIR coefficient vector



XI

x(n)
x(t)
x(t)
%(t)
x(t)

£(0)
x;(n)

Xg(t)
Xk (6)

Xrcp
Xrcp
y(t)
y(©)
Yi(t)
Yu(n)

Yo(m)
Yuu(n)
Ju(n)

Ju()
¥ ()
J ()
Z

Zn

4

2(t)

Greek Symbols

time-discrete reference signal
displacement in m

velocity in ms™

acceleration in ms™2

state vector of a state space system

state vector of a state space system derived with respect to time
starting value of the state vector X (t)

time-discrete reference signal filtered by an estimation
of the controlled system’s transfer function

estimated state vector of a state space system

estimated state vector of a state space system derived with
respect to time

displacement vector at the TCP in m

displacement at the TCP in x, ¥, or z direction in m
output of the controlled system in ms™ or V

output vector of a state space system

estimated output of the controlled system in ms™ or V

time-discrete control output filtered by the transfer function
of the controlled system in ms™ or V

time-discrete modeling signal filtered by the transfer function
of the controlled system in ms™ or V

time-discrete modified control output filtered by the transfer
function of the controlled system in ms~2 or V

time-discrete modeling output filtered by the estimated transfer
function of the controlled system in ms~2 or V

time-discrete estimation of y,(n) in V
time-discrete distortion signal in ms™2 or V
time-discrete estimation of y,(n) in V
number of teeth of a tool

modal damping matrix

discrete time variable

performance channel output vector

coherence
uncertainty matrix



XII Notation, Symbols and Abbreviations

A(s) normalized, stable, unstructured uncertainty transfer function

ALL(s) multiplicative uncertainty

g; modal damping value of mode i

Za damping ratio of an actuator

C anew new damping ratio of an actuator with compensation filter

n forgetting factor of the adaptive step size

n*(p) optimum forgetting factor of the adaptive step size

u step size of the LMS algorithm

y leakage factor of the LMS algorithm

Ie} adaptation parameter of the adaptive step size

v(n) modeling signal for online identification

® modal matrix

{¢:} eigenvector of mode i

b phase margin in °

Q matrix of the natural frequencies in rad s™!

w angular frequency in rad s~

wy angular natural frequency of an actuator in rads™!

O pnew new angular natural frequency of an actuator

with compensation filter in rad s~

w, angular chatter frequency in rads™!

Wy angular cut-off frequency of a high-pass filter in rads™!

Wotch angular cut-off frequency of a notch filter in rads™*
Indices

A actuator

c chatter

G controlled system

K Kalman filter

k run variable

TCP tool center point

run variable

~.

x direction
y direction

n <R

z direction



1 Introduction

1.1 Motivation and Objective

Driven by an increasing scarcity of resources as well as the change in climate and
social values, the topic of sustainability now increasingly determines the thinking
and actions of European companies (REITHOFER 2010). This is also shown by
the European Commission’s strategy for a more sustainable economy, which was
announced at the beginning of 2020. The European Green Deal targets “a modern,
resource-efficient and competitive economy, where there will be no net emissions
of greenhouse gases in 2050 and where economic growth will be decoupled from
resource use” (EUROPEAN COMMISSION 2019, p. 2). For the machine tool industry this
leads to an increased demand for energy efficient machines. The energy efficiency of
machine tools can be improved by lightweight design as well as by a reduction in
machining times. Lightweight design reduces the mass of components and thus the
kinematic energy required for acceleration (ZULAIKA ET AL. 2011). Unfortunately,
consistent lightweight design also leads to lower damping values of the machine tool
structure (SIMNOFSKE 2009; ZULAIKA ET AL. 2011). The machining time is governed
by the maximum material removal rate, which is often not limited by the installed
drive power, but by the dynamic compliance of the machine structure (HAASE 2005).
Insufficient damping of the machine tool structure leads to process instabilities, so-
called chatter vibrations (ALTINTAS 2012), which in turn cause significantly increased
tool wear (KAYHAN & BUDAK 2016), high noise pollution (CHENG 2009), and damage
to the workpiece and machine components (ALTINTAS 2012). To improve process
stability, the damping behavior of the machine structure must be increased (MERRIT
1965). Having high damping values of the machine elements that carry the load of
the cutting force is also desirable in order to achieve high machining quality (WECK
& BRECHER 2006a; ALTINTAS 2012). Hence, both measures for energy efficiency
improvement, lightweight design and machining time reduction, are competing with
each other. A possible solution to this conflict is active vibration control (AVC), which
can increase the chatter stability by significantly improving the damping behavior of
machine tools (SIMNOFSKE 2009; ZULAIKA ET AL. 2011).

Besides the avoidance of greenhouse gas emissions, further targets of the European
Green Deal are reduced waste and resource use. Hence, the circular economy action
plan focuses on measures to encourage businesses to offer sustainable products
(EUROPEAN COMMISSION 2020). One possibility to achieve these goals is to retrofit
existing machines with upgrades to enhance their life span and performance. By
using AVC systems, some of these targets can be achieved, since existing machines
often do not fully utilize the installed drive power. Consequently, an unproductive or
noncompetitive machine can be made competitive again by implementing an AVC
system (BOLDERING 2015). Using an AVC system to restore the competitiveness of
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an existing machine instead of purchasing a new one reduces resource consumption
and waste.

Despite major research efforts and their promising results, very few commercial
machine tool systems have integrated AVC so far (NEUGEBAUER ET AL. 2007; PARK
ET AL. 2007; MUNOA ET AL. 2016a). Entry barriers for industrial use are the high
costs for the development of active systems and a lack of the multidisciplinary expert
knowledge required for design and commissioning (SIMNOFSKE 2009; BAUR 2014;
BOLDERING 2015). In particular serial and parallel actuators, which are integrated in
the force flux, require extensive adjustments of the machine design during integration
(EHMANN 2004). Proof-mass actuators, on the other hand, are characterized by their
simple attachment to the structure which is to be damped (WAIBEL 2012). To reduce
development and commissioning costs even further, BAUR (2014) and JaL1zI (2015)
advised using commercially available components. Past research focused on the
hardware and software design of AVC systems, proof of functionality, and compre-
hensive investigation of the operating behavior. Industrial use (DANOBATGROUP
2017, 2019) proves that AVC systems can achieve high robustness and reliability.
Nevertheless, the efforts needed for design and commissioning of AVC systems must
be further reduced, especially to enable a simple retrofit solution for end users. Up
to today, these tasks require, among others, a great deal of expertise in the areas
of machine dynamics, measurement, and control engineering, which is not always
available to machine tool manufacturers and, even less likely, end users (BOLDERING
2015).

The objective of this thesis is to develop a methodology that reduces the effort
needed for the design and commissioning of AVC systems in order to simplify their
application to machine tools. Due to their simple installation and flexible applicability,
this research work focuses on the use of proof-mass actuators, which have been
successfully applied by several researchers and have demonstrated their robustness
in industrial application (MUNOA ET AL. 2016a).

The present work is a publication-based dissertation comprising seven publications
with the main research results. In Chapter 2, a literature review is presented first,
from which the objectives and the methodology are derived in Chapter 3. Summaries
of the publications are presented in Chapter 4. Afterwards, the results are evaluated in
Chapter 5. This dissertation concludes with a summary and an outlook in Chapter 6.



2 Background and Literature Review

2.1 Machine Tool Vibrations and Process Stability

During machining, dynamic vibrations often limit the achievable quality and produc-
tivity. This section will give an overview of the different vibration types and briefly
present the theory of process stability in machining.

2.1.1 Classification of Machine Tool Vibrations

The different kinds of vibrations that occur during machining can be classified into
forced and self-excited vibrations.

An external excitation of the machine tool causes forced vibrations. These are sep-
arated into free and periodic vibrations. Free vibrations are caused by an impulse
excitation and occur, for example, due to high acceleration and jerk of the feed drives
or external forces that act on the machine tool structure through the foundation
(WECK & BRECHER 2006¢). Another characteristic of free vibrations is that their
response contains all natural frequencies. Since the mechanical structure is damped,
free vibrations always decay. Tooth-passing in milling and shaft runout of the spindle
and tool cause periodic excitation forces (WECK & BRECHER 2006c¢). These lead to
a periodic vibration response at the excitation frequency. The closer the excitation
frequency is to a natural frequency of the system, the higher is the vibration response
amplitude.

The interaction of the machining process with the structural dynamics of a machine
tool and a workpiece can lead to self-excited vibrations, also called chatter. This
results in a vibration response at one or more natural frequencies of the mechanical
structure. According to ALTINTAS (2012), there are two main mechanisms that lead
to chatter: the regenerative effect and mode-coupling. The regenerative effect occurs
more often and can easily be modeled. However, if the cross-coupling of vibration
modes is considered within the cross-diagonal elements of the dynamic matrices, the
regenerative effect model inherently covers mode-coupling, too (ALTINTAS 2012).
Hence, the following section will briefly summarize the most commonly applied
stability model for regenerative chatter vibrations.

2.1.2 Regenerative Chatter

The famous researcher Frederick Winslow Taylor described chatter as “the most
obscure and delicate of all problems facing the machinist” (TAYLOR 1907, p. 148). In
1955, LYSEN (1955) already recognized that instability in machining processes is based
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on the dependence of cutting speed and depth of cut, as well as on the regenerative
effect. Using slow motion recordings, EISELE & SADOWY (1955) also identified that
the relationship between the tool and the workpiece movement affect the process
stability. They could prove that the vibration mode during chatter corresponds to
a natural vibration mode of the machine tool and that the chatter frequency is
constant under the same cutting conditions. The first mathematical descriptions of
the regenerative effect were developed by TOBIAS & FISHWICK (1958) and TLUSTY
& POLACEK (1963) independently of each other. Both models describe the relation
between the depth of cut (DOC) a,, the structural dynamics of the machine tool,
and the cutting coefficients. For the most simple case, the model for regenerative

ho

workpiece

dynamic
chip thickness
h(t)

Fig. 2.1: Regenerative chatter vibrations in orthogonal cutting based on ALTINTAS (2012)

chatter is shown in Fig. 2.1. Assuming that a flat-faced orthogonal grooving tool is
fed perpendicular to the axis of a rotating cylindrical shaft and vibrates in the feed
direction, the resulting differential equation of motion can be expressed as

mi(t) +dx(t) + kx(t) = F;(t) = Ks.a, [ho + x(t — T) — x(£)]. 2.1
h(t)

The cutting force F; in feed direction, which may contain perturbations, causes the
tool to vibrate, which leaves a wavy surface on the workpiece behind. The tool is
described by a single-degree-of-freedom (SDOF) system with the mass m, damping d,
and stiffness k. The resulting dynamic chip thickness h(t) depends on the constant
chip thickness h, the current tool position x(t), and the tool position during the
previous revolution of cut x(t — T). The cutting force in feed direction F,(t) is
a function of the dynamic chip thickness h(t), the cutting force coefficient in the
feed direction K, and the DOC qa,,. The delay time T corresponds to one spindle
revolution period. In a more general case, T refers to the period between the previous



2.2 Chatter Suppression Techniques 5

and present tooth of the cutting tool and depends on the number of teeth Z as well
as the rotational spindle speed N:
60-=-
T=—21, 2.2
N7 (2.2)
If the delayed differential equation (DDE) for the simple case presented in Eq. 2.1 is

solved, the maximum stable DOC a,, ;;,, for the chatter frequency w, is

-1

Qyjjm=——"—. 2.3)
Pm T 2K H(s = w,)

Here, H(s) is the compliance frequency response function (FRF) of the SDOF system.
Since the DOC is a physical quantity, the solution of Eq. 2.3 is valid only for negative
values of the real part of H(s) (ALTINTAS 2012). Using the above equation, a so-called
stability lobe diagram (SLD) can be calculated, which displays the maximum stable
DOC as a function of the rotational spindle speed N. An exemplary SLD is shown in
Fig. 2.2.

Each parameter of the DDE influences the maximum stable DOC a,, ;;,,. Hence, several
measures for increasing the chatter stability exist, as will be explained in the following
section.

2.2 Chatter Suppression Techniques

Measures for the reduction of chatter vibrations increase the machine’s productivity
by improving the surface finishes and by prolonging the life of tools and mechanical
components (MUNOA ET AL. 2016a). Increased productivity, production quality,
and machine availability also lead to an improved overall equipment effectiveness
(HANSEN 2001). Depending on the parameters of Eq. 2.1, MESCHKE (1995) and
MUNOA ET AL. (2016a) classify the chatter suppression techniques in metal cutting
into

* improved process parameter selection (a,, T),

* regeneration disturbance (T),

* design optimization (m, k), and

* system damping enhancement (d).
Each of the measures presented in the following can be effective, and it is the relative
position of the unstable process in the SLD that determines which measure should

be preferred (MUNOA ET AL. 2016a). The relative position in the SLD is defined by
the ratio between the chatter frequency f. and the tooth passing frequency f,:

f. _ 60%.

7 7N 2.4
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chip form

unstable

lobe 0

stable

depth of cut in mm —

spindle speed in rpm —

Fig. 2.2: Example of an SLD based on MUNOA ET AL. (2016a)

The tooth passing frequency f, depends on the spindle speed N and the number of
teeth Z on the tool. Physically, this ratio defines the number of complete waves per
revolution produced on the workpiece surface. Hence, the first digit of this ratio
also determines the stability lobe order. However, this ratio is only applicable if just
one dominant mode exists that causes chatter. On a real system, several dominant
eigenmodes can exist and for each eigenmode, a relative position on the SLD can be
calculated (MUNOA ET AL. 2016a).

Recently, several authors have compared different chatter suppression techniques
(JALIZI 2015; MUNOA ET AL. 2016a; ZHU & Liu 2020). The following sections will
give a short overview of the different chatter suppression techniques, focusing on
their applications and limitations.

2.2.1 Process Parameter Selection

The main idea of improved process parameter selection, in the following shortly called
process parameter selection, is to choose a spindle speed N with a high but chatter-free
depth of cut based on the SLD (URBIKAIN ET AL. 2015). This way, the resulting delay
time T ensures that the chip thickness stays constant. Most popular is a measure
called spindle speed selection, which is applied during the process planning phase
(SMITH & TLUSTY 1992) and can also be easily automated for online process control
(ALTINTAS & CHAN 1992; SMITH & TLUSTY 1992). Online spindle speed selection is
also called discrete spindle speed tuning and is based on the assumption that only one
dominant mode causes chatter (QUINTANA & CIURANA 2011). Based on a measured
microphone or accelerometer signal, the chatter frequency f, is determined. Then,
the spindle speed N is changed accordingly to synchronize one of the harmonics of
the tooth passing frequency with the chatter frequency. Several commercial solutions
applying this measure exist, such as CHATTERPRO from MAL Inc., HARMONIZER from
MLI, and BESTSPEED SYSTEM from KENNAMETAL.

Process parameter selection performs well in spindle speed ranges, where clear lobes
appear when one dominant mode is present (MUNOA ET AL. 2016a). However, EYNIAN
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(2014) states, that the calculation of the natural frequency from the measured chatter
frequency is a challenging task. Milling experiments showed that even a 1 % error in
the calculation of the natural frequency severely limits the usefulness of the predicted
SLD.

Instead of choosing an optimum delay time T, the following section summarizes
measures on how to vary this value in order to increase chatter stability.

2.2.2 Regeneration Disturbance

The regeneration effect can be disturbed by varying the delay T with the help of
special tool geometries or continuous spindle speed variation (DOHNER ET AL. 2004).

Special Tool Geometries directly affect the time period between subsequent
cutting edges of a milling process (MUNOA ET AL. 2016a). The most popular
measures can be further classified into tools with variable pitch angles, serrated
profiles, and different helix angle variations (see Fig. 2.3).

Variable pitch angles alter the phase between the past and the present vibration
by creating multiple discrete delays depending on the actual edge position and the
number of teeth (ALTINTAS ET AL. 1999). Hence, they do not increase the absolute
stability limit, but are able to move the zone with clearly separated lobes to lower
spindle speeds in order to obtain optimal stability and machinability in the same
spindle speed range. Since chatter suppression is not assured with any arbitrary
pitch distribution, a proper tuning of the pitch angle(s) is required for every process
(ALTINTAS ET AL. 1999).

The wavy flutes of serrated cutters produce periodic variations in the local cutting
edge radii and lead angle. Due to this special profile, serrated tools produce high
surface roughness and cannot be used for finishing but for roughing operations only.
The chatter stability increases if the chip thickness is smaller than the peak-to-peak
amplitude of the serration profile (MERDOL & ALTINTAS 2004). In that case, some
sections of the flutes do not have contact with the material and, as a result, the
serrations attenuate the regeneration effect.

Non-constant or alternating helix angles lead to continuous changes in the local pitch
angles along the tool axis, which varies the delay between the flutes and disturbs
the regenerative effect (DOMBOVARI & STEPAN 2012). According to MUNOA ET AL.
(2016a), variable helix tools can significantly increase the stability in high order
stability lobes.

Continuous Spindle Speed Variation (CSSV) is another method of disturbing the
regenerative effect and was first introduced by GRAB (1973). The nominal spindle
speed N can be varied by a sinusoidal, triangular, rectangular, random, or continuous
linear perturbation. In practice, the sinusoidal signal with a simple harmonic variation
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Fig. 2.3: Regeneration disturbance strategies based on MUNOA ET AL. (2016a) (image sources:
CALLOYTOOL (2020); GMN (2020); LINK (2020); TRAVERSTOOL (2020))

is most often used (MERINO ET AL. 2019). To set up this technique, the amplitude
and frequency of the perturbation signal need to be tuned. Both parameters are
constrained by the power and dynamics of the spindle (ZATARAIN ET AL. 2008). For an
optimal tuning, AL-REGIB ET AL. (2003) proposed a simple formula, but more exact
solutions can be gained by complex simulation models (YAMATO ET AL. 2018; DONG
& ZHANG 2019). The biggest advantage of CSSV, compared to the above measures
for regeneration disturbance, is its flexibility because the parameters can be adapted
easily for every new process (MUNOA ET AL. 2016a). According to ZATARAIN ET AL.
(2008), CSSV is most effective at low spindle speed ranges, where small amplitudes
of the perturbation signal can create large variations in the delay between successive
waves. Hence, this methodology is mainly used in machining operations that run at
low spindle speeds, such as turning and boring operations (MUNOA ET AL. 2016a),
but it can also be applied to grinding (INASAKI ET AL. 2001) or milling operations at
very low spindle speeds (BEDIAGA ET AL. 2011). At higher spindle speeds, CSSV is
usually not applicable due to limited spindle power and dynamics (FAASEN 2007).
Furthermore, CSSV introduces uneven patterns in the surface roughness caused by
the rotational speed variation, which is not acceptable in some accurate finishing
processes (INASAKI ET AL. 2001).

Besides the delay time T, the machine tool’s compliance H(s) has a significant effect
on the chatter stability. The following section summarizes how the machine tool
design can be optimized in order to increase chatter stability.

2.2.3 Design Optimization

During the design phase of a machine tool structure, its chatter stability properties can
be mainly influenced by the damping behavior, which strongly depends on the joint
design (WECK & BRECHER 2006a) and the material selection (MESCHKE 1995). As an
example, sandwich structures with highly damped aluminum foam can be advanta-
geous (MOHRING ET AL. 2015). Using simulation tools, it is even possible to optimize
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the structural properties of the machine to be developed. Numerical optimizations
of machine tool designs are often based on Finite Element (FE) models (ALTINTAS
ET AL. 2005), which allow for dynamic properties such as natural frequencies and
mode shapes to be estimated with reasonable accuracy. However, the estimation
of damping parameters is still challenging (SCHWARZ 2015). As a result, “machine
designers mainly focus on increasing the static stiffness; and the result can lead to a
rigid but poorly damped machine tool” (MUNOA ET AL. 2016a, p. 786). To overcome
this drawback, SEMM ET AL. (2020) introduced an optimization methodology which
considers local damping effects by using flexible multibody models. Due to the local
damping models, damping- as well as stiffness-based optimization potentials are
considered, enabling a holistic, numerical optimization of the dynamic behavior in
arbitrary axis positions.

If design optimization is exhausted or already existing machine tools are to be
improved, one last option can be the integration of dynamic auxiliary systems for
damping enhancement, which are presented in the following section.

2.2.4 System Damping Enhancement

With Eq. 2.3, MERRIT (1965) showed that the stability limit is inversely proportional to
the compliance of the machine tool structure for turning operations. Hence, dynamic
auxiliary systems can be applied to the machine tool, the tool, or the workpiece in
order to increase the chatter stability by damping the structure’s critical eigenmode
and thereby reducing the maximum compliance. Dynamic auxiliary systems can be
classified into passive, semi-active, and active systems (BRECHER ET AL. 2013). Fig. 2.4
shows such systems attached to a SDOF system to be damped which possesses the
parameters of mass m;, stiffness k;, and damping d;.

Passive Systems achieve the damping effect by means of energy conversion into
heat or relative movement between bodies (WECK & BRECHER 2006a). Thus, these
systems do not require any external energy supply (MESCHKE 1995). Impact dampers,
friction dampers, and tuned mass dampers (TMD) are an example for passive systems
and are most often used in the field of machine tools (TELLBUSCHER 1986; MESCHKE
1995).

Impact dampers are based on an increase or change in material damping. Energy
dissipation occurs when the individual masses of an impact damper collide. Friction
dampers extract vibration energy from the system by means of the friction between
two solid bodies moving relatively to each other. Friction dampers have proven to be
successful in chatter suppression when integrated in an end mill (Kim ET AL. 2006;
MADOLIAT ET AL. 2011). The disadvantage is that the friction damper is integrated
into a monolithic tool, which is disposed of at the end of its service life. Current
research, however, attempts to increase the energy dissipation and thus chatter
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passive systems

friction impact tuned mass semi-active active
dampers dampers dampers dampers dampers

Fig. 2.4: Passive, semi-active, and active auxiliary systems for system damping enhancement
based on WECK & BRECHER (2006a) and SIMNOFSKE (2009)

stability of additively manufactured tools and tool holders by introducing hollow
elements or truss-like structures (VOGEL ET AL. 2019).

According to VDI 2062-1 (2011), a TMD consists of a mass m, which is connected
to a mechanical structure by a linear spring of stiffness k, and damping d,. These
parameters are tuned in such a way that the damper’s natural frequency matches the
critical natural frequency of the system to be damped. Mode coupling transfers the
kinematic energy from the main structure to the highly damped TMD and increases
the overall damping (WECK & BRECHER 2006a). Consequently, the original mode is
split up into two modes. According to SiMs (2007), the basics for the design of TMDs
have already been described in the first half of the last century by ORMONDROYD &
DEN HARTOG (1928), BROCK (1946), and DEN HARTOG (1947). These works aimed
at reducing the maximum compliance of the oscillating system. Since the chatter
stability depends on the negative real part of the compliance FRF (see Sec. 2.1.2),
SiMs (2007) presented an approach showing how to minimize this quantity. YANG
ET AL. (2010) picked up a similar idea, but extended it for an optimization of multiple
TMDs, which can damp several natural modes. TMDs are occasionally used by
machine tool builders in new designs (FLADERER 2007) if they can be tuned without
a large increase in mass and the associated deterioration of feed drive dynamics.
They are also already in industrial use for the damping of tools with a long overhang,
such as boring bars (MAPAL 2018; SANDVIK COROMANT 2020). However, they can
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only be applied if the dynamic behavior of the structural element to be damped does
not change (WECK & BRECHER 2006a).

Semi-active Systems have been developed in the 1990s by integrating electronics
into originally passive systems in order to change the damping characteristics and
increase their application flexibility (SIMNOFSKE 2009; ROTH 2009). The energy
demand of such semi-active systems is limited to signal processing and adjusting the
passive system components (MESCHKE 1995).

Electrorheological (e.g. MESCHKE (1995)) or magnetorheological fluids (e.g. KERST-
ING (2009)) are mainly used for semi-active systems, because their viscous properties
can be quickly and reversibly adjusted by an externally applied electric or magnetic
field. Another concept was introduced by MUNOA ET AL. (2016b), who used a vari-
able stiffness TMD on a modular workpiece fixture. The automatic optimal tuning
methodology developed varies the stiffness via a rotary spring, while damping is
provided by eddy currents.

Active Systems increase damping of the structure by using external energy (MESCHKE
1995). With their high bandwidth compared to passive and semi-active systems, the
requirements of machine tools are better met because active systems can adapt to
changes in the dynamic behavior during machining operations (SIMNOFSKE 2009).
Active systems consist of a sensor, a controller, and an actuator, as illustrated in
Fig. 2.4 (WECK & BRECHER 2006a). Based on the structural vibrations measured by
the sensor, the controller usually generates a control signal with the aim of achieving
a counter-vibration through an actuator. This way, dynamic auxiliary systems are
able to enhance the damping of critical eigenmodes and thereby increase the absolute
stability limit (DOHNER ET AL. 2004).

2.2.5 Conclusion

In Sec. 2.2, different existing techniques for chatter mitigation have been explained
and summarized. Design optimization is only applicable for new machine tool de-
velopments and does not offer a sufficient solution for concept-conditioned weak
spots (see Sec. 2.3.1). Measures for process parameter selection as well as regeneration
disturbance are simple and cost-effective, since no machine tool design changes or
additional hardware are needed. This is why these methods have been most widely
used in the industry so far. However, each of these methods has only a limited field
of application within the SLD.

In contrast, dynamic auxiliary systems work efficiently in all the zones of the SLD
(MUNOA ET AL. 2016a). They are especially useful when the low machinability of
the material does not permit any change in the process parameters (BAUR 2014).
Passive systems are characterized by a simple design, high reliability, and low costs
due to the absence of electronic components. Since they must always be precisely
tuned to match the critical natural frequency of the structure to be damped, their
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effect decreases significantly as soon as the dynamics of the machine tool change.
To reduce this drawback of purely passive systems, semi-active systems have been
developed. However, an adaptation to changing natural frequencies is still only
possible to a limited extent. In addition, both passive and semi-active systems are
accompanied by large additional masses, which can have a negative effect on the
feed drive dynamics (HAASE 2005). Active systems enable the generation of large
damping forces over a wide bandwidth with low additional mass. Due to their small
space requirements, they can be placed on the machine structure easily. However, the
advantages mentioned above come at the expense of a comparatively complex and
costly system, which has to be applied in a hostile environment (MUNOA ET AL. 2016a).
In addition, an active system can become unstable due to the closed feedback loop.
Nevertheless, since several researchers have already proven the high performance of
active systems in chatter suppression, this dissertation also focuses on such systems.
The following section will provide a closer overview of the applications that can be
found in the literature.

2.3 Active Systems in Machine Tools

WAIBEL (2012) classifies active systems by their way of integration within the force
flux into serial, parallel, and absolute, as illustrated in Fig. 2.5:

For Serial Integration, the actuator is located inside of the force flux of the machine
and has to withstand the cutting forces. Therefore, high stiffness is required for these
elements and any breakage of the actuator will result in a machine stop (MUNOA
ET AL. 2016a). Because of these drawbacks, this way of integration is rarely used in
machine tools (MANOHARAN 2012).

Parallel Integration increases the stiffness due to an additional parallel force flux
(WAIBEL 2012). The actuator has to be integrated at a location where the targeted
mode has a large displacement amplitude (EHMANN 2004).

Absolute Integration describes an active system that is not placed within the force
flux (WAIBEL 2012). This way of integration can only be achieved by proof-mass
actuators, which are also called inertial actuators, active vibration absorbers, or active
tuned mass absorbers. Based on Newton’s second law of motion, these actuators
generate forces by accelerating a suspended mass that is coupled to the main structure.
SIMNOFSKE (2009) criticizes the high additional mass compared to a serial or parallel
integration. On the contrary, EHMANN (2004), WAIBEL (2012), MUNOA ET AL. (2013),
and BAUR (2014) mainly emphasize the simple installation as the actuator does not
require complex design changes.

While active systems with absolute integration can only suppress vibrations, serial
and parallel integrations are also capable of modulating the static stiffness and hence
reduce static deflections (WAIBEL 2012). However, following Eq. 2.3, chatter stability
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is strongly influenced by the compliance FRE Furthermore, drawbacks of lightweight
design mainly lead to increased peaks in the compliance FRE but not to a reduced
static stiffness (ZULAIKA ET AL. 2011). Therefore, this dissertation focuses on systems
with the ability to reduce the peaks of the compliance FRF by damping enhancement
only. In a technical-scientific context, the term active damping is commonly used
for such systems. This might originate from the widely used control strategy direct
velocity feedback (DVF) (see Sec. 2.4.6.3), which adds an actuator force proportional
to the measured vibration velocity and acts as a viscous damper. BAUR (2014) points
out that according to VDI 3833-1 (2014), damping is defined as the irreversible
transformation of mechanical energy into another energy form — most often thermal
energy — which is no longer available for exciting or sustaining an oscillation. This
process is also called energy dissipation. Consequently, the term “active damping”
is actually incorrect, since energy is supplied to the vibrating system and does not
dissipate. In the literature, the term active vibration control (AVC) is also commonly
used and more accurate. When presenting the state of the art in the following section,
both terms are used synonymously.

According to NEUGEBAUER ET AL. (2007), piezoelectric, electrodynamic, and electro-
magnetic actuators are mainly used for AVC of machine tools. The reason for this is
the working bandwidth, which should be in the range of the dominant eigenmodes
which cause chatter. Accordingly, WAIBEL (2012) names a working bandwidth of
approximately 20 to 400 Hz if damping the machine tool structure is the focus of
interest. In contrast, local modes associated with the flexibility of the spindle and
the tool can show high natural frequencies in the range from 500 Hz to 10 kHz
(ALTINTAS & KO 2006) and, hence, these elements require a higher bandwidth. In
the following, the three physical effects for generating an actuator force are briefly
summarized. More detailed information about actuators for AVC can be found in
ISERMANN (2008).

Piezoelectric Actuators offer high actuating forces and high positioning accuracy at
frequencies up to the ultrasonic range, but their strokes are only in the sub-millimeter
range (TELLBUSCHER 1986; HUBER ET AL. 1997). The force generation is based on

serial integration parallel integration absolute integration
ky =[] Fa
my
kq Fy
Z Z Z

Fig. 2.5: Serial, parallel, and absolute integration based on WAIBEL (2012)
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the piezoelectric effect. Due to their high stiffness, piezoelectric stack actuators
in particular are well suited for an integration within the force flux (SIMNOFSKE
2009). Area transducers allow much larger amplitudes than stack actuators and can
also be used as sensors (JANOCHA 2007). However, due to the very high operating
voltages required (up to 1000 V), expensive high-voltage amplifiers are needed for
piezoelectric actuators (EHMANN & NORDMANN 2002; BAUR 2014).

Electrodynamic and Electromagnetic Actuators are widely used as “shakers” to
excite mechanical structures in modal analysis. BAUR (2014) states that cheap
amplifiers are available due to the low operating voltage, which is also advantageous
for operational safety. While electrodynamic actuators are based on the Lorentz
force, which describes the magnetic force on a current-carrying wire, electromagnetic
actuators generate forces based on the magnetic flux, which occurs between areas
of different permeability (JALIZI 2015). Both actuator principles show good linear
behavior and high forces for a wide frequency bandwidth up to the kilohertz range
(ISERMANN 2008). It should be noted that in many publications electrodynamic
and electromagnetic working principles are not separated. In standard text books,
the electrodynamic actuator is sometimes defined as a subgroup of electromagnetic
actuators (JANOCHA 1992).

The origins of AVC can be found in the area of acoustics as well as in the areas of
automotive and civil engineering. In the 1980s, adaptronic® concepts for vibration
reduction in the aerospace industry were developed (HESSELBACH ET AL. 2010). A
lead project on adaptronics for industrial applications was funded by the German
Federal Ministry of Education and Research in the early 1990s, in which mainly
structure-integrated actuators and sensors were developed and tested (BOLDERING
2015). The European Commission funded first research projects in the field of AVC
for machine tools from the end of the 1990s onwards (e.g. IMPACT, Smartools,
DEMAT, Chameleon). From 2003 to 2009, the German Research Foundation funded
the priority program SPP 1156 "Adaptronics for machine tools", whose results are
summarized by HESSELBACH (2011). Within this program, 28 projects investigated
the increase in performance of machine tools by adaptronic components. All in all,
several publications for AVC of machine tools exist, which differ mainly in the machine
element damped, the types of sensor and actuator used, and the implemented control
strategy. Before a comprehensive overview of the literature on AVC is given, various
weak spots of machine tools are presented first. The weak spots define the origin of
compliance for the machine tool sub-structures to be damped and are used in this
dissertation in order to categorize the literature, as depicted in Fig. 2.6.

2 adaptronic is a word combination consisting of "adaptive structures" and "electronics" (PAHL ET AL. 2007).
"o

Sometimes the terms "smart structures", "smart materials", or "intelligent systems" are used synonymously
(SIMNOFSKE 2009).
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Fig. 2.6: Application areas of AVC in machine tools (image source: SORALUCE (2020))

2.3.1 Weak Spot Analysis

The weak spot of the system that causes the stability limiting natural frequency is
chosen as the machine element to be damped (MANOHARAN 2012). However, it is not
the mechanical structure alone that needs to be analyzed, but its interaction with the
machining process (see Sec. 2.1.2). Eigenmodes of a machine tool’s basic structure
are usually located below 500 Hz (NIEHUES 2016) and often cause chatter in heavy
duty machining operations due to the low tooth-passing frequency (MUNOA ET AL.
2016a). In contrast, high tooth-passing frequencies, which for example occur during
the machining of aerospace structural parts made of aluminum, are often way above
the absolute stable region related to the basic structure’s eigenmodes, but can cause
an excitation of the tool or spindle shaft. That is why the literature offers a variety of
approaches for AVC for each potential weak spot element within the force flux.

The highest damping performance is always generated when the actuator is integrated
close to the mode shape’s highest deflection amplitude (see Sec. 2.4.4.2). When
implementing AVC in machine tools, a comprehensive weak spot analysis should
therefore be carried out first. MANOHARAN (2012) implements a coupled mechatronic
simulation representing the structural dynamics by flexible multibody elements.
Such a simulation model takes some effort to be built up and calibrated and is
therefore usually used for new machine designs. In contrast, BAUR (2014) suggests
detailed FRF measurements for the weak spot analysis of existing machines, which
requires less effort. In the latter approach, however, the influence of the machining
process is neglected. MANOHARAN (2012) also carried out FRF measurements on
various exemplary machine concepts for an initial weak spot analysis and focused the
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investigations on the eigenmodes of the basic structure. The results show that critical
natural frequencies depend on the arrangement of the basic structure’s components,
the mass distribution of the structures, and the type of coupling. In many cases,
there is a coupling of the eigenmodes of several components. MANOHARAN (2012)
calls this a “concept-conditioned weak spot”, because such cases cannot be solved
constructively and economically. A weak spot analysis performed by BRECHER ET AL.
(2008) for portal milling machines showed that over 40 % of the deformation rate at
the tool center point (TCP) is caused by the static and dynamic stiffness of the z-slide.
In a statistical evaluation, WECK & BRECHER (2006c¢) found that for column type
milling machines, chatter vibrations occur in over 25 % of the investigated processes
due to the high compliance of the basic structure. The reason why weak spots are
often found within the basic structure is because its structural components always
lie within the force flux and, thus, make a decisive contribution to the resulting
static and dynamic compliance at the TCP (MANOHARAN 2012). Furthermore, the
low natural frequencies of large machine components are likely to be excited by
heavy duty machining operations (MUNOA ET AL. 2016a), which often exploit the
stability limit. This holds especially for machine tool designs with high projection
lengths, such as portal, column, gantry, or ram type machining centers (MANOHARAN
2012; ZULAIKA ET AL. 2011). Significant productivity increases can be expected by
compensating such weak spots with AVC systems.

Therefore, the following literature review will focus on approaches for damping the
machine’s basic structure and only briefly summarize applications to other compo-
nents. Please note that the following sections will only name the various sensors,
actuators, and control strategies in order to give an overview of the different concepts
used in the literature. A more theoretical background about the final concept chosen
and the control strategies implemented in this dissertation is given in Sec. 2.4.

2.3.2 Workpiece and Workpiece Holder

The workpiece and its holder are the elements closest to the process on the workpiece
side and therefore have a direct influence on the machining process. Applications
of AVC exist mainly for milling machines due to the easier implementation on a
stationary structure (HAASE 2005; JALIZI 2015). The literature in this section can be
categorized into applications for the workpiece and for the workpiece holder.

Workpiece

Suppressing high frequency chatter vibrations resulting from flexible workpieces is a
challenging task because the dynamics change strongly with the ongoing material
removal (TUYSUZ & ALTINTAS 2017). BEUDAERT ET AL. (2019) applied a model-free
DVF controller, which shows high robustness against changing dynamics, in a portable
AVC system with a proof-mass actuator. Flexible workpieces can also be damped by
integrating piezoelectric lead zirconate titanate (PZT) actuators and implementing
model-free (ZHANG & SiMs 2005), model-based (PARUS ET AL. 2013), or harmonic
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excitation (WEREMCZUK ET AL. 2015) control. With this way of integration, however,
the actuators have to be applied and adapted to each new workpiece, which entails
considerable effort.

Workpiece Holder

An active workpiece holder has the advantage that it can be easily retrofitted to
machine tools without the need for a design change to the initial system (WAIBEL
2012; JAL1zI 2015). Another advantage is the capability to control all occurring
vibrations, meaning that the eigenmodes of all components within the force flux can
be damped (MANOHARAN 2012). The following approaches are especially used for
damping tool vibrations.

HAASE (2005) introduced a concept based on piezoelectric actuators that is capable
of suppressing vibrations in two directions. Several authors have employed similar
concepts: While HAASE (2005), RASHID & MIHAI NICOLESCU (2006), ABELE ET AL.
(2008), and FORD ET AL. (2013) implemented an adaptive controller, BRECHER ET AL.
(2010) applied model-free position control and SALLESE ET AL. (2017) introduced
a novel strategy based on harmonic excitation. To date, however, there have been
no industrial applications of these approaches. The reasons for this might be the
reduced working space of the workpiece table as well as challenging cable routing
for 5-axis machine tools with rotary tables. Furthermore, the control of such systems
is quite demanding due to the high delay times of the controlled system: vibrations
of the machine tool structure first lead to higher cutting forces before resulting in
higher vibration amplitudes at the table, where they can finally be controlled by the
AVC system.

2.3.3 Tool and Tool Holder

The tool and tool holder are the machine elements closest to the process on the
tool side. There, all vibrations affecting the machining process can be theoretically
suppressed. However, due to the limited assembly space, small piezoelectric actua-
tors with small strokes are often used, which are not able to sufficiently damp the
eigenmodes of the basic structure. Hence, most of the applications found in the
literature focus on damping a stationary tool only.

Tools

One of the earliest publications in this field is the one by SHIRAISHI ET AL. (1991),
who used a model-based controller, an eddy current type transducer attached to the
turning tool post to measure the relative motion between the workpiece and the tool,
and a highly dynamic stepping motor for actuation. Another concept was introduced
by TEWANI ET AL. (1995), who integrated a proof-mass actuator, accelerated by
piezoelectric stacks, into a boring bar. The maximum chatter free DOC achieved with
a model-based controller was significantly higher compared to a plain boring bar
and a boring bar with a TMD. Due to their compact design, parallel applications are
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most commonly used for AVC of boring bars nowadays: CLAESSON & HAKANSSON
(1998) designed a boring bar with an embedded piezoelectric actuator, which was
controlled by an adaptive controller. Similar approaches are presented in WORONKO
ET AL. (2003), HARMS ET AL. (2004), HASHEMI & OHADIR (2007), AKESSON ET AL.
(2007), and HEISEL & KANG (2012).

Tool Holder

BOLDERING (2015) introduced an actively damped grinding tool holder actuated
by piezoelectric stacks. Self-excited vibrations were controlled by an automatically
tuned model-based controller, while forced vibrations caused by the grinding spindle
and a cooling fan were compensated by an adaptive finite impulse response (FIR)
filter.

2.3.4 Main Spindle

The large overhang length of the spindle shaft is an unavoidable dynamic weakness
of machine tool structures. Concepts for actively damped spindles can be further
divided into using piezoelectric or electromagnetic actuators.

Piezoelectric Actuators

TONSHOFF ET AL. (2002) increased the process stability by varying the preload of
the spindle bearings. These were actuated by piezoelectric stacks. DOHNER ET AL.
(2004) integrated four piezoelectric stacks around the spindle housing to damp the
spindle unit. Stress gauges at the tool measured vibrations which were suppressed by
a model-based controller (KWAN ET AL. 1997). An actively supported spindle bearing
system was introduced by RIES ET AL. (2006), who integrated piezoelectric stacks
at the lower bearing of a motor spindle. Similar approaches were used by several
authors implementing model-based controllers (ALIZADEH ET AL. 2003; MONNIN
ET AL. 2014a, b) and harmonic excitation control (DENKENA & GUMMER 2012).

Electromagnetic Actuators

Active magnetic bearings (AMB) are non-contact bearings that control the air gap
between the outer ring and the spindle shaft using magnetic forces (NEUGEBAUER
ET AL. 2007). STEPHENS (1996) and KNOSPE (2007) evaluated the performance of
AMB:s for chatter suppression implementing model-based control on a simplified test
bench. Similar approaches can be found in KERN (2009), VAN DIJK ET AL. (2012), and
HUANG ET AL. (2015). A new design approach with a spindle integrated magnetic
actuator was introduced in BICKEL ET AL. (2014). The active component of the spindle
motor was axially divided into two parts and the actuator coil windings were placed
into the resulting gap in the form of three separately controlled sub-actuators in
sectors of 120° around the spindle shaft. A Kalman filter was used to decompose the
measured vibration signal into the individual parts of the natural frequencies and only
damp the ones that cause chatter. The design was enhanced further by KONIGSBERG
ET AL. (2018) in order to increase the achievable spindle motor torque.



2.3 Active Systems in Machine Tools 19

Several manufacturers, being involved in research projects, have built prototypes
of actively damped spindles. However, due to the reduced maintainability and
static stiffness of such modified systems, as well as high manufacturing costs, no
serial product is available so far. Nevertheless, AMBs as well as permanent magnet
synchronous motors are commercially available (SKF 2020) and their use in main
spindles is a promising research approach.

2.3.5 Feed Drives

Feed drives transmit process forces and convert the nominal path governed by the
computerized numerical control (CNC) into a relative movement between the tool
and the workpiece in order to generate the nominal shape of the workpiece (WECK
& BRECHER 2006b). Hence, the compliance FRE positioning accuracy, and dynamics
of the feed drives have a direct influence on the achievable manufacturing accuracy
and quality. The most popular approaches for AVC of feed drives can be categorized
into the following three areas.

Ballscrew

NEUGEBAUER ET AL. (2010) compensated axial vibrations through the integration of a
piezoelectric actuator-sensor unit between the ballscrew nut and the table. Piezofibre
sensors measured the load, and two control strategies were tested: a model-free
acceleration feedback controller led to increased stiffness, while a model-free DVF
controller improved the damping behavior. PRITSCHOW & CROON (2013) controlled
the preload of an axial ballscrew bearing in order to damp the first eigenmode of the
feed drive by applying velocity feedback. An active system for vibration reduction
in centerless grinding was developed by ALBIZURI ET AL. (2007). The piezoelectric
actuator in the ballscrew nut successfully suppressed chatter vibrations and reduced
roundness errors while being controlled by an acceleration feedback controller. The
actuator was redesigned by GARITAONANDIA ET AL. (2013).

Linear Guides

Most applications in the field of active linear guides focus on the compensation of
static deflections. However, a few approaches exist that damp vibrations. KyTKA
ET AL. (2007) applied a model-free proportional-integral-derivative (PID) and a
model-based control to active hydrostatic linear guides, while DENKENA ET AL. (2004)
implemented model-based control in active magnetic linear guides.

Feed Drive Controller

Adapting the feed drive controller to suppress chatter is a low investment solution
(BEUDAERT ET AL. 2017). The feed drive motor is used as an actuator, while the
vibrations to be damped are measured by the feed drive’s linear encoder (ALTINTAS
ET AL. 2011), a Ferraris acceleration sensor (PRITSCHOW ET AL. 2003), or an ac-
celerometer at the TCP (ZATARAIN ET AL. 2005; MUNOA ET AL. 2015). CNC providers
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are also already working in this field (HEIDENHAIN 2013). Various closed-loop con-
trol techniques have been demonstrated to damp the vibrations by using position,
velocity, acceleration, current, and force feedback (ALTINTAS ET AL. 2011). However,
due to the high masses to be moved, feed drive controller approaches for AVC are
always limited to the bandwidth of the feed drives (MUNOA ET AL. 2015; JALIZI 2015).
Furthermore, a setup based on a proof-mass actuator which is located close to the
TCP - as will be described in the following section — often delivers a better damping
performance (MUNOA ET AL. 2015).

2.3.6 Basic Structure

For AVC systems integrated in the basic structure, usually more assembly space
is available compared to the tool and the spindle (JALIZI 2015). This offers the
possibility to use both parallel and absolute integration.

Parallel Integration

MICHELS (1999) introduced an approach to stabilize grinding processes with piezo-
electric actuators integrated within the bearing of a grinding spindle and in the center.
Two control strategies were implemented. The first generates an additional artificial
resonance in order to damp the critical eigenmode with the new anti-resonance, and
the second disturbs the regenerative effect by a harmonic excitation. SIMNOFSKE
(2009) increased the static and dynamic stiffness of a plane grinding machine by
means of structure-integrated modules. The two piezoelectric stacks and the force
sensor were positioned based on a simulation, which allows for a simplified integra-
tion of structure-integrated actuators. A model-based state controller takes the force
sensor signal as well as three accelerometer signals into account. The setup achieved
significant damping of the eigenmodes. For the reduction of forced vibrations, an
adaptive FIR was implemented.

MANOHARAN (2012) integrated piezoelectric stacks in the z-axis of a portal machine
tool to damp its bending mode. The active module, which uses a PID controller,
compensates thermal, static, and dynamic deflections. Based on this work, BRECHER
ET AL. (2016) also integrated four hydraulic actuators in order to suppress the bending
mode of the z-slide in two directions with a multi-input-multi-output (MIMO) model-
based controller.

EHMANN (2004) has developed important basics for the design and integration of
AVC systems in machine tools and tested different actuators for AVC. The critical
mode of the z-slide was damped on a laboratory model of a gantry type machine.
After the theoretical evaluation of several actuator working principles, a piezoelectric
and an electromagnetic actuator were developed. The piezoelectric stacks were
integrated parallel to the force flux, while the proof-mass electromagnetic actuator
was integrated close to the TCP. A theoretical comparison of different control ap-
proaches led to the selection of a model-based controller with an inner PID position
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control loop for the moving mass of the electromagnetic actuator. WAIBEL (2012) also
tested a parallel-integrated piezoelectric stack and an absolutely integrated electrody-
namic proof-mass actuator. Both concepts were controlled by an adaptive controller.
EHMANN (2004) and WAIBEL (2012) concluded that an absolutely integrated proof-
mass actuator is much easier to integrate compared to parallel applications and
achieves a comparable or even better performance in chatter suppression. More
examples for absolute integration are summarized in the following.

Absolute Integration

KEMMERLING-LAMPARSKY (1987) introduced AVC for cylindrical plunge grinding
using a piezoelectric proof-mass actuator attached to the tailstock and headstock
center. A cascaded control design was proposed with an inner PID position controller
for the moving mass of the actuator along with outer PD and least mean squares
(LMS) controllers. The inner control loop compensates the non-linear behavior of the
actuator and improves the tracking error. The control parameters of the main control
loop were adapted to changes within the controlled system by means of an identi-
fication routine. However, no significant increase in chatter stability was achieved.
CHUNG ET AL. (1997) designed an electrodynamic proof-mass actuator, which was
also installed on the headstock of a demonstrator. A DVF controller significantly
reduced the compliance of the system at its resonance. However, machining tests
were not possible with this setup.

For a portal milling machine, ROTH (2009) designed a biaxial electromagnetic proof-
mass actuator and implemented a DVF controller for chatter suppression. The actua-
tor’s moving mass position was controlled by a cascaded PID controller, similarly to
the concept of EHMANN (2004). The actuator was placed around the lower end of
the spindle housing, close to the TCP Machining tests demonstrated the performance
of the installed AVC system in chatter suppression and showed a significant improve-
ment in surface roughness. BAUR (2014) applied a proof-mass actuator with a DVF
controller to a similar machine tool. A model-based loop shaping controller with
manually selected poles was also tested, but showed a worse performance. In order
to lower market entry barriers, the usage of commercially available components
was investigated and a methodology for a low-effort commissioning of AVC systems
was presented. Extensive machining experiments with varying spindle speeds and
feed rates were performed, which were conducted to show the robustness of the
AVC system under different cutting conditions. A similar setup was used by JALIZI
(2015), who evaluated different actuator concepts for small machine tools and finally
designed an electrodynamic proof-mass actuator. Analogous to ROTH (2009), the
actuator was placed close to the TCP and a cascaded controller was implemented.
For the outer loop, a model-based controller was synthesized and tested during
machining.

For large machine tools, SCHULZ (2010) designed a hydraulic proof-mass actuator
which provides high forces at low frequencies. The performance of the AVC system,
running with a DVF controller, was validated during cutting tests. However, compared
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to electrodynamic or electromagnetic proof-mass actuators, the implementation effort
increases due to the additional hydraulic lines that need to be integrated within the
machine tool (BAUR 2014).

As explained in Chapter 1, lightweight design, which is required for high feed drive
accelerations, contradicts the demand for highly damped machine tools. Therefore,
ZULAIKA ET AL. (2011) presented an AVC-integrated lightweight design approach
for machine tools. The result led to a lightweight ram for a big milling machine
tool with a slot for embedding an actuator. This way, a significant increase in the
chatter-free DOC, as well as a decrease of energy consumption due to the weight
reduction, were achieved. For a similar setup, MUNOA ET AL. (2013) developed a
biaxial electrodynamic actuator to suppress chatter during heavy duty milling opera-
tions. The authors tested the performance of the actuator with different model-free
controllers and also presented a new control strategy that reduces the regenerative
effect. In MANCISIDOR ET AL. (2018), an improved actuator design, which achieves a
higher force density, was presented. A similar system was also applied to a centerless
grinding machine (BARRENETXEA ET AL. 2018) and a vertical turning center with a
long overhanging ram (MANCISIDOR ET AL. 2019a).

For industrial applications, the company Micromega offers a solution consisting of an
electrodynamic proof-mass actuator, an integrated accelerometer, and an amplifier
with a manually adjustable gain for the DVF controller (MICROMEGA DYNAMICS 2020).
Despite many promising research results, currently only the works and results of
MUNOA ET AL. (2013) and MANCISIDOR ET AL. (2018) have been implemented by
SORALUCE on their ram type milling machines and are used in industry (DANOBAT-
GROUP 2017).

2.3.7 Conclusion

An absolute application via proof-mass actuators is most suitable for retrofit solutions
because series and parallel applications are associated with high design complexity.
Furthermore, the use of a proof-mass actuator close to the TCP often delivers better
results compared to parallel applications or the use of feed drives for active vibration
control. Model-free control strategies, model-based control synthesis, and adaptive
controllers have most commonly been used and have achieved a good chatter miti-
gation performance in several works. Hence, the following section focuses on the
design, modeling, and commissioning of AVC systems with proof-mass actuators, and
will present the different control strategies in more detail.
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2.4 Design, Modeling, and Commissioning of
Active Vibration Control Systems

This section starts with a presentation of the different hardware components of an
AVC system with a proof-mass actuator as illustrated in Fig. 2.7, focusing on the
design requirements for a simple retrofit solution and its industrial use. Afterwards,
a commonly used coupled simulation approach for AVC systems is introduced, which
is not only helpful for actuator placement and its dimensioning, but also required for
virtual controller tuning and testing as well as model-based control synthesis. This
section ends with an explanation and evaluation of the different control strategies
existing in the literature, as well as a presentation of methodologies for simplifying
the commissioning of AVC systems.

] 1
] 1
sensor (Sec. 2.4.1) ] I actuator (Sec. 2.4.3)
IEPE power
amplifier amplifier
(Sec. 2.4.2)
»| ADC »| controller » DAC

electronic control unit (Sec. 2.4.2)

Fig. 2.7: Schematic structure of an AVC system with IEPE sensor

2.4.1 Sensor

The sensor measures the occurring vibrations which the AVC system is intended
to suppress. If two or more actuators are installed in order to damp vibrations in
different directions, each direction requires its own sensor (MUNOA ET AL. 2013;
BAUR 2014). The comparably stiff cross-FRFs in machine tools usually prevent
crosstalk between independently controlled AVC systems (BAUR 2014). The sensor
should always be placed close to the actuator in order to achieve high controller
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stability (see Sec. 2.4.6.3) (ZAEH & PIECZONA 2018). According to BAUR (2014), the
sensors must be sealed and fulfill IP67 (DIN 60529 2000) in order to be protected
against dust and strong jets of liquid (e.g. cooling lubricant, chips). A constant
sensitivity in the working frequency range of 10 — 1000 Hz avoids problems during
system identification and controller tuning (see Sec. 4.5). Absolutely integrated
accelerometers based on the piezoelectric or capacitive principle have a small design
and high robustness, and are preferable over speed sensors that operate with a wear
sensitive plunger coil based on the electrodynamic principle (KUTTNER 2015). Within
the scope of this research work, industrial accelerometers were used that operate
based on the piezoelectric principle and are powered by an Integrated Electronics
Piezo Electric (IEPE) amplifier, which is described in the following section.

2.4.2 IEPE Amplifier

IEPE sensors have the advantage that their sensitivity is not influenced by the length
and type of the sensor cable. Hence, no expensive special cables have to be used
(METRA MESS- UND FREQUENZTECHNIK 2017). Various manufacturers offer IEPE
amplifiers, some of which are also equipped with analogue high-pass and low-pass
filters. The high-pass and low-pass filters remove low- and high-frequency noise,
respectively, and are of great importance for controller stability and performance (see
Sec. 2.4.6.2). An analogue low-pass filter especially needs to be placed before the
analogue to digital (ADC) converter to prevent aliasing3 (EwINS 2000). In addition,
a low-pass filter is useful for avoiding instabilities of model-based controllers due
to non-modeled high-frequency modes (spillover effect) (PREUMONT 2002). The
IEPE amplifier has to be grounded to the machine tool (sensor ground) in order
to eliminate strong interference frequencies in the range of the electrical power
supply frequency and its harmonics. Electronic control units exist in which the ADC
already has an IEPE amplifier integrated (e.g. X20CM4810 from B&R AUTOMATION
(2020c¢)).

2.4.3 Electronic Control Unit

The electronic control unit consists of an ADC, a digital signal processor (DSP), and a
digital to analogue converter (DAC). Additional filters and the controller run on the
DSB For the AVC of machine tools, mainly rapid control prototyping platforms have
been used in the literature (e.g. dSpace ds100x or NI CompactRIO). Such systems
are very powerful, but also quite costly. Since the computational requirements for

3 Shannon’s theorem states that if the measured signal has frequency content above the Nyquist frequency,
referring to half of the sampling frequency, those frequencies will be misinterpreted and appear as low
frequencies instead. This effect is called aliasing. (EWINS 2000)
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AVC are not very high, a cost-efficient programmable logic controller (PLC) may
be sufficient as well. These systems are suitable for industrial use and nowadays
offer computer-aided control engineering capabilities via a direct connection to
MATLAB/SIMULINK® (e.g. B&R AUTOMATION (2020b)). This functionality allows for
a simple controller implementation and test. The hardware needs to be powerful
enough to enable real-time control at a specified sampling rate. The sampling rate
varies in the literature from 2 kHz (MANCISIDOR ET AL. 2019b, a) to 10 kHz (BAUR
2014; BOLDERING 2015), and up to 50 kHz (MUNOA ET AL. 2013). In order to achieve
a good time resolution of the vibration signal, the sampling rate should be at least
ten times higher than the specified crossover frequency, which is the highest natural
frequency to be damped (EwiNs 2000). A very cost-efficient solution was introduced
by EHMANN (2004), who designed a controller board based on analogue filters with
switched capacity. However, this approach requires in-depth expert knowledge and
implies that the controller transfer function is fixed.

2.4.4 Proof-mass Actuator

As a result of a literature review, it can be stated that piezoelectric, electromagnetic,
and electrodynamic actuators have been the most commonly used as proof-mass
actuators. Selecting the best proof-mass actuator concept depends greatly on the
application. While the original concept of electrodynamic proof-mass actuators goes
back to the actuation of a loudspeaker paper cone (voice coil) (JANOCHA 1992),
recent research activities have focused on developing proof-mass actuators with an
even higher power density.

KOSUB ET AL. (2012) introduced two measurement heads that can be attached directly
to the spindle shaft via the HSK-interface. This so-called high performance cutting
measurement head is based on an electrodynamic proof-mass actuator and excites
a low frequency bandwidth, while the so-called high speed cutting measurement
head uses a piezoelectric proof-mass actuator for high-frequency excitation. Both
measurement heads show a high force density and are used for identifying the
position-dependent dynamics of machine tools. A biaxial electrodynamic actuator
was introduced by LOIX & VERSCHUEREN (2004). The actuator is a combination of a
linear motor and a voice coil, that generates forces up to 1000 N in both directions.
This actuator was successfully tested on a ram-type milling machine (MUNOA ET AL.
2013). A recently presented concept of a moving iron controllable actuator (MICA)
achieved around ten times higher force densities compared to electrodynamic proof-
mass actuators. The MICA is an electromagnetic actuator that polarizes the air gap
using magnets. The symmetry of the polarized air gap is modified by the applied
current. Due to the air gap’s high induction magnitude, this working principle
achieves high forces (MENEROUD ET AL. 2016).

All in all, electrodynamic proof-mass actuators have demonstrated their robustness
in many applications and have been implemented commercially (DANOBATGROUP
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2017, 2019). While different working principles describing how to accelerate the mov-
ing mass exist, the final dynamic behavior is always quite similar. Thus, the following
section will, as an example, describe the working principle of an electrodynamic
proof-mass actuator and show how it can be modeled.

2.4.4.1 Working Principle of Proof-mass Actuators

The working principle of an electrodynamic proof-mass actuator is shown in Fig. 2.8.
The controller output u(t) is amplified by the power amplifier to provide an electric
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Fig. 2.8: Schematic working principle of an electrodynamic proof-mass actuator based on
PREUMONT (2002)

current i(t). The current-carrying wire generates a Lorentz force F;(t) between the
permanent magnet and the coil. The coil is connected to a reaction mass m,, which
moves in parallel (coaxially) to the desired direction of the actuator force F,(t). A
damper with the damping constant d, and a spring with the stiffness k, couple the
coil and reaction mass unit to the permanent magnet, which is fixed to the housing
(moving-coil actuator). Also actuator designs exist where the permanent magnet
moves (moving-magnet actuator). Unless otherwise indicated, the following section
is based on PREUMONT (2002).

Combining the differential equation of motion and the equation for the Lorentz force,
the actuator transfer function is derived as
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with g, describing the combined gain of the actuator and power amplifier, while
{4 and w, refer to the damping ratio and natural frequency of this SDOF system,
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respectively. Hence, the actuator transfer function can be described by a double
differentiated PT2 element. Fig. 2.9 shows an exemplary resulting magnitude and
phase FRE The model is in good agreement with the measurement, that was con-
ducted with a MOOG SA10-V30 proof-mass actuator. Remaining deviations result
mostly from a delay time T, introduced by the actuator, the power amplifier, and
the electronic control unit. This can be taken into account if Eq. 2.5 is multiplied by
e 4% (MANCISIDOR ET AL. 2015).
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Fig. 2.9: Magnitude and phase FRF of a MOOG SA10-V30 proof-mass actuator

As can be seen in Fig. 2.9, the main disadvantage of proof-mass actuators is the
presence of a weakly damped eigenmode. This means that the actuator only behaves
as a linear force generator far above its natural frequency. This can lead to problems
if a model-free controller is used and the eigenmodes to be damped are in the range
of the actuator’s natural frequency. Since the natural frequency of the actuator causes
a phase shift of 180°, the actuator force being in counterphase with the vibration
velocity is no longer safe (see Sec. 2.4.6.3) (BILBAO-GUILLERNA ET AL. 2012; BAUR
2014). Furthermore, high strokes occur in this area, which can lead to a non-linearity
as a result of actuator saturation. In this case, a stable inverse of the actuator transfer
function needs to be identified using pole placement and manual loop-shaping (BAUR
2014). The resulting compensation filter increases the working bandwidth of the
AVC system. MANCISIDOR ET AL. (2015) tuned the following compensation filter to
shift the actuator’s natural frequency into a range that does not affect the controller
performance:
§% 4+ 20,8 + w2

(2.6)
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Here, wy,,,, and {y,.,, define the actuator’s new natural frequency and damping ratio.
In addition to the force and stroke saturation explained above, the response at low
frequencies is another disadvantage of proof-mass actuators. Independent of the
application of a compensation filter, the actuator can only generate very little forces
below its natural frequency due to the limited stroke (PEREIRA ET AL. 2014).

2.4.4.2 Actuator Placement

The actuator placement has a strong influence on the achievable controller perfor-
mance (ZAEH ET AL. 2009; MANCISIDOR ET AL. 2015; ABELE ET AL. 2016). Further-
more, it is a comprehensive task because, in addition to considering the actuation
efficiency, installation space restrictions have to be considered since the workspace
of the machine tool must not be affected significantly (WAIBEL 2012; BAUR 2014).

EHMANN (2004) proved mathematically that the best controller performance is
achieved at the position where the kinetic energy of the mode shape has its maxi-
mum, which is equivalent to the maximum vibration amplitude. ZAEH ET AL. (2009)
optimized the actuator placement on a portal milling machine for both a parallel
and an absolute integration by means of a computational approach. The introduced
positioning index calculates the H, norm of the machine’s compliance FRF at each
potential actuator position in an FE model. ABELE ET AL. (2016) used the same
positioning index to determine the position with maximum kinetic energy in order to
achieve the highest possible controller performance. However, for retrofit solutions
often no FE model exists. Hence, BAUR (2014) suggests to conduct operational vibra-
tion measurements and choose the position with the highest oscillation amplitudes,
which is in agreement with the theoretical analyses of EHMANN (2004). MANCISIDOR
ET AL. (2015) used a coupled mechatronic simulation, which is presented in Sec. 2.4.5,
to evaluate the stability enhancement in milling at different actuator positions.

2.4.4.3 Actuator Dimensioning

Several authors have already investigated the design of proof-mass actuators
(EHMANN & NORDMANN 2002; ROTH 2009; JALIZI 2015; MANCISIDOR ET AL. 2018).
However, the individual actuator design is not within the scope of this dissertation.
Instead, as already demanded by BAUR (2014), the focus is placed on a methodology
for supporting the selection of commercially available components. Since the goal
of a retrofit solution is often to increase the chatter-free DOC in order to utilize the
full spindle power (HAASE 2005), the correct determination of the required actuator
force for the AVC system is of great importance (BAUR 2014; MUNOA ET AL. 2016a).

EHMANN & NORDMANN (2002) and EHMANN (2004) carried out fundamental calcu-
lations of the required actuator force for a SDOF system by relating it to an external
excitation force. Solving the extended differential equation for a SDOF system with
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a proof-mass actuator, EHMANN (2004) obtained a formula that defines the required
actuator force as a function of the modal parameters of the SDOF system and the
excitation force. In the resonance case, the required actuator force corresponds
exactly to the excitation force. When transferring this approach to a multiple-degree-
of-freedom (MDOF) system, it was found that the corresponding actuator force is
proportional to the excitation force and additionally depends on the velocity ratio
between the TCP and the location of the actuator. Therefore, an important parameter
for the determination of the required actuator force is the amplitude of the excitation
force, i.e. the cutting forces. In an earlier publication, EHMANN ET AL. (2001) coupled
the measured FRF of an actively damped machine tool structure with a simple cutting
force model, as presented in Eq. 2.1, in order to evaluate the increase in chatter
stability, but not for determining the dynamic actuator force.

According to ROTH (2009) and ABELE ET AL. (2016), the actuator must build up a
force at the TCP that counteracts the increased cutting forces caused by chatter vibra-
tions. For the actuator dimensioning, the cutting forces including the corresponding
frequencies in unstable milling operations were measured. The maximum cutting
forces were selected and increased by a safety factor of about 10 %.

MANOHARAN (2012) determined the required actuator forces for a parallel integration
of piezoelectric actuators by means of an FE model. The focus of the analysis
was placed on compensating the static displacement due to estimated disturbance
forces. A flexible multibody simulation was set up to map the structural dynamics in
combination with an active compensation module. This resulted in damped FRFs,
which were coupled with a cutting force model. However, identical to EHMANN
ET AL. (2001), this model was exclusively used for the simulative evaluation of the
increase in chatter stability, but not for the actuator dimensioning. GARITAONANDIA
ET AL. (2013) also used an FE model and dimensioned a piezoelectric actuator for
a centerless grinding machine. Related to the approach of EHMANN (2004), the
required force was determined using the cross transfer function between the TCP
and the actuator position in combination with the excitation forces. The forces were
estimated by simulating cutting conditions that produce strong chatter vibrations.

Based on the simulative stability analysis presented by EHMANN ET AL. (2001), a
coupled time domain simulation considering the machine’s structural dynamics, the
AVC system, and the cutting forces was introduced by MUNOA ET AL. (2013) and
further developed by MANCISIDOR ET AL. (2015). The analytical model allows for
analyzing the AVC system during cutting operations and is, at the same time, used
for studying the chatter stability. Hence, this model permits simulations of different
control strategies and can be used to estimate the resulting actuator forces for a
certain process and location.

In all approaches presented above, the occurring cutting forces, which form the basis
for the dimensioning, result from a machining process defined by the authors. How-
ever, it cannot be excluded that other machining processes may result in even higher
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required actuator forces that exceed the safety margins used in the dimensioning
calculations. In this case, the actuator would saturate and the AVC system would not
be able to stabilize the process.

2.4.5 Modeling of Active Vibration Control Systems

Several publications exist on how the behavior of AVC systems can be simulated.
These will be briefly summarized below. Then, the simulation model used in this
work for the purpose of controller tuning and testing, stability and energy demand
analysis, and actuator dimensioning will be presented in more detail.

As described by ALTINTAS (2012) and explained in Sec. 2.1.2, EHMANN ET AL. (2001)
coupled measured FRFs of a damped machine tool structure with a cutting force
model to build a regenerative cutting process model for the evaluation of the stabil-
ity enhancement in the frequency domain. ZULAIKA ET AL. (2011) used a similar
approach to evaluate the chatter stability of an actively damped lightweight design.
GANGULI (2005), too, calculated the stability lobes with AVC for a SDOF and a
two-degree-of-freedom system in the frequency domain based on the DDE in Eq. 2.1.
FERNANDES ET AL. (2009) applied an approach similar to the one in EHMANN ET AL.
(2001), but used FRFs derived from an FE model instead of measured FRFs and
coupled them with a model of the AVC system. The resulting simulation model
was used for chatter stability analysis in the time domain for an actively damped
grinding machine. MANOHARAN (2012) extended this approach by calculating the
damped FRFs of a portal milling machine with the help of a flexible multibody sim-
ulation, which is linked to a model of the AVC system. Altogether, this results in a
greater flexibility of the model. MUNOA ET AL. (2013) and MANCISIDOR ET AL. (2015)
identified a state space model from an experimental modal analysis and coupled
it with a cutting force model as well as a model of the AVC system. The last four
publications presented holistic simulation approaches, which are able to reproduce
the real machine’s behavior with activated vibration control and, hence, can be used
to test the performance of different control strategies under cutting conditions.

As already mentioned, this dissertation concentrates on simple retrofit solutions.
Therefore, an approach that works with measured FRFs similarly to the one introduced
by MANCISIDOR ET AL. (2015) is pursued in this work, which is presented in the
following sections.

2.4.5.1 Structural Dynamics

GAWRONSKI (2004) describes how the dynamic behavior of a linear elastic mechanical
structure can be represented with the help of the equation of motion:

Mi(t)+Dx(t)+ Kx(t)=F(t). 2.7)
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Here, M, D, and K denote the mass, damping, and stiffness matrices of the struc-
ture, and F(t) represents the forces that act at the respective nodes. The nodal
displacement vector x(t) directly relates to the n; physical degrees of freedom of
the individual nodes of the mechanical structure. In order to use the results of an
experimental modal analysis for the model parameterization, the equation of motion
(Eq. 2.7) needs to be transformed into modal coordinates q,,(t). The relationship
between nodal and modal coordinates is defined by the modal transformation using
the modal matrix ®:

x(t) = @q, (t). (2.8)

The modal matrix  contains as columns the n,; eigenvectors of the structure ¢;,
while the rows refer to the modal coordinates:

b1 b - ¢nd1
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If the modal transformation (Eq. 2.8) is inserted into the equation of motion in nodal

coordinates (Eq. 2.7) and additionally multiplied from the left by &7, the equation
of motion in modal coordinates yields

TM®&G (t)+8"Ddq, (1) +dTKdq, (1) =®TF(¢). 2.1
Gm(t)+ 4 (t)+ q(t) () (2.10)

With the help of the modal matrix, the mass and stiffness matrices M and K are
diagonalized. The same applies to the damping matrix D under the assumption of
proportional damping (RAYLEIGH 1877). With the modal mass (M,,,), stiffness (K,,),
and damping matrix (D,,), the equation of motion in modal coordinates is

M, () + D4 (£) + K@, (8) = @TF(2). (2.11)

Since only diagonal matrices appear on the left side of Eq. 2.11, each modal degree
of freedom is decoupled from all other degrees of freedom and can be described by a
second-order differential equation. The required modal parameters to describe the
dynamic behavior of the mechanical structure in the form of Eq. 2.11 can be derived
from an FE model or an experimental modal analysis. The latter was used in the
context of this work.

In control theory, it is common to use a first-order state space representation. For
linear time invariant (LTT) systems, the state differential equation (Eq. 2.12) and the
output equation (Eq. 2.13) of a state space model representation are

£(6) = A% () + Ba(o), (2.12)
y(6)=Ex(t)+ Da(r), (2.13)
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where A is the system matrix defining the system’s behavior depending on the states
and B is the input matrix linking the inputs i to the system’s states £. The output
matrix € translates the system’s states to the resulting output 7, and D represents
the feed-through matrix. In order to transform Eq. 2.11 into state space form, it first
needs to be multiplied with M ":

() +2Z,9q,,(t) + 9%q,,(t) = B, F(t), (2.14)

where Q% and Z,, are diagonal matrices. While Q2 contains the squared natural
frequencies of the system, Z,, has the modal damping values {; of the individual
eigenmodes as its main entries. Additionally, the modal input matrix is introduced
for simplification reasons:

B,=M,'®". (2.15)
When defining the state vector X(t) as
t . 7 (t
2= {9V nag =4O 2.16)
4m(t) Gm(t)
Eq. 2.14 is rearranged into state space form:
. 0 I 0
x(t) = x(t)+ i (t) . 2.17
x(1) [—92 —zzmn]x( ) [Bm]u( ) (2.17)
~— — ——"

A B

The output matrix € and feed-through matrix D depend on the type of output vector
¥(t) desired and are introduced in Sec. 2.4.5.3 for the coupled simulation model. It
should be noted that for a physical interpretation, the modal output vector needs to
be transformed back into nodal coordinates.

2.4.5.2 Cutting Force Model

According to DENKENA & TONSHOFF (2011), three different kinds of models exist for
cutting force simulation:

* empirical models,

* analytical models, and

* numerical models.
Empirical models are suitable to reproduce power and forces in a limited range
of validity with good accuracy (DENKENA & TONSHOFF 2011). One difficulty is to
determine the validity limits. Nevertheless, these models have proven to be useful

in practice. Analytical models based on elementary plastomechanics generally do
not provide exact results, but they have the great advantage of reproducing the
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relationships of the forces to the most important input variables of a process in the
form of equations (DENKENA & TONSHOFF 2011). They are thus suitable for sensi-
tivity analyses of individual influencing variables. With the FE method (numerical
models), power and forces - and also other quantities such as displacements, tra-
jectory velocities, strains, stresses, and thermal quantities - can be determined with
a high degree of accuracy (DENKENA & TONSHOFF 2011). However, the modeling
effort and, depending on the modeling, the computational effort is considerable.
Furthermore, a prerequisite for a reliable calculation is that the material behavior of
the workpiece and the contact conditions between the workpiece and the tool are
modeled with sufficient accuracy. Since the aim of this work is to simulate cutting
forces as accurately as possible with low modeling effort, only empirical models will
be considered further.

A commonly used empirical model is the cutting force model introduced by KIENZLE
(1952). This model was originally established for turning only, but can be extended
to other cutting processes, such as milling. The cutting forces are calculated by a
power function based on the following equation:

Fi(t)=a, Ky, -h"™(t), withi=t,r,f. (2.18)

The indices t,r, f correspond to the tangential, radial, and feed directions, respec-
tively. The specific cutting force coefficients and their so called main values K;; ; are
dependent on the workpiece material, the cutting edge material, and most of the
process parameters (KONIG ET AL. 1982). Hence, the cutting coefficients need to be
identified separately for every new combination by cutting tests. The notation K;; ;
corresponds to the K; value for the tool-workpiece intersection quantities a, = 1 mm
and h = 1 mm. The 1 —m; power value of the specific cutting force describes the
slope of the cutting forces for a given workpiece-tool material combination. Identical
to Eq. 2.1, a, describes the DOC and h(t) the dynamic chip thickness. An alternative
approach for the simulation of dynamic cutting forces is described in WERNTZE (1973)
with the identification of dynamic cutting force coefficients. Here, a machine tool is
exposed to defined vibrations during the cutting force measurement. However, the
identification of such frequency dependent and complex cutting force coefficients is
very time-consuming and has therefore not become established. A disadvantage of
the two cutting force models described above is that the edge forces, which cause
cutting forces even for very small chip thicknesses (h ~ 0 mm), are neglected (WITT
2007). The linear mechanistic cutting force model described by ALTINTAS (2012)
considers cutting edge coefficients and, due to the missing power coefficient, the
cutting force coefficient identification requires fewer cutting tests. In addition, AL-
TINTAS (2012) also describes a more versatile linear oblique cutting force model,
which transforms cutting force coefficients identified in orthogonal cutting tests to
any cutting edge geometry. On the contrary, the great versatility of the oblique
model is often accompanied by a loss of accuracy compared to the mechanistic model.
Additionally, for both models described by ALTINTAS (2012), the range of validity
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may be more limited since it is assumed that the cutting forces increase linearly
with respect to chip thickness, while real-world cutting forces are best fit by a power
function with a power lower than one. Due to the above mentioned advantages, the
oblique and the mechanistic cutting force models were implemented for the work
described in this dissertation. According to ALTINTAS (2012), the cutting forces for
turning operations are

Fi(t) =Kia,h(t) +K;.a,, withi=t,r,f. (2.19)

where K,., K,., and K, are the cutting and K,,,K,., and K;, the corresponding edge
coefficients. The dynamic chip thickness h(t) is affected by vibrations and, hence,
the components of the force are coupled to the input side of the structural model of
the machine.

2.4.5.3 Regenerative Cutting Process Model with Active Vibration Control

As shown in Fig. 2.1 and described in Eq. 2.1, vibrations between the tool and the
workpiece lead to the dynamic chip thickness h(t), which directly affects the output
vector y(t) from Eq. 2.13 through a transformation matrix. The resulting cutting
forces need to be transformed into Cartesian coordinates in order to be linked to the
input vector (t) from Eq. 2.17. The resulting regenerative cutting process model was
already introduced for the most simple case in Sec. 2.1.2. In addition, the state space
model from Eq. 2.17 must be extended by the AVC system. Since the controller and
filter transfer functions are not known at this stage, only the actuator behavior is
considered. Transforming the actuator transfer function G, from Eq. 2.5 into state
space form yields

i | Za @] [ & || 0 1], of,
*alt)= |:3ACA2(t):| B |:FA(t)/gA:| Bl |:—o.>j _ZgAwA:|XA(t) - |:1:| B0, (220
Jat) = F,(t) = [_ ng _ZquAgA] Xa(8) + galia(t) , (2.21)

with X,, and X,, representing the two states of the system. The input variable {i,(t)
of the actuator is the voltage applied to the power amplifier and is identical to the
control output u(t). The output variable y,(t) describes the actuator force F,(t)
of the AVC system. Combining the two state space models from Eq. 2.21 and 2.17
yields

dm 0 I 0 0 0

; 1] -2 —-2Z_ 0 —Sw? —S2 S

= ‘Zm _ m w,8a $awaga Fn 8a u, (2.22)
X4, 0 0 0 1 0
Xa, 0 0 —w? —2 1

A B
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with S substituting B,, - f . The actuator force F,(t) = y,(t) acts on the mechanical
structure via the nodal degree of freedom described by the vector f . The output
vector ¥ has only one entry: the output variable y(t) of the controlled system, which
is identical to the measured acceleration ¥(t) at the actuator position because the
sensor and the actuator are at the same location. From the modal transformation
(Eq. 2.8) and the modal equation of motion (Eq. 2.10), the output variable can be
expressed as

= fT &g,

y=y=fT%
fre[-0* 22,0 —Swlg, —S2swg.|%+fTSgu.  (2.23)
——

er Dg

The state space model of the controlled system (Eq. 2.22 and Eq. 2.23) is needed for
the synthesis of a state controller (see Sec. 2.4.6.4). This model can be automatically
identified, as will be explained in Sec. 2.4.7.1. For a model-based single-input-single-
output (SISO) controller (see Sec. 2.4.6.5), the transfer function of the controlled
system G(s) is required, which can be derived from the system matrices as follows:

G(s)=Ce(sI—A)'B+D, . (2.24)

For the purpose of more realistic controller testing, stability and energy demand
analysis, and actuator dimensioning, the state space model has to be further extended
to be coupled with the cutting force model from Sec. 2.4.5.2. Therefore, three
additional inputs for the cutting forces at the TCP and three additional outputs for
the displacement at the TCP are added in the x, y, and z directions. The nodal
degrees of freedom at the TCP are described by the three columns of the influence
matrix E. The additional cutting forces can then be expressed as

1 0 O
0 1 0 e (0
Frep(t) = 0 01 fTpr(t) . (2.25)
frep,(£)
0O 0 O
—_———

E

Analogously, the displacement at the TCP is derived as

Xrcp, (t)
Xpcp(t) = xTCPy(t) =E"®q,,(t). (2.26)

xTCPZ(t)
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In addition, the actuator force F,(t) is of great interest for controller tuning and
actuator dimensioning. Hence, a further entry of the output vector y(t) for the
actuator force is defined based on Eq. 2.21. If the relationships in Eq. 2.25, Eq. 2.26,
and Eq. 2.21 are considered for the additional inputs Fr¢p(t) and the additional
outputs F,(t) and x;¢p(t), the extended state space model is represented by:

4., 0 0
q o N B n ~ B u
X = ‘?m =A% +Bu+ | ™| Fpep=A%+|B " s (2.27)
X, 0 0 Frep
| 34, 0 0
y ¢! b, fTeB, .
y=| F. | = 0 0o - /quA —20awa8a | X + | 84 0 |:F :|
Xrcp E'® 0 0 0 0 0 ree

(2.28)

Fig. 2.10 shows the block diagram representation of this regenerative cutting process
model with AVC. The structural dynamics simulation is coupled with the cutting
force model in the time domain (WITT 2007). One approach for this is the digital
block simulation. This way, the structural model in state space representation can be
connected to the cutting force model within a computer-aided control engineering
program.

cutting Frep(t)
force
model

x(t) =A%(t) + Bi(r) )
Fy(t) —— $(t)=Cx(t)+Di(t) <
¥(©) u(®)

»| controller

Fig. 2.10: Regenerative cutting process model with AVC
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2.4.6 Control and Filter Strategies

Fig. 2.11 is a detail of Fig. 2.10 and shows the block diagram of the closed control
loop for AVC. This essentially corresponds to a standard control loop according to
LUNZE (2010). The measured controlled variable y(t) is the acceleration at the
actuator or sensor position. This acceleration should be controlled to zero according
to the reference variable r(t). The controller C(s) generates the control output u(t)
from the error signal e(t) in such a way that the generated actuator force F,(t),
which acts on the machine tool structure H(s), suppresses the vibrations in order to
reach the control target. The variables d;(t) and d,(t) describe disturbances at the
system input and output, respectively. However, the two variables are not shown in
Fig. 2.10. In this example, the disturbance at the system input d;(t) may be described
as control output noise, which is often negligible, while the disturbance at the system
output d,(t) is commonly referred to as measurement noise.

d;(t) Frep(t) d,(t)
v
actuator F,(t) | machine tool N y(t)
Gu(s) structure H(s) "

controlled system G(s)

u(t) controller | e(t) r(t)=0
C(s)

Fig. 2.11: Feedback loop of an active vibration controller

The basic idea of AVC is the generation of an actuator force in counterphase to the
excitation force. Furthermore, some control strategies exist which shift the natural
frequency of the controlled system (PREUMONT 2002) or disturb the regenerative
effect by applying a delayed feedback (MANCISIDOR ET AL. 2019a) or an amplitude
modulation (WEREMCZUK ET AL. 2015; SALLESE ET AL. 2017).

The choice of a suitable control algorithm plays a key role in AVC. As summarized
in Sec. 2.3, the most commonly used control strategies for AVC in the literature are
model-free control, model-based control synthesis, and adaptive control. All of these
control strategies were also implemented in the context of this research work and
are therefore briefly explained in the following sections. First, the stability criteria
applied in this work are summarized and the filter strategies implemented for signal
conditioning are presented. For more detailed information on the individual filter
and controller architectures, please refer to the relevant technical literature (ZHOU
ET AL. 1996; PREUMONT 2002; GAWRONSKI 2004; HANSEN 2012).
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2.4.6.1 Stability Criteria

In control engineering, many different definitions of the stability of dynamic systems
and many criteria for assessing it exist. This section is limited to the Nyquist criterion
and the criterion of asymptotic stability, which were both used in the context of this
dissertation.

According to the Nyquist criterion, a control loop is stable only when all solutions
of the equation
Fy(s)+1=0 (2.29)

lie to the left of the imaginary axis and all possible pole-zero reductions within and
between the transfer elements take place exclusively in the left complex half-plane
(FOLLINGER ET AL. 2013). Eq. 2.29 is called characteristic equation, with

Fy(s) = G(s)C(s) (2.30)

representing the open-loop transfer function. If the open-loop transfer function is
stable, closed-loop stability is fulfilled provided that the Nyquist plot of the open-loop
frequency response must neither encircle nor include the critical point -1 in the
complex plane. This is illustrated in Fig. 2.12. According to the Nyquist criterion,
the system whose loop transfer function is shown on the left-hand side is unstable
and the one on the right-hand side is stable. FOLLINGER ET AL. (2013) recommend a
gain margin of A, ~ 3 together with a phase margin of ¢,, € [30°;60°] in order to
reach a good compromise between sufficient bandwidth and robust stability.

AIm Alm
-1 w=0
} >
k/ -
unstable stable

Fig. 2.12: Examples for unstable and stable systems with phase and gain margin

For the representation in the state space form, the term asymptotic stability is more
suitable. A dynamic system as described by Eq. 2.12 and Eq. 2.13 is asymptotically
stable, if the solution for x(t) in the homogeneous differential equation

£(0) =A%(0) (2.31)
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approaches 0 for t — +00 (FOLLINGER ET AL. 2013). This condition has to be fulfilled
for every starting point X (t = 0) = %,. This is equivalent to the dynamic system being
asymptotically stable because all eigenvalues of A lie in the left complex half-plane.

2.4.6.2 Filters

According to PREUMONT (2002), high-pass and low-pass filters are most commonly
used in AVC for signal conditioning. While an analogue low-pass filter needs to be
placed before the ADC to avoid aliasing (see Sec. 2.4.1), high-pass filters are often
digitally implemented on the electronic control unit alternatively or in addition to
an analogue high-pass filter. Furthermore, a compensation filter for the actuator
transfer function is sometimes required (see Eq. 2.6). Notch filters can reduce signal
noise at narrow frequency bands, but are also applied to suppress signal components
caused by forced vibrations, such as vibrations from the run-out of the spindle-tool
assembly or the tooth passing frequency and its harmonics in milling operations.

High-pass Filters

BAUR (2014) applied a first-order high-pass filter to prevent an undesired pre-
magnetization of the AVC actuator coil as well as to eliminate static offsets in the
measured acceleration signal, and selected the cut-off frequency wy,, to be 4 % of
the lowest critical chatter frequency w,. The filter’s transfer function is defined as

S

Gyp = (2.32)

sty
One of the main disadvantages of this filter strategy is the fact that inside the transition
frequency band the magnitude and, even more importantly for AVC, the phase is
changed. Therefore, the main target is to design filters with a narrow transition band.
In general, a filter’s roll-off becomes sharper with an increasing order, but at the
same time the absolute phase delay increases. Hence, a trade-off between strong
noise suppression and low phase delay (phase shift) has to be considered and a good
compromise to be found.

Notch Filters
If signal noise occurs at a constant frequency, a notch filter, described by
2 2
s“tw
h
Gnotch = fote 2 5 (233)

2 .
$e+ Aporen S+wnotch

can be tuned with w,,.., defining the frequency where the notch filter is located and
Apoccn Setting its frequency band in rad/s.

Since the full actuator power is usually applied to increase chatter stability, it is useful
to filter out the tooth passing frequency and its harmonics in machining processes
with interrupted cut or with a multi-cutting-edge tool, such as milling (KERN 2009;
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ROTH 2009; BAUR 2014). As explained in Sec. 2.1, these cause forced vibrations
and are dominant in the operating vibration spectrum of a stable cutting process.
Also for reasons of energy efficiency, the AVC system should not react to these
signal components (BAUR 2014). The tooth passing frequency and its harmonics
are directly proportional to the spindle speed. Since the spindle speed changes
continuously under load, LTI notch filters, as described in Eq. 2.33, are unsuitable.
KERN (2009), ROTH (2009), and BAUR (2014) implemented a recursive least-squares
(RLS) adapted filter with a linear combination of orthogonal reference signals for this
purpose. The mono-frequency harmonic signal component to be filtered is simulated
by the weighted superposition of a sine and a cosine oscillation of the same frequency.
The aim of the RLS algorithm is to adapt the filter in such a way that the estimated
perturbation comes as close as possible to the harmonic component contained in the
measurement signal at the same frequency. Subtracting the estimated perturbation
from the measurement signal eliminates the unwanted tooth passing frequency
component without adding any phase delay. Further information on this topic can
be found in MOSCHYTZ & HOFBAUER (2000) or KERN (2009).

2.4.6.3 Model-free Control Strategies

In the literature, model-free LTI control strategies are most often used for AVC because
of their simple tuning. The lack of the need for a model is especially advantageous
if the controlled system changes, e.g. due to position-dependent dynamics (MAN-
CISIDOR ET AL. 2014). However, sensor-actuator collocation is required in order to
obtain a robust controller (PREUMONT 2002).

Collocation is achieved if a vibration generated by an actuator is measured with
a sensor at the same location where the actuator force is applied to the structure.
Collocated systems have special properties as, for example, possessing alternating
poles and zeros along and always left the imaginary axis, which guarantee asymptotic
stability of several control systems, e.g. DVF (PREUMONT 2002). On the contrary,
non-collocated systems show pole-zero flipping above the gain margin and some of
the poles can become unstable (PREUMONT 2002).

In the following, different existing model-free control strategies are presented. More
information about these types of controllers can be found in PREUMONT (2002), except
for delayed position feedback, which was introduced by MUNOA ET AL. (2013).

MUNOA ET AL. (2013) describe the working principle of the control strategies based
on the DDE from Eq. 2.1, which is extended by the actuator force F,:

m-¥(t)+d-x(t)+k-x(t) =K. -a, [hg—x(t)+x(t—=T)]+F,. (2.39)
——— —— ~—— ~——
F1 F2 F3 F4

Each of the following control strategies adapts one of the terms denoted by F1, F2,
F3, and F4.
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F1 - Direct Acceleration Feedback
Direct acceleration feedback (DAF) applies an actuator force proportional to the
acceleration of the structure:

Fy=—g¢-X%(t), (2.35)

with g. defining the gain. This control law affects the modal mass and, therefore,
the natural frequency can be changed in either direction.

F2 - Direct Velocity Feedback

According to MUNOA ET AL. (2013), DVF is the most commonly used control strategy
for AVC. The main idea here is to inject a viscous damping-like effect into the system
by applying an actuator force proportional to the measured velocity signal:

Fy=—gc-x(t). (2.36)

Another explanation of the effect of DVF can be given by analyzing the phase response
of the SDOF system. At the natural frequency, the velocity signal of the moving mass is
in phase with the excitation signal. Hence, applying a counterphase force proportional
to the velocity signal yields a destructive interference (SCHULZ 2010; BAUR 2014).

Since accelerometers are mainly used as sensors (see Sec. 2.4.1), the measured
signal must be integrated with respect to time. This integration causes that the
controller’s magnitude FRF tends towards infinity for low frequencies. Instead of a
pure integrator, HOLTERMAN (2002) introduced a leaking integrator, which improves
the low-frequency behavior. The overall transfer function of this controller is:

Covp(s) = —25— | P <0.2-w, . 2.37)

S +pleak

The cut-off frequency p;.,, must be set to a value of less than 20 % of the lowest
chatter frequency w, to be expected (HOLTERMAN 2002).

F3 - Direct Position Feedback
Similar to DAE direct position feedback (DPF) also affects the natural frequency of
the controlled system due to a modification of its stiffness. The control law is

Fy=—gc-x(t). (2.38)

F4 - Delayed Position Feedback
Delayed position feedback (DelPF) focuses on “reducing virtually the engagement
[relative position] between the current and previous waves” (MUNOA ET AL. 2013,
p. 409) in order to disturb the regenerative effect. This is achieved by the following
control law:

Fo=—gc - x(t—=T). (2.39)
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If accelerometers are used for vibration measurement, it is beneficial to use delayed
acceleration feedback (DelAF), because then the double integration block, which
amplifies low frequency noise, can be avoided (MANCISIDOR ET AL. 2019a). DelAF
leads to the same results as DPF, since, near a natural frequency, the acceleration
and the position signal are in counterphase.

Fig. 2.13 shows the effect of the strategies F1 to F4 on the SLD for a SDOF system.
While all strategies improve the chatter stability, the DVF controller shows the best
performance, especially at the lower stability area. If the peaks in the SLD are to be
improved, DelPF is the strategy of choice (MANCISIDOR ET AL. 2019a). However, for
milling operations, precise tuning of DelPF requires a cutting process model, which
increases the implementation effort (MANCISIDOR ET AL. 2019a).

m— original / optimal strategy
= = DAF (F1) / DVF

v e /

DelPF

depth of cut in mm —

spindle speed in rpm —

Fig. 2.13: Comparison of control strategies F1 to F4 over SDOF system stability lobes based on
MUNOA ET AL. (2013).

Conclusion

Model-free controllers achieve a high robustness and are easy to tune if the sensor
and actuator are collocated. However, collocation is an ideal state, which is never
exactly fulfilled in reality (PREUMONT 2002). Furthermore, phase delays resulting
from the sensor, the amplifier, the electronic control unit, and the actuator can affect
the control performance and stability negatively (EHMANN 2004; PEREIRA ET AL.
2014). Therefore, a model of the controlled system is still required if the stability of
the closed-loop system is intended to be evaluated analytically (EHMANN 2004). It
should be mentioned that one advantage of DelPF and DelAF is to compensate phase
delays already within the controller.

In addition, model-free control strategies make use of the behavior of mechanical
structures when oscillating at their natural frequency, as described above for the DVF
controller. If forced vibrations occur at frequencies much different than a natural
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frequency, the vibration suppression performance decreases significantly, because the
actuator force and the external excitation are not in perfect counter-phase anymore
(WAIBEL 2012). However, chatter suppression performance is hardly affected, since
the chatter frequency is always close to a machine tool’s natural frequency (ALTINTAS
2012).

Further difficulties arise if a machine tool shows several dominant modes and the
above mentioned control strategies are intended to be focused on damping only the
most critical one. In this case, filters can be tuned accordingly (MANCISIDOR ET AL.
2015), but their tuning is a complex task and reduces the overall performance of the
controller because of additional phase shifts (EHMANN 2004). By adding more poles
and zeros to compensate for phase distortions (loop-shaping), control performance
and stability can be improved, but this manual optimization requires in-depth expert
knowledge (EHMANN 2004). A systematic way to design a powerful model-based
controller that can be easily tuned to damp only certain eigenmodes is shown in the
following section dealing with optimal control synthesis.

2.4.6.4 Optimal H, Control

Optimal H, control describes a synthesis method for LTI state space controllers. Ac-
cording to GAWRONSKI (2004), the term “optimal H,” refers to the core of the control
synthesis, i.e. a mathematical optimization based on the euclidean ||-||, norm. State
controllers were originally developed for the control of MIMO systems, since “classi-
cal” controller tuning methods based on simple transfer functions, as described in
the previous section, are difficult to apply in this case (PREUMONT 2002). However,
state controllers in turn can easily be applied for SISO systems. Due to their strong
performance in tracking and disturbance rejection applications, Linear-Quadratic
Regulators (LQR) are often used for AVC of machine tools (e.g. SIMNOFSKE (2009),
KERN (2009), BOLDERING (2015)). The LOR represents a special case of the H, design
problem and minimizes the quadratic cost function of linear systems (WERNER 2017).
Since it can be quite costly or even impossible to measure all the states of a controlled
system, the states have to be estimated using, for example, a Luenberger observer
or a Kalman filter as a state estimator (PREUMONT 2002). If a system is subject to
both process noise and measurement noise, the Kalman filter is the better choice for
estimating the states since it is also capable of filtering noisy signals (MULLER 1996).
The combination of an LQR and a Kalman filter for the state estimation is called
Linear-Quadratic-Gaussian (LQG) controller and will be described in the following
section. First, the LQR is introduced, followed by the state estimation with a Kalman
filter. Due to the separation theorem, both parts can be designed independently
(PREUMONT 2002). Unless otherwise indicated, this section is based on FOLLINGER
ET AL. (2013).

Linear-Quadratic Regulator
As explained in Sec. 2.4.6.1, the dynamics and thus the stability of a controlled
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system depend on the eigenvalues of the system matrix A. With state control it is
possible to specify the eigenvalues of a dynamic closed-loop system arbitrarily as long
as the open-loop system is fully controllable. The block diagram of a state controller
including a state estimator is shown in Fig. 2.14. As the name “state control” already
indicates, the constant feedback matrix C is used to feed back the estimated state
vector x(t). Hence, a state control law is defined as

a(t) =—Cx(b). (2.40)

Inserting this control law into the first-order state space representation (Eq. 2.12)
yields )
£(t)=(A—BC)x(t). (2.41)

By selecting the eigenvalues of the closed-loop in the left complex half-plane, it is
ensured that disturbances (e.g. cutting forces) are compensated. The further left
the poles are, the more damped the system is (UNBEHAUEN 2009). Optimal control
synthesis does not only focus on the resulting poles or on individual control loop
parameters, but on the entire course of the controller outputs and error signals.

L (&)= Jx(t)

Kalman filter

LQG controller

Fig. 2.14: Signal flow chart of a LQR with state estimation based on GAWRONSKI (2004)
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Therefore, a control law in the form of Eq. 2.40 is sought, which minimizes the
following cost function

J:%J 2T(0Qx(t)+a"(HRa(r) de . (2.42)
0

Here, Q and R are symmetrical and positive-definite* weighting matrices, which
are usually selected to be diagonal because cross-diagonal elements only describe
negligible coupling effects (If the state space matrices are expressed in modal coordi-
nates, the states are already only coupled as pairs). The term £ TQ% ensures that the
controlled state space vector entries approach zero after an initial displacement and
a certain amount of time corresponding to their respective weight. The second term
@"R1l is in a similar manner responsible for keeping the control effort as reasonably
small as possible. In comparison to the model-free control strategies, LQR can be
easily tuned to focus on damping only certain eigenmodes. Placing a high weight on
the first state space vector entry, for example, yields a controller that leads to damping
the corresponding first eigenmode. The larger a weight is selected in comparison
to the others, the greater is the relative influence of the associated variable on the
cost function J. Due to the objective of minimizing the cost function, the LQR will
therefore ensure that this variable remains small compared to other variables that
are less strongly weighted. The solution of this optimization problem can be derived
using the Hamilton method, which yields the following control law:

a(t) =—C%(t) = —R'BTPR(t), (2.43)

with P describing the explicit and positive definite solution of the algebraic Riccati
equation
PC'R'cP—-PAT—-AP—-Q=0, (2.44)

which can be solved numerically using the software tool MATLAB®, for example.

Kalman Filter as a State Estimator
With the help of a Kalman filter, the states % (t) can be estimated. Hence, the controller
no longer needs to feed back the entire state vector X (t), but only the output signal

y(0).
The state space model of the resulting SISO LQG controller is defined as
%(t)=[A—BC—LC +LDC | &, () + Ly(0), (2.45)
u(t) =—Cx(t). (2.46)

In Fig. 2.14, it can be seen that the observer places a mathematical model of the
state space system in parallel and calculates the estimated state vector ®(t) by

4 A square symmetrical matrix Q is positive-definite exactly when all eigenvalues are greater than zero. Then
2TQ% > 0 is valid for any vector % # 0.
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feeding back the control variable u(t) as well as the measured output signal y(t).
While u(t) allows the course of the state vector X (t) = x(t) to be calculated for the
same initial state, the resulting difference between the measured output signal y(t)
and the reconstructed output signal ¥, (t) is weighted by the matrix L in order to
consider unknown disturbances acting on the state vector x(t) and noise acting on
the estimated state vector X (t). Thereby, differences between the system and the
model are continuously reduced, too.

Conclusion

It has been shown that the characteristics of the LQR are set by means of the weighting
matrices. These must be adjusted iteratively until the desired control performance is
achieved. In contrast to the LQR with direct state feedback, no guaranteed general
robustness properties can be expected for the LQR with a state estimator. Under
certain circumstances, even the smallest deviations of the model from the real system
can lead to instability. Therefore, the stability must be verified for each individual
design on the real system (ZHOU ET AL. 1996). In contrast, robust control synthesis,
which is described in the following section, offers a systematic methodology to identify
a model-based controller with robust stability and performance without having to
explicitly follow the step of designing a state observer.

2.4.6.5 Optimal H_, and p Control

As already described in the previous section, often no exact model of the controlled
system exists in reality. In addition, the dynamics of the mechanical structure can
change due to various influences (e.g. TCP movement in the workspace or spindle
speed changes) (WECK & BRECHER 2006c¢). In view of the nominal system, optimal
H, control offers the best possible performance, but even small system deviations
can strongly deteriorate its results. Optimal H, and u control refer to the field of
LTI robust control synthesis and are approaches to ensure the stability and control
performance of the closed-loop even if the system model G(s) differs from the actual
physical system. T@FFNER-CLAUSEN (1996) defines that robust stability is given if
the stability of the closed-loop is guaranteed for all perturbations occurring in the
system. Robust performance is more demanding and requires that the specified control
performance of the closed-loop is achieved for all perturbations of the system with
simultaneous stability. Since the synthesis of a robust controller is fundamentally
based on the mathematical description of model uncertainties, these will be briefly
discussed below. Unless otherwise indicated, this section is based on ZHOU ET AL.
(1996).

Uncertainty Quantification

In addition to a linear representation of the nominal FRF of the controlled system,
a model can contain information about uncertainties existing in the system. In
uncertainty modeling, a distinction is made between structured and unstructured
uncertainties.
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Structured Uncertainties are recommended to describe variations of model param-
eters, such as the modal parameters. They are therefore also called parametric
uncertainties and can model perturbations applicable to individual eigenmodes
precisely. Further explanations can be found in ZHOU ET AL. (1996). Structured
uncertainties can be considered in the u synthesis only.

Unstructured Uncertainties represent the most general type of uncertainty descrip-
tion and thus enable a global consideration of the system’s perturbations. However,
in the case of the unstructured uncertainty description, its effect on the FRF is directly
modeled instead of a parameter uncertainty. This results in a more conservative
uncertainty description (overestimation), which in turn has a negative effect on
the achievable performance. Unstructured uncertainties can be further separated
into additive and multiplicative uncertainties. According to EHMANN (2004), addi-
tive uncertainties are suitable for mapping high-frequency eigenmodes that have
not been taken into account in order to avoid spill-over effects. If the focus is on
modeling variable dynamics of the nominal system, multiplicative uncertainties are
more appropriate. The latter is therefore selected for the uncertainty description
in this dissertation. Another advantage is the fact that multiplicative uncertainties
usually have a lower order and the final order of the H, controller correlates with
the order of all weighting functions (EHMANN 2004). Multiplicative uncertainties can
be specified according to

G(s) = G,(s)(1 + A, (s)) - (2.47)

The nominal transfer function G, is overlaid by the frequency-dependent multiplica-
tive uncertainty
Ap(s) =Wy (s)- A(s) , (2.48)

with A(s) describing an arbitrary, stable transfer function. The transfer function
W,,(s) contains the weighting information about the magnitude of the unstructured
uncertainty as a function of frequency. By a multiplication with A(s), it is achieved
that the unstructured multiplicative uncertainty A, (s) spans over an uncertainty-
range.

As shown in Fig. 2.15, the multiplicative uncertainty A,,(s) creates a circular uncer-
tainty region around the Nyquist plot of the nominal transfer function G, (s) for each
frequency w. The respective radius r(jw) is represented by |W,,(jw)G,(jw)|. The
hulls of the circles create the area in which the locus of the uncertain system can run.

Unlike the structured uncertainties, the unstructured uncertainties generate fully
occupied, i.e. unstructured uncertainty matrices A,,(s), which are also frequency
dependent. The multiplicative uncertainties can be determined by subtracting the
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Fig. 2.15: Nyquist plot of a nominal system with multiplicative uncertainties based on HERZOG
& KELLER (2011)

nominal model G, from the measured perturbed transfer functions G and dividing
by G, (EHMANN 2004):

W, (jew)l > G.Gw)

(2.49)

H,, Synthesis

The goal of H,, synthesis is to design a closed-loop control system that meets defined
performance specifications. The evaluation of this control performance is done using
the |||l norm, which, in SISO systems, corresponds to the largest magnitude of the
transfer function, as can be viewed in a Bode diagram:

[Glloo = max [|G(je)ll. (2.50)

An H_, controller meets the requirements for nominal stability and performance
as well as for robust stability. It has been successfully tested for AVC of machine
tools by several researchers (e.g. TEWANI ET AL. (1995), MONNIN ET AL. (2014a, b),
BRECHER ET AL. (2016)). As illustrated in Fig. 2.16, the closed-loop system (i.e.
controlled system G(s) coupled with the controller dynamics C(s)) is extended
into a MIMO transfer matrix (i.e. so-called Performance Channel) T, (s), inside
of which the necessary performance requirements can be specified with adequate
weighting functions (see Eq. 2.53). The weighted open-loop matrix transfer function
P, (s) contains the performance specifications. The aim of H, synthesis is to find a
controller C(s) that stabilizes P, (s) and minimizes the ||-|| . norm of the performance
channel T, (s). The challenge in H,, synthesis is to design the performance channel
T,, (s) by means of weighting function selection in such a way that a favorable
control performance is achieved. The control performance is specified by so-called
boundaries for the transfer functions of the closed-loop system. In the literature, this
procedure is often referred to as closed-loop shaping.
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In order to determine the boundaries for single-variable systems, the relationships
between the relevant inputs and outputs of the control loop (see Fig. 2.11) must first
be considered. The sensitivity function

1

58 = T eme®

(2.51)
indicates the difference between the open-loop and the closed-loop disturbance
response (LUNZE 2010). Because of the correlation

T (s)=1-5.(s), (2.52)

the function T,(s) is called the complementary sensitivity function and describes the
influence of the reference variable r(t) on the controlled variable y(t) (LUNZE 2010).
In case of AVC, where r(t) = 0, T.(s) shows how the measurement noise d,(t)
permeates the controlled variable y(t). Of particular interest is the process sensitivity
function G(s)S.(s), which represents in the SISO case the response of the sensor signal
y(t) to a disturbance at the system input d;(t) and is identical to the closed-loop
system’s response to disturbances acting at the controlled system’s input level. Its
boundary very significantly influences the damping performance and allows the
controller to be focused on specific eigenmodes only. At the same time, the control
sensitivity function C(s)S.(s) must be minimized in such a way that the actuator
force required for active damping remains as low as possible. SCHONHOFF (2003)
presents a method for the practical application of robust controllers for AVC, which
simplifies the specification of the control-loop performance by means of a fixed
weighting scheme. This method was also used in EHMANN (2004), KYTKA ET AL.
(2007), and KERN (2009) for AVC of machine tools. The same weighting scheme was
also used in the context of this dissertation and will therefore be presented in the
following. As can be seen in Fig. 2.16, the open-loop transfer function is extended by
the weighting functions (W,, W;, W,, W,), which help to shape the boundaries for the
aforementioned sensitivity functions. According to SCHONHOFF (2003), the outer
disturbance d,(t) can be included within the inner disturbance d;(t) in the SISO case.

If the control loop is closed with the controller C(s), the transfer function of the
performance channel T,,, (s) can be derived from the closed-loop transfer function

matrix:
ef _| wesw, w.Gsw, | [-F ‘ 253)
i -W,CS.W, W, T.W,| | d;
~—~— ~—~——

2(t) Tow (s) w(t)

If a controller C(s) can be found for which the inequality

I To0 (Moo <1 (2.54)
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weighted transfer function P,.(s)
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Fig. 2.16: Weighted transfer function matrix P,.(s) based on EHMANN (2004)

is true, the individual transfer functions of the closed-loop stay within their boundaries
(ZHOU ET AL. 1996). It can be shown, that for multiplicative uncertainties, a system
is robustly stable if

G, C
H T =4, Tl <1 (2.55)

‘1+G,C

‘OO

is fulfilled (ZHOU ET AL. 1996). Hence, multiplicative uncertainties can be considered
within the weighting functions W, and W, and robust stability is met if T (s) stays
within the boundaries defined by W, and W,. The final calculation of an H_, controller
is based on the vy iteration (MULLER 1996) and can be done in the software tool
MATLAB®, for example. In this algorithm, each iteration step tries to calculate a
controller C(s) by solving two Riccati algebraic equations at a given value y that
stabilizes P, (s) and satisfies || T,,, (s)lloo <y <1 (see Eq. 2.54). The larger the value
Y, the better is the disturbance attenuation (HERZOG & KELLER 2011), because this
way the controller is pushed towards its constraints and, hence, a more aggressive
controller is synthesized. Therefore, a value close to one is usually targeted.

w Synthesis

The u synthesis is an extension of the H,, synthesis and can handle structured un-
certainties. Several researchers have already successfully tested this control strategy
for AVC of machine tools (e.g. EHMANN (2004), KERN (2009), JALIZI (2015)). The
performance specification of the H,, synthesis can be adopted for the u synthesis.
In contrast to H,, synthesis, uncertainties in the u synthesis are taken into account
directly in the calculation of the controller by calculating the structured singular value
u. Therefore, no variation of the weighting schemes or boundaries, as described in
the previous section, is necessary. Equal to the magnitude of a SISO system, u is a
scalar function which can be interpreted as a worst-case magnitude of the perturbed
system. This way, not only robust stability but also robust performance is given if

(T, A )< 1. (2.56)



2.4 Design, Modeling, and Commissioning of

Active Vibration Control Systems >l

The controller is synthesized by applying the so-called D-K iteration, which is a non-
convex optimization problem (SCHONHOFF 2003). The D-K iteration is a complex
non-convex mathematical operation (ZHOU ET AL. 1996) and is for that reason not
explained here, but is commercially available for example in the Robust Control
Toolbox of MATLAB®.

Conclusion

Robust control synthesis is complex and requires a high tuning effort. In turn, it offers
the possibility of a systematic optimization under consideration of uncertainties of
the controlled system. In the form of boundary conditions, the requirements on the
controller can be sensibly incorporated into the design process. With the structured
singular value, also a criterion exists for stability and control performance. These are
decisive advantages of the robust control synthesis, especially with regard to an auto-
mated controller design, which will be further investigated in Sec. 2.4.7.2. However,
the dynamics of a machine tool sometimes depend strongly on the machine position
within the workspace (LAW & IHLENFELDT 2015). With increasing uncertainties, the
achievable controller performance decreases (HERZOG & KELLER 2011). To overcome
this drawback, approaches exist that identify separate LTI u controllers with small
uncertainties and switch between those depending on the current machine position
or spindle speed (KERN 2009). However, such approaches lead to an increase in
complexity for system identification, controller synthesis, and stability analysis. An
alternative approach, where the effort needed does not increase with increasing
uncertainty but still promises a high controller performance, is adaptive control,
which is presented in the following.

2.4.6.6 Adaptive Control

Adaptive control is characterized by the fact that it can adapt its transmission be-
havior to variations within the open-loop system and to changing input signals. The
adaptation algorithm continuously adjusts the controller transfer function, which can
be represented by an adaptive filter. Adaptive control has found many applications
within active noise cancellation (ANC). This section focuses on the filtered-x least
mean squares (FXLMS) algorithm only, which is based on the LMS algorithm and is
the most commonly used adaptive control strategy for AVC of machine tools (e.g.
HAASE (2005), WAIBEL (2012), LoEls (2013)). Since adaptability leads to time
variant systems, the FxLMS algorithm is described best in the discrete z-domain (Kuo
ET AL. 1996). Unless otherwise indicated, this chapter is based on Kuo ET AL. (1996)
and HANSEN (2012).

Feed-forward Control with an LMS Algorithm

In the beginning of this section, it was explained that the basic principle of AVC often
is to reduce vibrations by superimposing a 180° phase-shifted counter-signal. The
LMS algorithm achieves this by a continuous adaptation of an FIR filter. As Fig. 2.17
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shows, the signal x(n), which corresponds to an excitation force Frp (see Fig. 2.11),
causes a distortion y, (n).

x(n)

Fig. 2.17: Signal flow chart of the LMS algorithm

The FIR filter W(z) generates a control output u(n) based on the excitation signal
x(n) to suppress the vibration response. For this counter signal

u(n) = y,(n) (2.57)

is targeted, which minimizes the error
e(n) =y, (n)—u(n). (2.58)

The latter corresponds to the remaining oscillation y(n) for a control reference of
r(n) = 0. In order to modify the excitation signal x(n) in such a way that the
controller output results in the necessary counter signal, the FIR filter is continuously
adapted by the LMS algorithm to match G(z). Hence, the LMS algorithm adapts the
filter with the aim of minimizing the error signal e(n). This working principle can
also be used for system identification (see Sec. 2.4.7.1). The transfer function of an
FIR filter is defined as
Zf;é w;z'

W =="1—

(2.59)

with [ specifying the number of filter coefficients w;. Compared to other digital
filters, the FIR filter is characterized by its guaranteed stability because following the
stability criteria for time discrete systems all poles need to be inside the unit circle
(FOLLINGER ET AL. 2013). By convolution of the reference signal with the coefficient
vector w(n), the counter signal u(n) is generated. In vector form, this operation can
be written as

u(n)=wT(n)x(n) . (2.60)

Consequently, the error signal is determined by

e(n)=y . (n)—wT(n)x(n). (2.61)
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With the aim of minimizing the error signal, the gradient of the quadratic error with
respect to the coefficient vector is established. Based on Eq. 2.61, this yields the
expression
de(n) _
ow(n)

de(n)
Fwin) —2e(n)x(n), (2.62)

2e(n)

which finally results in the adaptation formula of the LMS algorithm:
w(n+1)=w(n)+ ue(n)x(n) . (2.63)

The algorithm continuously adjusts w (n) according to the method of steepest descent
and thus minimizes the level of error e(n). The step size parameter y is a positive
constant and defines the speed of the adaptation process.

Feedback Control with an FXLMS Algorithm

In the above presentation of the LMS algorithm, it was assumed that the control
output u(n) directly generates a counter signal. However, as explained in Sec. 2.4.6.3,
the transfer function of the controlled system G(z) must be taken into account. G(z)
generally delays and modifies the signal of the control output u(n) in such a way
that the resulting counter signal y,(n) cannot effectively attenuate the distortion
¥, (n). For this reason, the excitation signal x(n) needs to be filtered by an estimation
of the controlled system’s transfer function G(z) before it is processed as x(n) by
the LMS algorithm. The resulting algorithm is therefore called Filtered-x LMS or
FxLMS for short. However, the above FXLMS algorithm still requires the excitation
signal x(n) as an input. Since the cutting forces cannot be measured easily, the
disturbance signal y,(n) is used as a new reference signal. Due to Eq. 2.58, y,(n) is
estimated by ¥, (n) based on the counter signal y,(n) and the error e(n). The signal
flow chart of the resulting feedback FXLMS controller is shown in Fig. 2.18. The
error signal e(n) is measured by a sensor. By filtering the control output with G(z),

Fig. 2.18: Block diagram of the FXLMS feedback controller
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an approximation y,(n) can be obtained for the counter signal y,(n), which cannot
be measured independently. An estimate of the disturbance signal is thus given by

Ve(n) = e(n) + 3,(n) . (2.64)

Since no more feed-forward loop exists, the signal flow chart corresponds to a pure
feedback control. Furthermore, it is obvious that the FIR filter W(z) now adapts itself
to the inverse of the controlled system’s transfer function G(z). For real applications,
the FXLMS algorithm needs to be extended in order to eliminate the disturbing
effect of coefficient drift, i.e., a steady increase of all filter coefficients. This drift
is caused by rounding inaccuracies in the calculation of the coefficient vector and
quantization errors in the analogue to digital conversion of the signals. It can result
in a deterioration in control performance or even instability. To compensate for
this phenomenon, a so-called leakage factor v is applied to the coefficient vector,
which reduces the values of all filter coefficients by a small amount at each time step.
If a low leakage factor is selected, the algorithm no longer converges towards the
optimum solution, but towards a shifted one. Hence, a value close to one is used
for v in order to compensate the drift effects without causing too much reduction of
the vibration suppression. However, the selection of this parameter is often based on
trial and error and may lead to controller instability.

Several publications in the field of signal processing describe further modifications
of the LMS algorithm. Parameters such as the step size (KWONG & JOHNSTON 1992;
ABOULNASR & MAYYAS 1997; SHENGKUI ET AL. 2007) or the leakage factor (KAMENET-
SKY & WIDROW 2004) can be modified by additional adaptive algorithms during
controller operation. These approaches significantly improve the performance, but
also increase the number of control parameters to be defined during commissioning
from three (I, u, v) to ten. Due to their similarities, these algorithms can be trans-
ferred from LMS to FXLMS (GONTLJO ET AL. 2006). Furthermore, online system
identification for the estimation of G(z) has to be implemented if strong changes in
the controlled system’s transfer function, e.g. position-dependent dynamics, occur
(Lokis 2013).

Conclusion

Numerous application examples from literature, also outside the machine tool re-
search, have proven the potential of this control strategy. However, online system
identification with an FIR filter, which is required for strongly changing dynamics,
has not been investigated for metal cutting machine tools so far. Furthermore, the
FxLMS controller has mainly been applied to AVC systems with piezoelectric stacks,
which have much higher force loads compared to proof-mass actuators. In order to
prevent saturation related damages, the control algorithm needs to be extended by
a strategy that limits the controller output without causing strong stability-critical
nonlinearities.



2.4 Design, Modeling, and Commissioning of

Active Vibration Control Systems 55

2.4.7 Commissioning of Active Vibration Control Systems

This section summarizes methodologies that reduce the effort needed for commis-
sioning an AVC system. Most of the required steps have been presented above. The
requirements to be met by the hardware components were named, and methodolo-
gies for the determination of an optimum actuator position were summarized. Thus,
this section focuses on the tuning of the control strategy. Since model-based control
synthesis techniques require a parametric model of the controlled system, different
methods for a simplified identification are introduced first. Then, approaches for
automatic controller tuning are summarized.

2.4.7.1 System Identification

System identification, which belongs to the field of experimental system analysis,
deals with the determination of a model for a real existing system from the observation
of the output variables for different input variables (NATKE 1983). In the case of
this dissertation, a SISO system with input u(t) and output y(t) must be identified,
as explained in Sec. 2.4.5.3 and illustrated in Fig. 2.11. The quality of the system
identification can be influenced by the excitation signal and model parameterization
algorithm used. According to ISERMANN (2008), existing techniques can be separated
into continuous-time and discrete-time system identification. In the context of this
dissertation, continuous-time system identification was used for the synthesis of LTI
controllers, while the linear time variant (LTV) FXLMS control was extended by an
online system identification based on a discrete-time method.

Continuous-time System Identification

First, the FRF has to be calculated based on the auto and cross power spectra of
the discrete time signals u(n) and y(n) (EwINS 2000). This transformation from
the time into the frequency domain can be performed by means of the commonly
used discrete Fourier transform (DFT) or the periodogram method® introduced by
WELCH (1967). Although the latter leads to less accurate results in theory, in practice
it reduces disturbing influences, especially in terms of measurement noise. This is
because it uses several overlapping signal sequences, each weighted individually with
a window, which are transformed into the frequency range, and then averaged. The
resulting FRF represents a non-parametric model (ISERMANN 2008) and needs to be
curve-fitted using, for example, modal analysis or subspace identification in order to
obtain a parametric model.

5 In the literature the following terms are used synonymously: "The Welch method of averaged periodograms",
"The weighted overlapped segment averaging method" and "The Bartlett Welch method" (JOKINEN ET AL.
2000).
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Modal Analysis is an often-used curve-fitting technique for LTI systems, which can be
classified into local SDOF, local MDOF, global, and multi-reference methods (SCHWARZ
& RICHARDSON 1999). SDOF methods determine the modal parameters of each
mode individually, whereas MDOE, global, and multi-reference methods calculate the
modal parameters for two or more modes simultaneously. However, local methods are
sufficient for this work because the parameters of a SISO system are to be determined
based on a single measured FRE SDOF methods can be applied for FRFs with no or
light modal coupling, while MDOF methods must be used if strong modal coupling is
present (SCHWARZ & RICHARDSON 1999). Commonly used and easy to implement is
the SDOF peak-amplitude method (EWINS 2000), which first detects the magnitude
and natural frequency of each eigenmode and then identifies the half-power points in
order to calculate the modal damping value.

Subspace Identification is a MDOF method that directly yields a parametric LTI
state space model from a single FRF (ISERMANN & MUNCHHOF 2011). The state space
model is required for the synthesis of a state controller as defined in Eq. 2.22 and
Eq. 2.23. Since the states are not measured directly, but estimated with the help of a
Kalman filter (see Sec. 2.4.6.4), it is not possible to apply a defined system structure.
Therefore, the model is described by means of a similarity transformation. Since the
model order is specified as the only parameter, the subspace identification technique
can be automated with little effort.

Several examples for the above described methodologies can be found in the liter-
ature. As a first simplification, KERN (2009) measured the vibration response of
the controlled system by using a magnetic actuator for excitation and calculated
the FRF based on the periodogram method. Two restrictions concerning system
identification using a built-in (AVC) actuator were identified. Firstly, eigenmodes can
only be identified and modeled if they are within the bandwidth of the actuator and
observable at the sensor position. Secondly, since the LTI model presumes a linear
behavior of the identified system, the actuator has to show a linear behavior, too.
KERN (2009) achieved good results with a sinusoidal sweep and a pseudo random
binary signal (PRBS®) as excitation for system identification even during machining.
Interference frequencies (e.g. imbalance or run-out) were filtered out from the
measured vibration response by interpolating adjacent values. Based on the filtered
FRE KERN (2009) identified polynomial matrix fraction descriptions by minimizing
the least squares error as presented by DE CALLAFON ET AL. (1996). Even though
the excitation signal parameter selection and signal filtering were still performed
manually, Kern mentioned the need for an automated system identification that
robustly delivers sufficiently accurate models for the controller design without user

6 PRBS is a binary signal of fixed amplitude with randomly varied pulse width and allows broadband
excitation. Further advantages are a high amplitude density, an efficient implementation on DSP boards
and its deterministic characteristics, which allow the exact calculation of the auto and cross power spectra.
(ISERMANN 2008)
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interaction. Similar approaches were performed by PARUS ET AL. (2013), who excited
the controlled system with a PZT actuator also used for AVC and identified a state
space model by applying the LMS algorithm. However, the type of excitation signal
and a potential automation of the system identification were not named. BRECHER
ET AL. (2016) measured the FRFs of a MIMO system by exciting the machine tool
structure with hydraulic actuators also used for AVC. A stepped sinusoidal signal
for excitation was applied and the modal parameters were manually selected based
on the polyreference least-squares complex frequency domain method, also known as
PoLYMAX, which was introduced by PEETERS ET AL. (2004). The latter allows for an
accurate estimation of stable structural poles of the measured MIMO system and can
be automated (PEETERS ET AL. 2008). However, an application to a SISO system is
not possible because this methodology requires eigenvectors.

The need for an automatic system identification for AVC was addressed by BOLDER-
ING (2015), who implemented an automatic optimization of the excitation signal
parameters as well as an automatic model parameterization. For band-limited noise
and a PRBS, the effect of different excitation signal parameters on the FRF quality
was evaluated by calculating the spectral power density and the coherence y? based
on the periodogram method. As a result, the signal amplitude and length showed

the strongest effect and were automatically tuned based on an iterative evaluation of
2

Y.
Furthermore, BOLDERING (2015) automated the model parameterization by imple-
menting a subspace identification method. Applying the peak-amplitude method, the
natural frequencies are identified first. Around each natural frequency, a frequency
band that is used for the calculation of the model of the respective mode is defined.
Using the subspace identification method, a second-order model is created for each
mode and the natural frequency is determined. An iteration loop makes it possible to
optimize the frequency band until the deviation between the measured and modeled
natural frequency stops to improve. BOLDERING (2015) achieved good results with
this methodology for an active grinding tool with two clearly separated modes.

Discrete-time System Identification

Several authors extended the LTV FXLMS controller by an online identification using
an additional FIR filter, which is adapted by the LMS algorithm as already explained
in Sec. 2.4.6.6. Most commonly, this is applied for active noise cancellation with a
feedforward FXLMS controller. In order to minimize the mutual influence between
sound attenuation and system identification, KUO & VIJAYAN (1997) introduced a
third FIR filter in addition to the control and identification filter. Based on these
results, ZHANG ET AL. (2001) changed the calculation formula for the third filter and
thus achieved a further improvement in noise cancellation. AKHTAR ET AL. (2006)
also used an additional filter, not for the online identification but to achieve a higher
adaptation speed of the controller. The online identification was supplemented by
a step size adaptation. A similar approach was used by CARINI & MALATINI (2008),
who added analytical considerations to determine optimal parameters for the step
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size adaptation and an algorithm for an automatic adjustment of the excitation signal.
Simulations showed that both additions contribute to a faster convergence and a
higher attenuation of the interfering signal. For the feedback FXLMS controller, GAN
ET AL. (2005) implemented an online identification for an ANC headphone, which
is shown in Fig. 2.19. The modeling signal v(n) is superimposed to the controller
output u(n), which results in the following modified control signal:

u,(n) =u(n)+v(n). (2.65)

Due to superposition, the modified control output filtered by the controlled system
Yu (1) can be expressed by

Yo () =y, () + y,(n) . (2.66)

Here, y,(n) describes the theoretical signal that is created if the control output is
filtered by the controlled system, while y, (n) is the counterpart for the modeling
signal filtered by the controlled system. Therefore, the error signal e(n), which is
used to adapt both the control and the modeling FIR filter, is

e(n) =y, () =y, (M + J,(1) = (v, (M) =y, (M) + (T, () =y, (1)) . (2.67)

By feeding e(n) through the control and the modeling filter, two mathematical terms
are minimized simultaneously: firstly, the difference between the physical represen-
tation of the filter output y,(n) and the disturbance signal y, (n) and, secondly, the
difference between the system response to the identification signal y,(n) and the
modeling filter’s response ¥, (n). Thus, the FXLMS controller with online identifica-
tion still works in the same way as without online identification, while the modeling
filter G(z) is adapted to emulate the dynamic behavior of the controlled system G(z).
The filter coefficients are continuously copied to both modeling filters used in the
original FXLMS algorithm.

Fig. 2.19: Feedback FXLMS controller with online identification based on GAN ET AL. (2005)
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MOKHTARPOUR & HASSANPOUR (2012) extended the online identification of the feed-
back FXLMS by an algorithm for a step size adaptation which adapts both the speed
of the controller adaptation and the speed of the system identification depending on
the current level of the measured sound signal.

An application regarding AVC was investigated by PU ET AL. (2014). The algorithm
presented is based on the results of CARINI & MALATINI (2008) and is characterized by
modified calculation formulas for the step size and noise level adaptation algorithms.
Tests were performed both in simulation as well as on a test carrier and proved that
the convergence speed and the controller performance increase compared to previous
algorithms.

For AVC of wood machining centers, LOEIS (2013) implemented a feedforward
FxLMS controller with online identification using a FIR filter which was adapted
by a recursive least square (RLS) or an LMS algorithm. Compared to LMS, the
RLS algorithm showed a slower adaptation, but achieved a higher precision (LOEIS
2013). The FXLMS-RLS controller was applied to an active workpiece holder as
well as a counter-pressure shoe. Both systems were actuated by piezoelectric stacks.
However, the above presented further developments of the basic LMS algorithm for
system identification were not considered in the comparison of the LMS and the RLS
algorithms.

Model Evaluation Criteria

Different analytical criteria exist for the comparison of a measured FRF G, .; and
a curve fitted system FRF G;,; (ALLEMANG 2003). Most popular is the frequency
response assurance criterion (FRAC), which was introduced by HEYLEN & LAMMENS

(1996). Its definition in vector notation is

%26 (w)Gsys(w)r

w1 Jref
(22 61, (@) () (322 63, (@)Gupe(@)

with w; and w, defining the considered frequency bandwidth. The result of this
criterion is a real-valued scalar between zero and one. A value close to one corre-
sponds to a high correlation of the two FRFs. Unfortunately, the FRAC is sensitive
to small deviations of the natural frequencies, which can lead to low FRAC values
although the overall behavior of the two systems is similar (REBELEIN 2019). POLI-
CARPO ET AL. (2013) stated that the FRAC is well suited to compare the shape of two
frequency responses, i.e., at which frequencies the eigenmodes are located. However,
no information about the absolute amplitude of the FRF is provided.

FRAC =

(2.68)

Since a constant offset often occurs during system identification using the LMS
algorithm, a further criterion is applied in the context of this work that takes absolute
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amplitude differences into account. The so-called frequency amplitude assurance
criterion (FAAC) is defined by ALLEMANG (2003) as follows:

2|2 6y ()6 (e)

(222 61,y (@G (@) + (T2 6, (@)Giyu())

Again, the FAAC ranges between zero and one with high values indicating a high
correspondence.

FAAC = (2.69)

2.4.7.2 Controller Tuning

In the literature, the tuning of model-free controllers is often based on a time
consuming manual adjustment of the filter and gain parameters (i.e. trial and error).
A first simplification for the tuning of a DVF controller for AVC was presented by
BAUR (2014), who introduced a structured manual procedure. Based on a measured
acceleration signal of an unstable machining process, the filter parameters are selected
in relation to the identified chatter frequency. Then, a time domain simulation of
the actuator and controller transfer function is performed for feeding the controller
input with the measured acceleration signal and tuning the controller gain in such
a way that the actuator does not saturate. Additionally, notch filters are manually
tuned to suppress signal noise or eigenmodes that are not intended to be damped.
The fine-tuning of the controller is performed during machining. MANCISIDOR ET AL.
(2015) applied a similar approach in combination with the coupled model presented
in Sec. 2.4.5.3. This way, the optimum gains for different spindle speeds can be
determined within simulation. For the more complex case of a cascaded machine tool
feed drive controller, KETTERER (1995) introduced an automatic tuning methodology
for electromechanical, elastically coupled feed drive systems. Based on this work,
BRETSCHNEIDER (2000) optimized the solution space of the P controller of the
position loop and the PI controller of the velocity loop by a genetic algorithm.

Automatic tuning of a model-based LQG controller for an active grinding tool was
presented by BOLDERING (2015), who conducted a full factorial parameter variation
of the Q and R matrices within simulation and finally selected the parameter set
with the best damping performance. For the resulting controller, the output u(t),
which results from a band-limited noise excitation, is checked to stay below a defined
maximum. However, the machining process is not considered even though it directly
affects the controller output and might cause actuator saturation. Furthermore, the
approach’s ability and robustness in stabilizing chatter were not tested.

The definition of the weighting functions for the H,, synthesis is a comprehensive
task and requires in-depth expert knowledge. This is especially due to the fact that
the transfer function matrix T,, (s) of the extended system is influenced by the
weighting functions in all entries. Hence, specific limits for a single variable of the
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extended system cannot be defined independently of the other control variables.
Approaches for an automated H,, synthesis for AVC cannot be found in the literature.
However, automated approaches of performance specification exist with regard to
other control engineering problems. Due to the non-convex nature of the y iteration,
deterministic optimization approaches such as gradient methods cannot be used
(SCHUMACHER 2013). In the literature, stochastic optimization approaches such as
genetic or swarm-based algorithms have been proven successful. LEE ET AL. (1998)
used a genetic algorithm for the determination of optimal weighting functions for an
H, control in a reactor system application. DO ET AL. (2010) also used a genetic
algorithm for the best possible parameterization of the weighting functions for the
robust control of a semi-active suspension system. ALI ET AL. (2011) implemented
a particle swarm optimization (PSO) for the optimal choice of the weighting pa-
rameters. The goal was to minimize the maximum gain of the transfer function of
a controlled pneumatic actuator by an H, controller. For the control of a flexible
beam, EINI (2014) implemented an H,, controller and compared a genetic and a
particle swam optimization. The PSO showed an improved efficiency compared to
genetic procedures in terms of computing time.

Adaptive controllers do not require an automatic tuning, since the adaptation
algorithm implies already that the controller is tuned continuously. However, the
selection of the optimum adaptation parameters is also part of this dissertation and
is presented in Sec. 4.6.

2.5 Summary and Need for Actions

The productivity of machine tools is often limited by the appearance of chatter
vibrations, which lead to significantly increased tool wear, high noise pollution, and
even damage of the workpiece as well as the machine components. The adaptation of
process parameters or the disturbance of the regenerative effect by means of special
tool geometries and continuous spindle speed variation are powerful measures, but
show a limited application range within the stability lobe diagram and sometimes
lead to productivity losses as the installed drive power cannot be fully exploited. For
new machine designs, simulations are used to identify and eliminate local structural
weaknesses. Due to uncertainties in the modeling, however, an accurate prediction
of the dynamic behavior is still challenging and conceptually inevitable weak spots
can sometimes not be avoided constructively and economically at all. Especially
in these cases, passive and semi-active systems for vibration mitigation can lead to
a significant improvement in the damping behavior. Unfortunately, both are often
associated with a comparatively high increase in weight, which has a negative effect
on the system’s feed drive dynamics. AVC systems overcome these drawbacks, since
they generate large damping forces over a wide bandwidth with comparably low
masses and sizes.
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Despite promising results from several researchers, almost none of the prototype
AVC systems have been industrialized. So far only one machine tool builder offers a
manually tunable AVC system to customers (DANOBATGROUP 2017). Commercial
retrofit solutions for AVC of machine tools do not exist. Even though cost-efficient
hardware components are commercially available, the multidisciplinary expert knowl-
edge required to set the dimensions and to commission an AVC system is an entry
barrier for industrial use. Industry needs efficient and reliable solutions as well as
methodologies for the design of an optimum and robust AVC system (MUNOA ET AL.
2016a). However, often specific individual system solutions were presented so far,
which are only transferable to a limited extent. Furthermore, the performance of
AVC systems has often been tested for one controller only and mostly on a test bench
with laboratory AVC hardware. In most cases, only a single machining process was
considered for validation. So far, there is only limited scientific work available on
the industrial use of AVC systems for machining applications and the challenges
involved.

Especially for retrofit solutions, AVC systems with a proof-mass actuator are most
suitable, since they are easy to integrate and achieve a high damping performance.
However, to set the dimensions of the actuator properly is still a challenge. Existing
approaches are limited to the available installation space or suffer from insufficient
estimates of the required actuator force and bandwidth. Even though holistic simula-
tion approaches are able to accurately predict the behavior of an AVC system, the
detection of worst case scenarios for the actuator dimensioning is missing.

While simulation-based approaches for the integration of AVC systems in new ma-
chines already exist, retrofitting of machines is insufficiently addressed. BAUR (2014)
provides a first draft to simplify the integration and commissioning by a structured
approach that does not require complex machine simulation models. However, mul-
tidisciplinary expert knowledge and equipment is still required for the controller
design, which are rarely found in manufacturing companies. In addition, the pro-
cedure disregards the machining process, which has a significant influence on the
dimensioning and commissioning.

Even though several approaches exist for virtual commissioning, a lot of trial and error
is still necessary for the controller tuning, because there are always deviations between
the simulated and the real machine behavior. Furthermore, disturbing influences
acting on the sensor signal cannot be simulated. An automated identification of the
machine’s dynamic behavior and a subsequent automated controller tuning would
ensure a simple transferability and realize an implementation without requiring too
much expert knowledge. In addition, changes within the controlled system due
to wear or maintenance actions could be tracked and the system would be able
to adapt automatically. For LTV FXLMS feedback controllers, several authors have
proven that the extension by an additional FIR filter for online identification is a
feasible approach to compensate for strong changes within the controlled system.
However, the manual optimization of the adaptation parameters still requires expert
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knowledge and is a time consuming task. For LTI controllers, the approach presented
by BOLDERING (2015) for automatic system identification shows promising results.
Several publications exist showing how the subsequent controller tuning can be
automated.

Therefore, the above identified entry barriers for industrial use of AVC systems unveil
the following need for actions: in order to reduce the dimensioning effort needed,
already existing simulation approaches should be used to determine the required
actuator force and bandwidth in an automated way. Since the controller is the most
important part of an optimum and robust AVC system, different control strategies
existing in the literature need to be compared, both in simulation and, especially,
experimentally in extensive machining tests. In addition, challenges resulting from an
industrial application, such as the occurrence of high accelerations during multi-axis
machining, must be taken into account in the controller evaluation. A methodology
for an automatic commissioning of AVC systems with proof-mass actuators would
yield a great simplification and, hence, a highly transferable solution. Therefore, the
system identification and subsequent controller synthesis need to be automated. The
performance and robustness of such a plug and play system has to be tested under
industrial operating conditions. Furthermore, the use of AVC hardware suitable for
industrial application must be evaluated, especially the substitution of expensive DSP
boards with cost-efficient PLCs.

In the following chapter, research targets are defined based on the above identified
needs for action.






3 Objective and Methodology

3.1 Objective

The objective of this dissertation is to enable the industrial use of AVC systems
for machine tools by means of reducing the integration and commissioning effort
to a minimum. This is achieved by two independent strategies which are merged
to an overall methodology. The overall methodology must be applicable to both
newly developed machine tools and already-in-use machine tools. Since proof-mass
actuators are the easiest to integrate as a retrofit solution, this dissertation focuses on
such AVC systems. Industrial use requires, among other things, that the integration of
an AVC system must not affect the process capability index negatively, but increase the
machine’s performance, production quality, and availability, leading to an improved
overall equipment effectiveness. Consequently, no workspace restrictions should be
caused by mounting the actuator. Based on the need for actions identified in Sec. 2.5,
the following research targets RT1 to RT4 must be achieved to enable the industrial
use of AVC for machine tools:

RT1 Hardware Dimensioning: A strategy for hardware dimensioning needs to
be developed in order to reduce the integration effort. Dimensioning of the
actuator should not only focus on the available assembly space, but consider
the maximum actuator force and bandwidth required to achieve the desired
chatter stability. Therefore, existing simulation approaches must be merged
and extended in order to estimate the expected maximum forced and self-
excited vibration amplitudes, which must be known to accurately dimension
the actuator.

RT2 Comparison of Control Strategies: The AVC system has to be robust against
changes within the controlled system and varying excitations from different
machining processes. Promising control strategies, which were identified
from literature, must be implemented and tested in machining experiments in
order to be compared against each other. A focus on multi-axis machining is
necessary because potential challenges that may be caused by high accelerations
originating from the motion of the feed drives need to be investigated.

RT3 Automatic Commissioning: The commissioning effort for an AVC system
has to be reduced in order to enable implementation by non-experts. Hence,
a strategy for automatic system identification and subsequent controller
tuning must be developed and implemented for the most performant
control strategies from RT2 for testing and demonstration purposes. Besides
automated commissioning, the strategy has to successfully perform in the
presence of changes originating from the machine tool dynamics. It is also
important to take the machining process into account for an automatic tuning,
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because it has a great influence on the vibration amplitudes that occur, and
these in turn have a great influence on the controller output signal. The latter
must not lead to saturation of the actuator, as otherwise the actuator may be
damaged or controller instability could also occur.

RT4 Evaluation of Industrial Suitability: The strategy for automatic commission-
ing from RT3 must be tested under industrial operating conditions in order
to evaluate its performance and robustness. For the final solution, only hard-
ware suitable for industrial application should be selected and evaluated. Very
challenging in this context is substituting high-performance DSP boards with
cost-efficient PLCs without sacrificing usability. Furthermore, the durability of
the actuator, which is the only mechanical component subject to wear, has to
be analyzed.

When all these research targets are achieved, the overall methodology developed
in the context of this dissertation will be suitable for a low-effort dimensioning
and commissioning of AVC systems with proof-mass actuators, resulting in a highly
transferable solution.

3.2 Methodology

For enabling the industrial use of AVC systems with proof-mass actuators, this dis-
sertation follows the approach depicted in Fig. 3.1. Each step required to integrate
and commission an AVC system is simplified by different strategies. In this way,
the requirements previously defined will all be satisfied. The result is an overall
methodology that helps the end user to select the actuator dimension properly, choose
the right control strategy depending on the application, and commission the system
automatically.

This dissertation is publication-based and consists of seven publications: KLEINWORT
ET AL. (2014), KLEINWORT ET AL. (2015), KLEINWORT ET AL. (2016), ZAEH ET AL.
(2017), KLEINWORT ET AL. (2018a), KLEINWORT ET AL. (2018b), and KLEINWORT
ET AL. (2021). In Chapter 4, each publication is summarized, and the contribution of
the author is explained. The full publications can be found in the respective journals
with the following bibliographical information”:

@ Kleinwort, R.; Altintas, Y.; Zaeh, M. E: Active Damping of Heavy Duty Milling
Operations. In: Akkok, M.; Erden, A.; Kilic, S. E.; Konukseven, E. I.; Budak,
E.; Lazoglu, I. (Editor): 16™ International Conference on Machine Design and
Production. Ankara, Turkey: METU-Ankara 2014. pp. 443-458.

7 Wherever the number is not indicated, the respective journal does not use an issue number.
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@ Kleinwort, R.; Popp, R. S.; Cavalié, B.; Zaeh, M. E: Energy Demand Simulation
of Machine Tools with Improved Chatter Stability Achieved by Active Damping.
Applied Mechanics and Materials 805 (2015), pp. 187-195.

@ Kleinwort, R.; Weishaupt, P; Zaeh, M. E: Simulation-Based Dimensioning of
the Required Actuator Force for Active Vibration Control. International Journal
of Automation Technology 12 (2018) 5, pp. 658-668.

@ Kleinwort, R.; Schweizer, M.; Zaeh, M. E: Comparison of Different Control
Strategies for Active Damping of Heavy Duty Milling Operations. Procedia
CIRP 46 (2016), pp. 396-399.

@ Zaeh, M. E; Kleinwort, R.; Fagerer, P; Altintas, Y.: Automatic tuning of active
vibration control systems using inertial actuators. CIRP Annals 66 (2017) 1,
pp. 365-368.

@ Kleinwort, R.; Platz, J.; Zaeh, M. E: Adaptive Active Vibration Control for Ma-
chine Tools with Highly Position-Dependent Dynamics. International Journal
of Automation Technology 12 (2018) 5, pp. 631-641.

@ Kleinwort, R.; Herb, J.; Kapfinger, P; Sellemond, M.; Weiss, C.; Buschka,M.;
Zaeh, M. E: Experimental comparison of different automatically tuned control
strategies for active vibration control. CIRP Journal of Manufacturing Science
and Technology 35 (2021), pp. 281-297.

Publication (T) lays the foundation for a simulation model in which the machine
dynamics are represented by a state space model, and the behavior of the AVC system
is described by a second-order differential equation. The model is used to compare
two different controllers in both the time domain and the frequency domain. An AVC
system was commissioned according to the state of the art. Finally, the increase in
chatter stability was validated with cutting tests on a Mori Seiki NMV5000 5-axis
machining center. The same model was used in publication (Z), where the model
was parameterized for a SPINNER U5-620 5-axis machining center and extended
with a cutting force model to evaluate the stability behavior of machining processes
with and without AVC in simulation. The focus of this publication, however, is on
the simulation-based evaluation of the energy efficiency increase achieved by AVC.
Publication @ is dedicated to the challenge of selecting the correct actuator force
and bandwidth needed for a specific machine tool to be equipped with an AVC system.
First of all, critical process parameters have to be identified in order to estimate the
maximum forced and self-excited vibration amplitudes that can be expected. Then,
the required actuator force and bandwidth for damping such vibration amplitudes
can be determined with the extended simulation model from publication (2).

The fact that different control strategies have different advantages and disadvan-
tages has already been outlined in publication (I). Publications (4), (5), (6), and (7)
therefore deal intensively with the evaluation of different control strategies. Publi-
cation @ describes a first investigation on the performance of the DVE LQG, H,
and u controllers using the simulation model from publication (2), and validates



68 3 Objective and Methodology
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Fig. 3.1: Methodology of this publication-based dissertation

the results with machining tests on the SPINNER U5-620 5-axis milling center. The
investigation showed that the LQG controller was unsuitable for AVC of machine
tools, and that no u controller could be practically found that satisfied the desired
robust performance specification. Subsequently, publication (5) shows a method-
ology for automatic tuning of the two remaining control strategies, DVF and H,,
which significantly simplifies the commissioning of AVC systems. In experimental
investigations, the H, controller showed better performance on both the SPINNER
U5-620 5-axis machining center and a PITTLER PV630 vertical lathe. However, the
experiments also revealed that the performance of the robust controller decreases
with the increase in model uncertainties, which usually result from the machine tool’s
position-dependent dynamics. In order to take advantage of the performance benefits
of a model-based controller, even on machine tools with strong position-dependent
dynamics, publication (6) is dedicated to an adaptive control strategy. The imple-
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mented feedback FXLMS controller is easily tuned with the help of an integrated
online identification algorithm and an automatic parameter tuning. Demonstrated
through extensive experiments on the SPINNER U5-620 5-axis machining center,
a strong performance is observed even with a significant change of the controlled
system’s transfer function.

Publication (7) provides a final comparison of the three control strategies, DVE H,,
and FXLMS. A fundamental improvement is presented for the automatic tuning of
the H, controller introduced in publication @ The solution space is widened and
the optimal parameter set is reached by applying a PSO algorithm. To investigate the
robustness of the automatic commissioning of the DVE H,,, and FXLMS controllers,
extensive machining tests with different process parameters and tool positions were
carried out on the SPINNER U5-620 5-axis machining center and the PITTLER PV630
vertical lathe. Lastly, the resulting vibration amplitudes and surface qualities were
analyzed for a final evaluation of the different controllers and the developed automatic
commissioning methodology.

Fig. 3.2 illustrates how the publications (1) to (7) address the research targets RT1
to RT4 defined in Sec. 3.1. A detailed description of the publications can be found in
the following Chapter 4.

implementation of a regenerative cutting process

»
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Fig. 3.2: Relation between the publications and the research targets (image sources: METRA
MESS- UND FREQUENZTECHNIK IN RADEBEUL E.K. (2020); B&R AUTOMATION (2020a);
CEDRAT TECHNOLOGIES (2020); CSA ENGINEERING (2020))






4 Dimensioning and Automatic Commissioning
of Active Vibration Control Systems

4.1 Publication 1: Active Damping of Heavy Duty Milling Operations

For publication (1), a commercial MORI SEIKI NMV5000 5-axis machining center was
equipped with an AVC system. A methodology based on the work of EHMANN (2004)
was applied in order to select a suitable location for the actuator. In a first step,
the compliance FRFs in three spatial directions at the TCP were measured. These
were used, together with the tool and material parameters, as input variables for an
analytical SLD calculation. The machine tool showed a critical natural frequency at
75 Hz. An experimental modal analysis subsequently indicated that this frequency
belongs to the first bending mode of the machine’s z-slide. The optimum actuator
placement, in terms of maximum damping performance, is therefore as close as
possible to the tool, since this is the location where the highest vibration amplitudes
occur. The accelerometer and actuator (Micromega Dynamics ADD45) were then
attached to the machine tool structure by magnets.

A DVF as well as a model-based velocity feedback (MbVF) controller were imple-
mented and tested. The latter represents a manual loop-shaping of the DVF controller,
which allows the damping of selected natural frequencies only (see Fig. 4.1). Since
the loop-shaping was conducted based on measured FRFs, the control strategy suf-
fers from a lack of robustness against non-modeled effects of the controlled system
transfer function. For the purpose of performance investigations, an AVC simula-
tion model was implemented in the software tool MATLAB/SIMULINK®. While the
structural dynamics of the machine tool were described by a state space model, the
behavior of the AVC system was modeled by a double differentiated PT2 element.
The AVC system exclusively represents the proof-mass actuator because the sensor
and power amplifier transfer functions were assumed to be constant due to their
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A ——MDbVF controller
40} i
z
= 30F i
g 20 i
3
=10 i
0

0 1(I)0 200 300 400 500 660 700 82)0
frequency in Hz —

Fig. 4.1: FFT of the simulated actuator force — DVF controller & MbVF controller based on
KLEINWORT ET AL. (2014)
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comparably high bandwidth. Simulated impulse hammer tests showed a reduction of
the dynamic compliance at the TCP by 6.5 % (DVF) and 26 % (MbVF). Experimental
impulse hammer tests on the real machine structure led to comparable results for the
DVF controller, but could not confirm the high values for the MbVF controller, which
achieved a reduction of only 12 %. This is on account of a poor signal-to-noise ratio,
which was neglected in the simulation, and modeling inaccuracies, which were not
considered during loop-shaping. In cutting tests, the analytical SLD was validated,
and it was shown that the chatter-free DOC increases by 33 %, from 3 mm to 4 mm,
when using the MbVF controller.

In summary, this publication shows the possibility of increasing the chatter stability
limit on a commercial machining center by installing an AVC system. Even with simple
control strategies, a significant increase in productivity is achievable. Focusing the
controller on the most critical natural frequency improves the performance. However,
a high effort remains needed to tune the AVC system. Therefore, this publication
advocated a further comparison of different control strategies and the development
of an automatic tuning methodology for AVC systems. The AVC simulation model
presented here is the basis for publications (2) and (3).

The individual contributions of the author of this dissertation to this publication are
depicted in Fig. 4.2.

Y. Altintas
R. Kleinwort M. E Zaeh

@ 90 % 5%|5 %

- idea (concept & modeling): 80 %
- execution (measurement & simulation): 95 %
- publication (writing & review): 90 %

Fig. 4.2: Individual contributions of the author to publication (1)®

The following three achievements were obtained through publication (1):
* A simulation model of the machine tool’s structural dynamics including an
AVC system was verified to be used for controller performance evaluation.

* A model-based loop-shaping controller was introduced, which showed a higher
damping performance compared to a model-free DVF controller.

* The analytical determination of the SLD with the simulation model for a
machine tool with and without AVC was validated by machining tests.

8 The average estimate was agreed upon by all authors. A detailed listing of the contributions of the author
of this dissertation (R. Kleinwort) regarding idea, execution, and publication is also given in the figure. The
overall contribution of the author is an averaged result of these specific contributions.
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4.2 Publication 2: Energy Demand Simulation of Machine Tools with
Improved Chatter Stability Achieved by Active Damping

The base load of machine tools accounts for a high proportion of the total energy
consumption. A reduction in net machining time, for example through higher ma-
terial removal rates, therefore often leads to a reduction in energy consumption
per workpiece produced. In publication (2), the energy consumption of a SPIN-
NER U5-620 5-axis milling center was modeled to evaluate the increase in energy
efficiency that can be achieved by installing an AVC system. The energy demand
model considers the energy consumption of the main spindle, the feed drives, and the
auxiliary units, as well as the remaining base load. In addition, the simulation model
includes a regenerative cutting process model, which makes it possible to predict
the increased chatter-free DOC through AVC. The input parameters of the energy
demand model are the NC program and the workpiece blank geometry, as illustrated
in Fig. 4.3. An interpreter module reads the NC program and transmits the program
sequence to the energy consumption module and the regenerative cutting process
model. The latter first determines the intersection of the tool and the workpiece for
each calculation step based on the tool path and the tool geometry. Then, the cutting
process simulation is executed. A mechanistic cutting force model based on BUDAK
& ALTINTAS (1998) calculates the cutting forces which are sent to the state space
model introduced in publication (1). The vibration response affects the dynamic
chip thickness, and thereby the cutting force simulation. The coupled model allows

simulation model

NCcode | NC code NC parameters* power units electric
| interpreter module d module of dpoweg
tool path SPINNER U5-620 cman >

tool geometry

:cutting torque
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> tool-workpiece
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E“j : e velocities of the axes
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Fig. 4.3: Modules of the energy demand simulation model based on KLEINWORT ET AL. (2015)
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the chatter stability to be evaluated. The calculated cutting torques of the main
spindle are transferred to the energy consumption module. The influence of the
cutting forces on the energy consumption of the feed drives, however, is negligible.
Machining tests showed deviations between simulation and measurement of less
than 1.3 % in terms of energy consumption, and less than 5 % in terms of electrical
power. The most significant source of error was identified to be the differences in
tool change times, which depend on the current tool changer position and cause time
deviations between the simulated and the real process.

The simulated stable DOC was increased by 100 % when using the AVC system. The
resulting energy savings are strongly dependent on the respective NC program. In a
very favorable scenario, doubling the limiting DOC reduces the net machining time
by 50 % and the total cycle time by 38 %. Despite a significantly increased power
consumption of up to 43 % due to the increased DOC, this resulted in energy savings
of about 34 %.

The individual contributions of the author of this dissertation to this publication are
shown in Fig. 4.4.

R. Kleinwort R.S.H.Popp B.Cavalié M.E Zaeh
@ 50 % 25 % 20% (5%

- idea (concept & modeling): 60 %
- execution (measurement & simulation): 30 %
- publication (writing & review): 80 %

Fig. 4.4: Individual contributions of the author to publication (2)

To sum up, this publication presents the transferability of the simulation model
introduced in publication (I) to other machine tools, as well as its extension for the
purpose of energy demand simulation and controller performance testing. Further-
more, the increase in energy efficiency through AVC was evaluated for a sample
workpiece.

Publication (2) led to the achievement of the following four goals:
* The simulation model introduced in publication (1) was extended by a cutting
force model to become a regenerative cutting process model with AVC.

* It was verified that the regenerative cutting process model is capable of simu-
lating the increase in chatter stability through AVC.

* An energy demand simulation, which calculates the energy consumption for
an arbitrary NC program, was developed and validated.

* Simulation and experimental results proved a significant increase in energy
efficiency through AVC.
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The research target RT1 from Sec. 3.1 addresses the dimensioning of an AVC system.
The biggest challenge is to determine the correct performance class for the actuator.
Publication (3) presents a simulation model that allows the required actuator force
and the bandwidth to be calculated. The objective is to increase the chatter stability
of a specific machine tool such that the full power capacity of the drives can be
utilized. The basic idea is to identify critical process parameters in terms of maximum
vibration amplitudes, and then determine the required dimensions of the AVC system
for these cutting conditions. The critical process parameters are determined based on
the compliance FRF at the TCP the technical data of the main spindle, the maximum
allowable tool diameter, and the hardest material to be machined, as illustrated in
Fig. 4.5. Then, it is required to find the machining process conditions that result in the
highest forced and highest self-excited vibration amplitudes. A genetic algorithm is
used to identify the most critical cutting conditions in terms of forced vibrations. For
the most critical self-excited vibrations, the solution space was first reduced based on
a literature review. This allowed for the formulation of a directly solvable algebraic
equation. The result serves as a reference process in order to tune the DVF controller
of the AVC system. The analytically determined stability limit is set in relation to
the maximum DOC possible with the installed spindle power. Then, the controller
gain required to increase the stable DOC is calculated accordingly. At the same
time, the Nyquist closed-loop stability criterion is checked. Finally, the regenerative
cutting process model introduced in publication @ calculates the actuator forces
in the time domain. The simulation is performed for both the process that results

critical machining regenerative cutting process model
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Fig. 4.5: Overview of the simulation-based actuator dimensioning approach based on KLEIN-
WORT ET AL. (2018b) (image source: CSA ENGINEERING (2020))
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in the maximum forced vibration amplitudes and the process that results in the
maximum self-excited vibration amplitudes. This way, the required actuator force
and bandwidth are determined by selecting the maximum values obtained. The
methodology was successfully verified by applying it to the SPINNER U5-620 5-axis
machining center.

The individual contributions of the author of this dissertation to this publication are

represented in Fig. 4.6.

R. Kleinwort P Weishaupt M. E Zaeh
® 70 % 25 % 5%

- idea (concept & modeling): 90 %
- execution (measurement & simulation): 40 %
- publication (writing & review): 80 %

Fig. 4.6: Individual contributions of the author to publication (3)

In summary, this publication addresses RT1 from Sec. 3.1: the dimensioning of an
AVC actuator for a specific machine tool. A genetic algorithm identifies the most
critical machining process in terms of forced vibration amplitudes at the TCP. Based on
an algebraic equation, the most unstable process is found and analytical calculations
yield the controller gain that stabilizes this most critical machining process. Using
the regenerative cutting process model with AVC from publication (2), the process
stability is finally examined in the time domain and the required actuator force and
bandwidth are simulated.

The following four major achievements were outlined through publication (3):

* The most critical process parameters in terms of forced vibration amplitudes
were identified by a genetic algorithm.

¢ The cutting conditions that lead to the highest self-excited vibration amplitudes
were determined by an algebraic equation.

* The DVF controller gain needed to stabilize the most critical process can be
easily obtained through an analytical solution.

* The required actuator force and bandwidth can be determined by the regen-
erative cutting process model from publication (2) taking into account the
machine tool’s structural dynamics, the installed spindle power, and the most
critical cutting conditions to be expected.
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4.4 Publication 4: Comparison of Different Control Strategies
for Active Damping of Heavy Duty Milling Operations

Publication (4) compares four control strategies for AVC that have been often im-
plemented in the literature. The SPINNER 5-axis machining center served as a test
system, and was equipped with a MOOG SA10-V30 actuator. For the simulative
evaluation of the control strategies’ performance, the same state space model of the
machine structure that had been used for publication (2) was employed. The control
strategies investigated were a model-free DVFE, a model-based LQG, a robust H,
and a robust u controller. According to MUNOA ET AL. (2013), the DVF controller
shows the best performance among the model-free control strategies. Compared to
the DVF controller, the LQG controller is capable of weighting the individual states.
These correlate with the eigenmodes enabling the LQG controller to focus on damp-
ing the most critical natural frequencies only. This can also be achieved by robust
controllers through their weighting functions. Furthermore, modeled uncertainties
are considered within the synthesis. This allows, for example, considering changes
within the structural behavior due to position-dependent dynamics. The model-based
controllers were synthesized based on the experimentally identified state space model
and tuned manually. Global convergence is not guaranteed for the synthesis of a u
controller, which is why the resulting controller can depend on the selected initial
design value. In this case, no u controller could be found that satisfied the desired
robust performance specification for the structured uncertainties modeled. However,
the u synthesis showed that the previously calculated H,, controller yields a local
minimum.

normalized receptance —

frequency in Hz —

Fig. 4.7: Comparison of the different control strategies determined with tap testing at a position
different from the model reference position based on KLEINWORT ET AL. (2016)
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In both the simulated and experimentally measured FRE the DVF controller showed
the best damping effect, followed by the H, controller, and, last of all, the LQG
controller. When the TCP is moved, the structural dynamics of the machine change.
In this case, the LQG controller increases the magnitudes of some modes compared
to the original FRE as shown in Fig. 4.7. In machining experiments, the chatter-free
DOC increased from 1.5 mm to 2.9 mm, which corresponds to the spindle power limit,
with both the DVF and H, controllers. The LQG controller achieved a maximum
DOC of 2.4 mm. Due to the significantly poorer damping performance and the lack
of robustness against changes of the controlled system’s transfer function, the LQG
controller cannot be recommended for the AVC of machine tools. In the course of the
experiments, the sensitivity of the DVF controller to low-frequency vibrations was
noticeable, especially during high accelerations originating from the motion of the
feed drives. These can lead to controller instabilities. Hence, a special filter strategy
is introduced for the DVF controller in publication (5).

Fig. 4.8 indicates the individual contributions of the author of this dissertation to
this publication.

R. Kleinwort M. Schweizer M. E Zaeh
@ 60 % 35 % 5%

- idea (concept & modeling): 70 %
- execution (measurement & simulation): 30 %
- publication (writing & review): 80 %

Fig. 4.8: Individual contributions of the author to publication (4)

In summary, the comparison of different control strategies in simulation and cutting
tests presented in this publication closes one further gap identified in Sec. 2.5 by
addressing RT2.

The following two goals were achieved through publication @:
* Based on a literature review, three commonly used control strategies for AVC
were selected and implemented on a commercial machining center.

* In both the simulation and the experiments the DVF and the H,, controllers
were identified to be the most promising control strategies for AVC of machine
tools.
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4.5 Publication 5: Automatic Tuning of Active Vibration Control
Systems using Inertial Actuators

This publication addresses RT3 and presents a methodology that reduces the high
commissioning effort of AVC systems. Since the DVF and H, controllers showed
the best performance according to publication (4), a three-step method for their
automatic commissioning is introduced: system identification, controller synthesis, and
controller test. First, the actuator excites the machine structure by a PRBS, causing it to
vibrate. The measured FRF of the controlled system is then processed by a subspace
identification method, which parameterizes a state space model. The controller
synthesis of the DVF controller uses the previously identified state space model to
determine the lowest natural frequency to be damped. Depending on this frequency,
the filters’ cut-off frequencies are determined. Compared to publication (4), the pure
integrator of the DVF controller is replaced by a weak integrator in combination
with a second-order high-pass filter and an actuator compensation filter. These
changes lead to reduced sensitivity to low-frequency noise and an extended working
bandwidth, at the cost of reduced robustness against changes within the controlled
system. An operational vibration measurement during a lightly unstable machining
process serves as a reference signal for determining the controller gain. Iteratively,
the controller gain is adapted in such a way that the actuator force is pushed to its
limits without saturating. Furthermore, the controller behavior is evaluated within
a simulation by analyzing whether the damped vibration amplitudes continue to
decrease while ensuring that the Nyquist stability criterion is not violated. The same
procedure is applied for tuning the H,, controller. The sensitivity function S, and the
controller sensitivity function CS, are defined as a constant value and a fixed low-pass
filter, respectively. Only the passband amplitude of the process sensitivity function

i FRF measurement i inRBS(t)
|
I:Il 4 1w
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Fig. 4.9: SPINNER U5-620 equipped with an AVC system based on ZAEH ET AL. (2017)
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GS,, which is also designed as a low-pass filter, is adjusted iteratively, since it has
the strongest impact on the damping performance. For the controller test, the system
identification cycle is carried out again, but this time with the controller switched on,
as illustrated in Fig. 4.9. The measured closed-loop transfer function is analyzed to
ensure that the desired damping performance is achieved. The experiments were
carried out on a PITTLER PV630 lathe and the SPINNER 5-axis machining center.
Both were equipped with a MOOG SA10-V30 actuator. The experiments proved that
the extended DVF controller is robust against low-frequency signal components due
to the additional filters, but that this robustness is accompanied by a lower damping
performance. The H, controller showed a significantly higher damping performance
in both tests. In machining experiments, both control strategies increased the chatter-
free DOC by 100 %, which corresponds to the spindle power limit.

This publication was led by M. E Zaeh as a member of the International Academy for
Production Engineering (French: College International pour la Recherche en Produc-
tique - CIRP). However, the author of this dissertation (R. Kleinwort) contributed the
largest portion of the publication, as depicted in Fig. 4.10.

M. E Zaeh R. Kleinwort P Fagerer Y. Altintas

®| 15% 60 % 20 % 5%
J

idea (concept & modeling): 80 %

execution (measurement & simulation): 40 %
publication (writing & review): 70 %

Fig. 4.10: Individual contributions of the author to publication (5)

To sum up, this publication introduced a methodology for the automatic commission-
ing of the DVF and H,, controllers. By using the AVC system for the identification
of the controlled system, followed by an automatic controller tuning and test, the
effort needed for commissioning an AVC system is reduced to that of a plug and play
solution. A further development of the automatic tuning methodology for the H,
controller is presented in publication (7).

The following three achievements were obtained through publication (5):
* An automatic commissioning methodology for the DVF and H, controllers
was derived.

* The DVF controller’s working bandwidth and sensitivity to low frequency noise
was reduced.

* The high transferability and performance of the presented methodology was
validated by cutting tests on two different machine tools.
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4.6 Publication 6: Adaptive Active Vibration Control for Machine
Tools with Highly Position-dependent Dynamics

The control approaches evaluated in publication (5) become significantly less efficient
if the machine structure to be damped shows strong position-dependent dynamics. To
overcome this drawback, a position-dependent adaptation of the controller transfer
function would be necessary, but this contradicts the objective of this dissertation
being a low commissioning effort. In publication @, an adaptive control strategy,
previously implemented for AVC of machine tools at the Institute for Machine Tools
and Industrial Management of the Technical University of Munich (WAIBEL 2012),
was therefore employed and further developed. The FXLMS algorithm is extended
by a variable step size, a variable leakage, and a re-scaling algorithm. While the first
two extensions continuously adapt the step size and the leakage factor in order to
achieve an optimum damping performance in each situation, the latter automatically
attenuates the controller in the case of actuator saturation. However, the extended
FXLMS algorithm still has a variety of setting parameters that influence the controller
stability and the damping performance. Thus, the aim of this publication is to
introduce a way to automatically determine the optimum setting parameters in order
to simplify the commissioning.

Since the FXLMS algorithm needs a model of the controlled system, an offline or
online system identification is required. The latter is preferred if the controlled
system’s transfer function changes due to strong position-dependent dynamics. For
both procedures, the optimal parameters were determined within the scope of an
extensive series of simulations. As an example, the optimization of the adaptation
step size a is presented in Fig. 4.11. Analyzing the FAAC value shows that a has a
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Fig. 4.11: FAAC value depending on the adaptation step size a based on KLEINWORT ET AL.
(2018a)
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significant influence on the accuracy of the system identification. For the experimental
validation, the proof-mass actuator excited the machine structure at a fixed frequency,
while the TCP was moved in order to force a change in dynamics. During this test,
online system identification achieved a significantly higher vibration suppression
in the new machine position compared to offline system identification because for
the latter the controlled system transfer function was not adapted to the changing
dynamics but fixed. In contrast to the previous publications, the controller was
implemented on a cost-efficient B&R X20CP1586 PLC control system. Final cutting
tests confirmed the performance of the setup and the methodology. The chatter-free
DOC was increased by a significant amount of 160 % from 1.0 mm to 2.6 mm.

Fig. 4.12 depicts the individual contributions of the author of this dissertation to this
publication.

R. Kleinwort J. Platz M. E Zaeh
® 60 % 35 % 5%

- idea (concept & modeling): 80 %
- execution (measurement & simulation): 35 %
- publication (writing & review): 60 %

Fig. 4.12: Individual contributions of the author to publication (&)

In summary, this publication introduced an adaptive control strategy for AVC that is
advantageous if the machine tool shows strong position-dependent dynamics. The
presented online identification and methodology for control parameter selection
enables a commissioning of the controller with minimum effort, as demanded by
RT3. The included attenuation of the controller in the case of actuator saturation
ensures long service life. However, there are caveats concerning the industrial use of
this control strategy because the classical stability criteria from control engineering
(see Sec. 2.4.6.1) are not applicable.

This publication won the Best Paper Award 2018 from the International Journal of
Automation Technology (IJAT).

Publication () presents the following three achievements:

* An adaptive FXLMS controller with online system identification was imple-
mented, which proved to yield high damping performance even if the machine
tool exhibits strong position-dependent dynamics.

* A simulation-based methodology was derived that allows for an optimization
of the control parameters.

* The controller was successfully implemented on a cost-efficient industrial PLC
and tested in machining experiments.
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4.7 Publication 7: Evaluation of Different Automatically Tuned
Control Strategies for Active Vibration Control

Since the DVE H_,, and FXLMS controllers all showed a reasonable performance
according to publications (1) to (6), publication (7) presents a final evaluation of these
control strategies with extensive cutting tests under industrial operation conditions.
Not only are the controllers’ performance assessed, but also the transferability and
the robustness of the automatic tuning methodologies, as mandated by RT4. In
addition to machining tests on the SPINNER U5-620, the H, controller was also
tested on the turning lathe PITTLER PV 630. Since the lathe did not show strong
position-dependent dynamics, the FXLMS controller was only tested on the 5-axis
milling machine. All controllers were implemented on the B&R X20CP1586 PLC. For
this publication, a more powerful CEDRAT MICA 300M actuator was attached to the
lathe, as illustrated in Fig. 4.13, while the milling machine was still equipped with
the MOOG SA10-V30 actuator. Compared to publication (5), measures for increasing

3

v

Fig. 4.13: AVC hardware 1ntegrated on the PITTLER PV630 based on KLEINWORT ET AL. (2021)

the robustness of a DVF controller were investigated in more detail. In addition, the
automatic tuning methodology for the H,, controller was further developed. The
new methodology allows all three closed-loop transfer functions (S(s), CS(s), GS(s))
to be considered instead of only one. The increased complexity in loop-shaping is
handled by a PSO. The optimization searches for the global minimum of the cost
function ||GS||. and aborts if the swarm has converged. This leads to a much
higher calculation effort because for each particle of the swarm the H,, synthesis
needs to be performed. To reduce the computational time, the actuator saturation
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is tested in the frequency domain instead of the time domain, which was the case
in publication (5). The maximum actuator force is considered within the boundary
function of the control sensitivity function CS(s), which prevents the actuator from
saturating.

Extensive cutting tests for different TCP positions and process parameters were
successfully performed, which proves the robustness of the automatic commissioning
methodologies of the DVE H_,, and FXLMS controllers. The resulting vibration
amplitudes and surface roughness were examined, along with the durability of
the proof-mass actuator. After having put the AVC system on the PITTLER PV630
successfully into operation, it has been in use in series production ever since. The
publication concludes with a list of advantages and disadvantages of the individual
controllers and provides the end user with recommendations on how to select the
most suitable control strategy for an application.

Fig. 4.14 shows the individual contributions of the author of this dissertation to this
publication.
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- publication (writing & review): 90 %

Fig. 4.14: Individual contributions of the author to publication (7)

In summary, publication (7) presents an improved automatic tuning methodology
for the H, controller and proves the performance and robustness of all developed
automatic commissioning methodologies during extensive machining tests under
varying conditions. Furthermore, the hardware components of an AVC system are
evaluated in terms of their industrial suitability.

The work leading to publication (7) achieved the following five goals:

* The automatic commissioning for the H., controller was improved.

* The DVE H,, and FXLMS controllers were evaluated by comparing the resulting
vibration amplitudes and surface roughness values for different TCP positions
and process parameters.

* All controllers were successfully implemented on a cost-efficient PLC.

* Extensive machining experiments proved the robustness and performance
of the automatic commissioning methodologies under industrial operation
conditions.

* The AVC system on the PITTLER PV630 has been tested in serial production.
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4.8 Discussion

This section discusses the main contributions of all publications compared to the
state of the art, as illustrated in Fig. 4.15.
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Fig. 4.15: Classification of the publications in comparison to exemplary works in the literature

While EHMANN (2004) presented fundamental calculations for the required actuator
force and identified the high influence of the cutting forces, ROTH (2009) and
ABELE ET AL. (2016) stated that the actuator must be able to provide the same force
magnitude as the cutting forces. The simulation approach presented by MANCISIDOR
ET AL. (2015) identifies the resulting actuator forces for a certain process at different
actuator locations. A similar simulation model was implemented in the context
of publications (1) and (2) of this dissertation. In publication (3), the simulation
model is combined with a methodology for determining the maximum forced and
self-excited vibrations to be expected for a certain machine tool. This novelty allows
for the first time to precisely obtain the actuator force required in order to improve
the chatter stability in such a way that the full spindle power can be exploited.

A theoretical comparison of different control strategies for the AVC of machine
tools was first presented by EHMANN (2004), who, in the end, implemented a
controller. However, no cutting tests were performed. Several publications presented
the performance of a single control strategy in simple cutting tests, including WAIBEL
(2012), who implemented an adaptive FxXLMS controller. KERN (2009) compared
a LQG and a u controller for an AMB spindle. The LQG controller showed a lack
of robustness against the spindle speed-dependent dynamics, and was not able to
increase the chatter stability in contrast to the robust u controller. MUNOA ET AL.
(2013) evaluated different model-free control strategies in simulations and performed
cutting tests with a DVF controller on a commercial ram-type milling machine.
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Extensive machining tests were performed by BAUR (2014) for a DVF and a model-
based loop shaping controller with manually selected poles. A similar comparison
is shown in publication @, but, in contrast to the results of BAUR (2014), stronger
controller performance is achieved with the model-based loop shaping controller. The
reason is that the model-based loop shaping controller can be focused on damping
only the most critical eigenmode. For the first time, publication (4) shows a direct
comparison of the DVE LQG, H,,, and u controllers. However, since the non-convex
u synthesis has yielded no solution that satisfied the desired robust performance
specification, the increase in chatter stability was experimentally evaluated only for
the remaining three controllers. The results for the LQG controller agree with Kern’s
findings: due to changes in the transfer function of the controlled system as well as
modeling errors, the controller performance decreases significantly. Furthermore, a
comparison of the DVF and H,, controllers with automatic commissioning is shown
in publication (5), and machining tests with the two controllers under industrial
operation conditions are presented in publication (7).

A first simplification of the commissioning of AVC systems with LTI controllers was
introduced by KERN (2009), PARUS ET AL. (2013), and BRECHER ET AL. (2016). All
of them used the AVC actuator to excite the mechanical structure, thereby directly
determining the FRF of the controlled system. BOLDERING (2015) automated the
system identification and the subsequent synthesis of an LQG controller for an active
grinding tool holder. However, no machining tests for validation were performed.
Publication (5) uses a similar approach for automatic system identification and
introduces an automatic tuning methodology for a DVF and an H_, controller. In
contrast to the procedure presented by Boldering, the machining process is considered.
The process forces directly affect the controller output and, thus, must be taken into
account to avoid damaging the actuator due to saturation. Additional machining
tests and further improvements to the automatic commissioning of the H, controller
are presented in publication (7). At the same time of publication (5), UHLMANN ET AL.
(2017) also presented a methodology for automatic tuning of an H, controller for
the AVC of a portal machine tool structure test bed. Three lead zirconate titanate
piezoelectric actuators were integrated serially within the force flux. However, no
machining process was considered for the tuning methodology and, due to only using
an individual laboratory setup, no cutting tests were performed.

For LTV controllers, LOEIS (2013) implemented an online identification for an adap-
tive feedforward FXLMS controller. Since the focus was on noise suppression, the
increase of chatter stability during wood machining was not investigated. In publi-
cation (6), a feedback FXLMS controller with online identification is introduced. In
contrast to the work of LOEIS (2013), several modifications found in the literature
for improving the LMS algorithm were implemented and evaluated with respect to
chatter stability improvements. The remaining parameters of the adaptive controller
to be selected during commissioning are optimized by a simulation-based approach,
leading to a methodology for automatic commissioning of the FXLMS controller.
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Additional extensive machining tests under industrial operation conditions were
conducted and described in publication (7).

Several publications show that the methods developed within this dissertation have
a high degree of transferability, and that the automated commissioning lowers the
barriers to market entry, especially for retrofit solutions. Inspired by publication @,
MANCISIDOR ET AL. (2018) implemented an automatic system identification using
the proof-mass actuator of the AVC system in order to obtain the position-dependent
dynamics of a ram-type milling machine, thereby simplifying the controller tuning.
The high transferability of the methodology developed is proven by BEUDAERT ET AL.
(2019), who implemented a similar approach as presented in publication (5) for
the automatic tuning of a DVF controller for a portable proof-mass actuator. The
latter was used for chatter suppression on flexible workpieces. Instead of modeling
the controlled system, only the FRF was determined and used for controller tuning.
In addition to the controller gain, the parameters of the filters were tuned, too.
In addition to a stability analysis in simulation, an online gain margin verification
approach was introduced that progressively increases the controller gain in order to
obtain the real stability limit. However, no machining process is considered during
the controller tuning in order to prevent the actuator from saturating as a result of too
high sensor amplitudes. The portable damping system is called DYNAMIC WORKPIECE
STABILIZER, and is available as a commercial product (DANOBATGROUP 2019). A
further evaluation of the achievements is presented in the next chapter.
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For the industrial use of AVC systems on machine tools, its technology maturity as well
as its economic and ecological impacts are most important. The latter was already
evaluated by BAUR (2014), who determined the energy demand per material removal
in J/mm?®. Machining tests showed that the specific energy demand can be reduced
by 15 % if the stability limit is improved by 45 %. In publication (2), simulations
obtained comparable results with energy savings of 34 % for an increase in chatter
stability of 100 %. However, these results reflect best-case scenarios, since the net
machining time is significantly reduced. General statements about the increase in
energy efficiency through AVC cannot be made. However, the simulation approach
presented in publication (2) allows for an easy assessment of individual processes.

In addition to the above mentioned ecological evaluation, the following sections
contain an assessment of the AVC system derived in this dissertation in terms of
technology maturity and possible return on investment.

5.1 Technology Maturity Assessment

The evaluation of technologies goes back to the concept of the technology readiness
level (TRL) developed by the National Aeronautics and Space Administration (NASA)
(MANKINS 1995). Since the nine TRLs focus on components for aerospace and
astronautic systems, they cannot easily be transferred to manufacturing technologies.
BROUSSEAU ET AL. (2010) introduced a technology maturity assessment to define
the maturity of micro and nano production processes by seven different maturity
stages. REINHART & SCHINDLER (2012) adapted Brousseau’s approach in order to
consider common manufacturing technologies. The seven resulting maturity stages
are shown in Fig. 5.1. Within the basic technology research stage, working principles
and hypothetical theories are observed, documented and comprehended. In the
second stage, formulated theories allow for simulations. In addition, first experiments
for the proof of concept are performed. The technology development stage includes the
evaluation of alternative technologies. Furthermore, all relevant process parameters
are identified and estimated using simulations. In the fourth stage, a functional
hardware prototype is built in order to show the functionality of the technology in a
laboratory environment. The next stage is called resource integration and requires the
integration of the technology into a real production resource. Extensive experiments
are conducted in order to validate the results of lower maturity stages and contemplate
the process window under realistic conditions. At this stage, technological and
economic indicators are also assessed, such as process times, machine availability, or
resource efficiency. The production environment integration focuses on the interfaces
to other production technologies as well as upstream and downstream processes.
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Fig. 5.1: Evaluation of the technology maturity stages for the AVC system derived within this
dissertation using the criteria of REINHART & SCHINDLER (2012)

Extensive experiments are conducted to show all influences on the process window.
The last stage indicates that the technology can now be used within serial production.
Here, standardized procedure documents exist and regular maintenance actions are
established in the company. (REINHART & SCHINDLER 2012)

Five technicians and engineers from the companies SPINNER Werkzeugmaschinen-
fabrik and Schaeffler Group, who were involved in the research work described in
this dissertation, assessed the maturity of the developed AVC system based on a
standardized survey presented in SCHINDLER (2015). For each maturity stage, these
experts evaluated several criteria, which were weighted equally. In Fig. 5.1, the re-
sulting mean value for the maturity of each stage is shown, together with its standard
deviation. The maturity stages one to six received a high evaluation. In contrast
to that, the comparably low value of stage four is caused by a lack of long term
experience with the system and the wish for additional extensive machining tests.
Similar points were criticized at stage five. Additionally, the investment costs were
perceived as too high. In order to reach a higher evaluation at stage seven, more
experience has to be gained with the system inside the companies, especially with
respect to maintenance services and hardware installation.

BAUR (2014) applied the TRLs presented by MANKINS (1995) in order to evaluate
the maturity of the AVC system that he developed. Since a prototype was built and
tested on two different machine tools, TRL 5 was reached. According to REINHART &
SCHINDLER (2012), this level corresponds to a technology maturity between stage
four and five. The survey shown in Fig. 5.1 indicates that with the methodologies
developed within this dissertation, the AVC system has reached the highest technology
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maturity stage. In order to complete this stage, more experience with the system
installed in serial production has to be gained by the companies.

5.2 Economic Assessment

A generally valid economic assessment of an investment such as an AVC system is
not possible within academia, since comprehensive cost and revenue information is
not available at universities. Thus, this has to be done individually for each machine
tool, which is intended to be equipped with such a system. Furthermore, the revenue
depends strongly on the achievable increase in chatter stability as well as the product
range. The targeted increase in chatter stability defines the actuator dimension
required and hence affects the investment costs significantly. Based on the product
range, the reduction in machining time due to the increased chatter stability must be
analyzed. Most likely, an improvement in net machining time can only be achieved
for heavy duty milling operations.

As an example, the economic assessment is performed below for the sample workpiece
presented in publication (2), which was machined on a SPINNER U5-620 milling
machine. Only those costs that change significantly as a result of the use of AVC are
taken into account. The calculated investment costs are then compared with the
potential cost reduction through net machining time reduction. Tab. 5.1 summarizes
the assumed cost rates.

Tab. 5.1: Assumed cost rates

name unit  value
engineer personnel costs €/h 80
technician personnel costs  €/h 55
machine hour rate €/h 30

The methodology developed within this dissertation significantly reduces the time
required to commission an AVC system. For industrial applications, it is possible
that the system identification and controller tuning has to be repeated at regular
intervals due to changes within the controlled system (e.g wear effects, structural
changes during maintenance). It is assumed, that an experienced engineer needs 8 h
for the manual setup. Using the automatic approach, a technician can commission
the system in less than 1 h. This yields the following cost savings for each setup:
AC,

setup

=8h-80€/h—1h-55€/h=>585€. (5.1)

Besides the costs for commissioning, the investment costs for an AVC system have to
be taken into account. Based on quotations available to the author of this dissertation,
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the total costs including software licenses are broken down in Tab. 5.2. The actuator

Tab. 5.2: Investment costs based on quotations

name price in €
MMEF KS80D acceleration sensor including cable 270
B&R X20CP1586 PLC incl. D/A and A/D with IEPE amplifier 2600
BEAK BAA 120 power amplifier 2000
MOOG SA10-V30 actuator 2500
total costs 7370

and power amplifier are comparably expensive and account for over 60 % of the costs,
as they are only produced in very small quantities. Furthermore, the dimensions for
these components have to be selected specifically for the respective machine tool. In
total, the commissioning and investment costs for the above mentioned hardware
configuration sum up to

Cuwe =1h-55€/h+7370 € = 7425 €. (5.2)

For the sample workpiece in publication @, the increase in chatter stability of 100 %
leads to a reduction of the total cycle time from t,., = 209 s to t,, syc = 130 s.
Hence, the direct production cost per workpiece is reduced by

AC,,,, = (209 s—130 5) - (55 €/h+ 30 €/h) = 1.865 €. (5.3)

Assuming a change-over time between two workpieces of t.,, = 30 s, the breakeven
point is reached after

C
the = S—VCI'(BO s+30s)=177h. (5.4)
tota

Hence, for a production in two shifts with a working time of 40 h/week, the breakeven
point is reached in under three weeks. In the above calculations, energy costs were
neglected. However, as shown by BAUR (2014) and publication @, energy efficiency
is increased through AVC which would further reduce the required time t,, until
breakeven. It should be noted that the above example is close to a best-case scenario.
To calculate the breakeven for arbitrary processes, Eq. 5.4 can be generalized to

CAVC .
(ttct - ttct,AVC) -85 €/h

tbe -

(ttct,AVC + tcot) . (55)
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6.1 Summary

Increasing scarcity of resources as well as the current climate change create a de-
mand for more sustainable and energy efficient production technologies. In the
case of machine tools, this calls for retrofit solutions that are able to lift an existing
machine to an even more favorable economical and competitive level. Since the
installed drive power of such machines often cannot be fully exploited due to the
dynamic compliance of the basic structure that result in chatter, the integration of an
active vibration control system can lead to a significant increase in productivity. For
new machine designs, desires for reduced energy demand call for lower accelerated
masses. However, lightweight design yields worse compliance in terms of damping
behavior and is thus in conflict with the targeted chatter stability. With the help of
active vibration control systems, low dynamic compliance (high dynamic stiffness)
over a high bandwidth can be achieved. Nevertheless, the use of such systems has so
far been very limited in industry. The reasons for this are a lack of knowledge about
the dimensioning of an active vibration control system, the high effort and expertise
needed for commissioning such a system, and a lack of experience about their robust-
ness in industrial use which directly brings about reliability and safety implications.
The objective of this dissertation was to overcome these challenges by presenting a
methodology consisting of a user-friendly simulation-based approach to accurately
select the actuator dimensions and specifications, and a robust and industrially-
suitable automatic commissioning strategy for corresponding active vibration control
systems.

First, a simple modeling approach was implemented for simulating the performance of
an active vibration control system. By using the model, the actuator force required for
damping the expected maximum vibration amplitudes on a specific machine tool can
be determined, thus utilizing the full power of the spindle without inducing chatter.
In this context, an analytical solution calculates worst case process parameters that
lead to a high instability, and a genetic optimization algorithm determines the process
parameters with maximum cutting forces.

Based on a literature review, the most promising LTI control strategies were selected
and compared during machining tests. For the model-free direct velocity feedback
and the model-based H, controller, which showed the highest increase in chatter sta-
bility, an automatic commissioning was introduced. The actuator excites the machine
tool structure, and a subspace identification technique automatically identifies a
model of the controlled system. Then, taking into account the process to be stabilized
and the maximum actuator force, a controller is tuned in such a way that optimal
damping performance is achieved. However, the direct velocity feedback controller,
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when used alone, has a high sensitivity at low frequencies. This behavior can lead
to instabilities and actuator saturation if, for example, high feed drive accelerations
occur. Additional high-pass filters, which are required to ensure industrial suitability,
reduce the damping performance. H., synthesis overcomes these drawbacks since
the resulting controller shows a low sensitivity to low-frequency noise, and allows the
controller design to be focused on damping only the most critical modes. However,
the damping performance decreases with increasing uncertainties. Hence, for ma-
chine tools with strong position-dependent dynamics, the implementation of an LTV
adaptive FXLMS controller is preferable. Equipped with online identification and a
largely automated adaptation of the controller parameters, this control strategy also
allows for easy commissioning. For the remaining parameters, a simulation-based
approach determines the optimal settings. On the contrary, the stability proof and
guarantee in the case of FXLMS is not as straightforward.

Extensive machining tests with varying process parameters and conditions were
conducted and have proven the robustness and performance of the control strategies
as well as the automatic commissioning. Since the machining tests were performed
on two different machine tools — a 5-axis milling machine and a vertical lathe — with
different hardware components, the transferability of the automatic commissioning
was also demonstrated with evidence. A final evaluation of the resulting active
vibration control system confirmed a high technology readiness level. The use of
cost-efficient and commercially available components ensures industrial suitability.

By comparing the methodology developed to the state of the art, the potentials
and benefits were pointed out: the actuator can be dimensioned more accurately,
end-users are now able to select the optimum control strategy for their application,
and the commissioning effort needed is reduced to a minimum. Finally, an economic
assessment showed that for machine tools with low dynamic stiffness and a significant
share of heavy duty machining operations, an active vibration control system offers a
high return on investment if the methodology developed within this dissertation is
applied.

6.2 Outlook

BEUDAERT ET AL. (2019) adapted the presented solutions for automatic commissioning
to a portable active vibration control system for flexible workpieces, which has also
been commercialized (DANOBATGROUP 2019). Several approaches exist showing
how the automatic system identification can be used for other objectives as well. As
already mentioned by JALIZI (2015) and MANCISIDOR ET AL. (2018), it can be applied
to detect wear-related changes in the dynamic behavior of a machine. Together
with statistical approaches, this leads to a predictive maintenance approach that is
capable of predicting the failure of machine components. First studies of this topic
have already been performed by ELLINGER ET AL. (2019), who used the automatic
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system identification approach of this dissertation. Hence, besides performance
and production quality enhancements, the machine’s availability is also improved.
Altogether, this leads to a significantly improved overall equipment effectiveness.

Furthermore, the works of KOSUB ET AL. (2012) and BRECHER ET AL. (2015) advocate
a simple determination of a machine tool’s position-dependent dynamics. Especially in
combination with the results of a finite element model, automatic system identification
allows for accurate parameterization of a digital twin, which considers the current
loads and the wear status of the machine components. As a result, more accurate
stability lobe diagram calculations and, subsequently, an appropriate selection of
process parameters ensure high chatter stability and low surface roughness.

The research project Identification and Modeling of Process-induced Damping in Machine
Tools, which is currently being worked on at the Institute for Machine Tools and
Industrial Management of the Technical University of Munich, investigates the use of
automatic system identification during machining for the analysis of process damping.
The expected results will further improve the stability lobe diagram prediction.
However, system identification during machining is still a challenge because of the
process induced measurement noise. First investigations have already been conducted
by KERN (2009), but further development is necessary. This would also improve
the active vibration control system and its condition monitoring capability, since an
online monitoring of the controlled system replaces the time required for offline
identification and ensures optimum controller tuning at any time.

In addition, the automatic tuning of LTI controllers can be further improved by
considering the critical cutting conditions from publication (3) instead of the mea-
sured vibration amplitudes of an arbitrary unstable process. This will result in a
conservative, but more robust controller tuning that will reduce the risk of a need
for re-commissioning due to actuator saturation.
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