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Abstract

Vibration Assisted Machining (VAM) refers to a non-conventional machining process where
high-frequency micro-scale vibrations are deliberately superimposed on the motion of the
cutting tool during the machining process. The periodic separation of the tool and workpiece
material, as a result of the added vibrations, leads to numerous advantages such as reduced
machining forces, reduction of damages to the material, extended tool life, and enabling the
machining of brittle materials.

Vibration Assisted Drilling (VAD) is the application of VAM in drilling processes. The
added vibrations in the VAD process are usually generated by incorporating piezoelectric
transducers in the structure of the toolholder. In order to increase the benefits of the added
vibrations on the machining quality, the structural dynamics of the VAD toolholder and its
coupling with the dynamics of the piezoelectric transducer must be optimized to maximize
the portion of the electrical energy that is converted to mechanical vibrations at the cutting
edge of the drilling tool.

The overall dynamic performance of the VAD system depends of the dynamics of its
individual components including the drill bit, concentrator, piezoelectric transducer, and
back mass. In this thesis, a substructure coupling analysis platform is developed to study
the structural dynamics of the VAD system when adjustments are made to its individual
components. In addition, the stiffness and damping in the joints between the components of
the VAD toolholder are modelled and their parameters are identified experimentally. The
developed substructure coupling analysis method is used for structural modification of the
VAD system after it is manufactured. The proposed structural modification approach can be
used to fine-tune the dynamics of the VAD system to maximize its dynamic performance
under various operational conditions. The accuracy of the presented substructure coupling
method in modeling the dynamics of the VAD system and the effectiveness of the proposed

structural modification method are verified using numerical and experimental case studies.
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Chapter 1
Introduction

Vibration Assisted Machining (VAM) has attracted a great industrial interest in recent years
due to its numerous advantages. In VAM, micro-vibrations with high frequency (around
20kHz) are superimposed on to the cutting motion of the tool during the machining process.
A schematic of VAM is depicted in Fig.1.1.

Vibrations in feed direction

Vibrations in cutting direction
—>

47 Tool motion trajectory

- > o
Cutting velocity

Fig. 1.1 Superposition of small-amplitude of vibrations in VAM [5]

The addition of the micro-vibrations to the material removal process has shown to
significantly reduce the generated forces, heat, tool wear, and machining-induced damages to
the workpiece. The extent of the effectiveness of the superposed vibrations depends on their
frequency and amplitude as well as the cutting speed in the machining process[3, 10, 2]. The

velocity of vibrations is proportional to its amplitude and frequency.
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Fig. 1.2 Effect of vibration parameters on VAM process|[3]

If the vibration velocity is greater than the cutting speed, the tool intermittently loses
contact with the material, converting the chip generation mechanism from continuous impact-
free to a vibro-impact process [3]. In vibro-impact regime, because the tool is only in contact
with the workpiece in a small portion of time, the average of machining forces decreases.
Figure 1.2 represents a model for explaining the effect of superimposed vibrations on the
process of plastic deformation. It also contains information about the overall outcome
of different values of effective parameters in a VAM process. In this figure, P stands for
the average machining force, D for yield strength of the workpiece material, kg for static
stiffness, v for cutting velocity, a for amplitude and w for frequency of vibration. The overall
displacement of the tool is described by u(z) = vt 4+ a * sin(t). It illustrates that an increase
in either amplitude (a) or frequency () of vibration shifts the operational condition state to
the left hand-side of the plot which is followed by higher drop in machining forces (P) and
increasing the efficiency of VAM [3].

This intermittent cutting phenomena leads to important improvements in various machin-
ing operation. Vibration Assisted Drilling (VAD) refers to the application of VAM in drilling
operation. These advantages in VAD include a reduction in the drilling thrust force and
torque[13, 16, 10, 2] as shown in Fig.1.3, elimination of burr formation [20, 7, 10], increase
in material removal rate [3], increasing tool life, improvement in the surface finish, [10] and
the elimination of the damages and and deformations to the workpiece during the machining
operation. In drilling composite materials, using VAD reduces delamination and fiber pullout
compared to conventional drilling [23, 4]. A case in which VAD has reduced delamination is
shown in Fig.1.5.



The reduction in the drilling thrust force provides the ability of drilling thin workpieces
without unwanted deformations as shown in Fig.1.4 [3]. VAM is also a promising approach
for rock sampling in space which is done by surface rovers drilling and retrieving the samples
for analysis. Since the gravity in space is not sufficient to provide required thrust force for
rock drilling, VAM is a suitable approach [6].
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Fig. 1.3 The influence of VAD in reduction of drilling thrust force and torque compared to
Conventional Drilling (CD)[13]

According to Fig.1.2, vibro-impact regime can be achieved by reducing the cutting speed,
increasing the vibration velocity, or its frequency. Since reducing the cutting speed results
in the reduction of productivity, vibro-impact regime is usually generated by exciting the
high-frequency resonance modes of the VAD system. Also, the VAD system should be
designed so that the highest amplitude of vibration is generated at the tip of the drill bit,
where the cutting process occurs.



1.1 Research Objectives
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Fig. 1.4 Reduction in deformation of thin plates in VAD [3]

Typical components of a VAD system are schematically shown in Fig.1.6. Vibrations
are generated by providing electrical voltage to the piezoelectric transducers. The generated
vibrations are amplified by the concentrator. This component has been designed in various
shapes. Concentrators typically have a reducing cross-section toward the drill bit which
magnifies the amplitude of vibration at the tip of the drill bit. Concentrator not only mag-
nifies the amplitude of vibrations but also can transform part of the axial vibrations into a
torsional motion in axial-torsional VAD system, generating vibrations in both cutting and
feed directions. [6, 8, 17, 1, 12]. The back mass is a cylindrical component attached to the
rear side of the tool holder. Since the tool holder operates in its first free-free axial mode, a
heavy rear part leads to a high amplitude of vibration at the tip of the drill bit. Therefore, in a
proper design of a VAD tool holder, the highest amplitude of vibrations corresponds to the
tip of the drill bit.[14, 3]

1.1 Research Objectives

The overall dynamic performance of a VAD system is influenced by the dynamics of its
individual components and the interactions between them. The primary objective of this
project is to develop a computationally efficient method based on substructure analysis that
can predict the overall dynamics of the VAD system based on the dynamic characteristics
of the its components including the drill bit, concentrator, piezoelectric transducer as an
electro-mechanical system, and the back-mass. Such substructure analysis framework will

provide an efficient design platform that enables studying the sensitivity of the dynamics of
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Fig. 1.5 Comparing delamination of composite materials in cases of VAD and conventional
drilling [23]

the VAD assembly to variations in the design parameters of each substructure.

In addition to the dynamics of the individual components of the VAD, the dynamics at
their interactions also influence the overall dynamics. Despite the significant effect that the
stiffness and damping in the joint interfaces between the various components of the VAD may
have on its overall dynamic performance, the joint compliance is usually neglected in the
design process of VAD systems. In the presented substructure framework, the joint interfaces
between VAD components are modelled and their damping and stiffness parameters are

determined experimentally.

Although the design parameters of the VAD systems are tuned to maximize its dynamic
response at the drill-tip, because of the manufacturing errors and un-modelled parameters
such as joint stiffness and damping, the dynamic performance of the manufactured VAD
system is usually sub-optimal. To enhance the performance of the manufactured VAD, the
developed substructure analysis framework will be used for structural modification of the
manufactured VAD by tuning its mechanical and electrical substructures.
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Fig. 1.6 Components of a VAD tool holder [3]

1.2 Contributions

The main contributions of this project are summarized as follows:

* A new electro-mechanical substructure analysis framework is presented to be used in
designing axial and axial-torsional VAD systems with optimum dynamic performance

* The effect of damping and stiffness in the joints of the VAD system on its overall
dynamics is considered in modeling

* The presented substructure analysis method is used for structural modification of
the VAD system by adjusting the parameters of its mechanical as well as electrical

components

1.3 Thesis organization

In Chapter 2, theoretical material required for modeling of substructures, coupling by RCSA
and modeling of piezoelectric materials are discussed. Chapter 3 contains step-by-step
coupling of substructures for cases of axial and axial-torsional VAD tool holders. Chapter 4
is devoted to model updating, electric current formulation and structural modification. The
effect of changing drill bit overhang and active structural modification through electric circuit

adjustment are studied.



Chapter 2

Background Theory

2.1 Introduction

In this chapter, the concept of Receptance Coupling Substructure Analysis (RCSA), which
refers to coupling the dynamics of individual components to predict the dynamic response of
the assembled system, is introduced. A VAD system is an assembly of several mechanical
and electro-mechanical components. The RCSA method will be used in the next chapter to
couple the receptances of the individual components to predict the overall response of the
VAD systems at the drill tip.

Based on the geometry of tool holder components, different methods are used for com-
puting their Frequency Response Functions (FRF). Modeling through continuous system
theory and finite element methods are explained.

The last part of the chapter is about introducing piezoelectric materials, their constitutive
equations, and presenting a model for the piezoelectric transducer. The model is based on a

mechanical perspective.



2.2 Coupling substructures by RCSA

2.2 Coupling substructures by RCSA

2.2.1 Axial receptance coupling

The aim of using RCSA method is to predict the FRF of a multi-component system by
coupling the FRFs of their individual components [22].
The simplest case of substructure coupling is for rigid coupling of two substructures in

one direction.

X2ab X1ab

Fig. 2.1 Axial coupling of substructures a and b.

Consider the general structure ab consisting of two substructures, a and b, connected
rigidly in one end as shown in Fig.2.1. Each substructure is characterized by two Degrees-Of-
Freedom (DOF) (x1; and x»;, i = a,b). The receptance FRF of the individual substructures
map the displacement responses at their two DOFs to the dynamic forces applied on them, as

follows:

x1a(@) | _ [ hata(®@) (@) | | fia(@) o
) L h2ala(w) h2a2a(w) i fZa(w) .

xip(@) | _ [ ip1(0)  hipop(@) | [ fio() 22)
) | Mop1p(®)  hapop(@) || fan(@) '

where fij(®) and x;(®), i = la,2a,1b,2b, are the forces applied at the DOF i, and the

corresponding displacements, respectively. Each receptance h;j(®) is a complex-valued

8



2.2 Coupling substructures by RCSA

function of frequency (®) that maps the displacement at DOF i to the force at the DOF ;.
Similarly, the receptance FRFs of the assembled system, ab, maps the displacement response
at its DOFs (i.e. lab,2ab) to the forces applied on them, as follows:

{ X1ap(@) }: [hlablab<w) R1ab2ab(O) ] { frap(@) } (2.3)

x2ab(w) h2ab1ab(w) h2ab2ab(w) fZab(a))

The force and displacement in the real world are real-valued and functions of time which can

be converted to the frequency domain using the following Fourier transform

~+oo
1 . .
fi(o) = Ner /fj(f)e_lwldf (2.4)
xj(w) = L 722 (1)e @ dy (2.5)
J - \/ﬁ J .

Where f;(t) and £;(t) are force and displacement corresponding to DOF j in time domain,
respectively. Note that all of the displacement, force, and FRF parameters in this chapter are
functions of frequency, which is omitted from notations for simplicity.

Substructure FRFs can be determined by a theoretical model or experimental measure-
ment, and the objective in RCSA is to determine the receptance FRFs of the assembly ab in
terms of the receptance FRFs of its substructure.

The compatibility of displacements in Fig.2.1, requires the same physical displacements
for the coupling points of 2a and 1b, as written below

X2q4 = X1p (2.6)

In addition to the compatibility of displacements at the coupling point, the force equilibrium
at this point also requires the following:

faat+firb=0 (2.7)

By applying the defined compatibility and equilibrium conditions, the direct (h14p14p
and hogpoap) and cross (hygpoap and hogp1ap) FRFS of the system (ab) are computed from the
FRFs of the individual components, as follows:

Piapiab = Mata — haza(haaoa +Pip1p) " hoata (2.8)



2.2 Coupling substructures by RCSA

Piaprab = Maza(haaza +hip1s) ™ P (2.9
Boabtab = Mop1s(hip1p +h2a2a) ™ hoata (2.10)
Roavaab = hapap — hap1s (hip1s + haa2a) ™ Pisas (2.11)

The detailed derivations of applying compatibility and equilibrium conditions to obtain

equations 2.8 to 2.11 is provided in Appendix A.

10



2.2 Coupling substructures by RCSA

2.2.2 Axial-torsional receptance coupling

As will be described in the next chapter, both the axial and torsional deflections of the
substructures of VAD systems are coupled. Therefore, substructure coupling formulation
should be extended to consider the simultaneous coupling of the axial and torsional DOFs.
[21].

Fig. 2.2 Axial-torsional coupling of subsystems a and b

In Fig.2.2, x; represents axial displacement, 6; torsional displacement, f; axial force, and
t; torsional torque at DOF i, where i = 1a,2a, 1b, and 2b. All of these parameters are scalar
functions of frequency ().

In axial-torsional coupling, defining displacement and force in a vector form will simplify

RCSA formulations. Displacement and force vectors are defined as follows:

{Xi}:{ ’g };{Fj}:{ ]:f } (2.12)

where i, j are la,2a for subsystem a, 1b,2b for subsystem b, and 1ab,2ab for the assembled
system ab. The receptance FRF matrix, mapping the displacement vector at DOF i to the

force vector at DOF j, is denoted by [H;;] and defined as follow:
fopxt
Xi hf hi i f]
— —{X;} = [H;j] {F; 2.13
{ 0; } [h?;f o ' {Xi} = [H;] {F}} (2.13)
The FRFs written in lower-case letters represent scalar functions of frequency. The hf]f stands

for the frequency response of the axial displacement x; to the excitation force f;, hfjt for

11



2.2 Coupling substructures by RCSA

the frequency response of the axial displacement x; to the excitation torque #;, h?jf for the
frequency response of torsional displacement 6; to the excitation force f;, and h?jt for the
frequency response of the torsional displacement 6; to the excitation torque 7;.

For the sake of simplicity, curly and square brackets are omitted from the notations, so the
capital-uppercase letter notations of X;, F; and H;; are considered for the displacement vector
of DOF i, the force vector of DOF j and the 2 x 2 FRF matrix mapping them, respectively.

The FRF matrices of subsystems a and b in the vector-form notation are as follows:

Xla _ Hlala H1a2a Fla (2 14)
XZa i HZala H2a2a i F2a

Xip | _ | Hivwy Hipop Fip (2.15)
X2p | Hopiy Hopop | | Fop

And similarly for the FRF matrix of the assembled system ab:

Xiab _ Hiaprap  Hiap2ab Fiap (2.16)
Xoab Hyuprap  Hoab2ab Foap

In the axial-torsional coupling of subsystems a and b in Fig.2.2, the compatibility con-

dition is defined by the same displacement vector for the coupling points of 2a and 1b, as
written below
Xoa = Xip (2.17)

The equilibrium condition leads to the following equation for the force vectors at the coupling
point:
o+ Fip=0 (2.18)

By applying the defined compatibility and equilibrium conditions, the direct (Hj,p145 and
H>upoap) and cross (Higpoap and Hygp1ap) FRFs of the system ab are computed from the FRFs
of the individual components, as follows:

Hiaptap = Hiata — Hiaoa(Hoaza + Hip1y)” Haala (2.19)
Hiaprap = Hiaoa(Haaoa + Hiptp) ™ Hipop (2.20)
Haaprab = Hap1p(Hip1p + Hoaza) ~ Hoala (2.21)

Haapoap = Hopop — Hop1p(Hip1p + Hoaza) ™ Hipow (2.22)

12



2.2 Coupling substructures by RCSA

The FRF matrix of the system ab defined in Eq.2.16 is now obtained from the FRF matrices

of individual components and is written below:

| Hiabiab Hiaboap
Hab—
H2ab1ab H2ab2ab x4

—1 -1

| Hiala — Hia2a(H2a2a + Hip1p)  Hoala Hyaoa(Hoa2a +Hipip) Hipop

- ’ —1
Hop1p(Hip1p + Hra2a) Hoala Hopop — Hop1p (Hip1p +Haaza) Hipoe |, ,

(2.23)

The detailed derivations of applying compatibility and equilibrium conditions to obtain the

FRF matrix of system ab is provided in Appendix A.

13



2.3 Theoretical modeling of substructures

2.3 Theoretical modeling of substructures

In the preceding section, it was assumed that direct and cross FRFs of each substructure are
available. In this section, theoretical models are introduced for modeling the substructures
and computing their FRFs. Modeling cylindrical components through an analytical approach
is presented in Section 2.3.1. Modeling through a numerical approach using the finite element
method is also considered in Section 2.3.2.

2.3.1 Axial and torsional modeling of cylindrical components

Modeling of circular rod through an analytical solution is considered in this section [18] . In
order to model a rod for axial vibrations, let’s consider the elastic rod with the length of /,

Young’s modulus of E, density of p and cross-section area of A as shown in Fig.2.3.

Fig. 2.3 Vibration of a rod as a continuous system

The partial differential equation describing axial vibrations of a rod is [18]
d%u d%u
EA@(X,I) :pAW(x,t) (224)

where u is axial displacement of the location x. Solving this partial-differential equation

requires boundary conditions determined. By applying the free-free boundary conditions of

du du
5. (0:1) = 0:=—(L,1) =0 (2.25)

The natural frequency of the n'" mode is computed from the equation below

mr\/z (2.26)

l

he)

a)n:
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2.3 Theoretical modeling of substructures

and the mode shape of the corresponding mode from the relation below

Upn(x) = Cycos @ 2.27)

Mode shape can be scaled by any arbitrary coefficient. The mass-normalized mode shape
is the one which should be used in FRF computation. The modal mass of the n’# mode is

computed using the following equation
!
md = / p(X)A(x)U? (x)dx (2.28)
0

where m¢ is the modal mass of the n" axial mode. The modal mass corresponding to n'”

mode shape will be computed by substituting Eq.2.27 in Eq.2.28

l [ l
i = [ pAECeos (U hdx = pac [ cos* (") = L oac? I +cos( 2™ dx
0

2 )
0 0
(2.29)
For the rigid body mode where n = 0, the modal mass is
| !
mi = EpAC%; / [1+cos(0)]dx =pAC3I (2.30)

0

By setting m(; = 1, the normalized mode shape corresponding to rigid body mode is found

1
Un(x) = —— 2.31
0(x) oAl (2.31)

For flexible modes where 7 is non-zero, the modal mass is

l
1 2 1
mt = EpAC,zl/[l + cos( n;nx)]dx ZEpAC,le (2.32)
0

By setting the modal mass to be 1, the normalized mode shape corresponding to mode

n(n # 0) is found as below
| 2 nmwx
Un(X) = mCOST (233)

15



2.3 Theoretical modeling of substructures

The axial FRF between points x; and x; will be computed using the following equation

Nm
Un(x:)Un(x;)
xf _ i J
h; (X, xj, @) = n;)—_ P (2.34)

In order to model a rod for torsional vibrations, consider the same elastic rod in Fig.2.3
with the length of /, modulus of rigidity of G, the density of p and polar moment of inertia of
J.

The partial differential equation describing torsional vibrations of the rod is

026 06
ij(x,t> :IOW(X,Z') (235)

where Iy = pJ and 0 is torsional displacement of the location x. By applying the free-free
boundary conditions of
a0 d0

E(O,t) =0; g(l,t) =0 (2.36)

The natural frequency of the n'" mode is computed from the equation below

nm, /¢
w, = —\/> (2.37)

l

he)

and the mode shape of the corresponding mode from the relation below

O(x) =C, cos(?) (2.38)

Mode shape can be scaled by any arbitrary coefficient. The mass-normalized mode shape
is the one which should be used in FRF computation. The modal mass of the n’"* mode is

computed using the following equation
!
ml, = / p (x)J (x)U?(x)dx (2.39)
0

where !, stands for modal mass of the n'" torsional mode. The modal mass corresponding
to n'" mode shape will be computed by substituting Eq.2.27 in Eq.2.39

!
1

1 I
2
it — / p()J (x)Coeos* (1 )dx = pJCE / cos?(Z dx = 5 pICE / 1+ cos( 2™
0

l

5 )ldx
0 0

(2.40)
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2.3 Theoretical modeling of substructures

For the rigid body mode where n = 0, the modal mass is
| !
mly = EpJC(Z) / [1 + cos(0)]dx =pJC3l (2.41)

By setting m{, = 1, the normalized mode shape corresponding to rigid body mode is found

Oo(x) = —— (2.42)

v/ pJl

For flexible modes where n is non-zero, the modal mass is

)]dx :%chﬁz (2.43)

[
1 2
ml, = EpJCg/[l—f—cos( 7rlnx
0

By setting the modal mass to be 1, the normalized mode shape corresponding to mode 7 is

2 Tnx
0,(x) = \ / MCOS(T) (2.44)

The torsional FRF between points x; and x; will be computed using the following equation

found as below

05 (x)O,(x))
9 . n l n ]
h¥ (xi,x), ®) _,,Zo . (2.45)

Finally, the FRF matrix including axial and torsional FRFs between the two ends a
rod component, where x; and x; are corresponding to x = 0 and x = [ respectively, will be

obtained as follow

K (0,0, 0) 0 K (0,1, 0) 0

H - Hipy Hiar | _ 0 h%, (0,0, ) 0 h8, (0,1, ®)
Hoyi, Hopr W (1,0, 0) 0 W (1,1, 0) 0

0 h35,(1,0, @) 0 hSps, (1,1, @)

(2.46)
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2.3 Theoretical modeling of substructures

2.3.2 Axial and torsional modeling using finite element method
Axial-torsional disk element

Finite element method is commonly used in cases of complex geometries. In this work,
rod elements [18] are used to model the dynamics of conical parts. Figure 2.4 shows a rod

element with axial and torsional flexibility.

AEL,G

Fig. 2.4 Axial-torsional rod (disk) element

In this simple cylinder geometry, axial and torsional modes are uncoupled. Therefore,
by considering a linear shape function for the axial deformation, the following mass and

stiffness matrices will be obtained when the element displacement vector is defined as

{u} = [x1,2]".
pAl

m) = 2

[k = —
6 |1 2 ] )

bl (2.47)
-1 1 ’

21] EA

Considering a linear shape function for the torsional deformation will lead to the computation
of mass and stiffness matrices for torsional displacement vector of {u'} = [6;,6,]7.

6 1 2|

no PLI[2 1| . GJ
[m]——”[ ][k] o

-l ] (2.48)

Although in the case of simple cylinder, shown in Fig,2.4, there is no coupling between axial
and torsional modes of vibration, they should be considered together. This is necessary for
the case of axial-torsional coupling. The mass matrix of the element considering axial and

18



2.3 Theoretical modeling of substructures

torsional degrees of freedom at the same time will become in the following form

24 0 A 0

pl| 0 21, 0 I,
_pt 2.49
M=514 0 u o 249)

0 I, 0 2I,

Which is written by considering that the element displacement vector is {u} =[x, 81, x2, 62]” .

The stiffness matrix of the axial-torsional displacement vector is

EA 0 —EA 0
1| 0 GI 0 -GJ

k] = — (2.50)
I| -EA 0 EA 0

0 -GJ O GJ

As can be seen in Eq.2.49 and Eq.2.50, half of matrix elements are zero which is due to
decoupling of axial and torsional modes of the simple cylinder.

Drill bit element

Due to the pre-twisted geometry of the drill bit, its axial and torsional deflections are coupled,
which is a different case than the rod element shown in Fig.2.4. As can be seen in Fig.2.5,
when an axial force is applied to the drill bit element, axial and torsional deformations happen

at the same time. The same happens when a torsional torque is applied to the element.

(a) (b)

Fig. 2.5 Deformations of a drill bit element under a) an axial force b) a torsional torque
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2.3 Theoretical modeling of substructures

In the case of a drill bit, the cross section rotates continuously with respect to the
longitudinal axis. The twisted geometry of the drill bit creates a coupling between its axial
and torsional deformations. In this work, Rosen’s model [19] of the coupled nonlinear
deflection of pre-twisted bars is used to describe the dynamics of the drill-bit. Assuming that
the total deformation of the pre-twisted bar is a superposition of Saint-Venant torsion and
an axial motion of each cross-section, Rosen developed the following equation to describe
the relationship between the applied force and torque and the resulting axial and torsional
deformations:

f=EAe +ESo+ %Elp(pz (2.51)

3 1
t = ESe+ (GJ,+EK)Q +ELeg + EEDgo2 + 5EF<p3 (2.52)

Where f stands for axial force, ¢ for torsional torque, € for axial strain, ¢ for change in
torsional displacement per unit length , E for modulus of elasticity, G for modulus of rigidity,
A for cross section area ,[), for polar moment of inertia of the cross section, S, Js, K, D and F
for section integrals which depends on wrapping function of the cross section[19].

Jin and Koya [9] showed that, for typical drill-bit deflections, the values of the nonlinear
terms are less than 1% of the linear terms. Therefore, the effect of the nonlinear terms can be
neglected which leads to the following linear equations:

f=EAe+ESg (2.53)

t = ESe + (GJ;+EK)Q (2.54)

The assumptions made in Rosen’s work [19] require a uniform axial strain (€) and twist per
unit length (¢). As a result, the deformation of a drill bit element with the length /, the case
shown in Fig.2.5, the variables € and ¢ are computed as follows:

Ax A6

E=—;0

] ; (2.55)

By substituting these values in Eq.2.53 and Eq.2.54, the following relations are obtained:

EA_ E
ES GJ,+EK
r=—Av+ (+)A9 (2.57)

Equations 2.56 and 2.57 illustrate that the drill bit element can be approximated with a linear

axial-torsional spring. The stiffness coefficients of this spring are &*/ = EA/I, k% = ES/I,
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2.3 Theoretical modeling of substructures

" = ES /1 and k% = (GJ;+ EK) /I which are proportional to the modulus of elasticity E and
inversely proportional to the element length /. This statement can be written in the following
form for the drill bit element in Fig.2.5:

f=k"Ax+k% A0 (2.58)

t = kK"Ax+ k% A0 (2.59)

Various methods have been used in the literature to determine the section integral parameters,
S, Js, K, D and F, and subsequently the stiffness parameters. For example, a numerical
method based on a 2D FE solution was used in [9]. In this work, a curve-fitting method
is used to obtain relations for the stiffness coefficients. A drill bit element is modeled in
the commercial finite element software COMSOL Multiphysics. The stiffness coefficients
are obtained by applying axial force and torsional torque to the element and measuring the
deformations.

From the case a in Fig.2.5 where only axial force is applied and no torque is applied, the

following equations are obtained:
=k Ax) + k% Ab, (2.60)

0 = k" Ax; + k% A0, (2.61)

and from the case b shown in Fig.2.5 where only torsional torque is applied and no force is
applied, the following equations are obtained:

0=k Ax, + k%7 A6, (2.62)

t =K Ax, + kA6, (2.63)

By solving Eq.2.60 to Eq.2.63, the values of stiffness coefficients of &/, k/, k¥ and k% will
be determined. These stiffness coefficients are computed for a specific dimension of the drill
bit. To make the model general for all diameters of typical drill bits, this process is repeated
for a few different diameters and corresponding stiffness coefficients are collected. Each data

set of these stiffness coefficients is approximated by a cubic polynomial:

kK =765.6d3 +1.125 x 103d? +1.49910°d — 3.089 x 10°
k%7 =13.384° +0.8516d%> — 0.6822d — 4.749

k% = 14.75d° — 30.094% +213d — 432.7

k%" =0.1071d° — 1.209d% 4 5.622d — 8.954

(2.64)
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2.3 Theoretical modeling of substructures

where d is drill bit diameter in mm. This relations are obtained for typical types of drill bit
available in the market with 30 degrees of helix angle, so the relations are only functions of
the drill bit diameter. The cubic polynomials are plotted versus the data points collected from
the finite element software (which are shown by the star signs) in the following figures:

7
2510

K" (N/m)

05 /

O 1 1 1 1 1 1 1 1 1
4 5 6 7 8 9 10 11 12

Diameter (mm)

Fig. 2.6 Cubic polynomial of ¥/ and data points
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x10*

1.5

KT (N)

o% I I I I I I I I I
4 5 6 7 8 9 10 11 12

Diameter (mm)

Fig. 2.7 Cubic polynomial of k% and data points

x10*

o% 1 1 1 1 1 1 1 1 1

4 5 6 7 8 9 10 11 12
Diameter (mm)

Fig. 2.8 Cubic polynomial of ¥ and data points
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Q0

80

T

T

70

O 1 1 1 1 1 1 1 1
4 5 6 7 8 9 10 11 12

Diameter (mm)

Fig. 2.9 Cubic polynomial of k% and data points

Now that the stiffness coefficients are determined, the stiffness matrix of the drill bit
element is known. The material considered for obtaining the cubic polynomials is Tungsten
Carbide with modulus of elasticity of Ew¢ and for a unit length of the element. As mentioned
before, the stiffness coefficients are proportional to the modulus of elasticity £ and inversely
proportional to the element length /. Therefore, the stiffness matrix for a material with the
modulus of elasticity of E and the element length of /, will be as follow:

& kS S _pef
E dd ker M _ker

k| = —— 2.65
K= TEe | —ir a0 w8 (265)
— k@t i kBt
The mass matrix of the drill bit element is as follow:
[m] = (2.66)

S lE O wE
S wE O a3
W~ O o~ ©

A~ O Wi~ O

where m and I are mass and inertia of the element, respectively.
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2.3 Theoretical modeling of substructures

Equations of motion of the complete system of finite elements

So far, the mass and stiffness matrices of either rod element or drill bit element are for one
element in the local coordinate system. The global mass and stiffness matrices of a body
which is the assemblage of N, number of elements will be a (2N, +2) x (2N, +2) matrix.
The global mass matrix is computed using following equation

M) =Y (A" [m][A] (2.67)

K] =Y [A]" [K][A.] (2.68)

where [A,] is a 4 X (2N, +2) matrix which has all zero elements except a unity matrix [I]4x4
is replaced for the elements between the columns 2e — 1 and 2e + 2.

The equation describing free vibration of the body is
[M]{} + [K[{x} =0 (2.69)
This equation can also written in an alternative form as written below
[~ @[]+ [M] " K]{x} =0 (2.70)

which is in physical domain and includes (2N, + 2) dependent equations. This coupling
between equations come from the matrix [M]~![K]. Using eigenvalue decomposition for this

matrix will provide matrices of natural frequencies and mode shapes.

o} 0 - 0
0 - 0
Al = . (2.71)
0 0 ... @by o
@ =[ (o} {8} ~ {dpni2)} | @72)
and the matrix [®] is mass normalized i.e.
[@]" [M][@] = [1] (2.73)
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[@]" [K] [@] = [A] (2.74)
The FRF of the body can be computed using the following formula

2N +2
Xj Z ¢Jr¢kr

hjk(w):fk 02— 0?
r=

(2.75)

where x; stands for j degree of freedom, which is axial displacement in case of odd numbers
and torsional displacement in case of even numbers of j, and f; stands for a load on k"
degree of freedom, which is axial force in case of odd numbers and torsional torque in case
of even numbers of k. The FRF matrix of this system will be

hi (@) h2(@) hy N4 1) (@) hy (o, 42)(©)
hy 1 (@) hap(0) hy,(an, +1) () hy (N, +2)(©)
(2.76)
RN 1),1(@)  hon1)2(0)  hon,41),08,+1) (@) hon,+1),28,+2) (@
haw,12)1(®@)  hon42)2(0) hon,42), 08,41 (@) hon,12), 2N, +2)(O)
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2.4 Introduction to piezoelectric materials

2.4 Introduction to piezoelectric materials

A piezoelectric ceramic is made of specific crystals which are mostly oriented in the same
direction through a process called poling process. Poling process refers to polarizing crystals
in a high temperature condition under the effect of a strong electric field. A crystal structure

of a piezoelectric ceramic, before and after polarization is depicted in Fig. 2.10.[15]

‘ H
AN

oL

O Pb OOxygen oTi, Zr

a) Before polarization b) After polarization

Fig. 2.10 Crystalline structure of a piezoelectric ceramic [15]

The constitutive equations describing the piezoelectric property are based on the assump-
tion that the total strain in the transducer is the sum of mechanical strain by the mechanical
stress and the strain caused by the applied electric field.

The describing electromechanical equations for the piezoelectric materials are given as
follows [15]

{&} = [S5] {0)} + [dni] {En} 2.77)
{Dn} = [dim] {0:} + [ET]{Ex} (2.78)

where {&} € R® stands for strain vector (m/m), {0;} € R® for mechanical stress vector
(N/m?), {E;,} € R? for vector of applied electric field (V /m), [£Z] € R¥*3 for permitivity
(F /m) measured in a constant stress condition, [d,,;] € R for matrix of piezoelectric strain
constants (m/V), [Sfﬂ € R6*6 for matrix of compliance coefficients (m?/N) measured in
a constant electric field condition, {D,,} € R for vector of electric displacement (C/m?),
and indexes i, j = 1,2,...,6 and m,k = 1,2, 3 refer to different directions within the material
coordinate system.

Equation 2.77 expresses the converse piezoelectric effect, which describes the situation
when the device is being used as an actuator. Equation 2.78, on the other hand, expresses the
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2.4 Introduction to piezoelectric materials

direct piezoelectric effect, which deals with the case when the transducer is being used as a
Sensor.

According to the constitutive relation of piezoelectric actuators in Eq.2.77, the deforma-
tion {&;} is a linear combination of the deformation caused by mechanical stress and the
additional deformation by the converse piezoelectric effect. In chapter 3, the piezoelectric
transducer will be assumed to be a simple material with no piezoelectric effect. Instead,
a pair of opposite mechanical forces denoted by F,,; will be considered as the converse
piezoelectric effect.

These equations will be simplified as Eq.2.79 and Eq.2.80 for the transducer of the VAD
tool holders. The reason for the simplification is that all stresses, stains and electrical fields

are applied in the same axial direction.
e=S"c+dE (2.79)

D=doc+&E°E (2.80)

In this stage, it is assumed that there is no electric field applied to the piezoelectric material
meaning that E in Eq.2.79 is set to zero. What remains from the equation describes elasticity
of a non-piezoelectric material with Young’s modulus of 1/S?. According to the model
presented for the rod using continuous system theory, a model for axial vibration of a rod
considering the rigid-body and 1st longitudinal models for the piezoelectric transducer will

be as follow

il ) %’l C2 cos( ) cos(“L) 1 +C%cos(%)cos(@) 2.81)
(XX, ) = = .

ij e = — 02+ 02 —pAlw? —0?+ o}

where 0] = 7 pLSE’ C = I%’ p is piezoelectric density, S¥ piezoelectric compliance, A

and / are transducer cross-section area and thickness, respectively.
The transducer is assumed to be rigid in a torsional direction. Therefore, the FRF matrix
only includes the torsional rigid-body mode.

2 : nx
W (0 = Y Do) (2.82)
Y o —0°+ w? —pJlw?

where J is polar moment of inertia of the transducer per unit length.

Axial direct and cross FRFs for the piezoelectric transducer are obtained as follows

1 2

+
_ 2 2, A
pAl® —pAlw~ + ISE

hxf :hxf

1plp 1p1p<0707 0) =

(2.83)
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1 2
w o =r! (0,1,0)= - (2.84)
s by 2 2
peppep —pAl®®  —pAle?+ T2
1 2
W =n(1,0,0) = — (2.85)
] 2 2
pip - eplp —PAl®>  _pAlp?+ T4
1 2
B =n (1L o) = + (2.86)
2p2p 2p2p —pAlw? —pAl?+ %i?

where DOFs 1p and 2p refer to the DOFs at the two ends of the piezoelectric transducer.
Writing the FRFs in a matrix form leads to the FRF matrix of the piezoelectric transducer
in Eq.2.87. Since the transducer has a simple rod geometry, axial and torsional modes are

independent which is the reason for the matrix to include several zero elements.

h)lc"zilp 0 hjlc{ﬂl’ 0
e I
Hyp1p Hopop hﬁﬁlp 0 h)2C£2p 0 .
0 hgltalp 0 hgltﬂp

The transducer only generates axial vibrations. Axial displacements of the piezoelectric

transducer have the following relations with mechanical forces
0 xf
X1p _hlplpflp+h1p2pf2p (2.88)

Xop =50 Fip IS fop (2.89)

The deformation caused by mechanical forces is the difference between the two axial degrees
of freedom of the transducer:

— (X f f f
Xip —X2p = (h)ICpIp o h;plp)flp + <h)lcp2p - h;pzp)pr

4 4 4

= Jip— fap = (fip— f2p) (2.90)
—pAla)z—I—%? d —pAla)2+’l%? g —pAlw2+’lrSi§‘ P

According to the constitutive equation of converse piezoelectric effect presented in Eq.2.79,

the total deformation of a piezoelectric material is superposition of the deformations caused

by mechanical forces and electric field. Involving the effect of electric field in the deformation

of the transducer, the total deformation becomes

4
—pAlw? +

Vv
T2A (flp_pr)+d_l (2.91)

xlp—Xsz ]
ISE
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2.4 Introduction to piezoelectric materials

As mentioned before, in coupling substructures by RCSA, the transducer will be consider
as a simple material with no piezoelectric property. The converse piezoelectric effect will be
considered as a pair of opposite-direction forces denoted by F,;. The aim is to find a relation
between F,,; and the voltage applied to the transducer. Equation 2.91, can be written in the

following form

2
4 —pAdiw?* + 44
——(fip—fop+ ) (2.92)
ISE

Xip —X2p =
b —pAlw? +

By splitting the voltage term between mechanical forces, this equation can be written as

2 2
4 pAdla)Z_TL'Ad pAdle_n?Ad
o (fip— V)= (fap+ g V) (2.93)

2
—pAlw?+ 23 8

X1p—xzp =

Therefore, the relation between F,,; and the excitation voltage to the piezoelectric transducer,
which agrees with the RCSA formulation of VAD tool holders, will be as follow:

Ad 2 7%
Fyx :{ 8 (plwo i57)V } (2.94)
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Chapter 3

Substructure Coupling and Numerical

Simulations

3.1 Introduction

A VAD tool holder consists of several mechanical and electro-mechanical components. The
performance of the assembled system is the result of the cooperation of all the components.
Therefore, studying the effect of substructures on the dynamic of assembled system provides
the ability to modify the system by tuning properties of substructures. The approach used in
this study is dividing the system into several segments with relatively simpler geometry and

then step-by-step coupling using the RCSA coupling method.

SN

J \\‘ >
Tightening Bolt (('
Back Mass 0
NG
Piezoelectric Transducer = N
S

Axial Concentrator Drillbit

Vs

Fig. 3.1 Exploded view of axial toolholder

Two different types of VAD tool holders are studied: Axial tool holder and Axial-torsional
tool holder. Axial tool holder refers to a VAD system with a type of concentrator that has
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3.1 Introduction

independent axial and torsional modes of vibration and there is no coupling between them.
An exploded view of the axial tool holder is available in Fig.3.1.

In the axial-torsional tool holder, the type of concentrator used has a specific geometry
which couples axial and torsional modes of vibration. An exploded view of the axial-torsional
tool holder is shown in Fig.3.2.

Tightening Bolt

/ Back Mass
% I Piezoelectric Transducer
N Axial-torsional Concentrator

Drillbit

Fig. 3.2 Exploded view of axial-torsional toolholder

In this chapter, the axial and axial-torsional tool holders and their components are
introduced and models of the assembled systems are developed through receptance coupling
of their substructures. In the final section, the receptances computed by the models obtained
from substructure coupling are compared to the receptances of the tool holder assembly

simulated in a finite element software for validation.
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3.2 Model development through substructure coupling

3.2 Model development through substructure coupling

The VAD tool holders consist of several main components: drill bit, axial concentrator or
axial-torsional concentrator, back mass, tightening bolt, and piezoelectric transducer. The
components are shown in Fig.3.1 and Fig.3.2 for the axial tool holder and the axial-torsional
tool holder, respectively. Substructures are divided into segments with simple geometries
that efficient models are available for and are coupled using the RCSA method.

3.2.1 Modeling of back mass

One of the components of the VAD tool holder is the back mass. The back mass has three
segments: two hollow cylinders with a truncated cone in between. The cylindrical parts are
modeled using continuous system theory of rods and their FRF matrices are computed. For
the truncated cone a finite element model consisting of 20 rod (disk) elements introduced in
Chapter 2 is considered.

The first step is coupling the smaller hollow cylinder denoted as subsystem s and the

truncated cone denoted as subsystem ¢.

Fig. 3.3 Coupling of subsystems s (gray) and ¢ (blue)

The two subsystems s and ¢ are connected as shown in Fig.3.3. In this coupling, subsystem

s at DOF 2s has the same physical displacement as subsystem ¢ at DOF 1z. The compatibility
condition is

Xo5 = Xt (3.1

The equilibrium condition in this coupling is as follow:
Fys+Fi; =0 (3.2)
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3.2 Model development through substructure coupling

The compatibility and equilibrium conditions of coupling subsystems s and ¢ are the same
as coupling subsystems a and b which was discussed in Chapter 2. Considering subsystem
s as subsystem a and subsystem ¢ as subsystem b, the FRF matrix of assembled system st
becomes as follows:

Hlstlst Hlst2st
H st —
H 2st 1st H. 25125t

4x4
_ [ Hig1s — Hysog(Hagos + Higy) ™ ol Higos(Hysos + Hyit) ' Hipy

bl _1 (3.3)
Hopi (Hisie + Hosos) ™ Hogls Hopor — Hort (Higr + Hasos) ™ Hire

4x4

The third segment of the back mass is a hollow cylinder. This subsystem is denoted as
subsystem /. The model for the back mass denoted as system m is the outcome of coupling
subsystems st and /. The coupling is shown in Fig.3.4.

Fig. 3.4 Coupling of subsystem st (gray) and subsystem [ (blue)

In this coupling, subsystem st at DOF 2st has the same physical displacement as subsys-
tem [ at DOF 1/. The compatibility condition is

Xoge = X1y (3.4)
The equilibrium condition in this coupling is as follow:

Fy+F;=0 (3.5)
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3.2 Model development through substructure coupling

The compatibility and equilibrium conditions of coupling subsystems st and [ are the same
as coupling subsystems a and b from Chapter 2. Considering subsystem st as subsystem a

and subsystem / as subsystem b, the FRF matrix of assembled system m becomes as follows:

Hlmlm H1m2m
= H
2mlm 2m2m dxd

-1 -
| Hisise — Hisos (Hosose +Hun) ™ Hosse Hisizs (Hosizse +Hin) ™ Hip
= -1 -

Hopn(Hin + Hogose)” Hostlsr Hyp — Hopi(Hyu + Hasioe) Huor |,

(3.6)

3.2.2 Coupling of back mass and tightening bolt

The next step is coupling the back mass (subsystem m) to the tightening bolt which is denoted
as subsystem b. The tightening bolt is modeled using the continuous system model of a rod.

Fig.3.5 shows how these two subsystems are in contact.

Fig. 3.5 Coupling of subsystem m (gray) and subsystem b (blue)

The subsystem m at DOF 1m is connected to the subsystem b at DOF 1b. The compati-
bility condition is
Xim = Xip (3.7)

In addition, in the coupling point the equilibrium condition is as follow:

Fip +F,,=0 (38)
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3.2 Model development through substructure coupling

Displacement vector of X»,, is a function of excitation at points 1m and 2m:
Xom = HomimE1m + HomomFom (3.9)

Considering the compatibility condition in Eq.3.7 and the equilibrium condition from Eq.3.8,

the relation for Fy,, will be as follow
Xim = X1p = Fim = (Himim + Hip1p) " HipopFop — (Himim + Hipip)  HimomFom  (3.10)

In this stage, by substituting the relations of Fj,, and Fj; (which is already known due to
equilibrium condition of Eq.3.8), the displacement vector of point 2m from Eq.3.9 can be
written as a function of excitation at points 2m and 2b.

Xom = (Homom — Homtm(Himim + Hip1s) ™ Himom) Fom + Homtm(Himim -+ Hipip) ™ HisopFa
(3.11)
The point 2mb in the system mb is the same point of 2b in subsystem b. Displacement

vector of X, is a function of excitation at points 15 and 2b:
Xop = Hap1oF16 + HapopFop (3.12)

Considering the compatibility condition in Eq.3.7 and the equilibrium condition from Eq.3.8,
the relation for Fj; will be as follow

Xim = X1p — Fip = (Hip1p + Himim) " HimomFom — (Hip1p + Himim) ' HipopFop  (3.13)

In this stage, by substituting the relations of Fj; and Fy,, (which is already known due to
equilibrium condition of Eq.3.8), the displacement vector of point 26 from Eq.3.12 can be

written as a function of excitation at points 2m and 2b.

Xop = Hop1p(Hip1p + Himim) ™ HimomFom + [Hasos — Hapto(Hiptp + Himim) ™ Hipop) Fao
(3.14)
As mentioned before, the assembled subsystem of mb has degrees of freedom at points 1mb
and 2mb which have the same values as 2m and 2b, respectively. Therefore, the equations

describing the assembled subsystem are obtained as follows

X1y = [Hamom — Homtm (Himtm + Hip1p) ™ Himzm) Fimp + [Homim(Himim + Hip1p) ™ Hipop) Famp
(3.15)
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3.2 Model development through substructure coupling

Xomp = [Hop1o(Hip1p + Himim) ™ Himam) Fims -+ [Haso — Hapto(Hipto + Himim) ™ Hipop) Fomp
(3.16)

According to the Eq.3.15 and Eq.3.16, the direct and cross FRFs of the assembled system mb

in a matrix form are

. Hymbimp  Himbomb
Hmb —
Hypprmp  Homb2mb and

| Howom — Homim(Himim + Hipip) ™ Himom Hotm(Himim +Hipip) ™ Hipp
— - —1
Hop1p(Hp1p +Himim)~ Himom Hopop — Hopro(Hipip + Himim) ™ Hipop 4d
(3.17)

3.2.3 Coupling back mass and tightening bolt with piezoelectric trans-

ducer

The piezoelectric transducer consists of two piezoelectric rings and both of them are used as
actuator which means they convert the applied alternative voltage to mechanical vibrations. In
this application in VAD tool holder, the transducer only generates axial vibrations. Therefore,
the effect of voltage on deformation of piezoelectric transducer is considered as external
mechanical forces which applies at the two ends of piezoelectric transducer with opposite
directions.

Since the effect of voltage will be involved as equivalent external forces, the set of two
rings can be modeled as a regular material with no piezoelectric effect. This subsystem is in
parallel contact with the assembly of back mass and tightening bolt which is considered as

subsystem mb.

1mb

2mb

Fig. 3.6 Coupling of subsystem mb (gray) and subsystem p (blue)

37



3.2 Model development through substructure coupling

Figure 3.6 shows coupling between subsystem mb and the subsystem p, the piezoelectric
transducer. As shown in Fig.3.6, the point 1mb of subsystem mb has the same displacement as
the point 1p of subsystem p. Also, the point 2mb of subsystem mb has the same displacement
as the point 2p of subsystem p. Therefore, the compatibility conditions are

leb = le

(3.18)
Xomb = Xop
Regarding the equilibrium conditions, the following equations hold
Fiopp = Fimp + F
lmbp 1mb +1p (3.19)

Fpp = Fomp + F2p

According to the compatibility conditions in Eq.3.18, each one of the displacement vectors
can be written as a function of the excitation forces acting on each subsystem

Ximp = X1p = HimprmpE1rmp + Himp2mpFomp = Hip1pF1p +Hip2pFop

(3.20)
Xomp = Xop = HomptmbE1mp + HompompFomp = Hop1pF1p + HopopFop

In this type of coupling which subsystems are in parallel contact, the following matrix
formation will simplify RCSA computations. For the subsystem mb

Ximb _ Himpimp  Himb2mb Fimp S H, = Hipprmp  Himb2mb (3.21)
Xomb Hopmpimb  Hombomb Fomp Hopmbimb  Homboamb
and for the subsystem p
Xip _ Hipip Hipop Fip N H — Hipip Hipop (3.22)
X2p H2p1p H2p2p F2p HZplp H2p2p

where FRF matrices of H,,;, and H), are 4 x 4 matrices containing direct and cross FRFs of

axial and torsional modes of subsystem mb and p, respectively.

In parallel coupling, the assembled system has the same displacement vectors as the

X1 Xim X
1lmbp _ 1mb _ 1p (323)
X2mbp XZmb X2p

where each one of the displacement vectors are 4 X 1 vectors consist of axial and torsional

individual subsystems:

displacements of the two coupling points of each subsystem. The equlibrium condition
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3.2 Model development through substructure coupling

mentioned in Eq.3.19 in this matrix format is

F; F; F; X X
Imbp _ 1mb + 1p _ H,;bl 1mb + H;l 1p (324)
Fnpp Fomp Fp Xomb Xop

and by considering the Eq.3.23

Fliow _ — Ximb
"L =(H,) +H,") mop (3.25)
F. 2mbp szbP
At the end, the FRF matrix of the assembled system mbp will be
Hypp = (H,) +H, )™ (3.26)

where H,,;,, is a 4 X 4 matrix containing direct and cross FRFs of axial and torsional modes

of the system mbp.

3.2.4 Coupling of concentrator and drill bit

The difference between axial tool holder and axial-torsional tool holder is the type of their
concentrators. The FRF matrix of the axial concentrator has independent axial and torsional
modes while the FRF matrix of the axial-torsional concentrator includes coupled axial and
torsional modes. Nevertheless, from the RCSA coupling perspective, they will be treated
the same and are considered as subsystem c¢. The FRF matrices of each concentrator are
computed using a 3D model in finite element software. The drill bit is denoted as subsystem
d. The FRF matrix of the drill bit is obtained from the finite element method presented in
Chapter 2.

The concentrator and drill bit are assembled as depicted in Fig.3.7 and Fig.3.8 for axial
tool holder and axial-torsional tool holder, respectively.

In this coupling, subsystem ¢ at DOF 2¢ has the physical displacement as subsystem d at
DOF 1d. This defines the compatibility condition as follow:

Xoe = X14 (3.27)
and the following equilibrium condition holds:

FBe+Fiqg=0 (3.28)
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3.2 Model development through substructure coupling

2d
Fig. 3.7 Coupling of axial concentrator and drill bit
Ic
(lc;)\<
2c
(2cd)
1d 2d

Fig. 3.8 Coupling of axial-torsional concentrator and drill bit

The coupling of subsystems ¢ and d is similar to the case discussed in Chapter 2. Con-
sidering subsystem c as a and d and b, the FRF matrix of assembled system cd becomes as
follow:

. Hicaieda Hicdzed
Hea =\ py H
2cdled 2cd2cd 4x4

~1 —1
| Hicle — Hicoe(Hoeoe +Hiara) Hoele Hyc2e(Hacoe + Hiara)  Hiaoa
= —1 —1
Hyq14(H1a10 + Hacoe)™ Hacle Hyapa —Hog1a(Hig1a +Hocoe)” Higoa

4x4
(3.29)
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3.2 Model development through substructure coupling

3.2.5 Assembly model of VAD tool holders

In the previous steps, different components of the VAD tool holder are coupled into the two
subsystems of mbp and cd. In this step, these two subsystems will be coupled and the model

for the axial tool holder and also axial-torsional tool holder will be completed.

led ed

2cd

Fig. 3.10 Completed assembly of axial-torsional tool holder

In this coupling step, subsystem mbp at DOF 2mbp is connected to the subsystem cd
at DOF 1cd. Figure 3.11 contains a schematic model describing the final coupling step to
achieve the assembly model of axial and axial-torsional tool holders.
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3.2 Model development through substructure coupling

Imbp 2mbp
sd 2cd

Fext

(cd)
(mbp)

Fig. 3.11 Schematic coupling model of subsystems mbp and cd

Subsystem mbp at DOF 2mbp is connected to the subsystem cd at DOF lcd. The
pair of opposite-direction forces of F,,; represents the effect of the voltage applied to the
piezoelectric transducer. The relation between Fy,; and the voltage is mentioned in Eq.2.94.

The compatibility condition is as follow
Xombp = Xicd (3.30)
The following relations hold for equilibrium condition of the forces

Flmbp = Feu

(3.31)
FZmbp + Fiea = —Fext

The point of interest in this formulation is the tip of the drill bit which is denoted as the
DOF 2cd. Considering the subsystem cd, the displacement vector 2¢d is computed through
the following equation

Xoca = HacarcaFied (3.32)

In Eq.3.32, the force vector of Fj.4; should be replaced as a function of F,,;. Using the
compatibility condition from Eq.3.30, the value of Fj. will be as follow

Xombp = X1ea = HombpimbpFrmbp + Hombp2mbpFombp = Hicd1caFicd

= Flea = (chdlcd _|’I_12mb192mbp)71 (HZmbplmbp - HZmprmbp)Fext (3.33)

By substituting .4 from Eq.3.33 into Eq.3.32, the final equation which relates the displace-

ment vector of the drill tip to the force F,,; will be written as follow

Xoca = Hacarea(Hyeaica + Hombpambp) ' (Hombpimbp — Hombpombyp) Fext (3.34)
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3.3 Validation of VAD tool holder models

3.3 Validation of VAD tool holder models

In the previous sections, models for axial and axial-torsional tool holders were developed
through receptance coupling of substructures. This section aims to investigate the validation
of the models developed earlier. For this purpose, the receptance FRFs at the drillbit’s tip
obtained from the RCSA models are compared to the ones obtained using a 3D finite element
model developed in a commercial software. A tool holder assembly is modeled in COMSOL
Multiphysics software using structural modeling interface. The type of mesh used is free
tetrahedral with 169208 number of elements for the axial tool holder shown in Fig.3.12 and
177040 number of elements for the axial-torsional tool holder shown in Fig.3.13.

Fig. 3.12 Excitation and measurements of axial tool holder in COMSOL Multiphysics
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Fig. 3.13 Excitation and measurements of axial-torsional tool holder in COMSOL Multi-
physics

As can be seen in Fig.3.12 and Fig.3.13, the excitation to the assembly is a pair of
opposite-direction distributed forces applied at the two DOFs of the piezoelectric transducer.
This forces are shown by the red color arrows. The axial displacement is measures at the tip
of the drill bit which is shown by the vector x. The torsional displacement of the drill bit tip
is computed by measuring the tangential displacements of y; and y; and substituting in the

following equation:

:}’1+)’2
d

Where d is the diameter of the drill bit. The tangential displacement is influenced by torsional

0 (3.35)

modes and also bending modes. In order to eliminate the effect of the bending modes, the

tangential displacements are measured at two opposite locations at the tip of the drill bit.

3.3.1 Validation of the axial tool holder model

In order to validate the model developed through the RCSA approach, the system responses
at the drill bit tip are compared to results obtained from the 3D finite element model. For this

simulation, the pair of F,,; forces are considered as the excitation to the system and the axial
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3.3 Validation of VAD tool holder models

displacement (DOFs x) and torsional displacement (DOF 0) at the drill bit tip are considered

as the responses of the system as shown in Fig.3.14.

0
Fext Fext
< IS

Fig. 3.14 Axial tool holder assembly model

The assembly’s axial receptance at the drill bit tip obtained from the RCSA model is
plotted versus the axial receptance of the 3D model computed by the finite element software

in the semi-logarithmic plot shown in Fig.3.15.

10_7 r T T T T T T T —
C RCSA Model | 1

FE Software

Axial receptance magnitude (m/N)

10-10- | | | | | | | | |
15 16 17 18 19 20 20 22 23 24

Frequency (kHz)

Fig. 3.15 Axial receptance at drill tip for axial tool holder
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3.3 Validation of VAD tool holder models

The semi-logarithmic plot shown in Fig.3.16, contains the assembly’s torsional receptance
obtained from the RCSA model and the 3D model in the finite element software for the DOF
0 at the drill bit tip.

The results presented in Fig.3.15 and Fig.3.16 shows that the RCSA approach can predict
the dynamics of the axial tool holder with a good accuracy. The required computation time
for the RCSA model was in the order of a few seconds while the finite element software

required around one hour.

‘]0_3 F T T T T T T T T T 3
i RCSA Model |
FE Software

107 F

107

107 ¢

Torsional receptance magnitude (rad/N)

10-8 I I I I I I I I I
15 16 17 18 19 20 21 22 23 24

Frequency (kHz)

Fig. 3.16 Torsional receptance at drill tip for axial tool holder

3.3.2 Validation of axial-torsional tool holder model

In order to validate the model of axial-torsional tool holder developed through the RCSA
approach, the system responses at the drill bit tip are plotted versus the results obtained from
the 3D finite element model. For this simulation, the pair of F,,; forces are considered as
the excitation to the system and the axial displacement (DOFs x) and torsional displacement
(DOF 0) at the drill bit tip are considered as the responses of the system as shown in Fig.3.17.
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Fext

]
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Fig. 3.17 Axial-torsional tool holder assembly model

The assembly’s axial receptance at the drill bit tip obtained from the RCSA model is

plotted versus the axial receptance of the 3D model computed by the finite element software

in the semi-logarithmic plot shown in Fig.3.18.

‘]0'7 F T T T

108}

Axial receptance magnitude (m/N)
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FE Software
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15 16 17 18
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Frequency (kHz)
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Fig. 3.18 Axial receptance at drill tip for axial-torsional tool holder
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3.3 Validation of VAD tool holder models

The semi-logarithmic plot shown in Fig.3.19, contains the assembly’s torsional receptance
obtained from the RCSA model and the 3D model in the finite element software for the DOF
0 at the drill bit tip.

-4
U ' ' ' ] ' ! ' RCSA Model

FE Software

Torsional receptance magnitude (rad/N)

10-9 L L L L L L I I I
15 16 17 18 19 20 21 22 23 24 25

Frequency (kHz)

Fig. 3.19 Torsional receptance at drill tip for axial-torsional tool holder

The results presented in Fig.3.18 and Fig.3.19, show that the RCSA approach can predict
the dynamics of the axial-torsional tool holder with a good accuracy. Similar to the axial tool
holder, the required computation time for the RCSA model was in the order of a few seconds

while the finite element software required around one hour.
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Chapter 4

Experimental Results and Structural
Modification

4.1 Introduction

In this chapter, the presented RCSA approach is used to determine the axial and torsional
receptances of a VAD system with axial concentrator. In addition, the substructure analysis
method is extended to include the stiffness and damping at the joint interfaces between
the components of the VAD system. After experimentally validating the accuracy of the
presented RCSA approach in modeling the dynamics of the VAD system, this model is used
to change the dynamic characteristics of the built VAD system by adjusting the overhang
length of the drill bit and the electrical components of the piezoelectric transducer.
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4.2 Experimental setup

4.2 Experimental setup

The experimental setup consisting of the VAD and data acquisition systems is described
in this section. The piezoelectric transducer needs an AC voltage to excite the operational
mode of the tool holder on its resonant frequency. The AC voltage is generated by a function
generator. A schematic view of the powering circuit of the VAD toolholder is depicted in
Fig.4.1.

Function Generator

cNe)

o\/\J*

o0

Axial Toolholder
Fig. 4.1 Powering VAD tool holder by function generator

The input to this system is the excitation voltage applied by the function generator and
the outputs are axial displacement and torsional displacement of the drill bit tip as well as the
electric current flowing through the circuit. In order to experimentally identify the dynamics
of the physical system, the data corresponding to the input and the outputs of the system
must be collected. The system is fed with a sine sweep signal in the frequency range of 15 to
24.5 kHz.

Data collection is done using a Data Acquisition Card (DAQ). As mentioned, the input to
the system is the voltage applied to the piezoelectric transducer. This voltage is in the range
of -11 to +11 volts. The DAQ card only can tolerate voltages in the range of -5 to +5 volts.
Therefore, the piezoelectric transducer terminals cannot be directly connected to the DAQ
card channels for voltage measurement. In order to bring this voltage to the range of DAQ
card measurement, a voltage divider circuit is employed.

The circuit used as the voltage divider is shown in Fig.4.2. In this figure, piezoelectric

voltage is denoted by V,, which will damage the DAQ card if connected directly. The voltage
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DAQ

Function @ R =100 Channel 1
Generator Vs v
p
Piezoelectric Vm
Transducer 2 |

R,=10kQ | DPAQ

Channel 0

Fig. 4.2 Measuring Voltage and Current of piezoelectric transducer

measured by the DAQ card is V,,, which is computed using the following relation of voltage

dividers:

- Ry, 0y Ly
TRIAR YT 104567 6.6 7

Considering Eq.4.1, V), which was in the range of -11 to +11 volts is now mapped to the

Vin

4.1)

range of -1.67 to +1.67 volts of V,,,. This range of voltage is safe to be connected to Channel
0 of the DAQ card.

As shown in Fig.4.2, Channel 1 of the DAQ card is measuring the voltage drop by the
R, resistor, which is connected in series to the piezoelectric transducer. Therefore, the same
current taken by the piezoelectric transducer passes through the R, resistor. Using Ohm’s
law, the current can easily be computed through the voltage data collected by Channel 1 of
the DAQ card.

4.2)

The current is valuable data for the reason that can be measured easily even through the
machining process. This data will be used for model updating and can be used for online
process monitoring. As mentioned before, piezoelectric materials have a coupling between
their mechanical and electrical properties. The direct piezoelectric effect is the concept for
piezoelectric sensors and the converse effect for piezoelectric actuators.
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4.2 Experimental setup

The converse piezoelectric effect determines the relation between the excitation voltage
and the mechanical deformation generating mechanical vibrations and, at the same time,
the direct piezoelectric effect determines how much current is taken by the piezoelectric
transducer in that operational condition. Therefore, the current data contains valuable
information about the structural dynamics of the assembly and the parameters influencing
their dynamics.

The equipment used for measuring vibration is accelerometers. The data collected using
accelerometers is converted to displacement by integration in frequency-domain. Since the
drill bit tip does not have flat surfaces to attach accelerometers on, an adaptor is designed
and attached to the tip of the drill bit as shown with a blue color in Fig.4.3. This figure also
shows the positions where the accelerometers are installed. The accelerometer measuring
axial acceleration is connected to channel 1 of the DAQ card. Two accelerometers located at
the two sides are for measuring tangential acceleration and are connected to channels 2 and 3
of the DAQ card. The reason for using two accelerometers is to cancel the effect of bending

modes and measure torsional acceleration of the drill bit tip with higher accuracy.

DAQ
DAQ Channel 3
Channel 2

DAQ
Channel 1

Fig. 4.3 Measuring axial and torsional displacements of drill bit tip

In the model development process, there was no consideration of boundary conditions. In

other words, the model has free-free boundary conditions. The free-free boundary condition
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4.3 Electric current modeling through RCSA

is attempted to be provided to the physical system by hanging the tool holder by rubbers

from a top support. A picture of the experimental setup is provided in Fig. 4.4.

Rubbers are supported from top

Accelerometers
connected to DAQ card

Piezoelectric Transducer
connected to function generator

Fig. 4.4 Experimental setup

4.3 Electric current modeling through RCSA

The converse piezoelectric effect was studies in the previous sections for modeling the
actuation role of the piezoelectric transducer in exciting the structure of VAD systems at their
resonant frequency. The direct piezoelectric effect also can be used simultaneously which
enables the ability of using the piezoelectric transducer as a sensor at the same time being
used as an actuator. The constitutive equation describing the direct piezoelectric effect is
provided in Eq.2.78 and the simplified form of Eq.2.80 for the VAD tool holder transducer.
Rewriting the Eq.2.79 for mechanical stress leads to the relation below
€—dE
o= SE

By substituting Eq.4.3 into Eq.2.80, the relation of electric displacement as a function of

4.3)

strain and electric field is written as

— e+ (ET—)E (4.4)

In order to achieve a relation for the electric charge, the parameters of Eq.4.4 should be
substituted by the following relations: the relation between electric displacement (D) and
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4.3 Electric current modeling through RCSA

electric charge (¢) of D = ¢/A, where A stands for the cross-section area of the piezoelectric
transducer; the mechanical strain (€) relation with axial displacement of € = (x1, —x2,)/1,
where x1,, and x;,, are axial displacements at the two DOFs of the piezoelectric transducer;
the relation for electric field (E) caused by the applied voltage (V) of E =V /I, where [ is
the thickness of piezoelectric transducer. Note that all of the displacement, force, voltage,
current, electric charge and FRF parameters are functions of frequency, which is omitted

from notations for simplicity.

Ego 2
4= 0 (1) + (TS @)
Electric current is defined as the rate of change in electric charge over time. This
description in the frequency domain is expressed as I = (jw) x g. Therefore, the electric
current relation is obtained as follow
Ego 2
1= jo(u, —x) (AS%TA‘I jo)V 4.6)
The relations for x;, and x;;, should be obtained through the model developed by the
RCSA approach. In the final coupling step in Chapter 3, subsystems mbp and cd were
coupled to obtain the model of the VAD tool holder assembly. Figure 3.11 shows a schematic
of the final coupling to obtain a model for the completed assembly. The same compatibility
condition of Eq.3.30 and equilibrium condition of Eq.3.31 hold here as well.
Since the system mbp was the result of parallel coupling of subsystems p and mb, the
displacement vector X1, has the same value as Xj,,. X1p is written as a function of the

forces applied to the subsystem mbp as follow
X1p = Ximbp = HimbprmbpFrmbp + Himbp2mbpFrmbp 4.7)
By substituting the equilibrium condition from Eq.3.31, X, becomes
Xip = (Himbpimbp — Himbpombp ) Fext — HimbpombpFicd (4.8)

Equation 3.33 illustrates the relation of Fj.4; and F,,;. By substituting Eq.3.33 in Eq.4.8, the

following relation between X, and Fey; will be the obtained

le = [Hlmbplmbp - HlmhpZmbp_

Humppamvp(Hicdrca + Hombpombp) ™ (Hombptmbp — Hombpombp)|Fexe  (4.9)
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4.3 Electric current modeling through RCSA

By substituting Eq.2.94 in Eq.4.9, the relation between X;, and the voltage will be derived
as follows

le - [Hlmbplmbp _Hlmprmbp_

2
Ad(pla? — )V }
0

1
Hymppombp(Hicated + Hompprmbp)~ (Hambpimbp — Hombp2mbp)] {

(4.10)

The displacement vector X3, is also the same as the displacement vector X5,,;,, because
of the parallel coupling of subsystems p and mbp. X5, can also be written as a function of

the forces applied to the subsystem mbp as follow

Xop = Xombp = Hombp1mbpF1mbp + Hombp2mbpFombp 4.11)

Considering the equilibrium condition presented in Eq.3.31, X, is written as

XZp = (HZmbplmbp - HZmprmbp)Fext - H2mbp2mprlcd 4.12)

By substituting the relation between Fj.; and F,,; from Eq.3.33 in Eq.4.12, the following

relation between X, and F;,, will be derived

X2p = [H2mbplmbp - H2mbp2mbp_

Hombpambp(Hicdtca + Hombpombp) ™ (Hombptmbp — Hombpombp)|Fexe  (4.13)

By substituting Eq.2.94 in Eq.4.13, the relation between X5, and the voltage will be derived
as follows

XZp = [HZmbplmbp - H2mbp2mbp_

~1 %d(Pl 2 — g‘_ZE)V
Hoympp2mbp(Hicatea + Hombpambp) ™ (Hombpimbp — Hombp2mbp) 0

4.14)

Through the RCSA approach, the displacement vectors X, and X3, are obtained in
Eq.4.10 and Eq.4.14 as functions of voltage, respectively. As mentioned in Chapter 2, the
displacement vectors contain both axial and torsional displacements i.e. X, = [x1 > 01 p]T
and X5, = [x2),, 6> p]T. Therefore, axial displacements x;,, and x;,, are determined as functions

of V.
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4.3 Electric current modeling through RCSA

When both piezoelectric rings are used as actuators, which is the case for the VAD
system shown in Fig.4.1, V and [/ in Eq.4.6 should be substituted by the effective voltage
to the piezoelectric transducer of 2V, and the total thickness of 2/,, respectively. V), is the
voltage applied to the piezoelectric transducer and /, is the thickness of a single piezoelectric
ring. Therefore, the equation describing the electric current /,, as a function of V), will be as
follow

Ego 2
I, = %jw(xlp—xzp)—l—(%jwﬂ% (4.15)
The current FRF H1p is defined as follow

H; =

I
=L (4.16)
VP

where Hj,, I, and V), are complex-valued functions of frequency.
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4.4 Model updating and joint identification

4.4 Model updating and joint identification

The theoretical model developed through substructure coupling is not necessarily representa-
tive of the physical model dynamics. In the theoretical model, it was assumed that the system
is undamped and all substructures are coupled rigidly. These assumptions may not apply to
the physical system. In order to make the model a better representative of the physical model,
springs and dampers are places in the joints shown in Fig. 4.5. These are the connections

that are more probable to behave non-rigidly.

Fig. 4.5 RCSA model with joint flexibility and damping

The joint between concentrator and drill bit which will be considered as subsystem
Jjd has both axial and torsional flexibility and dissipation. This joint is considered as a
thin weightless cylindrical element coupled with the drill bit as shown in Fig.4.6. This
flexible cylindrical element is modeled by the rod model developed in Section 2.3.1. Young’s
modulus (E ;) and modulus of rigidity (G ;) of the joint element are complex numbers which
respectively represent axial and torsional flexibility and damping of the joint. Their values
should be identified experimentally. Identifying the complex-valued parameter of E ;; leads
to compute Kj“.d and C;?d. Similarly, identifying the complex-valued parameter of G ;4 leads to
compute K; , and C; g
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Joint of Drillbit
Subsystem (jd)

Drillbit
Subsystem (d)

Fig. 4.6 Coupling drill bit and subsystem jd

According to the formulation for coupling subsystems in Section 2.2.2, the FRF matrix
of the system of coupled d (equivalent of subsystem a) and jd (equivalent of subsystem b),

denoted as subsystem d’ will be as follow

| Hianae Higoa
Ho=\ s H
2ia Hoana |, ,

Hogra(Hiara +Hojazja) " Hajai ja Hoprg — Hagra(Hiara +Hojazja) " Hidna il
4.17)

-1 -1
B [ Hijaija—Hijarja(Hojanja +Hiara) Hajaija Hijja(Hyjarja +Hiaa)” Hiazd

The joint between the concentrator and the piezoelectric transducer has flexibility and
damping in the axial direction. This joint will be considered as subsystem jc. This joint
is also considered as a thin weightless cylindrical element coupled with the concentrator
as shown in Fig.4.7. Young’s modulus (Ej.) of the joint element is a complex number
that represents axial flexibility and damping of the joint. Its value should be identified
experimentally. Identifying the complex-valued parameter of E . leads to computing K 5-‘0 and

a
Cle-
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4.4 Model updating and joint identification

Axial Concentrator
Subsystem (c)

Joint of Concentrator
Subsystem (jc)

Fig. 4.7 Coupling concentrator and subsystem jc

According to the formulation for coupling subsystems in Section 2.2.2, the FRF matrix
of the system of coupled c (equivalent of subsystem a) and jc (equivalent of subsystem b),

denoted as subsystem ¢’ will be as follow

ch’lc’ ch’2c’
He=\ oy 1
2c1c! 2c'2c Axd

-1 -1
. Hlele_Hle2jC(H2j6‘2jC +chlc) H2jcljc HleZjC(HZjCZjC+chIC) Hicoc
- -1 -1
Hchc(chlc + H2jc2jc) H2jcljc Hyeoo — Hchc(chlc +H2jc’2jc> Hicoc

Subsystems ¢’ and d’ are connected with the same arrangement as subsystems ¢ and d, as

shown in Fig.3.7. FRF matrix of the system ¢’d’ will be as follow
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4.4 Model updating and joint identification

Hop— [ch’d’lc’d’ Hycgnea
Hyvaiea Hyvanea |, ,
| Hiere — Higoe (Haeoer +Higng)  Hapye Hy oo (Hoeaer + Hygngr) ™ Hygraar
a Hognar(Hygnar + Honer) ™ Haery o Hognar — Hagnar (Hyaniar + Haener) ™ Hygrogr id
4.19)

An schematic view of coupling the substructures for the system shown in Fig.4.5, is

provided in Fig.4.8. It is the result of coupling subsystems mbp and ¢'d’.

Imbp 2mbp
cd’ 2c¢’d’
-
Fext
(c’d’)
(mbp)

Fig. 4.8 Coupling subsystems ¢’d’ and mbp

The result of coupling subsystem ¢’d’ and mbp, has the same formulation of coupling
subsystems mbp and cd as presented in Eq.3.34. Therefore, the displacement vector for the
DOF 2¢'d’ at the tip of the drill bit will be as follow

-1
Xoca = Hacanca(Higanca +Hompprmbp) ™ (Hombpimbp — Hombp2mbp) Fext (4.20)

As mentioned before, joint stiffness and damping are the parameters which should be
identified experimentally. In this work, an optimization algorithm is used to determine the
joint parameters that would lead to minimum difference between predicted and measured
FRFs. Usually this model updating method is implemented by using displacement to force
FRFs, which requires the installation of accelerometers on the setup to measure the FRFs. To
avoid the practical complexities involved in the installation of accelerometers in an industrial
setup, in this work the FRF between the transducer current and the supplied voltage is used
for model updating. A sine sweep voltage is applied to the system and the resulting current
is measured using the setup described in Section 4.2.

Joints are identified through an optimization algorithm whose objective is to minimize the

difference between the magnitudes of the current FRF obtained from the theoretical model
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4.4 Model updating and joint identification

and experimental data. The frequency range chosen for the optimization algorithm is the
half-power bandwidth of the system in the operating mode. The half-power bandwidth is
a range of frequency in which the magnitude of the current FRF is not less than v/2 of the
magnitude of current FRF at the resonant frequency.[18] This bandwidth is shown in Fig.4.9.

A

|Hlp(wn)| -----------------

|HIp(wn)|
V2

Current FRF magnitude (A/V)

- Bandwidth :
kf»i
| . .
i | | .
®, ®, ®, Frequency (kHz)

Fig. 4.9 Half-power bandwidth of the system [18]
The objective is elimination of the difference between 1) natural frequencies of the model

and experimental data 2) magnitude of current FRF in the frequency range of the half-power

bandwidth. The objective function satisfying these criteria would be as follow

fovj(Eja,Gja,Ejc) =

1 Nep/2 2
(@ a5+ Y (|H1p(a)n+i5a),Ejd,do,ch)‘—‘HiXp(mSXP+i5w)) @.21)
@ i=_Ng/2

where Hj, is the current FRF computed by the RCSA approach in Section 4.3 and is influenced
by the joint parameters (E 4, Gjq and Ejc), H ;:Cp is current FRF measured experimentally,
o, is the natural frequency computed by the RCSA model, @, ® is the natural frequency
measured experimentally, 6 @ is the frequency resolution and Ny, is the number of data points

in the bandwidth computed using following equation

:602—601

N,
@ S

(4.22)
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4.4 Model updating and joint identification

Figure 4.10 shows that after convergence of the optimization algorithm, the current FRF
magnitude has approached to the current FRF magnitude measured experimentally. The

outcome of the optimization algorithm is the computation of the joint parameters values.

1.4 T T T T T T T T T

—— RCSA Model
——  Experimental

1.2

0.8

0.6

Current FRF magnitude (mA/V)

0.4

02 1 1 1 1 1 1 1 1 1
15 16 17 18 19 20 21 22 23 24

Frequency (kHz)

Fig. 4.10 Current FRF magnitude for 27.5 mm clamped length

Through this identification process the values for axial and torsional stiffness and damping
of the joints are computed as follows

K%, = 1.9224¢ + 09]N/m]:C%, = 9.6203¢ + 07[N.s/m]
K%, =7.1503e +02[N/m[;C’, = 1.4994e + 02[N.m.s] ~ (4.23)
K;zc =7.583%¢ + 10[N/m];Cj?c = 3.1325¢ + 10[N.s/m]

Using the identified joint parameters the axial and torsional receptances of the drill bit
tip are computed and plotted alongside with the experimentally measured receptances in
Fig.4.11 and Fig.4.12, respectively. The agreement between predicted and measured data
shows that joint identification using current FRF data is a promising approach.
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4.4 Model updating and joint identification
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Fig. 4.11 Axial receptance magnitude for 27.5 mm clamped length
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Fig. 4.12 Torsional receptance magnitude for 27.5 mm clamped length
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4.5 Structural modification by tuning drillbit clamped length

4.5 Structural modification by tuning drillbit clamped length

Tuning the overhang length of the drill bit is one of the techniques that can be used for
structural modification of the VAD systems. The case presented in Fig.4.10, Fig.4.11 and
Fig.4.12 were for the case of clamping 27.5 mm of the shank length inside the collet.

For the other case, 30 mm of shank length is clamped inside the collet. Joint parameters
are identified using current FRF data. Figure 4.13 shows the convergence of current FRF
magnitude to the experimental measurement data after convergence of the optimization

algorithm.
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—— Experimental
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15 16 17 18 19 20 21 22 23 24

Frequency (kHz)

Fig. 4.13 Current FRF magnitude for 30 mm clamped length

The joint parameters computed through the optimization algorithm are as follow

K¢, = 1.5436e + 09[N /m]:C¢, = 6.1777e + 07[N.s /m]
K, = 6.0086e + 02[N.m]:C",, = 1.2600e + 02[N.m.s]  (4.24)
K¢, =17.5839% + 10[N/m];C¢, = 3.1325e + 10[N.s/m]

Axial and torsional receptances of the drill bit tip are computed using the identified values
for the joints. The predicted receptances are plotted versus the experimental data in Fig.4.14
and Fig.4.15.
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4.5 Structural modification by tuning drillbit clamped length
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Fig. 4.14 Axial receptance magnitude for 30 mm clamped length
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Fig. 4.15 Torsional receptance magnitude for 30 mm clamped length
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4.5 Structural modification by tuning drillbit clamped length

The case in which 35 mm of shank length is clamped inside the collet is considered. Joint
parameters are identified using current FRF data. Figure 4.16 shows with the computed joint

parameters, the predicted current FRF and the measured one are in a good agreement.
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15 16 17 18 19 20 21 22 23 24

Frequency (kHz)
Fig. 4.16 Current FRF magnitude for 35 mm clamped length

The identified joint parameters are as follows

K¢, =2.8416e +09[N/m|:C%, = 1.1373¢ + 08[N.s/m|
K, = 4.5666e + 02[N.m]:C",, = 9.575% + 01[N.m.s| (4.25)
K¢, =7.5839 + 10[N/m];C%, = 3.1325¢ + 10[N.s /m]

Axial and torsional receptances of the drill bit tip are computed using the identified values

for the joints. The predicted receptances are plotted versus the experimental data in Fig.4.17
and Fig.4.18.
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4.5 Structural modification by tuning drillbit clamped length
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Fig. 4.17 Axial receptance magnitude for 35 mm clamped length
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Fig. 4.18 Torsional receptance magnitude for 35 mm clamped length
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4.6 Structural modification by electric circuit adjustment

4.6 Structural modification by electric circuit adjustment

Structural modification by mechanical adjustments in substructures may not be so practical
because of assembly limitations. The electro-mechanical coupling of piezoelectric materials
enables us to tune mechanical behaviour of the transducer by adjusting electric circuit. In
structural modification using electric circuit adjustment [11], this coupling is employed to
tune mechanical stiffness of one of the piezoelectric rings while using the other one as an

actuator. Fig.4.19 shows how this system is implemented.

i
i

<~ Power Source

/!

Tightening Bolt
Back Mass ((6'\
Piezoelectric Transducer N

/!

Axial Concentrator Drillbit

Fig. 4.19 Tool holder with electric circuit adjuster
The RCSA model developed in Chapter 3 needs some modification to be suitable for this

application. The subsystem m in this case will be replaced by subsystem m’ which is the

result of coupling subsystems m and a as shown in Fig.4.20.
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4.6 Structural modification by electric circuit adjustment

Fig. 4.20 Coupling back mass and adjustable piezoelectric ring

The FRF matrix of subsystem m’, according coupling formulation of Section 2.2.2, will
become as follows.

H. — Hywim Hipom
m =
H 2m 1m! H. 2m/'2m’

4x4
-1 -1
_ [ Hlmlm - HlmZm(HZmZm +H1a1a) HZmlm HlmZm (H2m2m +H1a1a) H1a2a

HZala(Hlala +H2m2m)_1H2m1m H2a2a_H2a1a(H1a1a +H2m2m)_1H1a2a dxd

(4.26)

where FRFs of the subsystem a is obtained using a rod model with a mechanical compliance
adjustable by the electrical components. This adjustable mechanical compliance is denoted

by Syqj. In order to find S,4;, a model for the electric circuit shown in Fig.4.19 is required.
Consider the circuit in Fig.4.21.

I fI,

Ground Ve
Fig. 4.21 RLC circuit
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4.6 Structural modification by electric circuit adjustment

According to Kirchhoff’s voltage law, the governing equation of the circuit shown in

Fig.4.21 in the frequency domain is

1 I
Ve=Le(jo)l,+Rel, + ———— 4.27
e 6(.] )e+ €€+Ce(ja)) ( )
where V, is voltage applied to the RLC circuit and /, is the current passing through the circuit
which are functions of frequency. In Fig.4.21, L,, C, and R, are inductance (H ), capacitance
(F) and resistance (Q), respectively. The current FRF H, is obtained as follow
I, Jjo

H, =< = 4.28
‘T, —L, 0+ Rejo+ & (425)

There is another circuit representative of the piezoelectric capacitance denoted as Cy that is
in parallel with the external circuit as shown in Fig.4.19. Being in parallel means that the
same voltage V, will be applied to both circuits. The current FRF of this circuit denoted by
Hy, which only includes the capacitor Cy, is similar to Eq.4.28 but by neglecting the terms
corresponding to the inductor and resistor as follow
Jjo
1
0

Hy = (4.29)

Iy
Ve

The constitutive equation of piezoelectric materials mentioned in Eq.2.79 and 2.80, in case

of considering piezoelectric capacitance as an external capacitor will be simplified to
e=S"c+dE (4.30)

D=do (4.31)

Writing Eq.4.31 for electric charge by substituting D = ¢/A becomes
q=Ado (4.32)

As mentioned before, the electric current is rate of change in electric charge per time. By
substituting the electric charge in Eq.4.32 by the current formulation for two circuits in

parallel of g = (I, + Iy) /(j®), the following equation is derived

Ie+10 o

5 ~Ado (4.33)
J
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4.6 Structural modification by electric circuit adjustment

By substituting the corresponding current FRF from Eq.4.28 and Eq.4.29 into Eq.4.33,
voltage can be described as a function of the mechanical stress applied to the piezoelectric

material ‘
JWAd

H.,+Hy)V, = joAdo — V, =
(e+ O)e J e H, + H,

o (4.34)

By considering the relation between electric field and voltage of E =V /I and substituting
Eq.4.34 in Eq.4.30, the following equation will be obtained that describes a relation between
mechanical stress and mechanical strain:
o (sF_ AL\ (4.35)
B (H, +Hy)l '
Therefore, the mechanical compliance of the piezoelectric ring used as the adjustable subsys-

tem a , which is modified by the electric circuit dynamics, will be obtained as follow

joAd?

S . =sE_ _JTOT
adj (H, + Ho)l

(4.36)
The effect of tuning each electrical component on the dynamic response of the VAD tool
holder assembly is studied.

In Fig.4.22 and Fig.4.23, the effect of tuning R, is on dynamics of the assembly is studied.
Inductor (L,.) and capacitor (C,) are neglected. As can be seen in the corresponding figures,
by increasing the external resistance, the resonant frequency of the assembly will increase
slightly in a limited range of frequency which is less than 200 Hz.

In Fig.4.24 and Fig.4.25, the effect of tuning the inductor L, with a fixed capacitor value
of C, = 1nF is considered. As can be seen in the corresponding figures, by increasing the
external inductance, the resonant frequency of the assembly will decreases in a wider range
of frequency, in a range of more than 2 kHz. The inductor has been observed to have the
most significant effect on the dynamics of the tool holder structure.

In Fig.4.26 and Fig.4.27, the effect of tuning capacitor value of C, with a fixed inductor
value of L, = 50mH is presented. As can be seen in the corresponding figures, by increasing
the external capacitance, the resonant frequency of the assembly will decrease in a range of

frequency which is about 2 kHz.
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4.6 Structural modification by electric circuit adjustment

Axial receptance magnitude (m/V)

Fig. 4.22 Effect of tuning resistance on the axial receptance of the assembly
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Fig. 4.23 Effect of tuning resistance on operational frequency of the Assembly
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Fig. 4.24 Effect of tuning inductance on the axial receptance of the assembly
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Fig. 4.25 Effect of tuning inductance on operational frequency of the Assembly
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Chapter 5
Conclusions and Future Work

In this thesis, the dynamics of the VAD tool holders were studied in a substructure coupling
platform. Analytical models suitable for the geometry of each individual component were
employed which increased the computational efficiency of the model. Also, experimental
identification of the stiffness and damping of the joints between substructures was the other
advantage of a substructure modeling. It was shown that the model can also predict the
electric current FRF of the piezoelectric transducer, which is the most convenient way of
monitoring the dynamics of the tool holder. The electro-mechanical coupling of piezoelectric
material enables us to adjust its mechanical compliance through the RLC circuit tuning which
provides the active structural modification ability.

The developed substructure coupling analysis method can be used to fine-tune the dy-
namics of the VAD system to maximize the performance of the VAD machining process in
various machining conditions. It was shown that the model can accurately predict axial and
torsional receptances of the drill-tip and also the electric current FRF of the VAD system. It
was shown that the model, whose joint parameters are identified using the electric current
FREF, can predict the axial and torsional receptance of the system with a good accuracy. This
shows that the electric current data is a promising approach for assessments of the system
which facilitates experiments, saves time and requires inexpensive equipment. The modeling
with consideration of the individual components provided the ability of modifying the overall
system dynamics by either mechanical or electrical adjustments to the substructures after the

tool holder was manufactured.
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Summary

The following is the summary of this thesis:

* An electro-mechanical substructure analysis was presented which provides the ability

of designing axial and axial-torsional VAD systems with optimal dynamic performance.

* The stiffness and damping of the joints were considered and identified using experi-

mental data.

* Modification of the VAD system by adjusting the parameters of mechanical and
electrical components was the other advantage provided by the substructure analysis

platform.

Potential Future Research Topics

* Prediction of cutting forces by electric current measurement
The machining forces are typically measured using dynamometers. Using dynamome-
ters are expensive and is subject to some limitations by the machine fixture. Electric
current can easily been measured during the machining process. Since the model can
provide information about electric current FRF, a model can be developed based on

that to predict machining forces from the electric current measurements.

» Automatically adjusting electric circuit
A VAD system is originally designed to have the best performance with a particular
drill bit. However, the design and manufacturing VAD tool holders for each drill bit is
not affordable. Developing a method to automatically adjust the electric components
of the VAD system, will make the tool holder to be used for several different drill bits
with the highest efficiency.

* Real-time updating of stability lobe diagrams
Stability lobe diagrams are used to predict stable machining conditions. In developing
a stability lobe diagram, the dynamics of the machining tool and workpiece plays the
most important role. In the machining process, since the material is being removed
from the workpiece and machining condition changes, the stability lobe diagram may
not be accurate for the new machining condition. Having an accurate stability lobe
diagram can determine the machining condition with the highest productivity. The
electric current measurement from the VAD tool holder provides the ability of updating
the dynamics of the machining structure which leads to real-time updating of the

stability lobe diagram and maintains the machining process in the highest productivity.
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Appendix A

Receptance Coupling Formulation

A.1 Axial receptance coupling

Coupling receptances of subsystems to obtain the receptance of the assembled system using
RCSA approach was introduces in Chapter 2. The detailed derivation of RCSA formulation
with the approach by Tony Schmitz is presented. [22].

In the simplest case of substructure coupling for rigid coupling of two substructures
in one direction as shown in Fig.2.1, has the compatibility and equilibrium conditions as
mentioned in Eq.2.6 and Eq.2.7, respectively.

Let’s assume that displacement of the coupled system at the point of 1ab is desired. This
DOF has the same value of 1a. This displacement can be caused by the forces applied directly
at lab or the forces applied at 2ab. Considering subsystem a, this displacement is a function
of the forces applied to the subsystem a at 1a and the coupling location 2a. The following

equation describes this relation

X1a = Maraf1a +Ma2af24 (A.1)

Since the displacement of the coupling DOF is not of interest, the displacements of the
assembled system should be only functions of forces applied to non-coupling DOFs. Eq.A.1
in the assembled system coordinate system will be written as follows

X1ab = Mataf1ab + Ma2af2a (A.2)

which includes the force applied to the subsystem a at the coupling DOF. This force f;,
should be replaced by the force applied at DOF 2ab. The goal at this stage is to find a relation
between f>, and f>,, while f>,, = f2,. By substituting the displacements in Eq.2.6, the
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A.1 Axial receptance coupling

following equation is obtained

hoarafia +hoa2af2a = Pivivfie + hivas fon (A.3)

The substitution of the equilibrium condition from Eq.2.7 and rearranging enable solving for

fZa:
Fra = —(haaza + M1p1n)  Poatafia + (e +hipis) " hisas o (A4)

By substituting the relation of f,, from Eq.A.4 in Eq.A.2 and considering that fj,, = fi, and
frab = fob, the displacement x1,;, will be determined.

Xtap = [Mata —P1a2a(P2aza + Pip1p) " haatal frap + [Ma2a(Haaza + Bipip) ™ hipos) frap (A5)

Following the same procedure leads to a relation for the displacement at DOF 2ab . This
DOF has the same displacement as 2b. This displacement can be caused by forces applied
directly on the same DOF or forces applied on other DOFs. Considering subsystem b, this
displacement is a function of the forces applied to the subsystem b at 2b and coupling DOF

1b. The following equation describes this relation

X2 = hop1p f16 + hov2b fo1 (A.6)

The displacements of the assembly should be only functions of forces applied to non-coupling

DOFs. Eq.A.6 in the assembled system coordinate system will be written as follows

X2ab = hop1p f16 + hov2b foab (A7)

which includes the force applied to the subsystem b at the coupling DOF 15 that does not
exists in the assembled system. So, the force fi, should be replaced by the force applied at
lab. The goal at this stage is to find a relation between f; and fj,5, which is the same force
of f1, acting on subsystem a. By substituting the displacements in Eq.2.6, the following
equation is obtained

haatafia +Ma2af2a = Pivivfie + hiv2s fon (A.8)

The substitution of the equilibrium condition from Eq.2.7 and rearranging it enables solving

for f15:
fiv = (ip1p +h2a2a) " haarafia — (Bipip + hoaza) " s fan (A.9)
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By substituting the relation of fj; in Eq.A.7 and considering that fi,, = f1, and foup = fop,
the displacement x;,;, will be determined.

X2ap = [haw1p(h1p1o + h2a2a) " Moata) faw + [hasan — hapts (Ripts + h2a2a) ™ Pivap) foab
(A.10)

According to Eq.A.5 and Eq.A.10, the direct (h14p14p and hpgpoap) and cross (hyqpqp and
hyap1ap) FRFs of the assembly ab are obtained as follows:

Mabtab = 5 = Mata ~hiaza(hca-+ o)~ hoata (A11)
hiab2ab = )};Zz = hiwa(Haa2a + hip1p) ™ hipop (A.12)
hoaviab = )}?ZZ = hop1p(h1p1s + h2a2a) ™ h2ata (A.13)

haaboab = JZZZ = haab — haw1p (h1p1s + h2a2a) ™ hivon (A.14)

A.2 Axial-torsional receptance coupling

In axial-torsional coupling of subsystems a and b shown in Fig.2.2 the compatibility and
equilibrium conditions were mentioned in Eq.2.17 and Eq.2.18, respectively.
In order to compute the displacement vector at 1ab which has the same displacement

vector as la, it needs to be written as a function of force vectors applied to the subsystem a.
X1a = Hia1aF1a + Hia2aF2a (AIS)

The force F>, should be replaced by the force applied at 2ab. The goal at this stage is to find
a relation between F;, and F,,;,, which is the same force of F;;, acting on subsystem b. By
substituting the displacement vectors in Eq.2.17, the following equation is obtained

Hya1aF1a + Hoa2aF2a = HipipF1p + Hipon Fop (A.16)
The substitution of the equilibrium condition from Eq.2.18 and rearranging for F>,,

Fra = —(Hawa + Hip1p) " HogtaFia + (Haaza + Hip1p) ™ Hipop Fap (A.17)
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By substituting the relation of F;, in Eq.A.15 and considering that F,, = F1, and Foup = Fpp,

the displacement vector X, will be determined.

Xiap = [Hiata — Hia2a(Haaza + Hip1p) " Hoata) Fiap + [Hiaoa (Haaza + Hip1p) ™ Hipop| Foa
(A.18)

Following the same procedure leads to a relation for the displacement vector at 2ab :
Xob = Hap1pF1p + Hopop Fop (A.19)
By substituting the displacement vectors in Eq.2.17, the following equation is obtained
Hyq1aF1a + Hra2aF2q0 = Hip1oF16 + Hiv2pFop (A.20)
The substitution of the equilibrium condition from Eq.2.18 and rearranging, Fj; is computed
Fip = (Hipip + Haa2a) ' HaataF1a — (Hip1p + Haa2a) ™ Hipop Fa (A.21)

By substituting the relation of Fjj; in Eq.A.19 and considering that F,, = Fi, and F>u, = Fpp,

the displacement vector X, will be determined.

Xoap = [Hop1p(Hp1p + Howra) ™ Hoata) Fiap + [Havop — Hap1o(Hip1p + Hoaoa) ™ Hipop| Faab
(A.22)
The direct (H14p145 and Hyypo4p) and cross (Hi poap and Hagp145) FRE matrices of the assem-
bled system obtained from Eq.A.18 and Eq.A.22 as follows:

Hiaptap = Hiata — Hiaoa(Hoaza + Hip1y)” Haala (A.23)
Hiaprap = Hiaoa(Haaoa + Hipip) ™ Hipop (A.24)
Haaprab = Hap1o(Hip1p + Hoaza) ~ Hoala (A.25)

Hauroap = Hopop — Hop1p(Hip1p + Hoaza) ™ Hipop (A.26)
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