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A COMBINATION METHOD OF THEORY AND EXPERIMENT
IN DETERMINATION OF MACHINE-TOOL DYNAMIC

STRUCTURE PARAMETERS

PHUONG PHAP KET HOP LY THUYET VA THUC NGHIEM TRONG XAC DINH CAC THONG SO DONG LUC HOC

CUA HE DAO BONG MAY - CONG CU

ABSTRACT

In this paper, a combination method of the theory and experiment in
determination of dynamic parameters of machine-tool system was proposed. By
experimental research, the data of action force and the vibrations was collected
in time domain. By the theoretical research, using Fourier Transform, the data in
time domain was transformed and analysed in frequency domain. And then, the
parameters of the machine-tool dynamic structure were determined. The
proposed method was verified by the comparison of the calculated results and
the analysed results from analysis software.
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TOM TAT

Trong nghién ctu nay, mdt phuong phép két hop gitb Iy thuyét va thuc
nghiém trong xac dinh thong s6 hé dao dong clia hé thong may - cong cu dugc
deé xuét va th nghiém. Thong qua nghién ctu thuc nghiém, dif liéu vé lyc tac
dong va dao dong sinh ra dioc ghi lai trong mién thdi gian. Bang mod hinh Iy
thuy€t véi phép bién doi Fourier, di liéu trong mién thoi gian duoc bién ddi va
phan tich trong mién tan sd. T d6, thng sd cta hé thong dao dong méy - cong
cu dwge tinh toan, xac dinh. Phirong phap d& xuét da duoc kiém tra théng qua
viéc so sanh két qua tinh toan véi két qua phan tich tlr phan mém.

Tir khéa: Thong s6 dong luc hoc, dao dong, hé thdng may - cong cu.

"Faculty of Mechanical Engineering, Hanoi University of Industry
“Center of Mechanical Engineering, Hanoi University of Industry
3Hung Yen University of Technology and Education

*Hung Vuong University

"Email: tungnn@haui.edu.vn

Received:12 January2019

Revised: 6 May 2019

Accepted:10 June 2019

1. INTRODUCTION

During machine operations, the machine tool
experiences vibrations. The unbalance in turning and
boring, nonsymmetric teeth in drilling can produce
periodically varying cutting forces. In the milling process,
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the tool, workpiece, and machine tool structures are
subject to periodic vibrations due to the intermittent
engagement of tool teeth and periodically varying milling
forces. The forced vibrations can simply be solved by
applying the predicted cutting forces on the transfer
function of the dynamic structure by using the solution of
ordinary differential equations in the time domain.

The fundamentals of vibration were explained,
including free vibration system and force vibration system.
These fundamentals were applied in solving the vibrations
in milling machining process. CUTPRO software and its
devices was proposed to determine the machine tool
dynamic structure. By using this measurement system, the
dynamic structure of milling machine tool systems can be
investigated and analysed. The experiments were
conducted to determine the machine tool dynamic
structure in machine-tool systems [1].

The phenomenon of vibration is an inextricable part of
any machining process and modern machine shops are well
aware of its detrimental effects. The machine tool vibration
can destabilize a machining process and in extreme situation
lead to chatter with severe implications for quality, tool life
and process capability. The vibration plays an important role
in limiting the afore-mentioned productivity parameters.
Reducing the vibration for a stable machining process may
reduce the number of time consuming operations, etc., to
obtain the desired surface finish and consequently reducing
the machining lead time [2].

There are both forced and self-excited vibrations of
machine tool in machining processes. However, the self-
excited vibration is the most detrimental for the safety and
quality of machining operations [2]. During machining, the
machine tool vibrations play an important role in hindering
productivity. The poor finished surface and damage of
spindle bearing may be caused by excessive vibrations [2, 3,
4]. Vibrations are very important in machining processes; so,
investigating and controlling the machine tool vibrations is
necessary in the improvement of machining quality.
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This study focuses only on the application of theory and
experiment mothed in the investigation of machine-tool
dynamic structure. By this proposed method machine-tool
dynamic structure parameters such as nature frequency,
mass (m), spring (k), and damping (c) in x and y directions
were determined.

2. THEORETICAL OF MACHINE-TOOL DYNAMIC STRUCTURE
2.1. Theoretical of Forced-Vibration System

A simple structure with a single-degree of freedom
(SDOF) system can be modelled by a combination of mass
(m), spring (k), and damping (c) elements as shown in Fig. 1.
When an external force F(t) is exerted on the structure, its
motion is described by Eq. (1) and Eq. (2), [1, 2].

—___ Balance
=1
Fig. 1. Vibration system
K +cx +kx =8 1)
or
X +20gx +@x =%%F(t) 2)

where ®, is the natural frequency and ¢ is the damping
ratio of system, and x is displacement of system in x
direction.

If the system receives a hammer blow for a very short
duration, or when it is at rest and statically deviates from its
equilibrium, the system experiences free vibrations. This
means no external forces (outside forces), F(t) = 0, but
only internal force controlled the motion. The internal
forces are forces within the system including the force of
inertia (nk), the damping force (cx , (if c)>@hd the
spring force (kx), a restoring force [1, 2].

2.2. Fundamentals of Forced Vibrations and frequency
response function (FRF)

When an external force F(t)is not equal to zero,
F(t) #0, the system experiences forced vibrations. When a
constant force F(t) = F, is applied to the structure, the
system experiences a short-lived free or transient vibration
and then stabilizes at a static deflection x,; = Fy/k.

The general response of the structure can be evaluated
by solving the differential equation of the motion. The
Laplace transform of the equation of motion with initial
displacement x(0) and vibration velocity x'(0) under
externally applied force F(t) is expressed in Eqg. (3) to

Eq. (5), [2].

LG 420+ = L(2EF(t) @3)

=s 2x(s) —sx(0) —x(0) +2C w,sX(s) =2 w,x(0) +
w2x(s) = 2 F(s) @

= (s +2Tw,s +w2)x(s) — (s +27w,)x(0) —x-(0) =
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The system’s general response, the vibrations of the
structure with a SDOF dynamics, can be expressed by Eq. (6).

w3 1 s+2Qwp )x(0)+x’(0
X = et PO et O
The frequency response function of the system is
represented by Eq. (7) by neglecting the effect of initial
conditions that will eventually disappear as transient
vibrations.

X(s w3 1
®(s) = %siz Tnsz+2(mns+mﬁ (7)
Assuming that the external force is harmonic (it can be
represented by sin or cosine function or their
combinations). The forced vibration system can be

rewritten by Eq. (8).

X +20yx +(§x=%ﬁFosi(1mt) (8)
where w is the frequency of external force F(t).

The system experiences forced vibrations at the same
frequency w of the external force, but with the time or
phase delay (¢). It is assumed that the transient vibrations
caused by initial loading have diminished and the system is
at steady-state operation. Then the motion can be
rewritten by Eq. (9).

x(t) = Xsi gt +¢) 9)
where X is the amplitude of vibration.

Using the complex harmonic functions of external force

and vibration, the harmonic force and the corresponding
harmonic response can be expressed by Eq. (10).

F(t) = Fysi flat) = Fyel & (10)
x(t) = Xsi fat +¢) = Xellet+o)
The integration of motion is expressed by Eq. (11).
X(t) = j aXdler )
= . 11
{)’('(t) = — 2Xel(e 1) (1)

Substituting x(t) and X(t) into Eqg. (8), the forced
vibration can be written by Eq. (12).

—w 2Xel () 427w, j oXdOHH) 4y 2Kl ) =

a
“BFelt (12)
. a
= (0} ~©? +200,j PXel ) = ZRF el et (13)
oo 2
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SO,
. a
= (Wi —w?* +2{w,j )Xel * = %Foe' o (15)

The frequency response function (FRF) of the system
can be expressed by Eq. (16).
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Dy =09 _oh__ 1 (16)

Fo(i @)  k wi-w?+2lwnjo
The excitation to natural frequency ratio is r = w/w,. So,
the FRF can be expressed by Eq. (17) and Eq. (18).

(o = i 1—r21+2j ir (n
DG @) =7 — (18)

K’ (1-r2)42j qr
The resulting amplitude (Gain) and phase of the
harmonic vibration are expressed by Eq. (19) to Eq. (20).

C oy X(G® _1 L
106G ol =275 = k*Ja-r9Z+(27n? )
¢p=tamr'Z(j @ =tam =5 (20)

The FRF (®(j w)) can be separated into real (G(w)) and
imaginary H(w)) parts of Fi(é(““b as in Eg. (21) and
Eq. (23).

1-r2
G) = o @D
_ —-2qr
H(w) = K[(1-r2)2 +(27D)?] (22)
or
O(j 0 = G(w) +j Hw) (23)

2.3. Determination of machine-tool dynamic structure
from FRF

When the input and the natural frequency of the forced
vibration system are the same (w= w ), the amplitude of
the vibration becomes larger and larger. Practically, the
systems with very little damping may undergo large
vibrations that can destroy the system. This phenomenon is
called resonance. With the frequency response function,
when the input force frequency is equal to the natural
frequency of vibration system, the real part of FRF is equal

to zero, and the imaginary part of FRF is equal to Z—klz or

(H(wy) = ;—klz). And so, the natural frequency of a vibration
system (dynamic structure) can be determined at points
that the real part of FRF is equal to zero.

The maximum magnitude of FRF occurs at

W= w /1 —2T 2. And the real part G(w,) of FRF has two
extrema at frequency w, and w, as in Eq. (25).

1
12206 mx =300 (24)
1
1+20 =6 win =~ 350

so, the damping ratio can be determined by Eq. (25), [2].
Grax Grax +Gnin

Grin

W, = Wy

W, = Wy

Gmax —Gnin
Finally, the modal stiffness (k), the modal mass (m), and
the modal damping constant can be calculated by Eq. (26).

( _ -1
| K= hom
m= X (26)
| ®n
kc = 2&/km
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The simple dynamic structure modal of the machine-
tool dynamic structure is described in Fig. 2. This system
can be modelled by a combination of mass (m), spring (Kk),
and damping (c) elements in x and y directions.

Fig. 2. Machine tool dynamic structure modal
Milling process is a dynamic process; so, by the effect of

machine-tool dynamic structure, the machine-tool
vibrations in x and y directions were calculated by Eq. (27),
[5-9].

mX (t) $¢ (t) fk=F(t)
{myif' (t) 3¢ (t) $k=F (1)
Where: x, (m,), (k,), (¢, F.(t) are the displacement, mass,

stiffness, damping ratio, and external force in x direction.
And, y, (m,), (k), (c,), F/(t) are the displacement, mass,
stiffness, damping ratio, and external force in y direction.

By analysis of the Frequency Response Function of each
forced vibration system (x and y directions), the parameters
of machine-tool dynamic structure such as natural
frequency, modal stiffness, damping ratio, modal mass are
determined.

3. EXPERIMENTAL METHOD

The setup of the experiments in this paper includes tool,
CNC machine, FRF measurement. The description of the
setup is as the followings:

3.1. Tool, and CNC machine

In order to investigate of machine-tool dynamic
structure, the tool and machine were chosen as follows.
Tool: a new carbide flat-end mill with number of flutes
N = 2, a helix angle B = 30° a rake angle a, = 5° and a
diameter of 10mm. The experiments were performed at a
three-axis vertical machining center (DECKEL MAHO -
DMC70V hi-dyn).

(27)
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3.2. Setup for determination of Frequency Response
Function

In order to determine the frequency response function
and the dynamic structure of machine-tool, an integrated
device system that consisted of the acceleration sensor
(ENDEVCO-25B-10668), hammer (KISTLER-9722A2000),
signal processing box (NI 9234), and a PC was used. The
detail setting of the measurement experiment is illustrated
in Fig. 3. The experiments were performed with the
assistance of CUTPRO™ software to measure the force and
response displacement, [10].

]
i

Tool
Accelorometer

Impact

Workpiece

/0 box

DAQ Card

Fig. 3. Setup of FRF measurement (Tap testing) [10]

a. Tool; b. Acceleration sensor; c. Force sensor; d. Signal processing box;
e.PCand CUTPROTM software

4. RESULTS AND DISCUSSIONS
4.1. Force and Response Displacement in Tapper test
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Fig. 4. The force and response displacement in X and Y directions

The signal of hammer force and the displacement values
obtained from the force and displacement sensors are
shown in the time domain, as shown in Fig. 4. It seems that
by Tapper test, in each direction (x or y direction), the impact
force was the single peak force. Besides, in each direction,
the response displacement decreased from maximum value
to zero. So, these are damped oscillation systems. The tapper
test results can be transformed form time domain to
frequency domain to determine the frequency response
function (FRF) of machine-tool dynamic structure.

4.2. Determination of Frequency Response Function (FRF)
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Fig. 5. The real part and imaginary part of FRF in X and Y directions
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In this study, Fourier transform was use to transform the
measured results of the force and response displacement
from time domain to frequency domain. The FRF was
determined by Eq. (16) that the FRF was separated into two
parts (dash line): the real part and the imaginary part as,
shown in Fig. 5 for both x and y directions. The analysed
results of FRF was compared with the analysed results of
CUTPRO software (solid line) as described in Fig. 5. This
figure is shown that the analysed results were quite close to
the results of CUTPRO software in both x and y directions.
So, the proposed method in this study can be used the
determine the frequency response function of a machine-
tool dynamic structure.

4.3. Determination of machine-tool dynamic structure

Using the determined results of the frequency response
function (FRF) as expressed in Section 4.2, the machine-tool
dynamic parameter such as nature frequency (w,), mass
(m), spring (k), and damping (c) were calculated and listed
in Table 1. The calculated results of machine-tool dynamic
structure parameter were compared with the analysed
results of CUTPRO software. The calculated results between
proposed method and CUTPRO software are quite close
together. The average difference of two methods is about
12.4 %.

Table 1. Machine-tool dynamic structure parameters
0, | w0 | w, | How,) k m
[Hz]| [Hz] |[Hz]| [m/N] ¢ [N'm] | [kg]
Research  |2776]| 2742 |2832|-4.47E-06 0.016 £.91E+06 0.896
direction CUTPRO  |2772| 2734 | 2832 -5.02E-06) 0.018 p.64E+06 0.734
Different (%) 0.14| 0.29 | 0.00| 11.00 |8.296 | 22.53 |22.174
Research  |2780| 2724 |2842|-4.18E-06 0.021 p.64E+06 0.730
direction CUTPRO  |2778| 2722 |2836-5.39E-06) 0.021 14.52E+06 0.586
Different (%) 0.07| 0.07 |0.21] 22.52 |3.434| 24.79 |24.606

The obtained results showed that the machine-tool
dynamic structure parameters of the different directions
are different. Besides, in each direction, the machine-tool
dynamic structure parameters are quite close to each other
but not the same when determining by proposed method
and by CUTPRO software. So, the proposed method in this
study can be used as a convenient method to determine
the machine-tool dynamic structure parameters.
5. CONCLUSIONS

In this study, a combination method of theoretical and
experimental method was performed to investigate the
machine-tool dynamic structure. Depending on the
analysis of experimental results, the conclusions of this
study can be drawn as follows.

1. The tapper test results can be transformed form time
domain to frequency domain to determine the frequency
response function (FRF) of machine-tool dynamic structure.

2. In each x or y direction, the determined FRF was
separated into two parts: the real part and the imaginary

Direction| Mode No.
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part. The analysed results of FRF were quite close to the
results from CUTPRO software. So, the proposed method in
this study can be used the determine the frequency
response function of a machine-tool dynamic structure.

3. The calculated results of machine-tool dynamic
structure parameters between proposed method and
CUTPRO software are quite close together. The difference
of two methods is about 7.6 %. So, the proposed method in
this study can be used as a convenient method to
determine the machine-tool dynamic structure parameters.
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THONG TIN TAC GIA

Nguyén Nhu TOng"*, Hoang Van Nam? D3 Anh Tuén®,
Nguyén Hiru Hing*

'Khoa Co khi, Truong Dai hoc Cng nghiép HaNoi

“Trung tam Cokhi, Treong Bai hoc Cong nghiép Ha Noi
$Trutng Bai hoc St pham kY thuét Hung Yén

“Triong Dai hoc Hiing Virong





