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1. Introduection

The relative vibration of a machine tool structure
between workpiece and toolholder must be maintained
as small as possible because it affects not only
smoothness of cut surface of workpiece but also
stability of machining process. If it is found, after
a machine tool structure is built, that the relative
vibration between the two elements mentioned above
is too serious to continue machining, the structural
design should be changed.

Since, however, redesign of a structure is very
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expensive and takes time, attachment of an addi-
tional vibratory system, i.e., a damper to a suitable
point of the structure is more desirable. Usually
dynamic dampers are designed so that the magnitude
of vibration of main structure may be minimized.
Such dampers can be applied to the ‘machine tool
structure to reduce to some extent the magnitude of
vibration between workpiece and toolholder. Noting
that the vibration which occurs more often and is
detrimental in machine tools is chatter vibration
rather than forced vibration and that the stability
against chatter vibration depends upon the minimum
value of real part of the transfer function of the
main structure, and not the magnitude of vibration‘®,
in this paper the vibration absorber to be attached

to the main structure is optimized so as to minimize
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the minimum real part of transfer function so that
the maximum chip width or stability can be
achieved. In section 2, basic theory in stability of
machine tool structure is presented. In section 3, it
is shown how to simplify the problem, how to
formulate the optimization problem, and what kind
of optimization method to choose. In section 4, a
design region is shown to get an idea for optimization
and to see how complicated it is. The design chart
to obtain the optimum damping coefficient and the
stiffness of the absorber is also given in nondimensio-
nalized terms. Optimum results obtained by mini-
mization of minimum value of real part of transfer
function is compared with those by other au-

thOrS(2’3’4’6).

2. Basic Theory in the Stability
of Machine Tool Structure

The machining process in machine tool is basically

a closedloop system including two fundamental parts,

i.e., cutting process and machine tool structure,

which can be schematically represented as shown
in Fig. 1.
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Fig. 1 Basic diagram of machining process

Machine tool
structure

‘(__

For simplicity of the analysis a few assumptions
are made™® :

(a) The vibratory system of the machine is linear.

(b) The direction of the variable component of
the cutting force is constant.

(c¢) The variable component of the cutting force
depends only on the vibration in the direction of the
normal to the cut surface.

(d) The value of the variable component of the
cutting force varies proportionately and instantaneo-
usly with the vibrational displacement Y.

(e) The frequency of the vibration and the mutual
phase of undulations in subsequent overlapping cuts
are not influenced by the relationship of wavelength

to the length of cut.

Under these assumptions the machining process

described in Fig. 2, can be mathematically
represented by:
P=—b.7.(Y-Y,) @)
Y=P.0(w) @

where ®(w) is the transfer function of the machine

tool structure between the workpiece and tool holder,

b the chip width, and r a real coefficient.
(v}

Fig. 2 Representation of a dynamic machining
process

After some manipulation the ratio of the magnitude
of vibration in the previous cut to that in the current

cut can be expressed as:

1
v, & t®
B o @
The condition for the limit of stability is given as:
1
——+0
Y, br
| @

Rewriting eq. (4) in terms of real part G(w) and
imaginary part H(w) of the complex function @(w)
gives:
—+G+iH
G+jH
Since the imaginary parts of the numerator and the

=] )

denominator in the above equation are equal, the
condition(5) can be substituted by:

1
4G

b
— =1 ®

It can also be seen easily that condition (6) is

satisfied only if:

7£7=_G &)

The final form of the lowest or critical limit of
stability condition in the basic theory can be

expressed as:

1
m:~6nm ®
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Eq. (8) means that the value of the maximum chip
width biim is dependent on the value of the minimum
of the real part of the transfer function G of the
machine tool structure.

3. Statement of Problem

3.1. Derivation of the Relative Transfer
Function between Workpiece and
Toolholder with a Vibration Absorber
Attached as Two Degrees of Freedom
System

It was explained in the previous section that the
stability or the maximum width of cut in machining
process depends upon the minimum value of the real
part of the transfer function of machine tool structure
between workpiece and toolholder. Although the
machine tool structure as shown in Fig. 3 is an
infinite degrees of freedom system, in many cases it
can be represented by a few degrees of freedom
system for practical purposes. In this paper the
number of significant mode in the relative transfer
function is assumed to be one for simplicity of the
analysis, which means the relative movement between
workpiece and tool holder can be described by an
equivalent single degree of freedom system shown
in Fig. 4, )

The simplified model of the structure with a
damper attached on it is shown in Fig. 5, where
my, ¢, and k, are the equivalent mass, damping
coefficient, and stiffness of the main structure and
m,y, C;, and k, are the mass, damping coefficient

and stiffness of the vibration absorber.

T

Na N

Fig. 3 An example of machine tool structure

Fig. 4 A single degree of freedom system

ky

x|

Fig. 5 Simplified model of machine tool structure
with an absorber attached

The equations of motion of the system in'Fig. 5
are:

[mx 0] [xl} l:cl-i-cz —cz] [xl}
. 1t .
0 my] (X —Cz Caj \X2
k1+kz —kz} [x,}_[P(t)}
+[ —k, ks Xz N 0 @
Which can be easily solved to obtain the transfer

function @(w) between the vibration of main

structure and the cutting force:
X, .. .
?(w)=—p(jo)=G(w) +jH(®) (100

. ky—ma0?t-jc,0
T ki (Cr 01 Ry m-ky mat+- Ry my) 0F 4 0* 4
i kotcg B o—(cymat-c; my+c, m)0®]
Introducing the nondimensional parameters:

M,y k1 kz Wy

H= wz=«/71, 2= Gy S=g"
_ 5 _ C2 _ o
b= 2By L= 2 Vk,m, and g o,

into eq.(10)

q)(w)——l— . f-g*42jC. f2
Tk -GG e+

2L 2+ 5 g — (Lt LS+t g% A1)

3.2. Statementof Optimization Problem
Rewriting eq. (8), the limit value of chip width
b is represented by

1
blin=—"5, G _ (12)
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which means that the minimum value of the real
part of the transfer function, eg. (10), should be
minimized to obtainthe maximum chip width. The-
refore the optimization problem can be formulated
as:
Given : my, ¢;, and &,
Find : m,, ¢, and k. as)
To minimize : Gim
where Giin is the minimum value of G(w), the real
part of @(w), From eq. (11) G(w) can be represented
in nondimensionalized terms:

1 g8—(A+/* 4L O~ (f*+Af*~

Gl =~ g" T (—2AF4C)g"+ (27 "+ A*—8BC)
46, fB)g* —f*
g+ (—2A/ BT
where (140
A=44 LA+ 2+
B=0 40 f

C=U+0f+nlf

In most real circumstances m, is given rather
than to be optimized and so the number of design
parameters can be reduced by one. Confining the
damping factor of the absorber I and the ratio of
the natural frequencies of the main structure and
absorber fz—z—:—- within some range, the optimization
problem can be reformulated in terms of nondimen-
sionalized parameters:

Given : w,, {;, and g

Find: f and .

To minimize : Glin=Min[G(w)]

Subject t0 : Lmiz <2< {max

Jmin <<f< faax

as)

3.3. Method of Solution

Since the objective function, Gim, is not given in
closed form, it should be calculated numerically. For
that reason, it can be expected that, the problem of
optimization would be rather complicated if Gradient
or Optimal Gradient Search is to be applied. Although,
however, the mathematical formulation of the objec-
tive function is complicated, the design region would
not be complex because the objective function is
related simply to the ratio of two polynomials. Based
on these thought and the actual shape of design

165

region an example of which will be shown in next
section, the Univariate Golden Section Search which
does not need the computation of the derivatives of

the objective function is applied.
4. Results

4.1. Design Region

The
in eq. (15), as an example, is shown in Fig. 6,
where the given numerical conditions of the main
structure and damper follow.

my=20, ¢,=0.8485, k=10

my=1

isomerit contour of the objective function

Since the design region is relatively simple as
expected, a good approximation of the optimum design
parameters can be made from it.

“ t [ U 1 ] t
2 4 Y 5 4 o @ &
- :
i P a in i
13 3 p a & = B

Fig. 6 An example of isomeric contour of the
objecte function(m;=20, ¢,=0. 8475, k=10,
me=1) '
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4.2, Optimum Damping Factor and
Stiffness of the Absorber
The numerical values of the optimum natural
frequency ratio of the primary and secondary system
and the optimum damping factors of the secondary
system (absorber) calculated using the computer

program in the appendix are shown in Table 1, The

Table 1 Optimum design parameters of vibration

absorber
% #Jo.001 [0.005 fo.01 . 05 0.1
wafor 101281 0129\1. 0348]1. 0429{1. 0328
0.01
& |o.0s00. 05000. 063110. 1383)0. 1926
ws] 0, ]1. 0318]1. 0454]1. 0506]1. 05591, 0438
0.03
Z. ‘0. 0500{0. 0500(0. 06570. 1409'0. 1949
wfon L 0503]1. 0621]1. 0664{ 1. 06891 0556
0.05
& [o.05000. 0500]0. 0678). 14300 1877
ws/wy  |1.0779|1. 0868[1. 0899)1. 0880]1. 0709
0.08
. |o.0s00l. 0519). 0704)0. 14580. 1995
wilor  |1.09571. 10311. 1054]1. 1005]1. 0814
0.1
G o.osoolo. 0541lo. 073200, 147500, 2010
waf o |1. 1389[1. 1426[1. 1431[1. 1310[1. 1071
0.15
& lo. 0500[0. 0579)0. 0765’0. 1509)0. 2042
wior |1 1805]1. 1807]1. 1794]1. 1604]1. 1317
0.2 ‘
. osoo]o. 0596J0. 0783[0. 154300. 2074
iDen | @s/1]0- 9990)0. 9950{0. 9900} 9524)0. 9091
artog & o 019410. 0428[0. 0597’0. 1212)0. 1526
wa/ @2 0. 9990 9950[0. 9900. 9535)0. 9129
0. 0[**Seireg
Z |o. 0224)0. 0500 0707)0. 1581)0. 2236

rwepirg. | @2/ 9990). 9950). 99000. 9524). 9091

kg, lo. 0194’0. 0426. 059110. 1151[0. 1373

Wa _ 1 [ 3u
* w1 ’>opt_ 1+/J Czopt-— Wy J 8(1“‘/4)3
w92 :——1—-— opt = E

oy )opr Tire. o ‘/ Z

oy 1 _ 3u
o), =T - EIqENAY

design chart is shown in Fig. 7. For the purpose of
comparison the optimum parameters by other authors
when £,=0 are also given. In Den Hartog and Brock
the parameters are intended to minimize the maxi-
mum magnitude of the response of the main structure
over the full exciting frequency range. In Seireg
they are optimized to minimize the maximum res-
ponse for conditions of white noise random excitation.

Yyoo
U’)o,.(
1.2 +
0.2
015 A
1iF 0 e————————— T
00%——""’_—’_’/_1\\\
%.%3 &
1.0 O === —
0.9}t : \1:**,;**
L. ] L 1 1
0.001 0005 001 005 01 I
*#:Den Hartog **. A, Seireg % %! Brock
£, Yort
0.20f
015
010}
005 I
g
0.0 : 1

1 A 1 1
0001 0005 0.01 005 01 I

Fig. 7 Optimum design chart of a vibration
absorber against chatter

4.3. An Example
The transfer function of the main structure
without vibration absorber is shown in Fig. 8 in
terms of real and imaginary part and magnitude
and phase,
where

my =20, ¢,=0.8485, k=10

| D(®) | max=1. 65

G(®) Imin=—0. 83
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Fig. 8 Transfer function of main structure without absorber
(m1:20, ¢,=0. 8485, k1:10, C1:0.03)
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Fig. 9 Transfer function of main structure with absorber optimized by minimizing Giim

(my=20, ¢1=0.8485, k=10, m,=1, ¢;=0.2104, k;=0.5575)

The transfer function of the main structure with
the absorber attached on it is shown in Fig. 9, where

my=1, €;=0.2104, k>,=0.5575

|B(@) | max=0. 77

G(@) | min=—0. 20

Hence the maximum chip width in cutting or the
stability of the machine tool structure can be
increased four times by attaching the optimized

damper.

The transfer functions optimized by other authors
neglecting the damping in the main structure are
also shown in Fig. 10 and Fig. 11, and the values
of optimum tuning parameters are given in Table 2.
The above results shows that the maximum of
|@(w)] and the minimum of G(w) can not be

achieved at the same time.
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Fig. 10 Transfer function of main structure with absorber optimized by Den Hartog’s Formula
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Fig. 11 Transfer function of main structure with absorber optimized using Brock’s Formula
(my=20, €,=0.8485, k=10, my=1, €;=0.1714, k.=0.4535)

Table 2 Optimum parameter values by other

authors

Den Hartog , Brock ’ Seireg
e 1 | 1 | 1
e 018 | 0174 | o.213
ky 0.4535 | 0. 4535 0. 4545

5. Conclusion and Suggestion

It was shown that the stability of machining
process can be increased much more effectively by
attaching dampers optimized using the procedure
proposed in the paper than those by other methods.
Under heavy loads, i.e., rough cutting, where the
smooth cut surface are not necessarily required, and
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hence chatter is likely to occur, dampers against
chatter are strongly recommended.

The design parameters of such dampers can be
easily obtained from the chart in Fig. 7 once if the
dynamic characteristics of machine tool structure are
identified.

In most studies of forecast or adaptive control to
avoid the machine tool chatter so far the cutting
conditions such as feed and speed have been changed.
Since reducing the feed or speed means the increase
of production time, it is not desirable. Up to now
the on-line control of dynamic damper against chatter
which doesn’t need change of cutting conditions could
not be realized, because the on-line identification
of the machine tool structure whose characteristics
are time-dependent under actual working conditions
were impossible. The instant spectrum analyzer,
which uses the FFT algorithm and are recently
available as a commercial preduct, can very accura-
tely identify the natural frequencies and damping
factors. The use of the spectrum analyzer mentioned
above and the application of microcomputer to store
and manipulate the optimum parameters of the
damper would make it possible in near future to
control the adjustible damper on-line so that the
stability against chatter can be maximized yvithout
changing the speed and feed.
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Appendix

Flow chart of main program

¥ ¢ Mass Ratio
Ty : Damping Factor of Machine Tool Structure
Nit © Max.No. of Iteration in Subroutine GSS
: Max.No. of Iteration in Main Program

Minimum & Maximum Freguency Ratio range

min> “max
cmip’ Cnax : Minimum & Maximum Damping factor of Damper,
lLL=O
fo=fnﬁn i
_ ...Initial Value
%o min
€all GLIMIT ——————4;I
Uo =(Glim)o .......... Initial Merit Value
[ -
c i - fo=fopt
ompute Optimal Damping’. _
tall 658 with freq. ratio fixed (815m)o78y 4
Kth
Compute Optimai.Freq. Ratio -
Call GSS —= with Damping Factor fixed =
f
rPpt {LL Nmay =
¥
Print
LL, fopt’ Copt? 8yim

LL=LL+1

< | Sy~ Gyaplg | ¢ 0-0000 N\ =
=L

STOP
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Flow chart of subroutine GSS(%mia, Zmax, Yo, Nit,

Kwang Joon Kim

Tol, %opt, Uspt, Ind) : Golden section search program
to optimize two parameters(damping factor& freq.

ratio)

Ind+#1
! Nit
Tol
Xopt

; Usp

: Search for freq. ratio

: Max. No. of iteration

: Tolerence

: Optimized variable

: Optimum merit function

Ind=1: Search for damping factor

¢

.

xmin,xmdx‘yo‘Tol,Ind

k=0

p=(+F-1)/2 : Golden section Ratio

Xlzxmax'(xmax_*rin)p

= Lo F(X =X
*2%%min { max win

p
Ves "'IHH%IEII"' No
Call GLIMIT ——=

Variable:Damping Factor

Varia

tea—Call GLIMIT

pletFreq.Ratio

Return

*17

%o it X
G =G,
eLier{ (12

2% im

*min"*min
*max 2
¥2™

Hnin)? %Xy (X
6276y
61=614p
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max~Xmin?

&



