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|[ Abstract I

This paper describes a study on dynamic characteristics analysis and dynamic compliance evaluation of a S-axis
multi-tasking machine tool of ram-head type. Structural dynamics analysis and evaluation are necessary to machine
tool design and development to secure good machine tool performance against tough and harsh machining conditions.
In this study, natural frequencies and corresponding vibration modes of the machine tool structure were analyzed by
using both F.E.M. modal analysis and impulse hammer test. Furthermore, dynamic compliance of the machine tool
was analyzed by using F.E.M. and also measured by using a hydraulic exciter test. Both the theoretical analysis and

experimental test results showed good agreement with each other.

Key Words : 5-axis multi- taskmg machine(T}7] 5 5% 837}87]), Ram head module( 3= FE), Dynamic compliance
ZIA

=1
(&4 AEEto|Ax), Exciter test(7F2IA]E %), Impulse hammer(Z2Wx])

# At w 7 A LA Te

+ TAAR}, FYdsty w7t E 29 AFEE (yhehoi@changwon. ac, kr)
FA641-773 A AYA AEE 9
++ A L7 A ()

162



HEEE PP LT

Jigal

| Vol.18 No.2 2009. 4.

1. Introduction

Recently, simultaneous S-axis and multi-task machi-
ning are increasingly in demand for large scale products,
such as ship propeller, crank shaft of marine engine, and
so on. Multi-tasking machine tool (MTMT) is efficient

and beneficial because it has various machining functions,

Fig. 1 Typical machining functions of a MTMT for
machining a crank shaft

Ram bead module

Cotumn

Slideway

(a) NMustration of the full MTMT structure

(b) Ram head module
Fig. 2 A 5-axis multi-tasking machine tool
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such as milling, drilling, turning, grinding, as shown in
Fig. 1, all together at one machine. It can do 5-face machi-
ning and multi-task machining with just single set-up.

However, MTMT may inherently experience severe
vibrations during its operations due to complex cutting
forces at various machining conditions. This paper
introduces a case study on the structural dynamic analysis
and test of a 5-axis large scale MTMT in its development
stage. The MTMT consists of a ram head module, bed
and column as shown in Fig. 2.

In case of insufficient structural stiffness, the machine
tool may experience severe vibrations or chatter when it
is operating. Consequently the machining accuracy will
decrease. It is already known that the machine tool
chatter, that is the most troublesome vibration arising in
machine tools, is strongly depends on dynamic compli-
ance of the machine tool structure, which is the
reciprocal of dynamic stiffness™®™®.

For the purpose of checking up the dynamic
characteristics and dynamic compliance of the MTMT
proper, we analyzed and evaluated the structural dynamic
characteristics, that is, natural frequencies and corres-
ponding mode shapes of the ram head module of the
5-axis MTMT tool by using both F.EM. and the impulse
hammer test. Furthermore, the dynamic compliance of
the ram module was also analyzed and measured by
using FEM and random excitation test with a hydraulic

exciter respectively.

2. Modal Analysis

2.1 Theoretical modal analysis (by FEM)

Supposing a structure was modeled as a multi-degree
of freedom system with structural damping, its equations
of motion can be represented as follows

[m] (i b+ [kl f+i[h] {z}= {0} (1)

where [m], [k], and [h] are mass, stiffness, and
structural damping matrices, respectively.
Substituting the trial solution {z}={X}e’’ into this

equation yields following eigenvalue problem.
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[(Tk]+4iR])—o? [m] | {X}= {0} @
For which the non-trivial solutions exist if only the
following eigenvalue equation is satisfied.
det|[ Bw)]I=detl [([k] +i[R])—w? [m]]]= 0 €)
Typically the structural damping matrix [h] is pro-
portional.
(h]=Blk]+~[m] 4)
where 3 and v are propotional constants. It is clear the
eigenvector of this case is the same as that of undamped
system.
Then we can determine the complex eigenvalues from
Eq. (3).
k

M :wf(l-‘rinr) ol = mr

v

0, :ﬂ+w% )

where A, w,, and 7, are the complex eigenvalue, the
undamped natural frequency, and the damping loss factor
for the r-th mode, respectively.

Substituting this eigencalue into the Eq. (1) yields a
corresponding eigenvector {¢},, which is identical to that
of the undamped system.

Since the eigenvector and eigen matrix satisfy

orthogonality properties, following relations come out.

{0} Im]{g}, =m, (6

{o}] [kl{e}, =k, (M
To solve the eigenvalue problem numerically, the
Jacobi and Subspace iteration method have been used in
this study.
We established a FEM model consisting of 17,976
nodes and 18,832 shell elements to analyze the vibration
modes and the dynamic stiffness of the 5-axis MTMT as
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Fig. 3 FEM Model of the S-axis MTMT

Table 1 FEM modeling data

Element type SHELL 181
No. of nodes 17,976
No. of elements 18,832

Fixed all nodes

Boundary conditions at 8 LM block

Young’'s modulus, 210
Material E[Gh]
constants Poisson' ratio, v 0.3
Density [kg/m®] 7,833

shown in following Fig. 3. And the modeling data are
listed in Table 1.

2.2 Experimental modal analysis (by impulse

test)

Fig. 4 represents modal test setup using impulse
hammer. According to SISO (Single Input & Single
Output) method, an accelerometer is attached to the fixed
measuring point of ram head module and we applied
impact force to excitation points on the ram head module.
The output signal of the measured acceleration is
conveyed to FFT analyzer. After obtaining frequency
response function about each exciting point, the natural

frequencies of the object is measured.
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Ez- analyst
{Analysis software}

FFT ana}yzer

Impact hammer

Test machine tool

Fig. 4 Tllustration of modal test setup

Table 2 Natural frequency of ram head module

Mode No. Natural frequency [Hz]
By FEM By experiment
1" 59.51 53.75
2 83.16 87.81
3" 92.64 96.88
4* 107.06 116.9

2.3 Comparison of modal analysis results

Measured and theoretically analyzed natural frequencies
are listed in Table 2 and corresponding mode shapes are
compared through Fig. 5 to Fig. 8.

The 1% and the 2°* modes are the 1% bending modes
in the Y and Z directions respectively.

The 3™ and the 4" mode are the 2™ bending modes
of Z and Y directions respectively.

The 5-axis MTMT, in this paper, has a operating speed
of less than 3,000rpm, while the 1% natural frequency of
ram head module appears over 50Hz. That is the lowest
natural frequency is higher than 1X frequency of the

maximum operating speed.

3. Dynamic Compliance Measurement

3.1 Theory of dynamic compliance
In case of forced vibration under harmonic force, the
equation follows as Eq. (8).
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([K] +ilh] — & [m]{X}= {F} ®)
Where, {F} is excitation force matrix.
Using a system matrix, the displacement matrix of Eq.

(8) can be expressed as

{x}=[Bw)] {r} ©
or
{x}=[HW){F} (10)

where, [H{w)] is the transfer function, which is the

inverse matrix of the system matrix.

_ adj[Blw)]

= et Blw)] (a5

If det[Bw)] is zero, it becomes characteristic equation.
Using the orthogonality of Egs. (6) and (7), the frequency
response function can be written as

1

[H(w)] = [¢] m [¢]

(12)

When arranging Eq. (12), the frequency response

function can be shown as

N Iolra
h = — T 1
”<w> 72 m (u) —u? +inw r) (13)
N A
_ retg
2 (1+m,) o’

where, &V is the rank of matrix, m, is the r-th modal
mass, w, is the 7-th natura] frequency, and 7, is the loss
factor of the r-th mode.

¢, and , ¢, are respectively the ingredients of the r-th
mode vector and ,4,; is the modal constant or residue.

Transfer function is given by reciprocal of stiffness
which is called to compliance, G(w).

Because it is usually impossible to measure force
against displacement to obtain the dynamic stiffness of
the machine tool in frequency domain, it can be obtained
by measuring displacement against force using the

concept of compliance.
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Fig. 5 The 1st mode
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Fig. 8 The 4th mode
Compliance can appear as (¢, according to the R~
: z - analyst

{Analysis software)

direction of exciting force and the measuring direction of
displacement. The subscript i and j mean the directions

of exciting force and the measured corresponding

displacement respectively. Since the cutting force exerted H coosobd E@H /

on the machine tool has three directional component ‘\1 N, N

Sensor

vectors in the x, y, and z direction, the resulting

displacement may also generated in the three directions.

Thus compliance matrix can express by correlation

between exciting forces and the resulting displacement

response as follows

Test machine tool

.’2’71 GI Kl G/r G }:‘1 7 S =
{gi — G’{ p G} ; G; F;/ (]4) Hydraulic pump
|GGG UE

(

Fig. 9 Dynamic stiffness measurement setup

3.2 Measurement setup

Fig. 9 shows the test setup for measuring structural Table 3 Comparison of structural compliances of

dynamic compliance of the MTMT. Exciting force was MTMT

applied to the ram head end through a hydraulic exciter Compliance [><10'3 am/ N
and the resulting acceleration level was measured on the Direction Static Dynamic
tool position of the ram head in each X, Y and Z Test FEM Test FEM
dircctions respectively. In x-axis | 0199 | 0194 | 436 | 195

In y-axis 1.92 217 32.8 442
In z-axis 4.11 1.58 389 44.9

3.3 Comparison of analytical & measured results

Table 3 represents the comparison of the computed and

is0-axial 4.55 2.69 48.5 46.2

measured structural compliance.
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Fig. 10 Comparison of the measured and computed compliances of the MTMT

In Fig. 10, structural compliance response functions
obtained from hydraulic exciter test and FEM analysis
are well compared in graphic.

4, Concluding Remarks

The findings and results from this case study on the
development of a 5-axis MTMT are as followings:

(1) Measured and calculated natural frequencies of the
MTMT showed good agreement with each other and
the maximum error between them was less than 10%.
Furthermore, the lowest natural frequency was higher

than the 1X Hz of the maximum operating speed of
the MTMT. Therefore it seems to be rare possibility
of resonant bending vibration or modal chatter

vibration within operating seed range.

(2) Measured static stiffness of the MIMT in the
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iso-axial direction was 220V/um, while computed
one was 334N/m. This indicates that the static
stiffness of the developed large scale MTMT has
relatively higher stiffiness than ordinary midium scale
machine tools, whose values are about 80~100
N/ um. Moreover, the dynamic stiffness in the same
direction was measured as 21 N/um, and computed as
22 N/um, which is also bigher than ordinary machine
to0ls.
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