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Modeling of the frequency response function and
its evaluation during boring
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Abstract. Finite element method of simulating frequency response function (FRF) for boring tool in LS-Dyna solver is investigated in
this work.

Nowadays, computer numerical simulation allows to obtain FRF using different materials model with high precision compared to real
experiments with sensors like impact hammer testing.

This function is used in construction of stability lobe diagrams that allows operator of machining center to avoid chatter self-excited
vibrations.

Such vibration is led to decreasing of productivity and quality in cutting of metals and other materials.

Amplitude and phase angle for the model is obtained from LS-Dyna result interpreter, that reads binary files, created during simulation
by the program.

Amplitude and phase angle of frequency response function are depending on dynamic stiffness of machining system. Real and imagi-
nary part of frequency response function have been obtained during simulation.

With lack of dynamic stiffness amplitudes of response increases.

Keywords: frequency response function; boring; simulation; vibration; vibroacoustic behavior of machining centers.

Introduction and mode shapes. This function can be obtained by numer-
ical simulation using computer’s software. And it has di-

Machining of metals is accompanied by vibrations  rect influence of stability of machining.
of components of machining centers. Bearings, tools,
workpiece etc. These vibrations can be of different nature.
For instance, they can occur as self-excited or forced vibra-
tions [1]. And they led to reducing of productivity and
quality of machined parts [1]. One way self-excited vibra-
tions appear in boring is when dynamic stiffness of ma-
chining system is not enough.

In machining Frequency response function (FRF) is
used to characterize natural frequencies of cutting tool, tool
holder, workpiece, machine tool and its combination. This
function is then used in stability lobe diagram construction
(SLD) [2] as the main application. FRF contains infor-
mation about damping of vibrations, resonance frequencies

Subject overview

One of the common method to suppress self-excited
vibration in machining of metals, called chatter, is con-
struction of stability lobe diagrams [2]. Basic procedure for
this tusk is obtaining FRF from spindle add other machin-
ing structures. When transfer function had been identified,
evaluating of cutting coefficients is necessary [2]. Differ-
ent methods of experimental obtaining of frequency re-
sponse function for specific machining tasks are introduced
nowadays by researchers [4, 13]. Thus, it is necessary to
obtain dynamic characteristics of the systems. Simulating
FREF is simple method to obtain dynamic characteristic of
structure without conducting direct experiment. Spectrum
of structural response (displacement, velocity, force and
acceleration) is computed due to applied unit harmonic ex-
citations, they are given in modeling as nodal force with
U Igor Sikorsky Kyiv Polytechnic Institute, Kyiv, Ukraine varying frequencies. Also, FRF can be computed using the
method of mode superposition using frequency domain.
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Dynamic of workpiece can be obtained directly with
impact hammer taking into account that accelerometer can
be easily mounted. But since the tool tip and cutting edge
of instrument usually has small diameter, accelerometer
cannot be properly installed to obtain data for frequency
responses. In addition, accelerometer can create its influ-
ence on frequency response function of measured struc-
ture. It makes measures unreliable, so additional ap-
proaches need to be applied in experiments.

It is known that installed sensors has impact of FRF
of the system structure, so experimental approach need to
get rid with effect of sensor quality [8, 9]. And static stiff-
ness of structures is differing from dynamic ones [14]. And
this approach also can be assisted by numerical simulation.
Variable mass of the boring system is researched in [6].
Dynamics of boring bar with reservoir, containing fluid
with changeable volume, simulated using Ansys software.
Cutting forces and vibration of titanium alloys machining
is described in [11]. It is shown, that FRF of tool tip can be
obtained by modeling instead of specific experimental ap-
proaches.

Simulation of FRF for boring tool model is proposed
in this study, using 6-degree of freedom formulation and
dynamic stiffness in three standard directional vectors
X, Y, Z of cutting in LS-Dyna solver.

The aim of the study

Object of the study is simulation of responses of bor-
ing cutting tool and its edge to FRF analysis. Aim is to ob-
tain frequency response function as amplitude and phase
representation and real and imaginary part representation.
And its evaluation.

Main material

Common method to obtain FRF is to use impact
hammer with accelerometer, as shown of fig. 1. This is the
mechanical method to obtain FRF. Another types of input
excitations and response outputs are acoustic (output sound
preassure (Pascal)/ input volume acceleration (m?/s?)),
combined Acoustic-Mechanical (uses force as input and
sound preassure plus acceleration as output), rotational (ro-
tational displacement / torque). Responses are measured by
accelerometers, lasers etc.

Although, FRF can be simulated using computer
methods of modeling. Spectrum of structural response (dis-
placement, velocity and acceleration) for applied unit har-
monic excitations can be simulated in LS-Dyna solver [3].
Eigenvalues of machining system must be included in sim-
ulation of FRF, because the eigenvalues of the closed-loop
dynamic system equation allow to construct stability lobe
diagram (SLD) that show the maximum stable axial depth
of cut as a function of spindle speed. Also, it is necessary
to use implicit dynamic simulation to extract and process
eigenvalues. In Ls-Dyna they are written to binary file by

the solver. FRF is complex function, that has real and im-
aginary part. Correlation between amplitude and phase can
be described by equation

Amplitude =~ Re’+ Im?
Q)
Phase = tan™" (Ej
R

(&

where Re — real part of FRF, Im — imaginary part of FRF.
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Fig. 1. Procedure for obtaining FRF using impact
hammer test [2]

In digital processing block diagram of FRF can be
illustrated as shown in fig. 2

Force Acceleration
(Input) (Output responce)
Transfer function
L H(o)

Fig. 2. Block diagram of FRF
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where H(®) — transfer function for FRF, 4(®) — accelera-
tion response, F(w) — input force.

Fig. 3 show simplified computer model to simulate
FRF. Dynamic stiffness coefficient £ (1000030000 N/mm)
and damper coefficient in viscous form are also included in
model to simulate dynamic stiffness of machine tool. Ma-
terial of the tool is steel. Impulse force is applied on the
cutting edge. A single-mass system is used. There are 6 de-
grees of freedom for each of directional axis. Computing
FRF for model is provided with LS-Dyna keyword FRE-
QUENCY_DOMAIN_FRF. Also, keyword CONTROL -
FREQUENCY RESPONCE _FUNCTION is performed in
the model and provides information about location of re-
sponse and range of frequencies for the harmonic nodal
force excitation. Keyword CONTROL IMPLICIT EU
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GENVALUE is included to run modal analysis at the first
step. Spindle is not taken into account in this study. Model
of material of cutting insert is having elasticity properties
and define in solver as material type number 001
MAT ELASTIC. Which has parameters of mass density
7870 kg/m?3, Young’s modulus 207 GPa and Poisson’s ratio
equal 0.3 [7].

Fig. 3. Frequency response function model

0.12 FRF acceleration/force

Graphic of FRF is shown on fig. 4, 5. Fig. 4 show
amplitude dependence. And fig. 5 show phase angle. The
highest peak of signal amplification is under 3000 Hz. Its
amplitude is about 80 dB. And this frequency has the high-
est phase angle oscillation. Frequencies-amplitude rela-
tionship of FRF are functions of dynamic stiffness of the
machine center [5, 6]. It means that ratio of input/output
signal is such that the greater the dynamic stiffness of the
system, the smaller the amplitudes of the output signal.
And its dynamic characteristic depends on material of the
instrument [4]. Comparison of system with different dy-
namic stiffness (X =20000 N/mm and &k = 15000 N/mm) is
shown on fig. 7. Peak amplitude is more than 150 dB for
less dynamic stiffness.

Results of simulation

Graphic representation of simulation is shown in
fig. 4-10. Dynamic parameters to change in simulation is
stiffness with the same damping constant. Acceleration re-
sponse to exited force is given in fig. 4-5. Amplitude and
phase angle of acceleration output for set of simulation are
shown on fig. 4. Real and imaginary part of acceleration
output of FRF is shown in fig. 5.
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Fig. 4. a) Amplitude and b) phase angle for different dynamic stiffness of the system (damping is constant) for
acceleration output. Each color corresponds to same parameter between a) and b)
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Fig. 5. a) Real and b) imaginary part of FRF for acceleration output
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As shown on fig. 4 a, maximum amplitude of system
response is achieved at about 1000 Hz. And the highest am-
plitude is 100 dB for dynamic stiffness 10000 N/mm. The
lowest amplitude is about 40 dB for dynamic stiffness
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30000 N/mm. Other amplitude growth is about 1800 Hz
and it is lowest than previous. It is about 22 dB for dynamic
stiffness 10000 N/mm and 10 dB for 30000 N/mm. Phase
angle is shown of fig. 4 b, and have complicated form.
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Fig. 6. a) Amplitude and b) phase angle for different dynamic stiffness of the system for velocity output
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Fig. 7. a) Real and b) imaginary part of FRF for velocity output
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Fig. 8. a) Amplitude and b) phase angle for different dynamic stiffness of the system for displacement output
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Fig. 10. a) Real and b) Imaginary part for different dynamic stiffness of the system for displacement output given

on frequency range up to 600 Hz

The most changeable volume of phase is about 1000 Hz.
Each color of the curve is corresponding to certain stiffness
parameter of the model. Parameters to change in the model
is generalized dynamical stiffness of the system.

So, under condition of same dynamical stiffness pro-
portion in three axes amplitude of simulated system is in-
creased with decrease of its dynamic stiffness value. Simu-
lated amplitude response is inverse proportion of stiffness.

Graphs of output responses by velocity are given on
the fig. 6-7.

Graphs of output responses by displacement are
given on the fig. 8-10.

As shown on the fig. 8-10, for displacement struc-
tural reaction of the system, the highest peak of frequency
response is between 100 and 200 Hz. Another sufficient
peak is about 400 Hz.

The diameter of the boring tool is 20 mm and the
length of the console is 200 mm.

Conclusions and discussion

FRF for boring can be obtained from computer nu-
merical simulation in LS-Dyna nonlinear solver. For this
purpose, there are many models of materials. Structural dy-
namic responses of simplified one-mass boring system
with full degrees of freedom have been simulated. Ampli-
tude, phase angle, real and imaginary part of FRF output in
terms of acceleration, velocity and displacement with dif-
ferent dynamic stiffness of system have been determined.
Material of boring cutting edge is not changed in simula-
tion and have the same parameters for each simulation.
With luck of dynamic stiffness of the system, amplitude of
responses is increased as shown on the simulated graphics
figures. As shown on the figures, the highest peak for ac-
celeration and velocity output is about 1000 Hz.
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MopenupoBanue PyHKUMH YACTOTHON XaPAKTEPUCTUKHU U €€ OLleHKA MPHU
pacrouke

M. IIuxajaeen, B. MenBenen

Aunnomayus. B oannoui pabome uccnedosano memooom KOHEUHbIX S1eMEHMO8 DYHKYUIO YaACMOMHOU XAPaKMePUCMUKY 0I5 pacmoy-
HO20 UHCIPYMEHMA ¢ UCNONb308AHUEM BbICOKO-HeNUHelno20 pewamena LS-Dyna. Komnviomeproe uuciennoe mooeauposanue nos-
80J1A€Mm NOLYHUUMb AMNIUMYOHO-PAZ08YI0 YACTNOMHYIO XAPAKMEPUCTHUKY MEXHUYECKOU 0bpabambleaioujeli cucmemyl ¢ UCNONb308d-
HUeM MOOeNU PA3TUYHBIX MAMEPUATLO8, C 8bICOKOU MOYHOCHIBIO NO CPABHEHUIO C PEdbHbIMU IKCHEPUMEHMAMU C OAMYUKAMU, MAKUMU
KAK UCNbIMAHUSA YOAPHLIM MOTOMKOM. Dma GYHKYUS UCNOIbIYEMCS NPU NOCMPOEHUU JeNeCmKO8blX OUASPaAMM YCMOUYUBOCTIU, NO3-
6o/1s.em onepamopy obpabamvlearoujeco yenmpa uzbezamv asmokonebanull obpabameisaroweti cucmemvl. Taxue subpayuu npueo-
OUM K CHUICEHUIO NPOU300UMENbHOCIIU U KAYeCMEd Pe3Ki MEmanilos u Opyeux Mamepudaios. AmMnaumyoy u ¢azoswlii y2on 0is mMo-
Oenu noyueHo u3 unmepnpemamopa pesyiromamos LS-Dyna, komopbiii cuumuléaem 060uuHbie Paiinsl, CO30aHHble NPu MOOETUPOsa-
Huy npoepammoit. Onu 3a6ucsam om OUHAMUYECKOU JHCeCKOCMU CUucmembl 06pabomxu.

Kntouesvie cnosa: ghynxkyus yacmomHoil Xxapakmepucmuxu, pacmaiueanue; Mooeruposanue;, subpayul; UOpoaKycmuvucKue aee-
HUsL 8 06PAOAMBIBAIOWUX YESHMPAX.
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MopenoBaHHA (PYHKIIT YACTOTHOI XaPAKTEPUCTHKH i i OLliHKA NpH
PO3TOYyBaHHI

M. llluxanees, B. MeaBenen

Anomauia. ¥ yiii pobomi 00c1i0xHceHo Memooom CKiHUEeHHUX eJleMeHmMi8 MOOeT08aAHHA AMNIIMYOHO-Pa306801 uacmomuoi QyHkyii ons
PO3MOUYBANLHO20 THCMPYMEHmMY 8 8ucoKoHeninitinomy supiutyeaui LS-Dyna. Komn'tomepue uucenvhe mooento8anis 0038013€ ompu-
mamu amnaimyoHo-ghazo8y uacmomuy XapaKxmepucmuxy mexnonoiunoi oopobnioouoi cucmemu (TOC) 3 euxopucmanuam mooeni
PI3HUX Mamepianie, 3 6UCOKOI0 MOYHICIIO NOPIBHAHO 3 PEATbHUMU eKCHepUMEeHMamuy 3 0amuyuKam, maKumu K unpobysamnts yoap-
Hum monomxom. Lis ¢hynxyia euxopucmogyemocs npu no6y006i Neaocmkosux 0iazpam Cmitikocmi, wo 0036015€ onepamopy oopoo-
HO20 YeHmpy YHUKamu aemokoIueans cucmemu. Taxi eibpayii npuzeooums 00 3HUNCEHHSI NPOOYKMUBHOCMI MA SKOCMI PI3aHHS Me-
manie ma iHwux mamepianie. Amniimyoy i ¢azosuil Kym 0ns Mooeni ompumano 3 inmepnpemamopa pesyivsmamie LS-Dyna, sxuii
3yumye 06ilikogi atinu, cmeopeni nio 4ac MoOen08ants npoepamoio. Bonu sanescamo 6i0 OUHAMIUHOL JHCOPCMKOCME MEXHON02IMHOT
00pobaAIOUOI cucmemu.

Knrouosi cnosa: amniimyono-ghazosa uacmomua Xapakmepucmura, po3moyy8anHsi; MOOe08anHs,; siopayii; 6i0poakycmuyti aeuua
6 00POONAIOYUX YEeHMPAX.
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