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Abstract 

A self-excited vibrations (chatter) are one of the most important limitation in machining performance and quality of finished parts as it is 
affecting its dimensional and geometrical accuracy. Selection of stable spindle speed can suppress self-excited vibrations occurrence, by 
disrupting regenerative effect. These and other technics can be tested during process planning via virtual machining - numerical simulation of 
non-linear chatter in the time domain. Developed algorithms software allows testing cutting parameters in virtual environment in order to 
receive chatter-free parameters.  
 
© 2016 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the International Scientific Committee of “10th CIRP ICME Conference". 
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1. Introduction 

Self-excited vibrations taking place in the cutting process 
are a key restriction for the reachable performance, machining 
quality, tools life and durability of machine tools. There is a 
need of stability limit assessment, enabling selection of 
cutting parameters which suppress or avoid self-excited 
vibrations. The machine-tool-workpiece system is a structure 
with many degrees of freedom, but in most applications, such 
as turning and milling, it can be reduced to a multimodal 
system with two degrees of freedom [1, 2]. It still takes under 
consideration two main sources of self-excited vibrations in 
machining, which are mode coupling and regenerative effect. 

2. Principals of numerical simulation of self-excited 
vibration in milling 

The variable cutting force components Fr and Ft (see Fig. 
1) depend on dynamic fluctuations of the uncut chip thickness 
caused by relative displacement between the workpiece and 

the tool in radial direction (inner modulation of the uncut chip 
thickness rt) and the machined surface waviness left during the 
previous pass (outer modulation rT) and the velocity of these 
displacements (rt’). Impact of vibration in tangential direction 
t is usually discounted. Forces Fr and Ft projected to the x, y 
directions give Fx and Fy forces causing vibration of the 
machine-tool system. Stability analysis is usually based on 
analytical or numerical solution of differential equations of the  

Fig. 1. 2D Dynamic system in milling process [5] 
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system motion in the frequency domain [3, 8]. Despite the 
convenience of analytical stability limit calculation the main 
disadvantage of these methods is the incapability (or with 
extraordinary effort) to consider machine-tool system 
characteristic and cutting parameter changes in a space and 
time. These limitations stimulate attempts of stability analysis 
based on time domain numerical simulation by many research 
centers [9, 10]. 

In a single iteration of a typical algorithm of numerical 
simulation the following steps can be identified as follows [5]: 
calculation of the current displacement (xi, yi) and velocity (xi’, 
yi’) for the each vibration mode i separately:  

 
                                      (1) 

 
                                                                      (2) 

  
                                                                       (3) 

 
where p = x or y, index B – forces, displacement and velocities 
in the previous iteration and subsequently summed up. Then 
displacements and velocities of the system (x, y) are projected 
to the r direction using conversion matrix B, separately for 
each part of the cutting edge. Displacements r are stored as an 
outer modulation rT and used in the next tool pass. Variable 
force components Fr and Ft are determined in the cutting 
process coordinates (r, t) on the base of the selected model 
dependences of these forces on rt , rt’ and rT. Finally of the Fr 
and Ft forces are projected to the Fx and Fy forces using 
conversion matrix A and summing them up along the cutting 
edge. 
 

 
Fig. 2. A single repetition algorithm of numerical simulation of self-excited 

vibrations [5]. 
 

Here the following model of the cutting force was applied: 
 

                                (4) 
 

                                (5) 
 

Software for numerical simulation of non-linear chatter in 
milling (NSNC Milling) was developed using this approach. 
Front panel of the program is presented in Fig. 3. It allows for 
single milling cut simulation with given parameters, 
continuous simulation with manual cutting parameters 
modification with control panel (see Fig. 4), and simulation of 
G-code for virtual verification of machining program. Results 
can be observed on a separate window (see Fig. 5). As inputs 
the program requires specifying cutting conditions and 
simulation parameters, dynamic cutting force coefficient and 
modal parameters [7, 8].  

 
Fig. 3. Front panel of the NSNC Milling program 

 

Fig. 4. Control Panel of NSNC Milling simulation software  

 

Fig. 5. Numerical simulation of the tool vibration with chatter occurrence 

3. Method of simulated self-excited vibration detection 

Vital for the stability analysis of self-excited vibration is its 
on-line detection, during cutting or simulation. Displacement 
signal during stable milling contains only forced vibration in 
tooth passing frequency. Due to the fact that the forced 
vibration amplitude can be significant a threshold value limit 
of this amplitude cannot be used as stability indicator [4]. 

A technique of self-excited vibration recognition used in 
this paper is based on the FFT spectrum in which vibration 

Po
br

an
o 

z 
ht

tp
://

re
po

.p
w

.e
du

.p
l /

 D
ow

nl
oa

de
d 

fr
om

 R
ep

os
ito

ry
 o

f W
ar

sa
w

 U
ni

ve
rs

ity
 o

f T
ec

hn
ol

og
y 

20
23

-0
5-

24



247 Piotr Andrzej Bąk and Krzysztof Jemielniak  /  Procedia CIRP   62  ( 2017 )  245 – 249 

forced by passing teeth and the cutter runout are filtered out. 
The algorithm starts with recognition of actual spindle speed, 
as it can differ from the nominal, preset spindle speed. The 
variation would contribute significantly to the result of the 
analysis. The nominal spindle rotational frequency is 
calculated as: 

 
                                                                         (6) 
 
where: n0 (rpm) – preset rotational spindle speed 

 
Then, in the range of ±10% of the nominal rotational 
frequency f0 a maximum is detected in the FFT spectrum, and 
is presumed to be the actual spindle rotational speed in (rpm) 
fsp. Thus tooth passing frequency and its harmonic detection 
can be described as: 
 
                                                                         (7) 
 
where: N - successive natural numbers starting from 1, 
z - number of teeth.  

These frequencies, together with spindle rotational 
frequency fsp must be excluded from the FFT spectra during 
chatter detection procedure. It is done by filtering out bands 
fsp±4 Hz and all ftp±4 Hz.  

In this study the following initial parameters were applied: 
modal parameters on the X and Y axis modal mass m = 10 kg, 
modal damping c = 1.5 Ns/mm, modal stiffness k = 40kN/mm. 
Natural frequency on X and Y axes is 318 Hz. Dynamic 
cutting force coefficients: Cr = 350 N/mm2; Ct = 950 N/mm2; 
mr = 0.44; mt = 0.28; hr = 0.5 Ns/mm2; ht = 0 Ns/mm2. 
Simulation settings: time - variable, sampling frequency - 10 
kHz. Cutting conditions: cutter diameter D = 10 mm number 
of flutes: 2, helix angle 10 degree, nose radius 0.5 mm radial 
depth of cut ae = 10 mm (full slot), fz = 0.08 mm/tooth,. 

Figure 6 left presents cutter vibrations during 0.5 second of 
stable machining with rotational spindle speed n = 3000 rpm, 
ap = 3 mm. Figure 6 right shows the FFT spectrum, in which 
fsp and ftp were  marked with blue squares – all forced 
vibrations were recognized. 
 

   
Fig. 6. Milling simulation results – stable conditions 

The next example, for unstable conditions is shown in 
Figure 7 were much higher vibration amplitude occurs at 
n = 3000 rmp and ap = 5mm. Furthermore, removal of fsp and 
ftp exposed frequency of chatter. Then the maximum peak in 
initial spectrum and spectrum with recognized frequencies 
removed are compared. If the maximum amplitude of resultant 
spectrum is lower than in the initial spectrum the chatter is 
recognized. 
 

 Fig. 7. Milling simulation results – chatter 

4. Self-excited vibrations avoidance methodology with 
Stable Spindle Speed Selection 

Selection of stable spindle speed is a well-known 
methodology based on selection of tool passing frequency  
equal to the natural frequency of the system or chatter 
frequency [12-14]. The methodology has been embedded in 
the NSNC Milling program to study the process of elimination 
of the vibration during simulated cutting, and allow for easy 
selection of the stable rotational speeds in virtual machining, 
before the real cutting starts. 

Stable Speed Selector does not require any knowledge of 
the system dynamic characteristic. The only needed data are 
chatter frequency and number of teeth. Its main idea is to 
move tooth passing frequency towards chatter frequency: 

 
                                                                       (8) 

 
fch - self-excited vibration frequency 
N - successive natural numbers starting from 1 
In the control panel of NSNC Milling software, 3S panel 

has been added enabling switching on/off this 3S add-on 
module, and parameters modification. The following 
parameters can be set in the control panel: time to wait [s] - 
the waiting time for process stabilization after speed change 
and number of attempts - the number of subsequent 
adjustments to the speed in the presence of self-excited 
vibrations despite the change in speed and a maximum spindle 
speed, see Fig. 4. 

5. Numerical simulation Stable Speed Selection (3S)  

Using these characteristics a stability lobe diagram was 
calculated with analytical method [11] as a benchmark for an 
outcome of numerical simulation (Fig. 8). Stability lobe 
diagram is a plot of axial depth of cut as a function of the 
spindle rotational speed. Red field on the top of the plot 
indicates unstable region where chatter occurs. 
 

 

Fig. 8. Analytical stability lobe diagram 
 
In order to present results of 3S methodology embedded in 

NSNC Milling software an initial unstable parameters 
ap = 6 mm, n = 6000 rpm (point 1 in Fig. 8) were applied. 
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Results of one second of numerical simulation are presented 
in Fig. 9 left. Severe chatter occurred. In Fig 9 right there is a 
spectrum with fsp and ftp frequencies recognized marked with 
blue squares, while chatter frequency fch as a red square. Self-
excited vibration frequency identified by chatter detection 
algorithm is equal to 320 Hz, which is typically a little bit 
higher than eigenfrequency in both axes (318 Hz). Tooth 
passing frequency  (see formula 6) is clearly 
visible here too. In order to suppress chatter ftp should be 
changed to 320 Hz. Application of formula (8) with N = 1 
gives the spindle speeds 9600 rpm (Fig 8, point 3). For N 
greater than 1 alternative spindle speeds are: for N=2, 
4800 rpm (Fig 8, point 2), for N=3, 3200 rpm, for N=4, 
2400 rpm, for N=5, 1920 rpm.  

 

 
 

Fig. 9. Simulation result during chatter (n = 6000 rpm, ap = 6 mm) 
 

The comparison of these spindle speeds with stability lobe 
diagram shows that only first two spindle speeds should be 
stable, as for the fourth one stability lobes are too close. First 
speed will increase overall productivity of machining since 
spindle speed would be increased, if only machine tool 
kinematics and tool life limitation allows for applying it. 
Simulation of machining with n = 9600 rpm and axial depth 
of cut ap =6 mm (point 3 in Fig. 8) is presented in Fig. 10. It is 
clearly visible both in the vibration course and its spectrum, 
that only one vibration mode exist here - forced by tooth 
passing frequency 320 Hz, with amplitude close to forced 
vibrations in case 1, see a blue square in Fig. 9 right. 
 

  
Fig. 10. Simulation result during stable machining (n=9600 rpm, ap=6 mm) 

 
Since 3S method gives in result an infinite number of 

possible speeds, on a basis of N variable, there should be a 
limitation of speed change because not all of them would 
produce chatter-free milling, see point 4 Fig 8. 

6. Self-excited vibration avoidance in G-code with 3S 

Machine codes, also known as G or ISO codes are used for 
programming Computer Numerical Controlled Machines 
(CNC). These codes contain a variety of information 
regarding the movements of the machine axes, determine the 
speed of the feed and rotational speed. 

In Fig. 11 there is an example of virtual machining 
accordingly to the G-code above with occasional chatter 
presence. Parameters used in this simulation are as follows. 
Modal parameters on the X axis: mx1=15 kg, cx1=2 Ns/mm, 
kx1=40 kN/mm and on Y axis: my1=10 kg, cy1=1,5 Ns/mm, 
ky1=60 kN/mm, where m is for modal mass, c is for modal 

damping and k is for modal stiffness. Modal frequency x1=260 
Hz, y1=390 Hz. Dynamic cutting force coefficients: Cr = 1000 
N/mm2; Ct = 1500 N/mm2; mr = 0.44; mt = 0.28. Simulation 
settings: time t=as in G-code, sampling frequency: fs=10 kHz. 
Cutting conditions: diameter D=30 mm, axial depth of cut 
ap=5 mm, radial depth of cut: full slot, fz = 0.08 mm, number 
of flutes: 2, helix angle 10 degree and nose radius 0.5 mm, 
milling in direction: variable, maximum rotational spindle 
speed nmax=6000 rpm. G-Code used in virtual machining is as 
follows:  

 
G1 X0 Y0 Z-5 S5000 F0,08;  
G1 X100;  
G1 Y100 S5700;  
G1 X0 S5000;  
G1 Y0 S5700;  
G1 X50 Y50 S5000;  
G1 X75 Y75;  
G1 X25 S5700;  
G1 Y25;  
G1 X75 S5000;  
G1 Y75 S5700 
 

 

 
 

Fig. 11. Numerical simulation of G-code program with chatter occurrence 
 

On a basis of above characteristic a stability lobe diagram 
was calculated with analytical method [11] as a benchmark 
for an outcome from numerical simulation (Fig. 12). 

 

 

Fig. 12. Analytical stability lobe diagram 
 

 In the G-Code there are 2 rotational spindle speed n1a=5000 
rpm and n1b=5700 rpm, which are marked on stability lobe 
diagram (Fig. 12) accordingly. It can be noticed that rotational 
speed n1a is in an unstable region of stability lobe diagram, 
this is in agreement with chatter occurrence in virtual 
machining on Fig. 11. Rotational speed n1b is in the stable 
region of stability lobe diagram, in this case machining is 
already chatter free. In order to achieve a chatter free virtual 
machining 3S method need to be applied for n1a rotational 
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speed.  
During virtual machining with n1a rotational speed a chatter 

has been detected with chatter detection methodology with 
frequency fch=280 Hz, see Fig. 13. In order to suppress chatter 
a change of tooth passing frequency is needed to be 280 Hz.  
 

 
 

Fig. 13. Simulation result during chatter (n = 5000 rpm, ap = 5 mm) 
 

With formula (8) for N = 1,  a spindle speed have been 
obtained of 8400 rpm, point 2 on Fig. 12. However we need to 
take into account a limitation of maximum rotational spindle 
speed which in this case is nmax=6000 rpm. In order to obtain 
stable machining conditions we need to use formula (8) with 
next possible stable speed for N = 2  which is 4200 rpm, point 
3 on Fig. 12. After change of rotational speed a chatter free 
virtual machining is achieved, see Fig. 14 for a single 
simulation and Fig. 15 for entire virtual machining with no 
chatter occurrence. 
 

 
 

Fig. 14. Simulation result during stable machining (n=4200 rpm, ap=5 mm) 
 

 
 

Fig. 15. Numerical simulation of G-code program with suppressed chatter  

7. Conclusions 

The developed methodology and software for virtual 
machining enables simulation of any milling operation in 3D 
space, including ball end milling.  

Self-excited vibrations avoidance methodology allows for 
simulation of chatter and reaching improved cutting 
parameters for stable machining. 

Virtual machines with the NSNC Milling software with the 
conjunction of 3S methodology can be used for verifying 
cutting parameters to reach increased productivity with 
chatter-free machining. 
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