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Abstract. Regenerative self-excited vibrations (chatter) often occur in boring operation due to
low stiffness of a slender cantilever holder of a tool. These vibrations lead to significant defects
of a machined surface and cutting tool damages. The new chatter suppression method is proposed
in the paper. Displacement signal measured in the direction which is orthogonal to machined
surface is used for generating a control action in the feed direction. Linear proportional control
law is applied. Mathematical model of boring process dynamics with control has been developed
for validation of the proposed method efficiency and searching better values of feedback gain.
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1. Introduction

The problem of self-excited vibrations is one of the most important in metal cutting.
Hard-to-machine workpiece material and insufficient tool stiffness redouble this issue. These
vibrations (commonly named as chatter) can decrease the tool life and the quality of machined
surface [1]. That’s why the solution of this problem will bring the increase in the productivity of
manufacturing process. The following study is concerned with the boring of inner cylindrical
surface which is greatly influenced by chatter.

Chatter is mainly caused by the regenerative effect in cutting process [1, 2]. This effect occurs
because of the following: a cutting tool at each moment of time is processing not only an initial
workpiece surface but also its fragments obtained at previous tool passes. The variable cutting
force will appear and there will be energy supply to the oscillating system under certain conditions.
This energy supply will excite chatter. As chatter vibrations are inherent but unwanted for metal
cutting many researches are aiming to analyze methods of chatter suppression [3-15] and chatter
prediction [16-23].

There are two conventional approaches to chatter prediction:

1) Construction of stability diagrams in system parameters space;

2) Numeric integration of dynamic model equations and subsequent analysis of solution in
time domain.

The first approach is based on derived delayed linearized differential equations. They allow to
investigate non-perturbed motion stability. As for the second approach, it requires high
computational costs. Nevertheless, the advantage of this method lies in fact that a lot of important
nonlinear effects can be taken into consideration. A possible tool exit from material in case
vibration magnitudes are too high [16], a nonlinear cutting forces dependence on a cut-off
thickness [17], energy dissipation on a tool flank face [18], complicated 3D geometry of a tool
and of a workpiece [19, 20], variable dynamic properties of a workpiece [19] are examples of
these nonlinear effects.

We turn our attention to chatter suppression. There are passive and active chatter suppression
strategies. The increase of the system stiffness and special dampers are applied in case of the
passive strategy to eliminate the negative effect of chatter. Active strategies are based on the
application of a control system. The system suppresses vibrations using actuator and embedded
measurement sensor feedback [24].
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Let’s review active vibration control strategies which were applied by different investigators
in case of turning and boring processes. There are two most widely used strategies. These are
spindle speed modulation and active control of tool displacement. Yilmaz [3] applied stochastic
low-frequency spindle speed modulation. The approach of sinusoidal spindle speed modulation
investigated by Insperger and Stepan [4] showed better results. Shiraishi and Kume [5] were the
first investigators who applied tool position control to suppress chatter. They used feedback that
is proportional to vibrational displacement and vibrational velocity. The last two values were
measured instantaneously and with one revolution period delay (PD-control with delay). The
performed experiments proved that implementation of the tool position control decrease the
chatter amplitude. Hajikolaei [8] investigated the efficiency of applying both the spindle speed
modulation and adaptive tool displacement control to suppress chatter. Experiments were not
carried out during the research. The turning process was simulated instead. The simulation verified
the algorithm and proved high efficiency of joint use of approaches. It is needed to mention that
the direction of applied control action is the same as direction of measured data in all researches
where the strategy of tool position control was applied.

In this paper, we shall present a new method of chatter suppression in the process of cylindrical
surface boring. The method applies tool displacement control in feed direction which is based on
the measured displacement in the direction that is normal to workpiece cylindrical surface. The
control signal is transferred to instrument by a piezo actuator embedded into tool support.
Efficiency of the proposed strategy is investigated basing on the special nonlinear mathematical
model of the boring process dynamics.

The paper is organized as follows. Section 2 describes proposed chatter suppression strategy
including possible schematic design of tool holder, control circuit and control law. The 3D
mathematical model of boring dynamics with control circuit and geometrical models of tool and
workpiece are described in the Section 3. Simulation results and its discussion are adduced in the
Section 4. Section 5 contains conclusion.

2. Description of chatter suppression strategy

Fig. 1 shows the process of cylindrical surface boring with proposed chatter suppression
system. The cantilever boring bar radial flexibility greatly exceeds axial one. Kinematic excitation
of the tool vibrations in the feed direction z will suppress vibrations in the direction which is
orthogonal to workpiece surface. Besides, oscillations in z direction do not influence machining
accuracy and surface finish. At the same time the imposed vibrations can affect chip size and
stabilize oscillations in radial direction.
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Fig. 1. Schematic design of chatter suppression system. u, — measured radial displacement
of the tool, f — feed, u, — axial displacement of the tool implied by the piezo actuator

A piezoelectric actuator is used for displacement control of the tool. The actuator elongates
under applied electric voltage and the cutter receives additional displacement u,. The piezo
actuator elongation is proportional to the voltage within certain operational range.
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The signal u,- measured by the sensor, as shown in Fig. 1, is used to calculate the control signal
u,. The linear control law is proposed:

u, = —kqu,, (1

where u, [mm] — axial displacement of the actuator, k; > 0 — displacement feedback gain, u,
[mm] — measured tool displacement in the direction orthogonal to workpiece surface (Fig. 1).

Then the amplified control signal is transmitted to the piezo actuator which elongates and,
therefore, tool tip will have the additional axial displacement u,.

Let’s consider mechanism of the proposed vibration suppression strategy. Let’s assume that
displacement u,. of the tool is positive, or directed upwards (see Fig. 1) into material, at the
specific point of time. Chip section area increases at that point of time and cutting force also
increases. According to (1) actuator moves the tool towards the negative direction of axis z. This
additional displacement is opposite to feed direction and decreases the uncut chip section area and
cutting force. If the displacement u, is directed out of material (negative r direction) actuator
moves the tool in positive z direction-into material. Thereby actuator operation with negative
feedback leads to decrease cutting force oscillations and consequently to decrease energy supply
caused by the regenerative effect.

It should be mentioned that the proposed idea is applicable both for turning and boring
operations as the equations of motion for both process models are similar. The values of feedback
gain k; may be chosen based on the simulation results or after preliminary experiments.

3. Mathematical model

Mathematical model of boring process is similar to [20] and consists of: 1) dynamic models
of tool and workpiece, 2) model of cutting forces, 3) geometric model of the process used for
uncut chip thickness computation and new surface generation. The workpiece is assumed to be
much stiffer than the tool and its vibrations are neglected. The simulation is performed in time
domain.

Dynamic model of tool. It’s assumed that tool can be reduced to a single DOF system presented
by the schematic model, as shown in Fig. 2. The equation of tool vibrations in radial direction u,
is:

mil, + bu, + ku, = E.(t), 2

where m [t] — reduced tool mass, b [N-s/mm] — damping coefficient, k [N/mm] reduced tool
stiffness in radial direction, F,.(t) — radial component of cutting force applied to the tool (N),
which nonlinearly depends on the relative position of tool cutting edge and machined surface.

The tool displacement in axial direction is defined by feed motion f and the additional
displacement given by actuator u, Eq. (1). Deformations of tool and its holder in axial and
circumferential directions are ignored.

It’s convenient to use the dimensionless damping coefficient as input parameter which is
expressed:

Model of cutting forces. Tool cutting edge is modeled as a set of line segments, as shown in
Fig. 3, which quantity and lengths are chosen to satisfy the calculation accuracy. Radial
component F,. of cutting force is determined as a sum of elementary cutting forces applied to each
line segment of the cutting edge geometric model:
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E = Z F.j, 3)

where F; is computed for each jth line segment of the cutting edge according to the Eq. (4):

Fej= [Kchj + KeH(hj)]Sjcos(lpj)' v

where s; [mm] — length of jth line segment; h; [mm] — uncut chip thickness, which computation
is described below; 1; — angle between jth line segment and radial direction (Fig. 3); H() —
Heaviside step function; K. [MPa], K, [N/mm] — empirical coefficients, depending mainly on
workpiece material. These coefficients are taken for steel C45 [21].

r Points of tool ; .
geometrical model ~ Points of workpiece
: g geometrical model
2n
=7
feed+control
4 z
Workpiece
Fig. 2. Schematic model of tool dynamic. Fig. 3. llustration for algorithm of uncut chip
F, — distributed cutting forces thickness computation for line segment

of the cutting edge geometric model

Geometric model includes cutting edge geometric model (described above), workpiece surface
geometric model, algorithms of uncut chip thickness computation and new surface generation.

The workpiece surface is modeled as a cylinder involute which is discretized in axial and
circumferential directions (Fig. 4). The time step of integration is chosen so that it corresponds to
the circumferential sampling step of surface model:

QRAt = RAg, (5)

where () [rad/s] — speed of the workpiece rotation, At [s] — time step of integration, R [mm] —
radius of the workpiece, Ag [rad] — angular sampling step of the surface model.
Thereby at every discrete time moment the tool cutting edge is situated in the plane of the
workpiece surface model discretization (one such section is depicted in Figs. 3, 4(b).
e Cutting edge model Wokpiece
8 » model section

Involute of the
workpiece surface
————

Sampling step
AQR Jt+-——|fF——————— - ——— o

a)

Fig. 4. Scheme of machined surface formation modeling
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Coordinates of point i of the cutting edge model at each time moment are defined as a sum of
initial coordinates, displacement due to feed, actuator elongation u, and tool model
displacement u,.:

z; =270+ fQt+u, r=1+u, (6)

where 7;, z; [mm]-actual coordinates of point i; 7;°, z? [mm] — initial coordinates of the point;
t [s] — simulation time.

The uncut chip thickness h; is determined as a distance from jth segment of the cutting edge
to the machined surface (Fig. 3). If the segment is out of material, h; = 0.

If the tool is emerged in material at the end of current time step, material is cut and surface
model should be modified. The surface model radial coordinates are recalculated as shown in

Fig. 4(b).
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conditions initialization

Dynamic equations
solving
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Changing tool's position
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+ control)
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Calculation of the
chip thickness
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force refinement

Force convergence
checking

Modification of the workpiece
machined surface

{

Changing tool's position

Results
recording

Results output

Fig. 5. Algorithm of simulation in time domain

Algorithm of simulation. At each simulation point of time the instantaneous uncut chip
thickness h; is computed. Then cutting force is calculated using Eq. (4). The Eq. (2) is integrated
at current time interval considering cutting force at beginning and end of the interval. The initial
conditions (vibrational displacement, vibrational velocity) and cutting force at the beginning of
each time step are equal to its values at the end of previous time step. The specified steps are being
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iterated till convergence condition is satisfied. After the solution has been converged at current
time step the tool model is displaced to the next step considering its calculated dynamic
displacement, feed value and additional axial displacement u,. At the same time workpiece
surface model is modified taking into account cut material. The algorithm of simulation in time
domain is presented in Fig. 5.

4. Simulation results and discussion

The simulation of boring process dynamics was performed for the purpose of efficiency
estimation of the proposed chatter suppression method. Several cases were analyzed: without
control and with control with different values of feedback gain k;. Fig. 6 shows the shape of
cutting edge. Parameters of tool and workpiece, coefficients of tool dynamic model and cutting
force model are represented in Table 1.

Table 1. Parameters of the process simulation

Parameter Value
Natural frequency of tool in y-direction p 426,26 Hz
Dimensionless damping coefficient 4 0,1
Cutting force coefficient Kc 1437 N/mm?
Cutting force coefficient Ke 37,7 N/mm
Fillet radius of cutting edge Ty 1,2 mm
Length of straight segment of cutting edge L=l 20mm
Angle between straight segments of cutting edge a=p 45°
Depth of cutting w 0.4 mm
Total amount of line segments in cutting edge model ke 150
Length of the workpiece L 150 mm
Radius of the workpiece R 75 mm
Total amount of points in workpiece model in tangential direction ket 600
Total amount of points in workpiece model in axial direction kel 900
Quantity of workpiece revolutions applied for modeling N 1600
Feed f 0,1 mm/rev
Tool stiffness in y-direction k 1000 N/mm
Cutting speed v 400 mm/min
Spindle speed n 849,3 RPM
mm
40+ mm
75
304
74.4
204
73.8
10+
73.2
0oL
} t t } | mm
0 10 20 30 40
Fig. 6. Geometry of cutting edge Fig. 7. Surface topography after simulation

without control

The results of process simulation without control are shown in Fig. 7 and Fig. 8. The shape of
machined surface computed by simulation of boring of cylindrical workpiece with inner radius
equal to 75 mm is shown in Fig. 7. It should be noted that that the quality of machined surface is
low because of the significant chatter vibrations. Time history of tool displacement is presented
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in Fig. 8. The significant chatter vibrations arise while processing. The maximum vibration
amplitude is about 5 mm. Such a high value is inadmissible and it was numerically determined
without considering possible nonlinear effects, including flank face interactions, and some other
limitations.

Let’s consider results of the simulation with control defined by Eq. (1). The Poincare maps
were used for investigation of feedback gain k; influence on vibration amplitudes during
processing operation. The k; value is depicted along abscissa axis; the local extreme values of the
tool displacements are depicted by points along ordinate axis.

radial displacement A,
6 OSSR UORRS. FURO SO -S B
— 4 ........................................
E 21 I Y %
g ... il
e} 0 ||||l||
bk 24
i i : t[s] . Y
0 5 10 15 o 1 2 3 3 5
Fig. 8. Time history of tool displacement Fig. 9. Poincare map of tool vibrations
in case without control under control with k; =0,..., 5

Poincare map (Fig. 9) indicates that chatter suppression is efficient when k,; value is between
1.8 and 3.8. Machined surface topography and time histories of tool displacements and cutting
forces for the cases k; = 1;2.5; 4 are presented in Figs. 10-15. Fig. 10 illustrates that chatter isn’t
completely suppressed but steady-state vibration amplitudes are limited on the level 0.22 mm.

When feedback gain k; equals to 2.5 and 4.0 (see Figs. 12-15) suggested method of control
almost eliminate chatter. The surface finish is much better in this case than when k; = 1.

radial displacement axial displacement
: 0.4
) g 02
E S
= b 0
02 : N S 02 : i
20 40 60 80 100 lf] 20 40 60 80 100 t[s]
radial velocity radial force
= 500 300k Bl
E 0 & 0l
—_ =
& -500 * 100
P _ o
20 40 o0 so 100 t[] 20 40 60 80 100 t[s]

Fig. 10. Time histories of tool displacements and cutting forces in case with control, k; = 1

mm
40 +

mm
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74.6
20 74.55
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7445
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I t } | mm

0 10 20 30 40
Fig. 11. Surface topography after simulation with control, k; = 1
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Fig. 12. Time histories of tool displacements and cutting forces in case with control, k; = 2.5
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Fig. 13. Surface topography after simulation with control, k; = 2.5
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Fig. 14. Time histories of tool displacements and cutting forces in case with control, k; = 4
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Fig. 15. Surface topography after simulation with control, k; = 4
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5. Conclusions

The algorithm of chatter suppression in boring process is proposed and investigated in the
paper. The process control by displacement feedback is used. The mathematical simulation of
boring dynamics was performed for several cases: without control and with control for different
values of feedback gain. The range of values of feedback gain providing efficient suppression of
vibrations was defined by the numerical simulations. 3D machined surfaces geometry and time
histories of the tool displacements and cutting forces were computed. Analysis of computed
surface finish showed that the proposed chatter suppression system greatly improves quality of
the boring and machined surface.
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