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Abstract. Chip segmentation is important condition for deep drilling efficiency improving. Chip
segmentation could be ensured by sustaining stable axial self-excited vibrations of a drill.
Vibrations are excited by regenerative effect when cutting edges move along the surface formed
by previous passes. The conditions required for reliable chip segmentation could be created by
using of a special vibratory head with an elastic element, providing tool additional axial flexibility.
To maintain stable vibro-process with amplitude sufficient for chip segmentation, it’s suggested
to use the vibratory head with a special actuator for adaptive feedback control proportional to a
tool vibration velocity. Two algorithms of the feedback gain adaptation are proposed in the present
paper: the adaptation by peak-to-peak displacement and the mixed adaptation by peak-to-peak
displacement with cutting continuity index. The investigation of effectiveness of the proposed
algorithms applicable to the model, described in [9], is also presented.
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1. Introduction

One of the main drilling problems is the necessity of reliable removal of chip from cutting
zone. Continuous chip formed while drilling, may bung an instrument flutes, causing degradation
of surface finish, tool jamming and breakage. Chip segmentation could be achieved by tool axial
vibration [1]. To avoid tool excessive wear and fatigue damage accumulation, vibration
amplitudes should not considerably exceed magnitudes, required for chip segmentation.

One of the ways to induce axial vibration is to use of a special vibratory head [2-6]. A special
elastic element is introduced in the vibratory head design. The flexibility of the element must
satisfy the requirements of self-excited vibration excitation due to the regenerative mechanism of
excitation [7].

Vibratory head design parameters (stiffness of the elastic element, mass of a moving part) can be
specified only after mathematic modeling [2-6] of tool axial vibration. To improve modeling
accuracy, one has to know not only machining parameters (rotation speed, tool feed), but also
properties of machined material. Unfortunately, there are considerable data variations of cutting
force model coefficients, because of necessity to machine different materials with a wide range of
drills and machining parameters. Also one should take into account tool wear during the machining
process. So, considerable variations of cutting coefficient values are possible. Therefore, it is
desirable to introduce a control excitation to maintain vibrations on the required level and to provide
chip breakage. Such excitation could be applied by means of a piezo actuator e.g. [8, 9].

The dynamic model of the vibro-drilling process and the algorithm of vibration velocity
feedback control are described in [9]. The feedback gain is adjusted according to the cutting
continuity index, calculated during the machining process. Also the paper presents the results of
the investigation of machining parameters effects on integral characteristics of the controlled
vibratory drilling process, and proves that the proposed strategy doesn’t ensure reliable chip
segmentation in a wide range of the machining parameters.
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Two new algorithms of the feedback gain adaptation are presented in the paper: the adaptation
by peak-to-peak displacement and the mixed adaptation by peak-to-peak displacement with
cutting continuity index. Section 2 contains the numerically simulated model and the basic
equations. Section 3 contains the control strategies with adaptation of feedback gain. Section 4
contains results of multi-variant modeling of the system dynamics, taking into account two modes
of process control. Section 5 contains conclusions and summary.
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Fig. 1. Tool model with flexible fastening. x(t) — axial coordinate of the tool; x,(t) — kinematic excitation
by an actuator; a — tool feed; F, — cutting force; m — mass of the moving part of a vibratory head;
k — stiffness of a flexible element; d — coefficient of energy dissipation in a zones
of fastening and cutting; h — uncut chip thickness; s(t) — coordinate of the
machined surface profile, formed after the previous cutting edge pass

2. Model description

The computational scheme of vibratory drilling with kinematic excitation is presented in
Fig. 1. The system of equations, in dimensionless form, describing the vibratory head dynamics
is presented by Egs. (2)-(5) [9]:

1 7.
2mp)? G+ ﬂp g+q="F.+q (D
n@ =Ac-1)+1-q@®)HAGT -1 +1-q(), 2
P =ken', (3)
A@)=AC-1D)+1-n(), “4)

where: ¢ = x/a — dimensionless axial tool displacement, g, = x,/a — dimensionless kinematic
excitation, P, = F,/ka — dimensionless cutting force, n = h/a — dimensionless uncut chip
thickness, A = s/a — dimensionless axial coordinate of the surface, T = t/T — dimensionless
time (T — period of a cutting edges pass), p = /k/m/zQ — ratio of eigenfrequency of a vibratory
head moving part to the tooth passing frequency (£ — tool rotation rate, z — number of cutting
edges), { = d/2Vkm — dimensionless damping coefficient, k, = K,/ka'~" — dimensionless
cutting coefficient (K., r — experimental coefficients).

The system of nonlinear Eqs. (1)-(4) includes delayed argument. Solution is calculated
numerically, by iterative method, described in [9].

Solution presents the time history of drill displacement and cutting force. To investigate effects
of p, k. parameters on vibro-drilling process behavior, the following integral characteristics are
introduced: the peak-to-peak displacement, the maximum cutting force and the cutting continuity

index. These parameters are described in [9] and calculated after transient process has been
finished.
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3. Control strategy

Similar to [9], it is assumed that the control law is proportional to velocity of the vibratory
head moving part:

40 = bq, Q)

where b is the velocity feedback gain.

The strategy of the feedback gain b adaptation by cutting continuity index is proposed in [9].
There it was demonstrated that the closed loop system “self-excited vibratory head — cutting
process — control system” shows unstable behavior under certain machining parameters
combination. This problem of the proposed control strategy is caused by the fact, that cutting
continuity index is not sufficiently sensitive to variations of the system dynamic behavior at stage
of vibration arise, when chip segmentation have not yet started.

In the present paper the feedback gain b adaptation is implemented taking into account the
peak-to-peak displacement of a vibratory head moving part. It should be mentioned that only
peak-to-peak displacement criterion does not allow straight control of chip segmentation process.
So, it is desirable to perform adaptation of the coefficient b by using both peak-to-peak
displacement and cutting continuity index [9] control.

Remind that computations of the cutting continuity index 1 and the peak-to-peak displacement
A are carried out by using equations, presented in [9]:

1 1
YD) = T—f H(1(0))dz = T—f H(P.(0))dx, ©
A(T) = 9max — Y9min » (7)

(T—Ta,1] (T—Ta,7]

where T, is a dimensionless time interval under consideration. T, = 2 is specified for realization
of control action. T, = 100 is used at the stage of simulation results representation.

Thus, the dependences Egs. (6), (7) allow computing values of the peak-to-peak displacement
A and the cutting continuity index 1 for a discrete set of 7 values. Calculation of A and i is
carried out using the time step T4 in the present paper. That is, the set of values Tj = jTy,
j =1, 2,... is introduced, and calculation of A(rj) and 1,[)(Tj) is carried out by using Egs. (6), (7)
for each j.

Further, the two adaptation strategies of the feedback gain b are introduced: the adaptation by
peak-to-peak displacement and the mixed adaptation by peak-to-peak displacement with cutting
continuity index.

3.1. Strategy of the feedback gain adaptation by peak-to-peak displacement of a vibratory
head moving part

The control objective is assuring the required peak-to-peak displacement A,. In case of pure
kinematic harmonic excitation of a tool, chip segmentation is ensured if the following condition
has been fulfilled [1]:

a

®)

=z,
sin(7 i)

where A — peak-to-peak displacement, m; a — tool feed per tooth, m/cutting edge; i — fractional
portion of oscillation count, done by an instrument during one cutting edge pass. The relation
Eq. (8) proves, that the minimal peak-to-peak displacement A, required for chip segmentation, is
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equal to the tool feed per toothandi =j —1/2,j € N.

It should be mentioned that the peak-to-peak displacement value, assuring chip segmentation,
could exceed the tool feed per tooth significantly, in case of not optimal choice of parameter p,
which effects on the parameter i in Eq. (8).

The algorithm of parameter b adjustment ensuring the required peak-to-peak displacement A,
value is presented below. Fundamental advantage of peak-to-peak displacement A control over
cutting continuity index 1 control is the possibility to take into account the dynamic behavior of
vibro-drilling process at stage when chip segmentation has not started yet.

Similar to [9] let us propose the linear dependence of parameter b adaptation:

b =c(4, - 4), )

where c is adaptation factor.

In the parameter b adaptation algorithm, described below, the Eq. (9) is used not for all values
of A. Let us consider Fig. 2, presenting a Poincare diagram of the tool axial motion. That diagram
was constructed as following: a set of simulations were carried out for different values of the
parameter k., extremes of motions were defined for each simulation on second half of the
corresponding time history. Those points corresponding to each k. value are marked in Fig. 2.
The model [9] without control was used for those computations.

Fig. 2 shows that vibrations fade out and continuous cutting with the settled uncut chip
thickness is registered if parameter k. is below the certain critical value k;. When this critical
value k; has been exceeded, the system behavior changes abruptly. The vibrations are stabilized
with peak-to-peak displacement defined by two extremum points on the diagram. Such behavior
correlates well with the subcritical bifurcation type [10] when loosing stability due to the
regenerative effect.

Consequently, when specifying control excitation, the linear relation Eq. (9) for parameter b
derivative is used within the certain interval near the required value of A:

A € [g140, g24), (10

where g,, g, are prescribed coefficients, g; < 1, g, > 1. Interval Eq. (10) is marked in Fig. 2 by
hatching.

45 1 kK
0 005 ; * 0.1 0.15 02 ¢
c

Fig. 2. Poincare diagram presenting dependence of displacements extremes from parameter k. atp = 1.5
without control. Hatched region presents the region where the linear equation
for parameter b adaptation is chosen
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If the peak-to-peak displacement A is out of interval Eq. (10), it’s advisable to speed up
achieving a vibration mode with required characteristics. So the use of qualitatively other
strategies for parameter b computations is proposed in that case.

It’s necessary to estimate the rate of the peak-to-peak displacement increase at the stage of
vibration growth. The following characteristic could be introduced as such estimate:

= 1 | A(T)
T, A =Ty

an

Cutting forces, control excitation and inelastic interactions in the vibratory head all together
determine the rate of peak-to-peak displacement growth, calculated by using the Eq. (11). To
estimate the control action effect on rate of peak-to-peak displacement growth let us substitute the
Egs. (5) in (1) and assume the value of the cutting force P, = 0:

10N,
Wq+(n—p—b)q+q—0. (12)

The value A, calculated by using Eq.(11) for the solution of Eq.(12), is equal to
(2mp)?(b — ({/mp)) /2.

Therefore let us introduce the characteristic Eq. (13) to compute rate of peak-to-peak
displacement growth due to only cutting forces and inelastic interactions in the vibratory head:

1 A(T) 1
= —In———=— - b(2np)?, 13
A T, A =Ty 2b( mp) (13)
where b is the velocity feedback gain value within the interval T € [T — Ty, 7).
Calculation of A by using Eq. (13), allows to define a new value of the coefficient b:

b*=L-2<ilnﬂ—A) (14)
2rp)?> \T, A7) '

where T, is desired time of settling down of the vibration mode to the required peak-to-peak
displacement. The coefficient b value for implementation on the next time interval T € [t,T + Tj)
is calculated by using the Eq. (14).

Complete algorithm of the coefficient b adaptation is presented in Fig. 3. Calculation of b
coefficient is carried out with time interval T,.

Evaluation of the peak-to-peak vibration displacement 4 on the interval (7 — T4, 7]

Computation of the new b | Evaluation of A using equation (13) |

coefficient value, basing
on equation (9)

y
Computation of the new b
coefficient value, basing on
equation (14)

Fig. 3. Algorithm of coefficient b adaptation by peak-to-peak displacement A
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3.2. Strategy of the mixed feedback gain adaptation by peak-to-peak vibration displacement
and by cutting continuity index

The control objective is ensuring the required value of cutting continuity index . Adaptation
algorithm is presented in Fig. 4. The idea (gist) of the control strategy consists of two
interconnected parts: the parameter b adaptation by the peak-to-peak displacement A same as in
the Section 3.1 and A required value adaptation depending on cutting continuity index .

Estimate of the cutting continuity index y and the peak-to-peak vibration

displacement 4 on the interval (t — T 4, 7]

[gl’AOagz'AoJ

A4

Evaluation of A using
equation (13)
Computation of b 1. Computation of b || computation of the new
coefficient new coefficient new  value. || 3 coefficient value.
value. based on | | based onequation (9) basing on equation (14)
equation (15) 2. Adaptation of parameter
A, by using equation (16).

Fig. 4. Algorithm of the mixed adaptation of b coefficient by peak-to-peak displacement A
and by cutting continuity index

In that adaptation algorithm, the value of peak-to-peak displacement is calculated by using the
Eq. (7) and related to the values of g4, and g,4,, where: g,, g, are configurable parameters, 4,
is the target value of peak-to-peak displacement A. In the case A & [g,4¢, g24,], the feedback
gain b is calculated by algorithm described in Section 3.1 for such case.

In the case A € [g144, g24,], computation of cutting continuity index is carried out by using
Eq. (6). If chip segmentation occurs and index 1 is not excessively low, that is ¥ € [Yin, 1)
(Y min — some prescribed parameter), then correction of the feedback gain is required only to bring
1 nearer to the required value. Calculation of b, same as in [9], is carried out by using equation:

b = c@ — o). (15)

In the case A € [g140, g2A4,] and there is no chip segmentation observed (y = 1) or cutting
continuity index is too low (1 < ¥nin), then target correction of the peak-to-peak displacement
is required. In the present paper, the value of peak-to-peak displacement correction is assumed to
be proportional to the difference between actual and the target value of index :

AP = Ao+ ca(p — o), (16)

where A, — value of the peak-to-peak displacement specified before correction, A3 — after
correction, c, — adaptation coefficient, herein ¢, = 1.

It is desirable to carry out the adaptation Eq. (16) of the peak-to-peak displacement target value
A, keeping peak-to-peak displacement value within an interval [g;A4,, g,4,]. Therefore the
adaptation of A, is performed together with the following adaptation of b coefficient:

b = c(4, — A). (17)
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Thus, the described algorithm allows to control the rate of the peak-to-peak displacement
growth, at the stage when chip segmentation has not been started yet, and allows to apply “fine”
adjustment of the feedback gain b assuring the target cutting continuity index.

4. Results of modeling

The results of multi-variant simulation of system dynamics are presented. Two variants of
control algorithms, described in Section 3, are considered. Integral processes characteristics are
calculated for a set of parameters p and k. combinations. The following system parameters values
were used for simulation: { = 0.01, r = 0.75, ¢ = 0.001, 4y = 1.2, Y5 = 0.9, Ypmin = 0.5,
g1 =0.9, g, = 1.5, Tp = 10. The integration time step is AT = 7;,4-7; = 0.01, the dimensionless
integration time — 500. Maps of peak-to-peak displacement A and cutting continuity index i are
presented in the Fig. 5.

The method of maps construction is described in [9]. Dimensionless parameter p is marked
along x-axis and dimensionless parameter k. — along y-axis. The following four variants of
simulation are considered: without control, with control by cutting continuity index (both were
described and investigated in [9]), proposed in this work control by the peak-to-peak displacement
and mixed control by the peak-to-peak displacement and the cutting continuity index. For brevity
sake of the results description, let us denote the above mentioned control strategies as the
strategy 1, strategy 2 and strategy 3 respectively. Maps of peak-to-peak displacement for cases
without control and with control by strategy 1 (Fig 5 (a), (b), (¢), (f)) were obtained and described
in [9].

Maps of the peak-to-peak displacement and the cutting continuity index for the case of
strategy 2 are presented in Fig. 5(c), 5(g). Fig. 5(c) illustrates that such method of the feedback
gain b adaptation allows maintaining a target peak-to-peak displacement in a wide range of
machining parameters. Fig. 5(g) illustrates that under such control algorithm the desired value of
cutting continuity index 1 (about 0.8-0.9) is reached in the area contoured by the dashed line on
the machining parameters plane. Whereas for the case without control such interval is
approximately equal to 0.

Maps for case of control strategy 3 are presented in Fig. 5(d), 5(h). Fig. 5(h) shows that in case
of such control strategy, the range of machining parameters corresponding to the required
vibro-drilling mode is considerably increased when compared with the strategy 2 (Fig. 5(g)). But
the region with desirable value of index v is still limited because of constraints on control
excitation (see [9]).

Thus, when applying the strategies 2 and 3 proposed in this work, chip segmentation with
desirable value of the index 1 will be ensured even if essential error (about 30-40 %) exists in the
cutting stiffness k. determination.

There were 5 points on the machining parameters plane (see Fig. 6) considered in detail in [9]:
Ap=15k.=01),B(p=15k.=002),C(p=15k.=06),D (p=1.7,k.=0.1), E
(»p =1.2; k., =0.1). Remind that for points B and E strategy 1 do not provide control objectives
achievement due to the instability of the control algorithm, and for the point C — because of
insufficient power of the actuator. Herein the dynamic system behavior under control strategies 2
and 3 is investigated only for two most representative points: B and D. In respect of the other 3
points out of 5 mentioned above (Fig. 6) the conclusion is following: at point A strategies 2 and 3
ensures the desired results of the control; at point C the desired results are not achieved; at point
E — chip segmentation is ensured only with control strategy 3.

Fig. 7, 8 presents time histories for the point B (Fig. 6) in the case of the control strategies 2
and 3 respectively. Fig. 7 proves that control strategy 2 ensures the peak-to-peak displacement on
the target level. Cutting forces regularly reach zero on the diagrams, proving that cutting process
is periodically interrupted and chip is segmented. Cutting continuity index is equal to 0.81.
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d) h) 05 1 1,5 2 25 3
Fig. 5. Maps of the steady-state parameters of the oscillating cutting process. Left hand side
a), b), ¢), d) —maps of peak-to-peak vibration displacement 4, right hand side e), f), g), h) — maps
of cutting continuity index . On the top a), e) — without control; b), f) — control strategy 1;
¢), g) — control strategy 2; d), h) — control strategy 3

p—0

05 1 1,5 2 25 3
Fig. 6. Allocation of points, for which time histories are presented. Points are on the map of cutting
continuity index without control. Solid black thick lines represent the stability borders of linearized system
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Fig. 8 proves that control strategy 3 ensures the peak-to-peak displacement on the level of less
than 1.2, indicating redundancy of the initially specified value of 4,. Cutting continuity index is
equal to 0.9. Velocity feedback gain reaches its maximum on the first stage of the vibro-drilling
process, due to the necessity of energy supply to the system at the stage of vibration arise. Then,
coefficient b stabilizes at the constant positive value, indicating continuous energy supply to the
dynamic system. This energy flow is needed to overcome the significant dynamic system
dissipation, that doesn’t allow self-excited vibrations arise, as shown in [9]. Note, that in the case
of the control strategy 2 the peak-to-peak displacement A and the feedback gain b vary in time
similar to strategy 3 with the only exception: 4 is stabilized on a priori specified value 1.2.

11»5q ; | 0,04:Dc : : ; ' ]
0 0,02!

-0,5 0,01

-1 ; T 0 T
0 100 200 300 400 500 (1)3 100 200 300 400 500

A A]

OSANNANANANANANN] ool ‘
PRRVAVAVAVAVAVAVAVAVAVAVAY ’ |

T ol PV,
250 252 254 256 258 250 252 254 256 258

a) b)

Fig. 7. a) Time history of a tool motion and b) cutting force in the case of control strategy 2.

The values of the parameters p and k. correspond to the point B
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11,5 i | 0,04
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A
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1,2 1,2
1 1
08 08
0,6 0,6
0,4 0,4
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0 . T 0 ; i
0 100 200 300 400 500 0 100 200 300 400 500

<)

d)

Fig. 8. a) Time history of tool motion, b) cutting forces, c) velocity feedback gain and
d) peak-to-peak vibration displacement in the case of control strategy 3.
The values of the parameters p and k. correspond to the point B

Thus both strategies 2 and 3 ensure chip segmentation in point B. But in the point D chip
segmentation is obtained only with the control strategy 3.

Fig. 9, 10 present time histories for point D (Fig. 6) in case of control strategies 2 and 3
respectively. Fig. 11 presents time history of peak-to-peak displacement at point D (Fig. 6) for the
control strategies 2 and 3. Fig. 11(a) indicates that the control strategy 2 ensure the peak-to-peak
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displacement on the target level. But the cutting force doesn’t achieve zero at the steady-state
process stage (see Fig.9), so chip segmentation doesn’t occur. Fig. 5(g) shows that the
peak-to-peak displacement at the level near the target value of 1.2 is ensure for the considerable
area on the plane of the parameters p, k.. But chip segmentation is ensured only within a small
part of that area adjoined to values p = 0.5; 1.5; 2.5.... To explain that fact let us consider the
spectrum of the tool displacements at the point D, presented in Fig. 12. The ratio of tool vibration
frequency to the tooth-passing frequency is drawn along x-axis. Fractional part of that value is
equal to i in Eq. (8). The spectrum shows that for the point D the parameter i considerably differs
from its optimal value (i = 0.5; 1.5; 2.5..., see Introduction). Thus, much higher peak-to-peak
displacement values are required to ensure chip segmentation under given conditions. So, the lack
of the strategy 2 is caused by the independence of the target value of peak-to-peak displacement
on the cutting continuity index.

54
1
0
-1
D
54
1
‘ ; ‘ * 0 i ‘ ; *
250 252 254 256 258 250 252 254 256 258
a) b)

Fig. 9. Time history of a tool motion (on the left) and cutting force (on the right) in the case
of control strategy 2. The values of the parameters p and k. correspond to the point D

P
15 q c
1 H f 03
0,5 0,2
o5 01
-1 T 0 . T
O 100 200 300 400 500 0 100 200 300 400 500
q P
1,5 c
1 T 0)3,
065 [ 072,
_1’ : 1t o 1z
250 252 254 256 258 250 252 254 256 258
a) b)

Fig. 10. a) Time history of a tool motion and b) cutting force in the case of control strategy 3.
The values of the parameters p and k. correspond to the point D
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Fig. 11. a) Time history of a tool peak-to-peak vibration displacement in case of control strategy 2 and
b) control strategy 3. The values of the parameters p and k. correspond to the point D

4310 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. DEC 2015, VOL. 17, ISSUE 8. ISSN 1392-8716



1839. INVESTIGATION OF VIBRATORY DRILLING MODEL WITH ADAPTIVE CONTROL. PART 2: MIXED CONTROL OF PEAK-TO-PEAK VIBRATION
DISPLACEMENT... ALEXANDER M. GOUSKOV, SERGEY A. VORONOV, ILYA I. IVANOV, IGOR A. KISELEV, VADIM V. NOVIKOV

0,3

FFT Magnitude
o 2L o L
= o b R

o
o
<

0 f
0 2 4 6 8 10

Fig. 12. Spectrum of the tool motion for the point D in case of control strategy 2

The strategy 3 takes into account the target value of cutting continuity index 1, and therefore
leads to chip segmentation under the same cutting conditions (point D) by means of the target
peak-to-peak displacement value adjustment (see algorithm in Fig. 4). Fig. 10 proves that the
control strategy 3 ensures chip segmentation. It is evident from the Fig. 11(b) that using of the
control strategy 3 leads to peak-to-peak displacement steady-state value higher than initially
specified value of 1.2.

5. Conclusions

The present work considers algorithms of vibratory drilling process control with two methods
of the feedback gain adaptation: the adaptation by the peak-to-peak displacement (strategy 2) and
the mixed adaptation by peak-to-peak displacement with cutting continuity index (strategy 3). In
this paper results of the investigation of the closed loop system “self-excited vibratory head —
cutting process — control system” behavior is presented.

Mathematical modeling had been carried out for the number of combinations of the rotation
rates and the cutting coefficients values. It was proved that proposed control algorithms ensured
the reliable chip segmentation at a wide range of machining parameters combinations. It should
be noted that the strategy 3 ensures chip segmentation at a wider range of machining parameters
combinations than the strategy 2 does, due to the target peak-to-peak displacement value
adjustment according to the specified value of cutting continuity index. Chip segmentation with
desirable value of the cutting continuity index is ensured even with cutting coefficient uncertainty
up to 100 % (e.g. with p = 1.3 and specified k. = 0.2) when certain values of the parameter p are
chosen.

The implementation of the both proposed strategies ensures quicker stabilizing of the vibration
mode than in the case of control by the cutting continuity index only (the strategy 1). That quick
stabilizing is possible due to the control by peak-to-peak displacement, which is more sensitive to
the system dynamic behavior variations, than the cutting continuity index.

There are considerable areas where amplitudes of the piezo actuator elongations are
insufficient for assuring of the intermittent cutting conditions. So in the following works it is
desirable to consider other means to provide energy to the vibrating system.

Acknowledgements

The research was funded by the financial support of Ministry of Education and Science, NIR
N 9.1073.2014K under the design part of the State-guaranteed order in scientific research area.

References
[1] Poduraev V. N. Cutting with Vibrations. Machinostroenie, Moscow, 1970, (in Russian).

[2] Batzer S. A., Gouskov A. M., Voronov S. A. Modeling vibratory drilling dynamics. Journal of
Vibration and Acoustics, Vol. 123, 2001, p. 435-443.

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. DEC 2015, VOL. 17, ISSUE 8. ISSN 1392-8716 4311



1839

3]
[4]

[3]

[6]

(71
(8]

91

[10]

4312

. INVESTIGATION OF VIBRATORY DRILLING MODEL WITH ADAPTIVE CONTROL. PART 2: MIXED CONTROL OF PEAK-TO-PEAK VIBRATION
DISPLACEMENT... ALEXANDER M. GOUSKOV, SERGEY A. VORONOV, ILYA I. IVANOV, IGOR A. KISELEV, VADIM V. NOVIKOV

Tichkiewitch S., Moraru G., Brun-Picard D., Gouskov A. Self-excited vibration drilling models
and experiments. CIRP Annals — Manufacturing Technology, Vol. 51, Issue 1, 2002, p. 311-314.
Paris H., Tichkiewitch S., Peigne G. Modelling the vibratory drilling process to foresee cutting
parameters. CIRP Annals — Manufacturing Technology, Vol. 54, Issue 1, 2005, p. 367-370.

Moraru G. Nonlinear dynamics in drilling and boring operations assisted by low frequency vibration.
Proceedings of ASME 2007 International Design Engineering Technical Conferences and Computers
and Information in Engineering Conference, 6th International Conference on Multibody Systems,
Nonlinear Dynamics, and Control, Vol. 5, 2007, p. 951-960.

Moraru G. System Behavior Study “Part-Tool-Machine” in Vibration Cutting Regime. Engineering
Sciences (Physics), Arts et Métiers ParisTech, 2002, (in French).

Altintas Y. Manufacturing Automation. Second Edition. Cambrifge University Press, New York, 2012.
Moraru G., Veron P., Rabate P. Drilling Head with Axial Vibrations. Patent US,
No. 20120107062 A1, 2012.

Gouskov A., Voronov S. A., Ivanov L. 1., Novikov V. V., Barysheva D. V. Investigation of adaptive
system model for controlling axial vibrations when vibro-drilling. Part I: cutting continuity index
control. Journal of Vibroengineering, Vol. 17, Issue 7, 2015, p. 3702-3714.

Insperger T., Barton D. A. W., Stepan G. Criticality of Hopf bifurcation in state-dependent delay model
in turning processes. International Journal of Non-Linear Mechanics, Vol. 43, Issue 2, 2008, p. 140-149.

W Alexander M. Gouskov is Doctor of Sciences, received Doctoral degree in 1997 in
Bauman Moscow State Technical University, Moscow, Russia. His research interests
include nonlinear dynamics, theory of stability, chaotic systems, dynamics of technological

'-F('a‘ &y systems.
-

L=

Sergey A. Voronov received Cand. Sc. Ph.D. degree in dynamics and strength of materials
at Bauman Moscow State Technical University, Moscow, Russia, in 1987. In 2009 he
received Doctor of Technical Science degree in dynamics and strength of materials at
Bauman Moscow State Technical University. Now he works at Russian Foundation for
Basic Research. His current research interests include dynamics of cutting processes and
simulation of complex dynamical systems.

Ilya 1. Ivanov graduated the Bauman Moscow State Technical University, Moscow,
Russia, in 2012. Speciality: dynamics and strength of machines. Now he is a Ph.D. student
in BMSTU. Also he is engineer in Central Institute of Aviation Motors. His current
research interests include dynamics of cutting processes, automatic control, rotor
dynamics, turbojet mechanical vibrations.

Igor A. Kiselev received Ph.D. degree in Bauman Moscow State Technical University,
Moscow, Russia, in 2013. Now he works at Applied Mechanics Department of Bauman

- Moscow State Technical University. His current research interests include numerical
-

simulation of cutting processes dynamics, numerical simulation of nonlinear dynamic
systems, finite element method, parallel computing, solving of multiphysics problems.

Vadim V. Novikov received Master’s degree in mechanical engineering from Bauman
Moscow State Technical University, Moscow, Russia, in 2015. Now he is Ph.D. student in
BMSTU and also he works at Smartec JSC, group Safran. His current research interests
include dynamic of machining processes and finite element method.

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. DEC 2015, VOL. 17, ISSUE 8. ISSN 1392-8716




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [4000 4000]
  /PageSize [612.000 792.000]
>> setpagedevice


