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Abstract
The robotic drilling always generates the axial vibration along the drill bit and the torsional vi-

bration around the drill bit, which will adversely affect the drilling precision. A vibration control

mechanism fixed between the end-effector and the robot is proposed, which can suppress the axial

and torsional vibrations based on the principle of vibro-impact ( VI) damping. The energy dissipa-

tion of the system by vibro-impact damping is analyzed. Then, the influence of the structure parame-

ters on the vibration attenuation effect is studied, and a semi-active vibration control method of vari-

able collision clearance is presented. The simulation results show that the control method has effec-

tive vibration control performance.

Key words: robotic drilling, two-dimensional vibration control, impact damping, variable

clearance, semi-active vibration control

0 Introduction

Robotic drilling technology has been widely ap-
plied in aviation manufacturing field for its flexibility
and adaptability, which greatly improves the efficiency
and quality of automatic drilling"’. However, due to
the insufficient inherent stiffness of the industrial ro-
bot, vibration or even flutter will occur under special
working conditions, affecting the precision of robotic
drilling'?’. Meanwhile, there exists thin-wall vibration
in robotic drilling due to thin-walled structure of the
aircraft skin,and the vibration will be transmitted to the
end-effector through the drill bit"* | and then to the ro-
bot through the end-effector, which will also adversely
affect the drilling accuracy. Vibration isolation, dy-
namic vibration absorption, impact damping and other
methods are used to control the harmful vibration.
Among them, the impact absorber has attracted exten-
sive research by researchers because of its simple
structure, wide frequency band and stable damping
effect. Impact absorbers transfer and dissipate vibration
energy from the main vibration system through colli-
sion, and are widely used in construction and mechani-
cal fields''.
the basis of the nonlinear energy sink structure, proved

Ref. [ 5] added an impact absorber on

that the impact absorber and the nonlinear energy sink
(NES) coupling system have better vibration suppres-

sion performance. Ref. [ 6 ] established a cantilever
beam model with an impact damper, and the impact
damper can effectively suppress multiple resonance
peaks of the cantilever beam. Ref. [4] analyzed the
dissipation mechanism of structural vibration energy
caused by impact absorber, and revealed the transfer
and diffusion law of vibration energy in various modes
of the system at the moment of collision. Refs[7,8]
studied the vibration control performance of a pounding
tuned rotary mass damper ( PTRMD) placed inside the
cavity floor, and the results showed that the structure
had good vibration attenuation performance under free
vibration, harmonic excitation and earthquake excita-
tion. In addition, the introduction of impact collision
based on the original vibration reduction method can
further improve the vibration suppression performance.
Ref. [9] used a pounding tuned mass damper for con-
trolling the structural vibration of a monopile offshore
wind turbines subjected to combined wind and wave
loading. Research suggests that the introduced collision
mechanism improves the robustness of the tuned mass
damper with enhanced vibration control effect under the
detuned situations. Ref. [ 10] proposed a particle im-
pact damped dynamic absorber and compared it with
the classical dynamic absorber. Experimental results
show that the particle impact damped dynamic absorber
expands the working frequency range and exhibits a
better random vibration suppression performance than
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the classical dynamic absorber.

Ref. [11] proposed an adaptive control strategy
for torsional vibration of the main drive system of roll-
ing mill, which effectively suppressed the torsional vi-
bration of the system. In order to reduce the influence
of torsional vibration generated by the drivetrain on ve-
hicle ride comfort, Ref.[12] combined the torsional
vibration isolator and vibration absorber into the vehicle
drivetrain and proposed a frequency tuning control
scheme, which effectively reduced the torsional vibra-
tion generated by the drivetrain. Ref. [13] found that
NES impact absorbers can significantly suppress the
torsional vibration not only far from and close to reso-
nance, but also in a wide frequency range. Ref. [ 14 ]
designed a nonlinear torsional vibration isolator of a
parallel mechanism with positive and negative stiffness
to solve the problem of low-frequency torsional micro-
vibration. The torsional vibration isolator can adapt to
complex and variable loads and interference torque,
and has good anti-disturbance ability and vibration iso-
lation performance. In Refs[ 15,16 ], a semi-active vi-
bration control mechanism was designed based on qua-
si-zero stiffness for robotic drilling system to suppres-
sion the ambient vibration.

The research on vibration control has been rela-
tively mature, but most of them only solve the vibration
in one direction. However, in practice, axial vibration
and torsional vibration often occur simultaneously.
Ref. [17] effectively controlled the axial and torsional
vibrations of the engine system with impact absorber of
controllable frequency and damping to transfer vibration
energy through modal interaction with the engine sys-
tem and internal resonance.

A two-dimensional integrated vibration control de-
vice based on variable parameters of vibro-impact
damping is proposed to suppress the axial and torsional
vibration simultaneously.

1 Structure of the vibration control mecha-
nism

The robotic drilling system equipped with vibra-
tion control mechanism is shown in Fig. 1. This paper

~ Vibration

1
. h controller

N i

~

e End effector
Robotic drilling

system

Fig.1 Robotic drilling system with vibration control mechanism

designs a vibration control mechanism fixed between
the robot and the end-effector, which transfers and dis-
sipates the vibration energy with the principle of vibro-
impact damping to restrain the axial and torsional vi-
brations from the end-effector, and improves the drill-
ing precision.

The vibration control mechanism consists of two
parts: axial control structure and torsion control struc-
ture. As shown in Fig. 2, the axial control part is com-
posed of moving slider, impact vibrator, three-jaw
fixed slider, coupling, servo motor, ball screw and ro-
tating ball spline. The axial control part drives the dy-
namic slider to move along the axial direction of the
ball screw to achieve the adjustment of axial collision
clearance. The torsion control part is composed of im-
pact vibrator, three-jaw fixed slider, three-jaw retai-
ning ring, flat key shaft, worm, worm gear, coupling
and servo motor. By twisting the control part to drive
the rotation of the three-jaw retaining ring, the relative
rotation angle between the three-jaw retaining ring and
the three-jaw fixed slider can be adjusted to achieve
the configuration of collision angular clearance.

1. shell 2. moving slider 3. impact vibrator 4. three-jaw fixed slider 5.
three-jaw retaining ring 6. flat key shaft 7. worm 8. worm gear 9. side
cover 10. servo motor 11. rear cover 12. coupling 13. rotating ball spline
14. ball screw 15. coupling 16. servo motor 17. front cover

Fig.2 The two-dimensional integral vibration control mechanism
2 Dynamic model

2.1 Axial dynamic model

The axial model of robotic drilling system equipped
with vibration controller is shown in Fig. 3, where, the
mass of the robot is m, , the mass of the main structure
of the vibration control mechanism is m,, the mass of
the end-effector is m;, and the mass of the impact vi-
brator is m,. The equivalent stiffness and damping of
the robot are k, and ¢, respectively. The equivalent
stiffness and damping between m, and m, are k, and ¢,
respectively. The equivalent stiffness and damping be-
tween m; and m, are k, and c; respectively.
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Fig.3 The axial model of the robotic drilling system

During robotic drilling, the end-effector will be
subjected to axial force along the drill bit. Assuming
that m, is subjected to a simple harmonic excitation
force of F(t) = Fcos(w,t), inelastic collision will oc-
cur in the impact vibrator at this moment, resulting in
the abrupt change of the velocity of m, and m,, which
can dissipate part of the energy of the main vibration
system, thus reducing the vibration generated by the
system. The whole system becomes nonlinear at the
moment of collision. Except for the moment of colli-
sion, the whole system is still a linear system, which
satisfies the linear vibration theory. At this time, the
system dynamic equation is

mx, +cx +kx +ce,(0x, —x,) +k,(x, —x,) =
-x,) +cy(%, —x5)

+ky (%, —x;) =0

mxy + ¢ (2 = 2,) + k(a0 —x,) = F(1)

(e

myx, + ¢, (%, — %) + ky(x,

m,x, =0
(1)
Assuming that the initial position of the impact vi-
brator is in the middle of the main structure of the vi-
bration control mechanism and at the moment of colli-
sion, the relative displacement of m, and m, should

meet the following conditions

| x, —x, | = % (2)
where x, is the displacement of the main structure of the
vibration control mechanism, x, is the displacement of
the impact vibrator, and d is the collision clearance.

When the collision occurs, the instantaneous dis-
placement of m, and m, remains unchanged, but their
instantaneous velocity will vary and is expressed as
Xy — %,

(3)

where e, is the collision recovery coefficient, x, and x

e, =--
Xy — X,

represent the instantaneous velocities before and after
the collision.

In the collision process, the system satisfies mo-
mentum conservation law :

my%, + myx, = myx, + myx, (4)

By combining Eqs(3) and (4), the instantane-

ous velocity after the collision between m, and m, can
be obtained as

oomy —mye . my (1 +e) .
X, = X Xy
m, +m, m, + my, (5)
Lo omy(l +e). my —me, .
Xy = X Xy
m, +m, m, +m,

2.2 Torsional dynamic model

The torsional dynamic model is shown in Fig. 4,
and the internal section diagram of the vibration control
mechanism is shown in Fig. 5, where the rotational in-
ertias of the robot, the main structure, the end-effector
and the shock vibrator are J,, J,, J;, and J,, respec-
tively. The equivalent torsional stiffness and damping
of the robot are k, and ¢’, , respectively. The equivalent
torsional stiffness and damping between J, and J, are k',
and ¢’, , respectively. The equivalent torsional stiffness
and damping between J, and J; are k', and ¢’ respec-

tively.

Vibration controller main structure
Fig.5 The internal section diagram of the vibration

control mechanism

In robotic drilling, the end-effector is excited by
friction torque between the high-speed rotating drill bit
and workpiece. It is assumed that the simple harmonic
excitation torque is T(t) = Tcos(w,t) , where T repre-
sents excitation amplitude and w, is excitation frequen-
cy. As shown in Fig.5, under the excitation torque,
the impact vibrator rotates around the axis O and ine-
lastic collision occurs inside the vibration control mech-
anism. Thus, part of the energy can be transferred and
consumed, and the torsional vibration can be sup-
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pressed. Except for the moment of collision, the whole
system 1is still a linear system, which satisfies the linear
vibration theory. Therefore, the torsional dynamic
equation is established as follows.

J,0, +¢,0, +k 6, +c,(0, —0,) +k,(8, -6, =0

5,0, +¢5(0, —0,) +k,(0, —0,) +c;(0, —6,)
+k (0, -6,) =0

0, +c,(0, —0,) +k, (6, —60,) = T(1)

J.6, =0

(6)
Assuming that the initial rotation position of the
impact vibrator is symmetric at the center of the vibra-
tion control mechanism, the relative angular displace-
ment of J, and J, should meet the following conditions at
the moment of collision.
a

16, - 0,1 = (7)

where 6, and 0, are the angular displacements of the
main structure and the impact vibrator, respectively,
and «a is the angle of impact.

In collision, the instantaneous angular displace-
ments of J, and J, remain unchanged, but the instanta-
neous angular velocities vary, which are expressed as

0; - 05
€ =~ . (8)
0, -6,
where e, is the collision recovery coefficient, and 6, and
67 are instantaneous angular velocities before and after
the collision, respectively.

During the collision, the system satisfies the con-
servation of angular momentum:

]202 + -1404 = ]20; + ]40; (9)

Combining Eq. (8) with Eq. (9), the instantane-
ous angular velocities after collision between J, and J,
are expressed as

ot Jy = Jiey, Jo(1 +e,),
0, = 0 0
L+ 0 L+ (10)
o+ _Jz(l"'ez)' +J4_]2329
YL+, L+

3 Energy dissipation analysis

This paper analyzes the damping performance of
the vibration control mechanism based on axial and tor-
sional displacement responses and energy transfer dissi-
pation. The FANUC M-710IC robot is selected as the
drilling robot. According to the system structure size,
the structural parameters are listed in Tables 1 and 2.
The control parameters are set initially as d =1.7 mm,

a =0.096rad,e, =0.6,¢, =0.1, F =50N, w, =
50 rad/s, T=4 N - m, w, =20 rad/s.

Table 1  Structural parameters of the axial vibration system

Parameter Value
m, 560 kg
m, 20 kg
my 40 kg
my 1.2 kg
k, 50 000 N/m
k, 120 000 N/m
ky 120 000 N/m
¢, 0.1 N-s/m
c, 0.05N - s/m
Cy 0.05N + s/m

Table 2 Structural parameters of the torsional vibration system

Parameter Value
Ji 10 kg - m’
J, 0.5 kg - m’
s 0.6 kg - m’
Js 0.03 kg - m’
k, 3200 N - m/rad
k, 15600 N - m/rad
k, 15600 N - m/rad
¢ 0.15N * m * s/rad
, 0.10N - m * s/rad
¢ 0.10N - m - s/rad

In addition to damping energy consumption, the
vibration control mechanism can transfer and consume
vibration energy by generating impact collision through
impact vibrator.

In collision between the main structure and the
impact vibrator, the speeds of the two parts vary dra-
matically, which results in the transfer of kinetic ener-
gy between the two parts. If the impact vibrator gains a
larger speed after the collision, more kinetic energy
can be transferred. E,, and E,, represent the kinetic en-
ergy transfer caused by axial and torsional collisions,
respectively. The kinetic energy transfer is expressed

as follows''®/.
E, = %(5612 - %) (11)
By = 200 - ) (12)

Due to the viscoelasticity of the collision surface,
part of the vibration energy are consumed. E, and £,
represent the axial and torsional collision consumption
energy. The collision consumption energy is expressed
as
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mym, (x, —x,)°(1 —e})

Ea = 2(m, +m,) (13)
_ J2]4(62 _94>2(1 _6§>
e =00 1) ()

Collisions transfer and consume vibration energy,
as does system damping. E, and E, are the axial and
torsional damping energy dissipation, respectively, and
the damping energy dissipation is depicted as

t
2 . SN2 . SN2
E, = L[clxl +ey (% = %) oy —x,) " Jde
(15)
1
S s .,
kE, = J(;I:Clel +¢,(0, =0,)" +¢;(0; - 6,)" ] dt
(16)

As shown in Fig. 6, the axial energy dissipation of
the system with vibration control mechanism is com-
posed of three parts: damping energy dissipation, colli-
sion energy dissipation, and the kinetic energy transfer
that plays a more important role than the collision ener-
gy dissipation. Fig.7 shows the total vibration energy
consumed by the system. It can be seen that the system
with vibration control mechanism consumes more vibra-
tion energy than the original system.
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Fig.7 Comparison of axial energy consumption

Fig. 8 shows the energy dissipation of torsional vi-
bration. Collision dissipates a small part of the vibra-

tion energy. Kinetic energy transfer plays a more im-
portant role than collision energy dissipation.
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Fig.8 Torsional energy consumption
4 Parameters analysis

The parameters of vibration control mechanism
will affect the damping effect of robotic drilling system.
The parameters of axial vibration mainly include impact
vibrator mass m,, collision recovery coefficient e, and
collision clearance d. The parameters of torsional vibra-
tion are the moment of inertia of impact vibrator J, , the
collision recovery coefficient e, and the collision angu-

larclearance a.

4.1 Impact vibrator mass and collision recovery
coefficient

The impact vibrator mass m, and collision recovery
coefficient e, will not vary once determined. The colli-
sion clearance is set as a constant variable to discuss
the influence of m, and e, on vibration damping per-
formance. As shown in Fig.9(a), with the increase of
m, and decrease of e, , the response displacement de-
creases and the vibration damping effect is improved.
Due to the nonlinearity of impact collision, some pa-
rameters vary irregularly without penalty of the overall
damping law.

As shown in Fig.9(b), the collision angular
clearance « is fixed, and the moment of inertia of im-
pact vibrator J, and the collision recovery coefficient e,
are taken as variables. It can be seen that with the in-
crease of J, , the response angular displacement decrea-
ses. The smaller e, is, the response angular displace-
ment decreases as well. It shows that a larger J, and a
smaller e, is beneficial to reduce the torsional vibration
of the system. In a certain range, the larger m, and J,
and the smaller e, and e, are more beneficial to reduce
the vibration of the system.
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Fig.9 The influence of impact vibrator and collision recovery
coefficient on the damping performance

4.2 Collision clearance

In order to evaluate the impact of collision clear-
ance d on the vibration damping performance, the re-
sponse displacement suppression ratio is obtained by
fixing m, and e, and varying d. The impact of collision
clearance on the vibration damping performance under
different excitation frequencies is analyzed.

As shown in Fig. 10(a) , when the excitation fre-
quency is 50 rad/s, within the range of effective colli-
sion clearance, the displacement suppression ratio does
not show obvious law with the clearance. However, the
displacement suppression ratio is the highest under the
collision clearance of 0. 8 mm, reaching 61.86% . Other
collision also play a certain role in damping, but the
displacement suppression ratio is relatively small. As
shown in Fig. 10(b) , when the excitation frequency is
80 rad/s, the displacement suppression ratio does not
show regular law with the clearance as well. The better
collision clearance is 0. 18 mm and 0. 20 mm, and the
displacement suppression ratio is 54.2% and 54.0% ,

respectively. At certain collision clearance, the dis-
placement suppression ratio worsens. Therefore, within
the range of effective collision clearance, the worsening
collision clearance area should be avoided and the rela-
tively optimal collision clearance should be selected.
As shown in Fig. 10(c) , when the excitation frequency
is 100 rad/s and the collision clearance is 0.5 mm, the
displacement suppression ratio is 34.65% , and the vi-
bration damping effect is the best. Because of the high
excitation frequency, when the collision clearance is
large, collision will deteriorate the vibration damping.
The reason is that under high frequency excitation, the
clearance is too large to have time for reaction of the
impact vibrator, so it moves together with the system
and generates resonance.
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4.3 Collision angular clearance

The influence of collision angular clearance on
damping performance under different excitation fre-
quencies is discussed, where J, =0.04 kg + m*, e, =
0.1. As shown in Fig. 11(a), when the excitation fre-
quency is 20 rad/s, with the increase of the collision
angular clearance, the angular displacement suppres-
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sion ratio gradually increases in general, and there is a
few point that the angular displacement suppression ra-
tio decreases. The angular displacement suppression
ratio reaches the highest value of 42. 4% where the
collision angular clearance is 0. 0128 rad. As shown in
Fig. 11(b), when the excitation frequency is 30 rad/s,
with the increase of collision angular clearance, the an-
gular displacement suppression ratio first increases,
then decreases and then increases. The highest angular
displacement suppression ratio is 32.3% where the
collision angular clearance is 0. 0022 rad. As shown in
Fig. 11(c), when the excitation frequency is 40 rad/s
the highest angular displacement suppression ratio is

28.8%

where the collision angular clearance is

0. 000 34 rad.
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Fig.11 The impact of collision angular clearance on

Angular displacement
suppression ratio/%

the vibration damping performance

In summary, within the effective collision clear-
ance, there is no definite regular law between the vi-
bration damping effect and the collision clearance.
However, there exist some optimum collision clear-
ances that can achieve an improved damping perform-

ance.

5 Simulation of variable clearance semi-ac-
tive control

Adjusting some structural parameters could achieve

active vibration control in a certain frequency range, it
will constitute a semi-active vibration control system
with the system in which the structural parameters could
not be adjusted.

By using Matlab, a group of optimal impact vibra-
tor mass m, (4 kg) and collision recovery coefficient e,
(0.3) were configured. A segmental variable frequency
excitation for simulation of the axial vibration control
was designed for the semi-active control with variable
collision clearance d, which is expressed as Eq. (17).

F(t) = 50cos(100t) 0 -60 s
F(t) = 50cos(80t) 60 — 120 s (17)
F(t) = 50cos(50¢) 120 — 180 s

As shown in Fig. 12, the axial displacement re-
sponse of the robot equipped with vibration control de-
vice is superior to that of the original system. The axial
displacement suppression ratio is 34. 6% under the ex-
citation frequency of 100 rad/s. The axial displacement
suppression ratio is 54.2% under the excitation fre-
quency of 80 rad/s. The axial displacement suppres-
sion ratio is 62.0% under the excitation frequency of
50 rad/s. It is shown that the variable-clearance vibra-
tion control method proposed in this paper can adapt to
the variable frequency excitations, and realize the sup-

pression of axial vibration.
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Fig.12 Simulation of variable clearance control of axial vibration

A segmental variable frequency excitation for sim-
ulation of the torsional vibration control was designed
for the semi-active control with variable collision angu-
lar clearance «, which is expressed as Eq. (18).

T(t) = 4cos(40t) 0 -60s
T(t) = 4cos(30t) 60 — 120 s (18)
T(t) = 4cos(20t) 120 - 180 s

As shown in Fig. 13, the angular displacement re-
sponse of the robot equipped with vibration control de-
vice is superior to that of the original system. The an-
gular displacement suppression ratio is 28.8% under
the excitation frequency of 40 rad/s. The angular dis-
placement suppression ratio is 32.3% under the exci-
tation frequency of 30 rad/s. The angular displacement
suppression ratio is 42.4% under the excitation fre-
quency of 20 rad/s. It is shown that the variable-clear-
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ance vibration control method can realize the suppres-
sion of torsional vibration as well.
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Fig.13 Simulation of variable clearance control of

torsional vibration
6 Conclusion

A two-dimensional vibration control device based
on impact damping is proposed to deal with the axial
vibration and torsional vibration in robotic drilling. The
axial and torsional dynamic equations are established
respectively, and the influence of various structural pa-
rameters on the damping performance is analyzed by
collision theory and energy dissipation theory.

By adjusting the collision clearance, the displace-
ment suppression ratio can be optimized according to
the frequency of the excitations. The Matlab simulation
results show that impact collision can increase the dis-
sipation of vibration energy of the system, in which ki-
netic energy transfer plays a more important role than
impact energy dissipation. Larger impact vibrator
(' mass/moment of inertia) and smaller impact recovery
coefficient are more beneficial to vibration suppression.
Meanwhile, the vibrations generated by robotic drilling
are effectively suppressed by the proposed semi-active
vibration control under different frequency and ampli-
tude excitation conditions.
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