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Abstract. Nonlinear interactions between the exciting mass and the case of a pipe robot are
important in order to prevent impacts of the exciting mass with the case of the pipe robot. Those
impacts lead to deterioration of operation of a pipe robot and even may lead to destruction of some
parts of the robot. Model for the analysis of dynamics of a pipe robot with limited interactions is
proposed in this paper. For this purpose, a special expression of nonlinear stiffness is used. Results
of investigations for various parameters of the system are presented.
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1. Introduction

Nonlinear interactions between the exciting mass and the case of a pipe robot are important in
order to prevent impacts of the exciting mass with the case of the pipe robot. Those impacts lead
to deterioration of operation of a pipe robot and even may lead to destruction of some parts of the
robot.

Model for the analysis of dynamics of a pipe robot with limited interactions is proposed in this
paper. For this purpose, a special expression of nonlinear stiffness is used. Results of
investigations for various parameters of the system are presented.

Resonances of dynamical systems are investigated in [1]. Impact motions are analyzed in [2].
Stabilization of vibrating systems is investigated in [3]. Vibrations and impacts are analyzed in
[4]. Periodic orbits of dynamical systems are investigated in [5]. Energy sink of vibro-impact type
is analyzed in [6]. Impact of a particle with a wall is investigated in [7]. Investigation of
frequencies of a dynamical system is presented in [8]. Dynamics of a pendulum is analyzed in [9].
System with piecewise linearity is investigated in [10]. Vibrating system with resonant zones is
analyzed in [11]. Investigation of the Sommerfeld effect is described in [12]. Dynamical systems
with isolated resonances are analyzed in [13].

Similar model of a pipe robot without interactions of limited displacement type is investigated
in [14]. Main objective of this paper is to investigate the effect of interactions of limited
displacement type to the dynamic behavior of a pipe robot.

Model of a pipe robot with two degrees of freedom and nonlinear interactions of limited
relative displacement type is described. Then results of numerical investigations for various
parameters of the investigated pipe robot are presented.

2. The model of a system with limited displacements

The system is described by the equation:

1
x”+2hx’+1_—|x|x =fSinVT, (1)
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where x denotes the displacement, h denotes the coefficient of viscous friction, f denotes the
amplitude of excitation, v denotes the frequency of excitation, T denotes the time and prime
denotes differentiation with respect to the time.

2.1. Conservative model when h =0, f = 0

Results for x(0) = 0, x'(0) = 1 are shown in Fig. 1. Results for x(0) = 0, x'(0) = 1.5 are
shown in Fig. 2.

For greater value of initial velocity, the effect of nonlinear stiffness is greater, and this is clearly
seen from the dependence of force of stiffness from displacement.
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Fig. 1. Conservative system for x(0) = 0, x'(0) = 1
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Fig. 2. Conservative system for x(0) = 0, x'(0) = 1.5
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2.2. Amplitude frequency characteristics of the conservative model

Amplitude frequency characteristics for the displacement and for the velocity are shown in
Fig. 3.

Hardening effect is seen from the presented results. For higher nonlinearity the increase of the
amplitude of the third harmonic is seen.
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Fig. 3. Amplitude frequency characteristics: constant part and amplitudes of the first three harmonics
2.3. Dynamics of the forced dissipative model

The parameters of the system are set to h = 0.1, f = 1. Steady state solutions are depicted in
Fig. 4 and in Fig. 5.
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Fig. 4. Steady state motion forh = 0.1, f =1,v=1
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Fig. 5. Steady state motion forh = 0.1, f =1,v =15

For higher value of frequency of excitation, the nonlinear effect is greater, and this is clearly
seen from the dependence of the force of stiffness from the displacement.

3. The model of a pipe robot with limited interactions

The schematic diagram of the pipe robot is depicted in Fig. 6.
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Fig. 6. Principle of operation of a pipe robot

The investigated system has two degrees of freedom and is described by the two differential
equations:

" + h I + _ — . , )
X1 (x'y —x'3) T — 2l I — ] (%1 — x3) = fysinvt ()
" / p h,x',,when x', > O}
Ry = 2y) + e (xy — o,
ux"y, + h(x', —x')) + T r— (x, —x1) + {hzx’z,when <0 3)

where x; denotes the displacement of the exciting mass located inside of the pipe robot, x,
denotes the displacement of the case of the pipe robot, u denotes the mass of the case of the
investigated pipe robot, h denotes the coefficient of viscous friction between the exciting mass
located inside of the pipe robot and the case of the investigated pipe robot, h; denotes the
coefficient of viscous friction of the case of the investigated pipe robot with respect to the pipe for
positive velocity of motion of the investigated pipe robot, h, denotes the coefficient of viscous
friction of the case of the investigated pipe robot with respect to the pipe for negative velocity of
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motion of the investigated pipe robot, f; denotes the amplitude of excitation, v denotes the
frequency of excitation, 7 denotes the time, and prime denotes differentiation with respect to the
time.

It was assumed that the parameters of the investigated vibrating system have the following
values: ©=0.1, h=0.1, h; = 0.2, v = 1. Investigations for two values of amplitude of
excitation were performed at f, = 1 and f;, = 10. Also, investigations for two values of viscous
friction of the case of the investigated pipe robot with respect to the pipe for negative velocity of
motion of the investigated pipe robot were performed at h, = 0.1 and h, = 2. Calculations from
zero initial conditions were performed: x,(0) = 0, x,(0) = 0, x’;,(0) = 0, x',(0) = 0.

In order to visually estimate that the steady state regime has been reached two periods of steady
state motions are represented.

4. Dynamics of the proposed model of a pipe robot with limited interactions
4.1. Dynamics of the pipe robot with limited interactions for f, = 1
4.1.1. Dynamics of the pipe robot with limited interactions for h, = 0.1
Displacement of the first degree of freedom, velocity of the first degree of freedom,
displacement of the second degree of freedom, velocity of the second degree of freedom as

functions of time are shown in Fig. 7.
Relative displacement and relative velocity as functions of time are shown in Fig. 8.
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Fig. 7. Dynamics of the pipe robot with limited interactions

foru=01,h=01,h =02, v=1,f =1 h, =0.1
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a) Relative displacement as function of time b) Relative velocity as function of time
Fig. 8. Relative motions in the pipe robot with limited interactions
foru=01,h=01,h; =02,v=1,f,=1,h, =0.1
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4.1.2. Dynamics of the pipe robot with limited interactions for h, = 2

Displacement of the first degree of freedom, velocity of the first degree of freedom,
displacement of the second degree of freedom, velocity of the second degree of freedom as
functions of time are shown in Fig. 9.
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Fig. 9. Dynamics of the pipe robot with limited interactions
foru=01,h=01,h =02,v=1fy=1,h, =2

Relative displacement and relative velocity as functions of time are shown in Fig. 10.
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Fig. 10. Relative motions in the pipe robot with limited interactions
foru=01,h=01,h =02,v=1f;=1,h, =2

From the presented results it is seen that for the first value of viscous friction of the case of the
investigated pipe robot with respect to the pipe for negative velocity of motion of the investigated
pipe robot motion of the pipe robot in the negative direction of the x axis is observed, while for
the second value of viscous friction of the case of the investigated pipe robot with respect to the
pipe for negative velocity of motion of the investigated pipe robot motion of the pipe robot in the
positive direction of the x axis is observed.

4.2. Dynamics of the pipe robot with limited interactions for f, = 10
4.2.1. Dynamics of the pipe robot with limited interactions for h, = 0.1
Displacement of the first degree of freedom, velocity of the first degree of freedom,

displacement of the second degree of freedom, velocity of the second degree of freedom as
functions of time are shown in Fig. 11.
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Fig. 11. Dynamics of the pipe robot with limited interactions
fory=01,h=01,h; =02,v=1, f, =10, h, = 0.1

Relative displacement and relative velocity as functions of time are shown in Fig. 12.
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Fig. 12. Relative motions in the pipe robot with limited interactions
forp=01,h=01h, =02 v=1f =10,h, = 0.1

4.2.2. Dynamics of the pipe robot with limited interactions for h, = 2

Displacement of the first degree of freedom, velocity of the first degree of freedom,
displacement of the second degree of freedom, velocity of the second degree of freedom as
functions of time are shown in Fig. 13.

Relative displacement and relative velocity as functions of time are shown in Fig. 14.

From the presented results it is seen that for the first value of viscous friction of the case of the
investigated pipe robot with respect to the pipe for negative velocity of motion of the investigated
pipe robot motion of the pipe robot in the negative direction of the x axis is observed, while for
the second value of viscous friction of the case of the investigated pipe robot with respect to the
pipe for negative velocity of motion of the investigated pipe robot motion of the pipe robot in the
positive direction of the x axis is observed.

From the obtained results it can be seen that for the case when amplitude of excitation is high,
the distance travelled by the investigated pipe robot with limited interactions is much greater than
for the case when amplitude of excitation is low.

Similar model of a pipe robot without interactions of limited displacement type is investigated
in [14]. From the results presented in this paper the effect of interactions of limited displacement
type to the dynamic behavior of a pipe robot can be seen.
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Fig. 13. Dynamics of the pipe robot with limited interactions
foru=01,h=01,h; =02,v=1, f, =10, h, =2

xt-xl Xt"xll
0.80 273

NN

113.10 125.66 113.10 125.66
a) Relative displacement as function of time b) Relative velocity as function of time
Fig. 14. Relative motions in the pipe robot with limited interactions
foru=01,h=01,h; =02,v=1,f, =10, h, =2

5. Conclusions

Pipe robot with limited interactions is investigated. Nonlinear interactions between the exciting
mass and the case of a pipe robot are important in order to prevent impacts of the exciting mass
with the case of the pipe robot. Those impacts lead to deterioration of operation of a pipe robot
and even may lead to destruction of some parts of the robot. Model for the analysis of dynamics
of a pipe robot with two degrees of freedom and nonlinear interactions of limited relative
displacement type is proposed in this paper. For this purpose, a special expression of nonlinear
stiffness is used.

Results of numerical investigations for various parameters of the investigated pipe robot are
presented. From the presented results it is seen that depending on the value of viscous friction of
the case of the investigated pipe robot with respect to the pipe for negative velocity of motion of
the investigated pipe robot motion of the pipe robot in the negative direction of the x axis can be
observed as well as motion of the pipe robot in the positive direction of the x axis can be observed.

Also, from the obtained results it can be seen that for the case when amplitude of excitation is
high, the distance travelled by the investigated pipe robot with limited interactions is much greater
than for the case when amplitude of excitation is low.

The presented results can be used in the design of pipe robots with limited interactions.

11 4 MATHEMATICAL MODELS IN ENGINEERING. DECEMBER 2022, VOLUME 8, ISSUE 4



MODEL OF A PIPE ROBOT WITH LIMITED INTERACTIONS.
K. RAGULSKIS, B. SPRUOGIS, A. MATULIAUSKAS, V. MISTINAS, L. RAGULSKIS

Acknowledgements
The authors have not disclosed any funding.
Data availability

The datasets generated during and/or analyzed during the current study are available from the
corresponding author on reasonable request.

Author contributions

Kazimieras Ragulskis: conceptualization, formal analysis, investigation, methodology,
supervision, validation, visualization, writing — original draft preparation, writing — review and
editing. Bronislovas Spruogis: formal analysis, investigation, methodology, supervision,
validation, visualization, writing — original draft preparation, writing — review and editing.
Arvydas Matuliauskas: formal analysis, investigation, methodology, validation, visualization,
writing — original draft preparation, writing — review and editing. Vygantas MiStinas: formal
analysis, investigation, methodology, validation, visualization, writing — original draft
preparation, writing — review and editing. Liutauras Ragulskis: visualization.

Conflict of interest
The authors declare that they have no conflict of interest.
References

[1]  W. V. Wedig, “New resonances and velocity jumps in nonlinear road-vehicle dynamics,” Procedia
IUTAM, Vol. 19, pp. 209-218, 2016, https://doi.org/10.1016/j.piutam.2016.03.027

[2] T.Li E. Gourc, S. Seguy, and A. Berlioz, “Dynamics of two vibro-impact nonlinear energy sinks in
parallel under periodic and transient excitations,” International Journal of Non-Linear Mechanics,
Vol. 90, pp. 100-110, Apr. 2017, https://doi.org/10.1016/j.ijnonlinmec.2017.01.010

[3] V. A. Zaitsev, “Global asymptotic stabilization of periodic nonlinear systems with stable free
dynamics,”  Systems and  Control  Letters, Vol. 91, pp. 7-13, May 2016,
https://doi.org/10.1016/j.sysconle.2016.01.004

[4] H. Dankowicz and E. Fotsch, “On the analysis of chatter in mechanical systems with impacts,”
Procedia IUTAM, Vol. 20, pp. 18-25, 2017, https://doi.org/10.1016/j.piutam.2017.03.004

[S]1 S. Spedicato and G. Notarstefano, “An optimal control approach to the design of periodic orbits for
mechanical systems with impacts,” Nonlinear Analysis: Hybrid Systems, Vol. 23, pp. 111-121, Feb.
2017, https://doi.org/10.1016/j.nahs.2016.08.009

[6] W.Li, N. E. Wierschem, X. Li, and T. Yang, “On the energy transfer mechanism of the single-sided
vibro-impact nonlinear energy sink,” Journal of Sound and Vibration, Vol. 437, pp. 166—-179, Dec.
2018, https://doi.org/10.1016/].jsv.2018.08.057

[71 J. S. Marshall, “Modeling and sensitivity analysis of particle impact with a wall with integrated
damping mechanisms,” Powder Technology, Vol. 339, pp. 1724, Nov. 2018,
https://doi.org/10.1016/j.powtec.2018.07.097

[8] E. Salahshoor, S. Ebrahimi, and Y. Zhang, “Frequency analysis of a typical planar flexible multibody
system with joint clearances,” Mechanism and Machine Theory, Vol. 126, pp. 429-456, Aug. 2018,
https://doi.org/10.1016/j.mechmachtheory.2018.04.027

[9] U. Starossek, “Forced response of low-frequency pendulum mechanism,” Mechanism and Machine
Theory, Vol. 99, pp. 207-216, May 2016, https://doi.org/10.1016/j.mechmachtheory.2016.01.004

[10] S.Wang, L. Hua, C. Yang, Y.O. Zhang, and X. Tan, “Nonlinear vibrations of a piecewise-linear quarter-
car truck model by incremental harmonic balance method,” Nonlinear Dynamics, Vol. 92, No. 4,
pp. 1719-1732, Jun. 2018, https://doi.org/10.1007/s11071-018-4157-6

[11] P. Alevras, S. Theodossiades, and H. Rahnejat, “On the dynamics of a nonlinear energy harvester with
multiple resonant zones,” Nonlinear Dynamics, Vol. 92, No. 3, pp. 1271-1286, May 2018,
https://doi.org/10.1007/s11071-018-4124-2

ISSN PRINT 2351-5279, ISSN ONLINE 2424-4627 115



(12]

[13]

[14]

116

MODEL OF A PIPE ROBOT WITH LIMITED INTERACTIONS.
K. RAGULSKIS, B. SPRUOGIS, A. MATULIAUSKAS, V. MISTINAS, L. RAGULSKIS

A. Sinha, S. K. Bharti, A. K. Samantaray, G. Chakraborty, and R. Bhattacharyya, “Sommerfeld effect
in an oscillator with a reciprocating mass,” Nonlinear Dynamics, Vol. 93, No. 3, pp. 17191739, Aug.
2018, https://doi.org/10.1007/s11071-018-4287-x

G. Habib, G. I. Cirillo, and G. Kerschen, “Isolated resonances and nonlinear damping,” Nonlinear
Dynamics, Vol. 93, No. 3, pp. 979-994, Aug. 2018, https://doi.org/10.1007/s11071-018-4240-z

K. Ragulskis, B. Spruogis, M. Bogdevicius, A. Matuliauskas, V. Mistinas, and L. Ragulskis,
“Dynamics of a two mass pipe robot with the self-stopping mechanism based on viscous friction,”
Mathematical Models in Engineering, Vol. 6, No. 4, pp. 172-178, Dec. 2020,
https://doi.org/10.21595/mme.2020.21824

Kazimieras Ragulskis is a member of Academies of Sciences of the USSR (later of the
Russian Academy of Sciences) and Lithuania. His research area is precise vibromechanics
and vibroengineering, the basis of it are vibrations and waves in nonlinear dynamical
systems.

Bronislovas Spruogis is a Professor of the Department of Mobile Machinery and Railway
Transport of the Faculty of Transport Engineering of Vilnius Gediminas Technical
University. His main research interests are dynamics and design of mechanical and
hydraulic systems.

Arvydas Matuliauskas is a Lecturer of the Department of Mobile Machinery and Railway
Transport of the Faculty of Transport Engineering of Vilnius Gediminas Technical
University. His main research interests are dynamics and design of robots.

Vygantas Mistinas is a Lecturer of the Department of Mobile Machinery and Railway
Transport of the Faculty of Transport Engineering of Vilnius Gediminas Technical
University. His main research interests are dynamics and design of robots.

Liutauras Ragulskis is working as a research associate at Vytautas Magnus University.
His research interests are numerical calculations of vibrating systems.

MATHEMATICAL MODELS IN ENGINEERING. DECEMBER 2022, VOLUME 8, ISSUE 4





