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unexpectedly at e, = 1.2x103 m. Increasing the error amplitude even further, the amplitude of f;
keeps approximately the same magnitude, and the amplitude of f,,, increasing gradually.
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Fig. 10. Bifurcation diagram using e, as control parameter: a) lateral direction, b) torsional direction

For a better understanding the trend of motion with the error fluctuation, Fig. 10(a) presents
the bifurcation diagram using the fluctuation e, as control parameter in lateral direction. As e,
increases from 0 to 0.9x10 m, the spur gear system presents quasi-periodic motion. However, as
e, is increased from 1.05%10m to 1.8x10 m, the spur gear system exhibits chaotic motion
through quasi-periodic motion, which is mainly due to the effect of the backlash. Finally, as the
fluctuation e, is further increased, i.e., e, > 1.95x10° m, the chaotic motion is replaced by
quasi-periodic motion.

In torsional direction, the effect of the parameter e, is illustrated in the bifurcation diagram as
shown in Fig. 10(b). It can be observed that the gear system exhibits quasi-periodic motion at low
values of the fluctuation, i.e., e, < 0.9x10 m and then the chaotic motion can be found as the
fluctuation is increased over e, = 1.05x10° m. At higher values of the fluctuation, i.e.,
e, > 1.95x107 m, the dynamic behaviors of spur gear show quasi-periodic motion.
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Fig. 11. Tooth impact of the spur gear system with changing e,

From the results, under different error fluctuation e, conditions, as show in Fig. 11, the
dynamic responses show that no tooth impact, single-sided tooth impact and double-sided tooth
impact are demonstrated in the spur gear. There is obviously no tooth impact at lower fluctuation
values. As e, increases to 1.05x10 m, this type of characteristic indicates the effect of
transmission error fluctuation causing single-sided tooth impact. The tooth impact continues as
the fluctuation increases until double-sided tooth impact begins to show up. When e, increases to
5.1x10” m, the double-sided tooth impact behavior remains dominant response. These results

implicate that the fluctuation of the transmission error e, tends to worse the degree of the
nonlinearity.
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4. Conclusions

The proposed 4-DOF generalized lumped parameter model is established by considering the
more realistic situation with backlash, gravity, eccentricity, transmission error and lateral-torsional
coupling. Therefore, the model in this paper can produce a more accurate dynamic response than
does the previous models. The influences of rotational speed, backlash and error amplitude on the
dynamic responses are analyzed. The results of this paper are concluded as follows:

1) The rotational speed w is a key parameters affecting the dynamic characteristics of the
coupled lateral-torsional spur gear. The amplitude of f,. reaches higher levels closing to natural
frequency and the spur gear system undergoes a loss a stability with the increasing rotational speed.
In addition, the no tooth impact, single-sided tooth impact, double-sided tooth impact of the
coupled lateral-torsional spur gear can be obviously observed in the corresponding 3-D frequency
spectrum and bifurcation diagram.

2) Due to exist backlash, the coupled system presents strong nonlinear characteristics. With
the increasing of backlash, it can be found that the meshing frequency amplitude increases firstly
and then decreases with jump phenomena. The nonlinear dynamical behaviors are corresponding
with no tooth impact, single-sided tooth impact, and double-sided tooth impact. Whereas the
increase backlash could no longer control the nonlinear dynamical vibration of the spur gear. The
error fluctuant amplitude has significant effect on the nonlinear dynamic behaviors and the
increases of the error fluctuant amplitude could reinforce the nonlinear vibration of the spur gear
system.

3) Furthermore, the results also show that designing a spur gear system to operate at high
rotational speed, a large backlash and a large error fluctuant amplitude should be avoided
especially when the rotational speed is close to the system’s natural frequencies. Therefore, the
conclusion of this paper can confirm the importance of taking the nonlinear factors effect into
account when predicting the dynamical behaviors of the practical spur gear system.

Acknowledgements

The project was supported by China Natural Science Funds (No. 51475084); Collaborative
Innovation Center of Major Machine Manufacturing in Liaoning.

References

[1] Ozguven H. N., Houser D. R. Mathematical models used in gear dynamics — a review. Journal of
Sound and Vibration, Vol. 121, Issue 3, 1988, p. 249-256.

[2] LiM., Sun T., Hu H. Y. Review on dynamics of geared rotor-bearing systems. Journal of Vibration
Engineering, Vol. 15, Issue 3, 2002, p. 383-411.

[31 Zhang S. H., Li Y. P., Qiu D. M. Dynamic analysis of a rotor-bearing system by means of the
harmonic balance method. Chinese Journal of Mechanical Engineering, Vol. 36, Issue 7, 2000,
p. 18-22.

[4] Kahraman A., Singh R. Interactions between time-varying mesh stiffness and clearance
non-linearities in a geared system. Journal of Sound and Vibration, Vol. 146, Issue 1, 1991, p. 135-156.

[S] Kahraman A., Singh R. Nonlinear dynamics of a geared rotor-bearing system with multiple
clearances. Journal of Sound and Vibration, Vol. 144, Issue 3, 1991, p. 469-506.

[6] Raghothama A., Narayanan S. Bifurcation and chaos in geared rotor bearing system by incremental
harmonic balance method. Journal of Sound and Vibration, Vol. 226, Issue 3, 1999, p. 469-492.

[71 Kubur M., Kahraman A., Zini D. M., Kienzle K. Dynamic analysis of a multi-shaft helical gear
transmission by finite elements: model and experiment. Journal of Vibration and Acoustics, Vol. 126,
2004, p. 398-40.

[8] Chen A. H., Luo S. M., Wang W. M., Guo Y. F., Liu D. S. Numerical investigations on dynamic
transmission error and stability of a geared rotor-bearing system. Chinese Journal Mechanical
Engineering, Vol. 40, Issue 4, 2004, p. 398-405.

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. NOV 2016, VOL. 18, ISSUE 7. ISSN 1392-8716 4789



91

[10]

[11]
[12]

[13]

[14]

[15]

[16]

[17]
(18]

[19]

[20]

[21]

[22]
[23]

[24]

[23]

[26]

[27]
28]
[29]
[30]

[31]

4790

2235. NONLINEAR DYNAMIC ANALYSIS OF A COUPLED LATERAL-TORSIONAL SPUR GEAR WITH ECCENTRICITY.
ZHAOHUI REN, JIALIN L1, KAT WANG, SHIHUA ZHOU

Al-shyyab A., Kahraman A. Non-linear dynamic analysis of a multi-mesh gear train using multi-term
harmonic balance method: sub-harmonic motions. Journal of Sound and Vibration, Vol. 279, 2005,
p. 417-451.

Al-shyyab A., Kahraman A. Non-linear dynamic analysis of a multi-mesh gear train using multi-term
harmonic balance method: period-one motions. Journal of Sound and Vibration, Vol. 284, 2005,
p. 151-172.

Kim W., Yoo H. H., Chung J. T. Dynamic analysis for a pair of spur gears with translational motion
due to bearing deformation. Journal of Sound and Vibration, Vol. 329, 2010, p. 4409-4421.

Omar F. K., Moustafa K. A. F., Emam S. Mathematical modeling of gearbox including defects with
experimental verification. Journal of Vibration and Control, Vol. 18, 9, p. 1310-1321.

Chen S. Y., Tang J. Y., Luo C. W., Wang Q. B. Nonlinear dynamic characteristics of geared rotor
bearing systems with dynamic backlash and friction. Mechanism and Machine Theory, Vol. 46, 2011,
p. 466-478.

Chen S. Y., Tang J. Y., Chen W. T., Hu Z. H., Gao M. P. Nonlinear dynamic characteristic of a face
gear drive with effect of modification. Meccanica, Vol. 49, 2014, p. 1023-1037.

Walha L., Driss Y., Khabou M. T., Fakhfakh T., Haddar M. Effects of eccentricity defect on the
nonlinear dynamic behavior of the mechanism clutch-helical two stage gear. Mechanism and Machine
Theory, Vol. 46, 2011, p. 986-997.

Yang J. Y., Peng T., Lim T. C. An enhanced multi-term harmonic balance solution for nonlinear
period-one dynamic motions in right-angle gear pairs. Nonlinear Dynamics, Vol. 67, 2012,
p. 1053-1065.

Osman T., Velex P. H. A model for the simulation of the interactions between dynamic tooth loads
and contact fatigue in spur gears. Tribology International, Vol. 46, 2012, p. 84-96.

Chen Z. G., Shao Y. M., Lim T. C. Non-linear dynamic simulation of gear response under the idling
condition. International Journal of Automotive Technology, Vol. 13, Issue 4, 2012, p. 541-552.
Zhang Y. M., Wang Q. B., Ma H., Huang J., Zhao C. Y. Dynamic analysis of three-dimensional
helical geared rotor system with geometric eccentricity. Journal of Mechanical Science and
Technology, Vol. 27, Issue 11, 2013, p. 3231-3242.

Zhou S. H., Song G. Q., Sun M. N., Ren Z. H. Nonlinear dynamic analysis for high speed
gear-rotor-bearing system of the large scale wind turbine. Journal of Vibroengineering, Vol. 17,
Issue 8, 2015, p. 4560-4574.

Zhou S. H., Song G. Q., Ren Z. H.,, Wen B. C. Nonlinear dynamic analysis of coupled
gear-rotor-bearing system with the effect of internal and external excitations. Chinese Journal of
Mechanical Engineering, Vol. 29, Issue 2, 2016, p. 289-291.

Han Q. K., Chu F. L. Dynamic behaviors of a geared rotor system under time-periodic base angular
motions. Mechanism and Machine Theory, Vol. 78, 2014, p. 1-14.

LiY.G.,Chen T. N., Wang X. P., et al. Non-linear dynamics of spur gear pair under external periodic
excitation. Journal of Xi’an Jiaotong University, Vol. 48, Issue 1, 2014, p. 1-5.

Li Y. G., Chen T. N., Wang X. P. A Non-linear dynamics of gear pair with dynamic backlash
subjected to combined internal and external periodic excitations. Journal of Vibration and Control,
Vol. 22, Issue 6, 2016, p. 1693-1703.

Wang Q. B., Zhang Y. M. Vibration characteristics analysis of a spur gear rotor system with the pitch
deviation. Journal of Mechanical Engineering, Vol. 52, Issue 13, 2016, p. 131-140.

Ma H., Pang X., Feng R. J., Wen B. C. Evaluation of optimum profile modification curves of profile
shifted spur gears based on vibration responses. Mechanical Systems and Signal Processing, Vol. 70,
Issue 71, 2016, p. 1131-1149.

Gou X. F,, Qi C. J., Chen D. L. Nonlinear dynamic modelling and analysis of gear system with tooth
contact temperature. Journal of Mechanical Engineering, Vol. 51, Issue 11, 2015, p. 71-77.

Gao H. D., Zhang Y. D. Nonlinear behavior analysis of geared rotor bearing system featuring
confluence transmission. Nonlinear Dynamics, Vol. 76, 2014, p. 2025-2039.

Gao H. D., Zhang Y. D. Nonlinear dynamics analysis of convergent transmission gear containing
friction. Journal of Vibration, Measurement and Diagnosis, Vol. 34, Issue 4, 2014, p. 737-782.

Hu Z. H., Tang J. Y., Chen S. Y., Sheng Z. H. Coupled translation-rotation vibration and dynamic
analysis of face geared rotor system. Journal of Sound and Vibration, Vol. 351, 2015, p. 282-298.

Hu Z. H., Tang J. Y., Chen S. Y., Lei D. C. Effect of mesh stiffness on the dynamic response of face
gear transmission system. Journal of Mechanical Design, Vol. 135, 2013, p. 1-7.

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. NOV 2016, VOL. 18, ISSUE 7. ISSN 1392-8716



2235. NONLINEAR DYNAMIC ANALYSIS OF A COUPLED LATERAL-TORSIONAL SPUR GEAR WITH ECCENTRICITY.
ZHAOHUI REN, JIALIN L1, KA1 WANG, SHIHUA ZHOU

[32] ShenY.J., Yang S. P., Liu X. D. Nonlinear dynamics of a spur gear pair with time-varying stiffness
and backlash based on incremental harmonic balance method. International Journal of Mechanical
Sciences, Vol. 48, 2006, p. 1256-1263.

Zhaohui Ren is currently a Professor at the School of Mechanical Engineering and
Automation, Northeastern University. He received his Ph.D. degree from Northeastern
University in 2005. His research interests include rotor dynamics and fault diagnosis and
product integrated design method.

Jialin Li is currently a Master at School of Mechanical Engineering, Northeastern
University, China. His main research interests include gear-rotor-bearing dynamics,
mechanical vibration and control.

Kai Wang is currently a Master at School of Mechanical Engineering, Northeastern
University, China. His main research interests include optimize the control strategy of
electric vehicle and intelligent optimization algorithms.

Shihua Zhou is a Ph.D. student at the School of Mechanical Engineering and Automation,
Northeastern University. He received his Master’s degree from Northeastern University.
-y China, in 2013. His research interest is the dynamic characteristics of gear-rotor-bearing
\ system.

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. NOV 2016, VOL. 18, ISSUE 7. ISSN 1392-8716 4791



