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Abstract. In this paper, the dynamic behavior of a spur gear system was studied with external and
internal dynamic incentive. The vibration differential equations for spur gear system were
expressed in equivalent discrete models of mass, damping, and spring elements using the Lagrange
equation considering the effect of lateral-torsional vibration coupling on the dynamics of gears,
which was solved by the Newmark method. The investigation was carried out with multi-degree
of freedom system for spur gear model, which took into account gravity, gear eccentricity,
backlash, dynamic transmission error and external dynamic incentive. The lateral and torsional
response characteristics of geared system were analyzed by changing the value of the rotational
speed, backlash and eccentricity. It was shown from the research that the jump discontinuous
phenomenon occurred at lower backlash value with increasing rotational speed and the frequency
amplitudes also increased, and the regions of continuous frequency became winder when the
rotational speed difference was greater. Moreover, complicated combination frequency
components followed a rule of increasing firstly and then decreasing with the different backlash
and eccentricity. The study may contribute to a further understanding of the dynamic
characteristics of such a gear rotor-bearing system.

Keywords: gear system, coupled lateral-torsional vibration, eccentricity, nonlinear dynamics.
1. Introduction

It is well known that the gear transmission system is effective power transmission system in
almost all machinery, which has the advantages of wide range power, high torque to weight ratios,
high reliability and stationary, high transmission efficiency, and accurate drive ratio. Therefore,
in the manufacture of industrial rotating machinery, gear transmission systems have been widely
used in various applications such as wind turbines, ships, automobiles, and aircrafts, and are
considered to be one of the most important mechanical components. However, the complicated
structure and the working condition of gear system cause the vibration and noise more
significantly. Therefore, it has important influence on working accuracy, reliability, vibration
noise for the dynamic characteristics and work performance of the whole machine. The dynamic
analysis of gear transmission system is essential in analyzing noise and vibration characteristics.
Due to the spur gear meshing, the gear system has different vibration characteristics to compare
with simplified rotor system. One of the main features of gear model is that the coupled
lateral-torsional vibration exists between the driving gear and driven gear. If it doesn’t consider
the coupled vibration, which not only can reduce the calculation accuracy, but also may lose some
important characteristics of in the gear system (torsional excitation excites the lateral response,
coupled vibration causes new frequency component). Therefore, it is important to establish an
accurate mathematical model for dynamic characteristics of the gear system.

In recent years, many researchers have shown that the typical dynamic models can be used to
well analyze the dynamic behaviors of gear system, which achieved some remarkable
achievements. In order to verify and revise the theory model, a lot of experiment and simulation
works have been performed by using different forms of test rigs and methods [1-4]. Ozguven [5]
comprehensively reviewed the mathematical models and dynamic phenomena of gear dynamics,
where the focus was mainly on linear case. Chen [6] developed a nonlinear dynamic model of spur
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gear pair system with considering time-varying mesh stiffness and backlash, which was solved
using the numerical method. The statistical properties of vibration displacement and dynamic
engaging force of gear were obtained through the statistics analysis of simulation results. Ma [7-9]
established a general total degree of freedom dynamic model of helical gear pair by considering
the static transmission error and geometric eccentricities, and the system was simulated by using
finite element method. Han [10, 11] studied the dynamic behaviors of a gear rotor system under
time-periodic base motions, and utilized the numerical method to obtain the lateral and torsional
responses of the geared system with transmission error, unbalanced mass excitations and tooth
root cracks. A. Kaharman and R. Singh [12] studied the nonlinear dynamic characteristics of spur
gear system with harmonic balance method. In order to further study the nonlinear characteristics
of gear transmission system, A. Kaharman [13] deduced the nonlinear dynamic equations of spur
gear rotor train system, the influences of various parameters were studied with harmonic balance
method and Runge-Kutta. Due to the effect of time-varying mesh stiffness, A. Kaharman [14]
sequentially analyzed the influence of the gear rotor-bearing system with the gear clearance and
the time-varying meshing stiffness, and carried on a detailed analysis to the gear system. Wu [15]
analyzed a purely rotational model of Ravigneaux compound planetary gear train system. The
influences of gear backlash, time-varying mesh stiffness and synthetic mesh error were analyzed
by changing the value of the parameters, and the nonlinearity degree of the system was increased
by the coupling of stiffness fluctuation, mesh error and backlash. Raghothama [16] investigated
the periodic motions of a non-linear gear rotor-bearing system by the incremental harmonic
balance method and used arc length continuation technique to trace the bifurcation diagrams. It
should be noted from foregoing literature that few analytical solutions to nonlinear gear system
with rotational speed, gear eccentricity and amplitude of the excitation problems have appeared
in the published literature. Therefore, a relatively accurate dynamic model with lateral-torsional
coupled vibration for prediction of vibration responses is necessary to assess the noise and
behavior of gear systems, and to identify and implement potential solutions to either problem.

Although many spur gear models have been developed in the literature, very few considered
eccentricity, gravity and other nonlinear factors of the established models. For an accurate
analytical modeling which can indicate the meshing relations and the detailed nonlinear
characteristics, therefore a careful examination is needed in modelling the non-linear dynamic
behavior of the gear system. It is found that few references study on the effects of the changing
rotational speed, changing eccentricity and changing backlash for gear system. In this paper,
considering the complex nonlinear characteristic, an analytical model was proposed by
lumped-parameter method, which could be used to study the vibration characteristics of gear
system systematically. And the present work investigated the complex, nonlinear dynamic
behavior of the system by discussing the influence on vibration characteristics with different
parameters.

2. Nonlinear model of spur gear system

The dynamic model of spur gear system investigated in the present study is demonstrated in
Fig. 1. The model consists of two gears on the two shafts, which are connected to a load and a
prime mover. The 4-degree-of-freedom coupled lateral and torsional model is a strongly nonlinear
system, and the shafts and bearings are taken into account as corresponding stiffness and damping.
In addition, the meshing relationship between the driving and driven gears is represented using a
set of mesh stiffness and a constant meshing damping elements acting along in the direction of the
gear meshing line of action.

According to the previous geometrical relationships, as shown in Fig. 1, the angle
displacements ¢; (t) of the driving and driven gears can be expressed by the following equations:

91(t) = Wit +6,(1), @2(t) = wyt +6,(1), (D
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where w; and w, are the constant angular velocity components of the driving and driven gears.
The relationships between the G;, G, and the 0;, O, are expressed as follows:

Vg1 =Y1 T p1sin(—¢y), Vg2 = Y2 — P2Sing,. @)

In order to ensure the contact of teeth surface on meshing performance, it is assumed that the
relative deformation of gear pair is completely changed into elastic deformation on teeth surface
along with the meshing direction. The meshing gear pair is connected through the spring and
damping. Therefore, the comprehensive deformation between the driving and driven gear along
the mesh line-direction is expressed as:

8 =Yg1 — Vg2 + @17p1 — @2Tp2 — e(t). 3)

Calculation and simulation of gear meshing force based on the viscoelasticity theory. So force
can be described as:

En = cm8 + ki f (8), “

where, k,, and c,, represent the average meshing stiffness and damping; 3,4 and 73, are the base
radiuses of helical gears; f(§) is the backlash function. e(t) indicates the general transmission
errors.

In this paper, the external/internal excitation torque T;(t) (i = d, I) can be written:

Td = Tdm + Tdrsin(wlt + (pd), Tl = Tlm + Tlrsin(wzt + (pl) (5)
2.1. Derivation of the vibration differential equations

It is assumed that meshing stiffness of the spur gear system is averaged and neglects the
meshing backlash, meshing friction and the change of at meshing position. The meshing force F
in the pressure line direction acts on the center of tooth width. The vibration differential equations
of spur gear system, shown in Fig. 1, can be derived via the four generalized coordinates y,, 6;,
y, and 6,. The dynamic model of the spur gear system can be written as:

my Y1 + (G + C1)Y1 + Cme191 CmY2 — CmTb202 + K1 y1
= myp1@ising; — myp;67cosp; — by + cpé(t) —mg,
J101 + cptpiy1 + (o + Cmr) 01 — - CmTp1Y2 — CmTp1Tp202 + k164 .
= myp{ pisingicosp, — myp7h;cos® @, +myp;J1c086; — Cpu7p18;
—Fnr 039, + 1y 0 + T, ©
myy, — Cmyl Cmrb191 + (Cm + ¢s2)y2 + Cmrb292 + ks2y2
= My P P3sing, — mzngz COSQ; + Cpb; — Cpé(t) — myg,
/292 Cm’"bZ)ﬁ - Cmrb1rb291 + Cm’"bz)’z + (cez + cmeZ)BZ + k¢20; )
= M, p3 P3SN, c0sQ, — M,p30,c08%Q, + M;yp,3,C080, — CpTy 6,
—Fnp2€os@, — Cutp2€(t) — Ty,

where, kg; and k;; (i = 1, 2) are the equivalent lateral and torsional stiffnesses of shaft and
bearing, respectively; cs; and ¢;; (i = 1, 2) are the equivalent lateral and torsional dampings of
shaft and bearing.

3. The dynamic response characteristics of the gear system with constant speed

From the previous conclusions and results, it can be seen that the gear system is a complicated
system with the strong nonlinearity, time variance, the support bearing and complicated working
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environment. Therefore, it is necessary to give a detailed analysis of the system. The dynamic
behaviors of system are investigated by Newmark method. On this basis, the system geometry
parameters of the transmission system analyzed in this paper are given in Table 1. In this section,
a series of numerical simulations are performed. The purpose is to examine the influence of the
backlash b and eccentricity p on the dynamic response.

Driving gear

Bearin,

Driven gear
Fig. 1. Dynamic model of coupled lateral-torsional vibration spur gear system

Table 1. Main parameters for the spur gear system

Case study Driving/driven gear Case study Driving/driven gear
Number of teeth z,/z, 20 Meshing stiffness k,, 5.0x108 N/m
Mass Skg Meshing damping c,, 1.2x103 N/(m/s)
Moment of inertia J;/J, 0.8 kg.m? Error mean e, 2.0x10° m
Radius 731/13, 0.1 m Error fluctuation e, 3.0x10° m
Torsional stiffness k;q1/k;, 1.0x107 N.m/rad Torque mean Ty /Tim 300 N/m
Torsional damping ¢;1/c,, | 4.0x10? N/(rad/s) | Torque fluctuation T,./T;, 700 N/m
Backlash b 3.0x10° m Module m 8 mm
Eccentricity p 2.0x10° m Acceleration of gravity g 9.8 ms?

3.1. Influence of the backlash b with constant speed

In this analysis, in order to investigate the nonlinear dynamic characteristics of spur gear
system with backlash b, the other parameters remain the same, the 3-D frequency spectrum using
b as control parameter with different rotational speed are obtained as shown in Fig. 2, the vibration
responses of spur gear system in the range of w € [600, 900] rad/s. From the figures, it is indicated
that the rotational frequency f, and meshing frequency f,,, components are the dominated
response in 3-D frequency spectrum of the spur gear at w = 600 rad/s, 700 rad/s, 800 rad/s and
900 rad/s. From the figures, as shown in Fig. 2, the results show that there is significant difference
of the vibration responses obtained by different rotational conditions. When the rotational speed
increases from 600 rad/s to 900 rad/s, the jump discontinuous phenomenon occurs at lower
backlash value with increasing rotational speed and the frequency amplitudes also increase.
Therefore, the decreasing rotational speed can inhibit the occurrence of the strongly nonlinear
behaviors to some extent. With the increase of the rotational speed difference, the regions of
continuous frequency become winder, which indicates that the system motion is chaotic behavior,
from b € [7.0, 7.5]x10” m at w = 600 rad/s to b € [2.5, 6.5]x10° m at w = 900 rad/s. This is
because the spur system exhibits backlash and eccentricity; the centrifugal force and tooth impact
gradually increase with the increasing rotational speed. In order to perform detailed analysis on
the effect of backlash, the responses of spur gear under a certain speed exhibit the following
dynamic phenomenon.

2190  ©JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. AUG 2015, VOLUME 17, ISSUE 5. ISSN 1392-8716



1668. NONLINEAR DYNAMIC CHARACTERISTIC OF GEAR SYSTEM WITH THE ECCENTRICITY.
JIE L1U, SHIHUA ZHOU, SHUIE WANG

(=

—
(8]

| Amplitude 4/mx10-3

) Amplitude A/radx10*
<
(=9

3000y vz

Freque

s 1
%8 c1.4
& %
< £
o <
B 44 %0.7 1.
'T;m =
< 3
= <
<

x; Amplitude A/mx104

0, Amplitude A/radx10-

x; Amplitude 4/m=10-3
¢ Amplitude 4/radx10+

Fig. 2. 3-D frequency spectrum of the gear system using b as control parameter under different rotational
speed w: a), b) w = 600 rad/s, c), d) w = 700 rad/s, e), f) w = 800 rad/s, g), h) w = 900 rad/s
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When w = 800 rad/s, it can be seen from the 3-D frequency spectrum shown in Fig. 2(a) that
the 1-rotational frequency and meshing frequency components exhibit simultaneously. The f,,, is
the main frequency component and the amplitude is far greater than the amplitude of the
1-rotational frequency at low values of the backlash b, i.e., b < 5.1x10° m. In addition, the
meshing frequency component reaches to a peak at b = 4.9x10”° m and then slightly decreased,
and then shows a strong jump discontinuous phenomena at b = 5.1x10° m. Other frequency
components do not appear obviously. However, as b is increased from 5.2x10”° m to 5.5x10”° m,
the 3-D frequency spectrum of the spur gear system in lateral direction shows a wide band and
complicated continuous spectrum, which was caused by irreducible multiple frequency
components and indicates low-dimensional chaotic behavior of the spur gear system. As the
control parameter b is further increased, i.e., b = 5.6x107° m to 6.0x10-> m, some higher harmonic
components, such as the rotational frequency, multi-rotational frequency, meshing frequency and
combination frequency, clearly appear and the frequency amplitudes slightly decrease in the 3-D
frequency spectrum. In addition, it also reveals continuous excitation frequency. When the
backlash varies in the range b = 6.1x10° m to 7.6x10° m, due to the effect of the coupled
lateral-torsional vibration, the gear generates elastic deformation and changes the meshing state
of gear, which causes complicated higher harmonic components in the 3-D frequency spectrum.
The regions of continuous spectrum becomes narrower than b = 5.6x10 m to 6.0x10> m and
gradually vanish. Besides, the 1-rotational frequency (f,.) dominates in spectral response and the
meshing frequency (f;,,) can still be seen obviously. For b greater than 7.6x10~° m, the 1-rotational
frequency amplitude and meshing frequency amplitude have an approximate constant and the
amplitudes are approximately the same magnitude with the increase of the backlash. Furthermore,
other frequency components do not exhibit.

Fig. 2(b) presents the 3-D frequency spectrum of the spur gear system in torsional direction,
which are clearly different from amplitude frequency response in lateral direction. The meshing
frequency amplitude in torsional direction is 2 times than that in lateral-direction. It can be seen
that the 1-rotational frequency and meshing frequency components obviously exhibit. In addition,
1-rotational frequency amplitude is almost constant, and meshing frequency amplitude increases
gradually and the slight decrease with the increase of backlash from 2.0x10% m to 5.1x107 m.
Close to 4.9x10~° m the meshing frequency amplitude reaches high levels. When b increases from
5.2x107° m to 7.6x10” m, the frequency response of gear system performs complicated nonlinear
behaviors. Continuous spectrum transits to discrete frequency components and then continuous
spectrum and the region of the continuous spectrum become narrower. The 1-rotational frequency
amplitude increases with fluctuation and it is dominated in the 3-D frequency spectrum. The
meshing frequency component exhibits jump phenomena and discontinuity behavior. As b further
increases from 7.7x10” m to 1010 m, the 1-rotational frequency component dominates and the
meshing frequency will not be significant in the frequency response. The amplitude of f,- has an
approximate constant.

3.2. Influence of the eccentricity p with constant speed

Here, p (p; = p, = p) is treated as the control parameter with a constant step in the range
p € [0, 10]x10° m and the other parameters remain the same. The vibration responses of spur gear
in the range of w € [700, 900] rad/s are studied and the 3-D frequency spectra of the gear in lateral
direction and torsional direction are given in Fig. 3, respectively. In the figures, it is demonstrated
obviously that the 3-D frequency spectra show different nonlinear behaviors. In lateral direction, the
1-rotational frequency f, and meshing frequency f;,, components are the main frequency with
different rotational speed. The amplitude of 1-rotational frequency f, increases gradually, and then
has an approximate constant with the increase of the eccentricity. The amplitude of f;,, increases, but
the amplitude jump phenomena move backward with the changing rotational speed. In torsional
direction, the amplitude of f,. exhibits different feature with the lateral direction, which decrease
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firstly and then basically remain unchanged. In addition, the results show that there is slight
difference between the variation tendencies obtained of the f;,, in two directions. Based on the above
analysis, it is clear that the amplitudes of frequency obviously increase, and the regions of the chaotic
behavior become winder. At w = 700 rad/s, the time-domain response (p = 1.8x10” m) is shown
in the 3-D frequency spectrum, which can be seen that the vibration response of gear system is more
complicated and the time-domain contains multiple harmonic components. The characteristics are
caused by increasing eccentricity, which makes the centrifugal force increase.
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Fig. 3. 3-D frequency spectrum of the gear system using p as control parameter under different rotational
speed w: a), b) w = 700 rad/s, c¢), d) w = 800 rad/s, e), f) w = 900 rad/s

In this section, the vibration response of the spur gear with w = 800 rad/s is described by the
3-D frequency spectrum. The response of the spur gear system exhibits the following dynamic
phenomena. The 3-D frequency spectrum, as shown in Fig. 3(a), is presented in lateral direction. It
can be observed that the l-rotational frequency is the dominated component, which clearly
demonstrates that the f;. is a critical response that influences the spur gear system dynamic behavior,
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the meshing frequency amplitude is relatively less due to the lower eccentricity and backlash
nonlinearity is the maininfluence factor , i.e., p < 2.06x10” m. In addition, a number of different
amplitude discrete frequency components (f;., nf;, fm, nfm, Nfm T nf;) can be clearly observed,
which is caused by backlash, external periodic excitations and other nonlinear factors. Furthermore,
at higher values of the eccentricity p, i.e., p > 2.35x10 m, the dynamic behaviors of the spur gear
become different. The 1-rotational frequency amplitude has been an increase, and then the amplitude
is almost constant with the increase p. The meshing frequency component occurs jump
discontinuous phenomenon and the amplitude increases gradually. Note that the meshing frequency
dominated in the 3-D frequency spectrum. The multi-frequency (2f;,,, 3f;,) and combined frequency
(2fm + f) components don’t obviously exhibits, and the amplitudes are smaller.

The frequency response of the spur gear system of interest is computed for a set of eccentricity
p ranging from 0 to 10x10~° m in torsional direction. The result is given in Fig. 3(b). For the case
of p < 2.06x10 m, some discrete frequency components can be observed and the response is
dominated by 1-rotational frequency, whose amplitude decreases gradually. However, the
meshing frequency amplitude increased slightly with the increasing eccentricity. Besides, the odd
times of frequencies (3f,, 5f,,) obviously appear in the 3-D frequency spectrum and the
amplitudes are slightly fluctuated. At higher values of the eccentricity p, the 1-rotational
frequency amplitude only has a small jump at p = 2.06x10~ m and keeps approximately the same
magnitude. The meshing frequency amplitude has a significantly increase and there is an obvious
jump discontinuity at p = 2.06x10-> m. In this range, the meshing frequency tends to increase the
influence of the nonlinearity with p. The main reason of the phenomenon is that the eccentricity
is mainly influenced by the increasing p.

4. The dynamic response characteristics of spur gear system with different speed

Based on the above analysis, it is clear that the backlash b and the eccentricity p are important
parameters affecting the instability speed of spur gear system. In this section, the vibration
responses of the gear system will be analyzed with b € [3.0,9.0]x10° mand p € [1.0, 10]x10° m.

4.1. Influence of the backlash b with different rotational speed

Non-backlash is usually adopted in gear design, while backlash always exhibits and is
generally shown as non-linearity in consideration of manufacture error, installation error, and hot
deformation and so on. Therefore, the backlash has an important influence on gear dynamics and
it has a strong non-linear characteristic, which makes the meshing contact state of spur gear change
inevitability. Fig. 4 displays the 3-D frequency spectrum of the spur gear system. Here, w is
treated as the control parameter varying with a constant in the range of w € [200, 6000] rad/s in
order to include lateral primary resonance and torsional primary resonance. It can be found from
Fig. 4 that there are obviously different frequency components in the 3-D frequency spectrum with
increasing backlash. The results illustrate that there is slight difference among the frequency
amplitudes obtained by different backlash. The 1-rotational frequency f,- and meshing frequency
fm are the dominated responses. In lateral direction, the 3-D frequency spectrum, depicted in
Fig. 4(a)-(b), provides a complete scenario of the dynamic behaviors of the spur gear system. Due
to coupled lateral-torsional vibration of a gear rotor system, it can be observed from Fig. 4(a)-(b)
that the complicated dynamic behavior and some particular nonlinear phenomena such as lateral
primary resonance, torsional primary resonance and jump discontinuous phenomenon are
exhibited, which is strongly attributed to the internal excitation (backlash, transmission error,
meshing stiffness and eccentricity) and external excitation (input/output torque and gravity). In
torsional direction, it can be found that the 3-D frequency spectrum shows different nonlinear
characteristics than dynamic behaviors in lateral direction, where the torsional primary resonance
only exhibits, but the lateral primary resonance doesn’t appear.
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On the other hand, the spur gear system undergoes different motions. When the system exists
low values of the backlash b, the system undergoes chaotic behaviors and the region lies in a
relatively narrow. This is because the lower backlash can cause crowded teeth phenomenon of the
gear system. With the increase of backlash, the region of continuous spectrum, which illustrates
the system undergoes chaotic motion, become winder. The phenomenon is caused by tooth impact
due to the larger value of the backlash. It is shown that the backlash is neither too large nor too
small due to the sensitive characteristic of backlash. Therefore, it is essential to select the
appropriate backlash.

4.2. Influence of the eccentricity p with different rotational speed

The eccentricity is caused by the manufacturing and installation errors, which not only affects
the response amplitude of the system, but also directly affects the degree of nonlinearity. To
examine the effect of eccentricity on the frequency response with different speed from 200 rad/s
to 6000 rad/s, in this section, the 3-D frequency spectrum of the spur gear system with eccentricity
are studied in Fig. 5. At low values of the rotational speed w, i.e. 200 rad/s < w < 400 rad/s, the
1-rotational frequency amplitude (f, = w/2m) and meshing frequency (f,, = z,f,) increase
gradually and the meshing frequency amplitude is the dominant response. The centrifugal force
has a little influence to the system. As the control parameter w is increased, the centrifugal force
gradually increases. The l-rotational frequency component and meshing frequency are the
dominant frequency components, which steadily increase with rotational speed. The meshing
frequency component reaches to a response peak at w = 850 rad/s, and the meshing frequency
amplitude is considerably larger than other frequency components. In addition, the meshing
frequency appears strongly jump discontinuous phenomena. For values of the rotational speed in
the range w = 1200 rad/s to w = 3900 rad/s, the 1-rotational frequency amplitude increases
gradually, which is the dominant frequency component. The torsional primary resonance can be
exhibited as the increased rotational speed, close to the natural frequency in the torsional direction
(fue = 3535 Hz) the 1-rotational frequency amplitude reaches to a high levels at w = 3900 rad/s
and the peak value of the corresponding torsional primary resonance show to move backward, due
to the effect of eccentricity and other nonlinear factors. The peak value and the corresponding
resonance frequency of the primary resonance seem to move backward appreciably. The
1-rotational frequency amplitude of the spur gear system exists obviously jump discontinuous
behavior, and decreases significantly with increasing rotational speed. The centrifugal force
caused by eccentricity has different effects on dynamics with changing rotational speed.
Therefore, it can be concluded that the eccentricity has an effect on the nonlinear dynamic
behaviors and the eccentricity with appropriate speed could control the nonlinear vibration of the
gear system to some extent.
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Fig. 5. 3-D frequency spectrum using w as control parameter under p = 2.0x10 m
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5. Conclusions

A four-degree-of-freedom model taking into account backlash, eccentricity, gravity and
internal/external excitation is used to analyze the nonlinear dynamic of the spur gear system. The
main works of this paper are concluded as follows:

1) The nonlinear dynamic behaviors of the spur gear system are analyzed by reference to 3-D
frequency spectrum. Due to the particularity of eccentricity, backlash and internal/external
periodic excitation. The spur gear system performs complicated nonlinear dynamic characteristics.
Due to the effect of coupled lateral-torsional vibrations, the lateral primary resonance and torsional
primary resonance can be observed, which is strongly attributed to the internal/external excitation.

2) When the rotational speed increases, the jump discontinuous phenomenon occurs at lower
backlash value with increasing rotational speed and the frequency amplitudes also increase, the
regions of continuous frequency become winder. Therefore, the decreasing rotational speed can
inhibit the occurrence of the strongly nonlinear behaviors to some extent, and the magnitude of
eccentricity does not exceed 10°. With the increasing rotational speed, the jump discontinuous
phenomenon occurs at higher eccentricity, and the chaotic regions increase gradually. With the
different backlash and eccentricity, the frequency amplitude of f;, increases firstly and then
decrease gradually, and the frequency components exist obvious change.

Acknowledgements

The project was supported by China Natural Science Funds (No. 51305276) and Liaoning
Province Education Administration (No. L2014039).

References

[1] LiR.F., WangJ. J. Gear System Dynamics: Vibration, Impact, Noise. Science, Beijing, 1997, p. 1-3,
(in Chinese).

[2] Wojnarowski J., Onishchenko V. Tooth wear effects on spur gear dynamics. Mechanism and
Machine Theory, Vol. 38, Issue 2, 2003, p. 161-178.

[3] KuangJ. H., Lin A. D. The effect of tooth wear on the vibration spectrum of a spur gear pair. ASME
Journal of Vibration and Acoustics, Vol. 123, Issue 3, 2001, p. 311-317.

[4] WanglJ.J,, LiR. F., Peng X. H. Survey of nonlinear vibration of gear transmission system. Applied
Mechanics Reviews, Vol. 56, Issue 3, 2003, p. 309-329.

[5] 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. 383-411.

[6] ChenH.T., WuX.L. QinD.T., et al. Dynamic characteristics of gear transmission system subjected
to random internal and external excitation. China Mechanical Engineering, Vol. 24, Issue 4, 2013,
p- 233-537, (in Chinese).

[71 Ma H., Wang Q. B., Huang J. Vibration response analysis of gear coupled rotor system considering
geometric eccentric effect of helical gears. Journal of Aerospace Power, Vol. 28, Issue 1, 2013,
p. 16-24, (in Chinese).

[81 Ma H., Zhu L. S., Wang Q. B., et al. Modal coupling characteristic analysis of a helical gear rotor
system with parallel shafts. Proceedings of the CSEE, Vol. 32, Issue29, 2012, p.131-136,
(in Chinese).

[9] Zhang Y. M., Wang Q. B., Ma H., et al. 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.

[10] Han Q. K., Zhao J. S., Lu W. X,, et al. Steady-state response of a geared rotor system with slant
racked shaft and time-varying mesh stiffness. Communications in Nonlinear Science and Numerical
Simulation, Vol. 19, Issue 12,2014, p. 1156-1174.

[11] 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, Issue 1, 2014, p. 1-14.

[12] Kahraman A., Singh R. Nonlinear dynamic of a spur gear pair. Journal of Sound and Vibration,
Vol. 142, Issue 1, 1990, p. 49-75.

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. AUG 2015, VOLUME 17, IssUE 5. ISSN 13928716 2197



1668. NONLINEAR DYNAMIC CHARACTERISTIC OF GEAR SYSTEM WITH THE ECCENTRICITY.
JIE L1u, SHIHUA ZHOU, SHUIE WANG

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

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

[15] Wu S. J., Liu Z. H., Wang X. S., et al. Nonlinear dynamic characteristics of compound planetary
gear train sets based on harmonic balance method. Journal of Mechanical Engineering, Vol. 47,
Issue 1, 2011, p. 55-61, (in Chinese).

[16] Raghothama A., Narayana 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.

-
l‘# '

PN 8

/’;

¥

Jie Liu received her Ph.D. degree from Northeastern University, Shenyang, China, in
2008. Now she is a Lecturer at School of Mechanical Engineering, Shenyang University
of Technology. Her current research interests include rotor dynamics, mechanical vibration
and control.

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

Shijie Wang received his Ph.D. degree from University of Science and Technology
Beijing, China, in 1996. He is currently a Professor at School of Mechanical Engineering,
Shenyang University of Technology, China. His main research interests include
mechanical drive and control.

2198  ©JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. AUG 2015, VOLUME 17, ISSUE 5. 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 /sRGB
  /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


