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ABSTRACT

In this paper, the vibration characteristics of the helical cylindrical gear split-torque transmission
system with diaphragm coupling misalignment are studied. Firstly, the 14-DOF nonlinear simulation
model of the helical cylindrical gear split-torque transmission system are established. To improve the
model accuracy, time-varying mesh stiffness, random backlash, mesh error and bending deformation
of shaft are considered respectively. Secondly, according to the nonlinear simulation model, the
differential equations are established, and the differential equations are sovled with the time-varying
stiffness of diaphragm coupling misalignment. Finally, the relationship between the phase of bolt
group in diaphragm coupling and the asymmetric property of the split-torque transmission system is
determined by numerical methods. The results show that the asymmetric property of split-torque
transmission system could be effectively improved by changing the phase of bolt group in diaphragm
coupling. The method is proven effectiveness by a modification work involved in this paper, and have
reference significance for solving engineering problems.

Keywords: Split-torque transmission system, vibration model, diaphragm coupling, misalignment,
phase difference, asymmetric property

1. Introduction

In aerospace, energy power, petrochemical, transportation and other fields, rotating machinery and
equipment has been widely used. Large-scale rotating machinery and equipment are often coupled
together by multiple rotors to improve the equipment's work capacity and efficiency, and the multi-
rotor system requires coupling connection between the rotors, and the failure problems arising from
the operation process are more complex than single rotor [1-3]. Rotor misalignment caused by rotor
support height deviation from the design height is a fairly common type of failure in multi-rotor
systems [4]. The so-called rotor misalignment usually means that two adjacent rotors, which should
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be coaxial by design, have different axial lines in actual operation [5]. The coupling misalignment will
cause unstable movement of the rotor system, which in turn causes equipment vibration, bearing wear,
shaft deflection deformation, rotor and stator friction and a series of problems, which may affect the
normal operation of the equipment, and in the worst case, it will cause damage to the equipment and
lead to more serious accidents, which accounts for the majority of vibration failures in rotating
machinery [6-9].

Due to the existence of different types of couplings, the vibration mechanism of rotor misalignment
failure is not the same [10]. Flexible couplings have special structures such as elastic elements, which
can compensate for certain radial, angular, and axial displacement deviations when coupling
misaligned rotors, but their own tensile angular misalignment also generates a generalized excitation
force during rotation, which has an effect on the vibration characteristics of the shaft system [11-14].
Rigid coupling consists of two halves of the backrest wheel bolted together, the coupling does not have
the function of compensating displacement when the rotor is not centered, but generally does not
produce its own tensor angle or misalignment, but will pull the adjacent rotor into a smooth curve of
the whole shaft, so that the deflection curve of the shaft system, the distribution of the internal force
has changed, bearing loads, stiffness is redistributed, and thus have an impact on the vibration
characteristics of the shaft system [15-19]. When the alignment deviation occurs between rotors, the
bearing stiffness near the coupling is changed, the vibration transmission characteristics between
rotors may change, and the vibration coupling phenomenon may occur between adjacent rotors, which
causes difficulties in judging the source of vibration faults [20-22]. Therefore, the study of coupling
misalignment rotor dynamics, mastering the misalignment rotor system vibration behavior analysis
theory and method, not only has important theoretical significance, but also has very important
practical application value [23-25].

The helical gear shunt drive system studied in this paper has an average load factor of less than 1.05
without considering external excitation, but the actual bias load situation still exists. Parallel car level
(the second level of engagement) two branches of the wear comparison shown in Figure 1: parallel car
level two pairs of engagement and the corresponding bearings are more serious bias load (i.e., one
side of the wear is serious and the other side is almost no wear). At the same time there are many
scholars on the dynamic characteristics of the diaphragm coupling for more in-depth study, which
Hong Chengwen, Zhou Biao deduced and verified the diaphragm coupling axial stiffness of the cyclic
changes. The authors study the vibration performance of the helical gear shunt drive system under the
parallel unaligned condition of the diaphragm coupling. Firstly, the elastic dynamics model with 14
degrees of freedom of the helical gear shunt system is established, and the corresponding nonlinear
vibration differential equation system is built; then, the periodic transverse force generated by the
unaligned diaphragm coupling is linked into the vibration differential equation system as the
excitation force. Finally, the relationship between the misalignment of the diaphragm shaft coupling
and the meshing bias of the system is analyzed according to the results of solving the system of
equations.
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(b) Comparision of bearing wear in second stage

Fig. 1. Comparision of wear in second stage
2. Helical gear shunt drive modeling

2.1. Kinetic modeling

The three-dimensional model of the helical gear shunt drive system is shown in Fig. 2, and the elastic
dynamics model of the shunt drive system is constructed using the concentrated mass method, as
shown in Fig. 3.
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Fig. 2. Power-split transmission system

The centralized mass method was used to construct the elastic dynamics model of the system, as
shown in Figure 3. The gear 1,2,3,4,5,6 is defined as Z,, Z,, Z;, Z,, Z,, Z;, m, (i =1,23,475, 6), is the

mass of gear Z, r.(i=1,2,3,4,5 6) is the base circle radius of gear Z, J,(i=1,23,4,56) is
the moment of inertia of gear Z,, kg (i=1 2,3, 4,5, 6) is the shaft bending stiffness corresponding
togear Z,, cy(i=1 2, 3,4,5 6) isthe shaftbending damping coefficient corresponding to gear Z,,
6,(i=1,234,56) is the torsional displacement of gear Z , X,(i=1,23,4,56) is the
displacement of gear Z, along the tangent direction of the meshing pair, 4, (i=0, 1, 2, 3) is the
torsional stiffness coefficient of input shaft, transmission shaft 1, transmission shaft 2 and output shaft,
and k,,(i=12) is Z respectively Z,, Z, for the time-varying meshing stiffness, k,,(i=1 2)
for Zy and Z,, Z; respectively, C,(i=12) for Z with Z,, Z, for the meshing damping
coefficient, C,,(i=1,2) for Z; and Z,, Z; respectively. J,, 6, are the moment of inertia and

torsional displacement of the prime mover; J,, 197 are the moment of inertia and torsional
displacement of the load.

Fig. 3. Model of power-split transmission system

2.2. Vibrational differential equations of the system

The bending-torsional vibration differential equations of the system are developed according to the
Newton-Euler method:
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-nF, cos 5, =0
—nF, cos =0
+rF,cos ,=0
+rF,cosf3,=0
-1 F,cos B, —rF,,cos ,=0 (1)
le1 +CS1X1 +k;1X1 =F -F,
mX,+c X, +k_X,=F,
m, X, +c“)'(3 +k;3X3 =F,
m4X4+cS4X4+k;_4X4 =F,
mX +c X, +k X =F,
mXo+c X +k X =F,-F,

In the above equation, £}, and £, are the dynamic meshing forces for the upper primary
engagement of branch 1 and branch 2, respectively,and f{, and [}, arethe dynamic meshing forces
for the upper secondary engagement of branch 1 and branch 2, respectively. kg is the equivalent
stiffness of k; when integrated with the corresponding bearing stiffness. Each engagement force can
be expressed as:

k= v11Y11+kv11'f11(Y11)

Fy CvZIY +kv21'f21(Y21)
by =c,, 1z+kv12'f12(Y12)
Fyy =Y iy [ (Vo)

In the above equation, k, is the time-varying meshing stiffness of the meshing force £
corresponding to the meshing pair. ¥, is the engagement force £} corresponding to the relative
displacement of the meshing line of the meshing pair. The torsional displacement of each axle wheel

in the system is converted to a line displacement. Y; can be expressed as:

(2)

¥, =(—Xl +r1¢91)—(r2192 +X2)—e11
Y, =(—X,+r6)-(r6,+ X;)—e,
Y, z(—X4 +r494)—(r696+X6)—612
Y, =(—X5 +r5(95)—(r696+X6)—622

(3)

¢; in Equation (3) is the meshing error corresponding to £;.
Ji7\¥;) in Equation (2) is the clearance function of the gear mesh pair, and let the mesh clearance
be Zb,], and bij is half of the tooth-side clearance of the first i-stage mesh in the first ./ -branch,

then f; (Y,,) can be expressed as:
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Y. —-b. YU > bl,/.

ij ij
Hi(%)=1 0 b <Y<, (4)
Yij+bij Y, <_bi/'

In this project, the gear machining accuracy is grade 5, for the first level meshing of the system, 4,
and b, generate the period segmentation function of time t according to the normal distribution
between 0.522 mm~0.851 mm respectively; for the second level meshing of the system, 5, and by,
respectively, are generated as period segmentation functions with respect to time t according to a
normal distribution between 0.523 mm and 0.853 mm.

3. Equation solving for vibration differential equations

3.1. Freevibration solution of the system

Equations (1) (2) (3) (4) are united and solved by applying the 4th order Runge-Kutta method. The
dimensionless dynamic dynamic load factor is defined as follows:

F
Gll F_
01
F,
Gy =—
Fy

p (5)
G.=1n

2=

02
Fy,
Gy, =—=
Fy

In the above equation, G;;, G,, are the dynamic load coefficients corresponding to Fj,, £,
respectively, G,,, G,, are the dynamic load coefficients corresponding to f,, F,, corresponding
to the dynamic load coefficients, and Fy, Fy, are the theoretical meshing forces of the first and
second stage engagement, respectively. Figures 4 and 5 show G,, and G,,, respectively.
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Fig. 4. Dynamic factor G12
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Fig. 5. Dynamic factor G,

It should be noted that although the dynamic load coefficients G;, and G,, have the same range
of fluctuation, there is a phase difference in the period variation of G, and G,, due to a phase
difference in the time-varying mesh stiffness of the same level of meshing (gear Z; has an odd
number of teeth).

3.2. System forced vibration solution

The lateral stiffness of the diaphragm coupling when not centered has a typical trigonometric form
with a period of T:Wﬁ , N is the number of connecting bolts on the diaphragm coupling.

Coincidentally, the large non-standard diaphragm coupling used for the low-speed shaft that is the
subject of this paper happens to be connected by 91 M24 bolts. This number is the same as the number

of teeth of Z;.

The lateral stiffness K,, formula is as follows:

Ky :(KHmax +KHmin)l+(KHmax _KHmin)cos(ﬂjt (6)
2 60

In the above equation, K, ,, is the maximum transverse stiffness of the coupling, and K, ;, is
the minimum transverse stiffness of the coupling. The specific value can be obtained by geometric
algorithm.

The lateral excitation force generated when the diaphragm coupling is not centered is now solved
in Equation (1). Here, the more extreme case is solved first: the phase of the coupling excitation is the
same as the corresponding meshing phase of £, i.e., the excitation is in tune with £},. The results
are shown in Figures 6 and 7:
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Fig. 6. Dynamic factor G,, when exciting force and [}, had same phase
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Fig. 7. Dynamic factor G,, when exciting force and [}, had same phase

It can be seen from Figures 6 and 7 that when the excitation is tapped with one of the secondary
meshes, the secondary meshes will be off-loaded, which is the same form of failure as in the actual
project (one side of the secondary meshes is frequently damaged with the bearings while the other

side is good). This is mainly because the two secondary meshing forces on the gear Z, are in opposite
directions. However, since it is too costly to replace the gear Z; or to change the distribution

structure of the coupling bolt set (non-standard diaphragms need to be re-designed), it is now
considered that the phase can be changed by changing the relative angle of the bolt holes of the

coupling sleeve and the keyway. Let the corresponding meshing phase difference between £, and

F,, be @, and the phase difference between the bolt group and £, be ®,.Here @, isaknown

)
constant, and different phase difference ratios W= 51 are solved and averaged to obtain the second
2

stage meshing dynamic loading coefficient-phase difference ratio graph as shown in Fig. 8:
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Fig. 8. Relation between Dynamic factor and phase difference ratio W/

From Fig. 8, it can be seen that the superposition effect of the excitation force and the meshing force
varies with the phase difference ratio, and the mean values of G, and G,, will be the same at
certain intervals, i.e., the meshing equalizing load performance is optimal. It can be seen that: by
adjusting the relative phase of the bolt holes of the coupling sleeve, the meshing equalizing load
situation caused by the misalignment of the diaphragm coupling can be effectively improved.

4. Conclusion

1) The 14-degree-of-freedom bending-torsion coupled nonlinear vibration model of helical gear shunt
system is established by considering the time-varying meshing stiffness, random tooth side clearance,
meshing error, shaft bending deformation and other factors, and the corresponding set of vibration
differential equations is established.

2) The time-varying transverse stiffness caused by the misalignment of the diaphragm coupling is
introduced into the model and the set of differential equations is set up, and it is found that the phase
difference between the bolt group and the mesh has a great influence on the equalizing load condition
of the system, and it is verified by comparing with the actual working conditions.

3) The project has been running for more than 18 months after changing the phase of the coupling bolt
group through actual modification. During the period after two inspections are found to be abnormal,
visible in this paper the theory and practice is consistent.
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