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The nutation face gear transmission system has advantages such as high reduction ratio, high power density, com-
pact structure, and smooth transmission, making it suitable for high-power transmission in metallurgical machin-
ery, tunnel boring machines, and other applications. In this study, a 12-degree-of-freedom bending-torsion-axial
coupling dynamic model of the transmission system is established. The impact of mesh stiffness amplitude on the
dynamic characteristics of the novel rolling mill gear reducer is considered. The research indicates that an increase
in gear pair mesh stiffness leads to an increase in torsional vibration amplitude.
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INTRODUCTION

As one of the key production equipment in the met-
allurgical industry, the performance of gear reducers in
rolling mills operating at low speed and heavy load sig-
nificantly affects the stability and efficiency of the en-
tire system [1-3]. The traditional gear transmission part
of the rolling mill transmission system often uses heli-
cal gears, which may result in substantial alternating
torque and impact vibration during the rolling process,
causing fatigue damage and harm to system compo-
nents [4-5]. The adoption of face gears instead of helical
gears is expected to effectively improve the instability
of torsional direction transmission [6]. This study pro-
vides a reference basis for the design and engineering
application of low-speed, high-torque rolling mill gear
reducers.Figure 1 shows a schematic diagram of the nu-
tation face gear transmission structure.

SYSTEM DYNAMICS MODEL

For convenient dynamic modeling of the nutation
face gear transmission system, without loss of general-
ity, the following assumptions are made:

1) Friction on gear surfaces during meshing is ne-

glected;

2) System damping is considered as general viscous

damping.

A bending-torsion-axial coupling analysis model of
the nutation face gear transmission system is estab-
lished using the lumped parameter method, as shown in
Figure 2.
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Figure 1 Schematic diagram of nutation face gear
transmission system

In the Figure 2, k ;, ¢ (p=X, Y, z; i=1,2,3) represent
the bearing stiffness and support damping received by
each gear in the three coordinate directions. k ,, ¢, rep-
resent the torsional stiffness and torsional damping of
the fixed face gear about the z-axis. km, cm,, and g
(j=1,2) represent the time-varying mesh stiffness, mesh
damping, and mesh error for each gear pair respectively.
T,, represents the input torque on the nutation face gear,
and T, represents the load torque on the output face
gear. the global coordinate system of the system is de-
noted as O-xyz, satisfying the right-hand rule. Local co-
ordinate systems, denoted as O,-x,y, z,, are established at
concentrated mass points on each face gear, also satisfy-
ing the right-hand rule. The directions of the local coor-
dinate systems for each face gear are the same as the
global coordinate system. The variables x, y,, z, and 6,
are defined as the translational vibration displacement
and torsional vibration line displacement about the z-
axis for each face gear in the x, y, z directions.
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Figure 2 Dynamic model of the nutation face gear
transmission system

Derivation of motion differential equations

This system has a total of 12 degrees of freedom,
with generalized coordinates as follows:

Q= {X13y1721)017X2’y2’22’92)X33y3’z3?93}r (1)

Under the action of meshing force, taking compres-
sion along the meshing line as positive, the normal
displacement U, of the fixed face gear 1 can be ex-
pressed as:

u, = cos( )(x,-X, )Fsin(e )cos(d, )(y,-y, )+
sin(a, )sin(6, )(z, -z, )+cos(e, )(6,1, +6,1;)

u, = cos(a)(X,-X;)tsin(ez; )cos(d; )(y;-y, )+
sin( e, )sin( o, )(z, -z, )+cos(a, ) (6,1, +0,1;)

)

Here, o represents the pressure angle of face gear,
and o represents the cone angle of face gear.

According to the analysis of meshing line displace-
ment above, the dynamic meshing force between gear
pairs can be obtained as:

{le =c, U +k,u,

F,, =c,,u, +k,,u,

m

@)

Considering factors such as time-varying mesh stiff-
ness, meshing damping, gear tooth errors, etc., accord-
ing to Newton’s second law, the following motion dif-
ferential equations can be derived.

Fixed face gear 1:

m X, tecos(e)E,, tk, x,+c %, =0
m,¥, -sin(¢;, )cos(d))E,, +k, yl+c,y,=0
m,Z,-sin(¢, )*Sin(al V*E. 1k, ¥z, ¢, *2,=0

Ilél teos(a )*E, *r,+k, * 6 +c,, *91 =0

(4)

Nutation face gear 2:

m,X,-cos(¢, )*E, +cos(e; )*F,, +k , *x,

+c,x,=0

m, ¥, +sin( ¢, )*cos(d,)*E,, -sin( ;) *cos(9, )*F,,
+ky2 *YZ +Cy2 YZ =0 (5)
m,Z,+tsin(¢, )*sin(6, )*F, , -sin( e, ) *sin(J, )*F,
+k,,*z,+c,2,=0

1,6, +cos(, )*E,  *1,+cos(&, )*F, , *1,= 0
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Rotating face gear 3:

m,X, -F ,*cos(ar; )tk ;*x,

+c ,*%,=0

m,y, +F ,*sin(e;)*cos(d;)

+ky3 Y, ey, *y,=0 (6)
m,Z, +F ,*sin(a, )*sin(J;)

+k, *z,+c*2,= 0

L és +F,, *cos(e, )*r,= -T,,

ol

To avoid the phenomenon of ill-conditioned results
in the solving process of the differential equations due
to significant differences in parameter magnitudes, it is
necessary to normalize them. Due to space limitations,
the dimensionless form of the differential equations af-
ter normalization is not presented here. The normalized
differential equations are solved using a 4th-order
Runge-Kutta method to obtain parameters such as dis-
placement, velocity, and acceleration. Subsequently, an
analysis of the dynamic response of the oscillating face
gear transmission system is conducted.

DYNAMIC CHARACTERISTICS ANALYSIS

Gear parameters refer to literature [7], and an input
speed of 700 rpm is chosen, with torsional vibration dis-
placement of the nutation face gear as the main indica-
tor to investigate the system’s vibration degree.

To study the influence of mesh stiffness on system
vibration, five different multiples of average mesh
stiffness (0,5 times, 0,75 times, 1 time, 1,25 times, 1,5
times) are taken as system excitations (with other factors
constant). The variation pattern of torsional vibration dis-
placement with dimensionless time under different mul-
tiples of average mesh stiffness is shown in Figure 3.

From the Figure 3, it is observed that the larger the
mesh stiffness, the greater the gear vibration amplitude,
with an increment around 20 um. Mesh stiffness sig-
nificantly affects the system’s vibration characteristics.
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Figure 3 The variation pattern of torsional vibration
displacement with dimensionless time under
different multiples of average mesh stiffness.
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To investigate the impact of gear support stiffness on
system vibration, taking the radial supporting stiffness
k,, Of the output gear 3 as an example, five different
multiples of supporting mesh stiffness (0.5 times, 1
times, 1.5 times, 2 times) were selected as the system
excitation with other factors held constant. The varia-
tion pattern of torsional vibration displacement with di-
mensionless time under different radial support stiff-
ness conditions is shown in Figure 4.
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Figure 4 The variation pattern of torsional vibration
displacement with dimensionless time under
different multiples of support stiffness.

From the Figure 4, it can be observed that as the sup-
port stiffness increases, the gear vibration amplitude
decreases, and the amplitude is around 10 pum. Increas-
ing the radial support stiffness of the output gear 3 ef-
fectively reduces system vibration.

To study the influence of input speed on system vi-
bration, five different input speeds (500 rpm, 700 rpm,
900 rpm, 1000 rpm) were considered, while keeping
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Figure 5 The variation pattern of torsional vibration
displacement with dimensionless time under
different multiples of input speed.
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other factors constant. The variation pattern of torsional
vibration displacement with dimensionless time under
different multiples of average mesh stiffness is shown
in Figure 5.

From the Figure 5, it is evident that higher input
speeds lead to larger gear vibration amplitudes, with
amplitudes around 15 pum. Properly reducing the input
speed can effectively improve the system’s vibration.

CONCLUSION

From the above analysis, it can be concluded that
input speed, mesh stiffness, and support stiffness have a
significant impact on the torsional vibration of gears,and
the impact of mesh stiffness is most pronounced.. Re-
ducing the mesh stiffness of the gear pair, increasing the
radial support stiffness of the output gear 3, and appro-
priately decreasing the input speed can effectively con-
trol the amplitude of torsional vibration in each gear,
thereby reducing the overall system vibration. This
analysis holds great promise for application in rolling
mill reducers.
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