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Abstract. As a core component of wind turbines, wind power gear speed increasers often work in
harsh environments, so it is necessary to study the vibration characteristics of gear transmission
systems. Taking a wind turbine gearbox high-speed stage helical gear transmission system as the
research object, the dynamics model of multi-degree-of-freedom helical gear-rotor-bearing
transmission system is established by the lumped parameter method and solved by Runge-Kutta
method, taking into account the tooth side clearance of the gear, transmission error, eccentricity
and support force of the nonlinear bearing. The effects of input torque, transmission error and
tooth side clearance on the vibration characteristic response of the helical gear train were analyzed.
The relationship between the trend of amplitude change in each direction of the gear and the trend
of change in the major frequency components was analyzed under the conditions of changing
internal and external excitation. The results show that torsional vibration dominates in the system.
As the input torque increases, the vibration amplitude of the driving and driven gears decreases,
and the frequency amplitude decreases significantly at multiple locations. Gear transmission errors
and changes in tooth side clearance have significant effects on gear vibration amplitudes, but are
sensitive only to the meshing frequency. The trend of gear vibration amplitude caused by the
change of external excitation of the gear set is synchronized with the trend of main frequency
amplitude in the corresponding direction, while the change of vibration amplitude caused by
internal excitation is consistent with the trend of mesh frequency amplitude in the corresponding
direction. The results of this paper can pave a certain foundation for the design and fault diagnosis
of wind power gearbox transmission system.

Keywords: helical gear, multi-degree-of-freedom, dynamical model, vibration characteristics.
1. Introduction

As a very widely used motion and power transmission device in industry, the gear-rotor-
bearing transmission system plays an important role in key equipment in industries such as
vehicles, ships, aerospace, wind power generation and machine building [1]. Due to the meshing
action of the gears, the vibration characteristics of this rotating structure are very different from
those of a simple rotor-disc system, and the vibrations in all directions of the system caused by
the gear meshing forces need to be considered. Because most gear systems work in harsh
environments and are accompanied by the coupling effect of multiple internal and external
excitations, this leads to an increase in system vibration, which decreases the accuracy, increases
the noise and decreases the reliability of the entire mechanical drive system. Therefore, it is
essential to study the vibration characteristics of gear-rotor-bearing system and analyze the factors
affecting the vibration response of the system for the design and fault diagnosis of wind turbine
gear transmission system.

In recent years, many scholars have studied the dynamics model and vibration characteristics
of gear-rotor-bearing transmission systems, and some remarkable results have been achieved.
Ozgiiven considered the time-varying mesh stiffness and developed a 6-degree-of-freedom spur
gear-shaft-bearing model to investigate the effect of transverse torsional vibration coupling on
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gear dynamics [2]. Kahraman studied the nonlinear frequency response characteristics of spur
gear-rotor-bearing system and established a 3-degree-of-freedom dynamics model[3], after that,
he proposed a dynamics model of a multi-shaft helical gear reducer, completed the prediction of
free and forced vibrations of the system using eigenvalue solutions and modal summation
techniques, and presented the results of an experimental study of the helical gear-shaft-bearing
system to verify the correctness of the model[4]. Walha and Fakhfakh developed a
12-degree-of-freedom dynamics model of a two-stage spur gear train considering tooth side
clearance and time-varying meshing stiffness, and investigated the nonlinear dynamic response of
the system using linearization techniques [5]. Kang and Hsu investigated the dynamic behavior of
a viscoelastic supported spur gear-rotor system under the influence of gear eccentricity, gear mesh
transfer error and residual shaft bowing [6]. Gao and Zhang developed a dynamic model of
nonlinear time-varying spur gear-rotor-bearing transmission system considering the influence of
nonlinear factors such as time-varying meshing stiffness and nonlinear oil film force, and analyzed
the influence of nonlinear oil film force and dynamic meshing force on the transmission system
[7]. Li established a dynamics model of a helical gear-rotor-bearing transmission system with
22-degrees-of-freedom using the lumped parameter method, and analyzed the corresponding
effects of rotational speed, eccentricity and bearing clearance on system vibration [8]. Hu
established a finite element nodal model of a high-speed spur gear-rotor-bearing system and
studied the effect of tooth profile adjustment on the dynamic behavior of the system [9]. Zhou
established the nonlinear dynamics models of spur gear-rotor-bearing with 8 and 12 degrees of
freedom respectively, and studied the nonlinear response of the system and analyzed the effects
of some parameters on the vibration response of the system [10], [11]. Ling established a
16-degree-of-freedom nonlinear dynamics model of a gear-rotor-rolling bearing transmission
system under the consideration of time-varying meshing stiffness, eccentricity and nonlinear
bearing forces, and obtained the effects of different parameter variations on the dynamic response
of the system [12]. Lu established a mathematical model of the two-axis rotor-bearing-gear
coupling system and verified the correctness of the model [13]. Tatar developed a 6-degree-of-
freedom dynamics model for an equally spaced planetary gear-rotor system considering
gyroscopic effects [14]. Lu developed a dynamic model of a misaligned spline coupling gear-rotor
system taking into account the gear meshing force and the spline coupling meshing force [15]. Liu
considered the composite dynamic tooth clearance and variable meshing stiffness during tooth
root crack failure, and established a 16-degree-of-freedom faulty spur gear-rotor-bearing coupled
transmission system, compared the system vibration response of the three clearance models and
explored the dynamic response of the system with the increase of crack depth [16]. Lu proposed
a coupling method between a multi-stage gear rotor and a box, concluding that the gearbox
vibration level can be doubly reduced to the coupled box model [17]. Ouyang investigated the
dynamic characteristics of the spur gear-rotor-bearing system through experimental tests and
theoretical modeling [18]. Wang fully considered the bearing time-varying support stiffness, the
relationship between gear meshing stiffness and multiple meshing phases, and the integrated error,
and established a coupled spur gear-rotor-bearing dynamics model [19]. Huang and Wang
developed a coupled helical gear-rotor-bearing dynamics model based on the Timoshenko beam
element model in finite element theory and the envelope mass method, and analyzed the effects
of meshing stiffness, tooth clearance and bearing stiffness on the vibration characteristics of the
system [20]. Shi developed a novel nonlinear dynamic model of a spur gear-rotor-bearing system
with five meshing states, including time-varying tooth gap and time-varying meshing stiffness, is
developed by introducing multiple state subfunctions and the effects of gear temperature and load
on the meshing stiffness are analyzed [21]. Xu developed a nonlinear spur gear-shaft-bearing-
housing vibration model with 14-degrees-of-freedom to study the vibration response under the
action of dynamic gear meshing forces and progressive radial clearance [22].

In summary, most of the current literature focuses on the vibration characteristics of spur-
rotor-bearing systems, while there is not much literature on helical gear-rotor-bearing. In this
paper, a 22-degree-of-freedom helical gear-rotor-bearing dynamics model (HGRBS) is re-
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established based on the literature [8] by adding the tooth-side clearance of helical gears, and the
vibration response of the system is solved. The effects of input torque, tooth pitch error, and tooth
side clearance on the vibration response of the system were analyzed. The relationship between
the trend of amplitude variation and the trend of major frequency amplitude variation at each
location of the gear under the change of internal and external excitation is investigated.

2. Modeling the dynamics of the coupled helical gear-rotor-bearing system
2.1. Modeling of gear system dynamics

The structural diagram and geometrical positional relationship of the dynamic model of helical
gear-rotor-bearing transmission system are shown in Fig. 1.

Drive Shaft1 Driving gear

Bearing Shaft2  Driven gear Load (a
Fig. 1. Dynamics model of helical gear-rotor-bearing transmission system

As shown in the Fig. 1, the fixed coordinate system A; — x;y;z; (i = 1~2)is established in the
ideal center A; of the driving and driven gears, and the fixed coordinate system B;-x;y;Z;
(i = 1~4) is established in the ideal center B; of the bearing; the rotation center coordinates of
the driving and driven gears are 0, (xq, ¥4, 2;) and 0, (x5, v, z,) respectively; the center of mass
coordinates G (xgl, ygl,zgl) and G, (xgz, ygz,zgz); the mass of helical gear is m,, m,; the
moment of inertia relative to the center of mass is J;, J5; p1, p, are the eccentricity; 1y, 13, are
the base circle radius; the equivalent mass at the bearing is m,;,; The moment of inertia of the
input device and the load are J; and J; respectively; F;, F. and F, are respectively the tangential
force; radial force and axial force when the gears are engaged; a;, a,, are the end face pressure
angle and normal phase pressure angle respectively; 5, f; are the spiral angles of graduation circle
and Base circle, and «; is the angle between the center line of two gears and the vertical direction.

Based on the geometric relationship shown in Fig. 1, the angular displacement of the input/
output device, driving and driven gears can be represented by Eq. (1):
{ll}d = w1t+9d, ll)l =(A)1t+91, (1)

Y, = wyt +06,, Y =w,yt+06,

where, 8,, 6,, 6,, 0; are the torsional vibration angular displacement of the input device, the
driving and driven gears, and the load respectively. At t = 0, the starting rotation angle of the
driving and driven gears is 0, and the direction of rotation of the driving gears is positive. Then
the relationship between the center of mass Gy, G, and the center of rotation 0;, O, is shown in

Eq. (2):
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Xg1 = X1 + p1cos(—=P1), Xgo = X, + pacos(yhy),

Yg1 =Y1t p1sin(ip,), Yg2 = Y2t p2sin(=y,), (2)
Zgl =2, ZgZ = Zy,

where x;, y;, z; (i = 1~2) are the horizontal, vertical and axial vibrational displacements of the
driving and driven gears, respectively. According to the geometric relationship, the dynamic
deformation displacement of the helical gear pair in the meshing line direction can be expressed

by Eq. (3):

0= (1161 — 15262) + [(x1 + P1C05(_1/)1)) - (xz + chos(wz))] - cos(ay, — ap)

3
+[(Y1 - P15in(lp1)) - (YZ + PzSin(lpz))] -sin(ay; — ap) + (z; — z)tan(B) — e(t), @)

where, e(t) = ey + e;cos(w,t) is the integrated transmission error of the system, e, is the mean
value of error, e, is the amplitude of error, and w, = 2nn,Z; /60 is the meshing frequency. The
meshing force of the gear meshing system along the meshing line direction can be expressed as
F = ¢, dd + ki, f (6), kyy, is the average meshing stiffness and the values are shown in Table 1;
f (x) is the tooth side clearance function can be expressed by Eq. (4):

x—b, (x > b),
fx)={0, (=b<x<bh), 4)
x+b, (x<-b).

The meshing force F between the gears is decomposed into the x-, y- and z-directions, and
the forces in each direction are shown in Eq. (5):

E, = Fcos(a; — ap),
F, = Fsin(a; — a;), (5
F, = Ftan(p).

2.2. Rolling bearing vibration analysis model

A plane model of an angular contact ball bearing is shown in Fig. 2. It is assumed that the outer
ring of the bearing is fixed on the housing and the inner ring is fixed on the rotating shaft. The
rolling bodies are arranged at equal angular intervals between the inner/outer rings. The velocity
v;, U, at the contact point between the rolling body and the inner/outer ring of the bearing is shown
in Eq. (6):

Vi=w; T, VUy=wW, T, (6)

where, r and R are the radius of bearing inner/outer rings respectively; w; and w, are angular
speeds of bearing inner/outer rings respectively; Assuming that the rolling body is purely rolling
in the ideal state, then the rotational angular velocity of the cage and the rolling body are equal,
and the linear velocity of the rolling body can be expressed as:

vy = (Vo +v1)/2 = (WR + w;) /2. (7

In general, the inner ring of the rolling bearing rotates with the rotating shaft, while the outer
ring is bound with the bearing seat is not rotating, then there is w, = 0, w; = w. Therefore, the
formula of the angular velocity w,, of the cage can be obtained as shown in Eq. (8):

—9 Ub _ T
TR+ Y RE ®)

Wp
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Then the rotation angle of the i-th rolling body in timetis shown in Eq. (9):
(pl :wbt l = 1;21""Nb1 (9)

where, N, is the number of bearing rollers.

211 d|di{dn|do|D

Inner race Roller

Fig. 2. Diagram of angular contact ball bearing

In Fig. 2, dj, is the rolling body diameter of the bearing; d is the diameter of the axis; d;, d,
are groove diameters of inner/outer rings of bearings respectively; d,, is the pitch diameter of the
bearing, and d,,, = (d; + d,)/2; D is the diameter of the bearing outer ring. The centrifugal force
and gyroscopic moment generated by the rolling body are neglected in the bearing model because
of the low rotational speed of the system studied in this paper. The deformation of the bearing at
different positions is shown in Fig. 3.

QO
M‘\‘/

SctRiBicos b

P

b) <)
Fig. 3. a) Before loading, b) after loading, c) geometric deformation relation

In Fig. 3, a, is the initial contact angle, and a is the contact angle after stress. P, and P are
the position of bearing outer ring raceway curvature center before/after the force respectively,
because the bearing outer ring is fixed, so the position of both is the same. P; and P; are the
position of the center of curvature of the inner ring raceway of the bearing before/after the force
respectively. 6,;, 6,; and 6; are the radial deformation, axial deformation and angular deformation
caused by the force and torque respectively. R; is the radius of the inner ring raceway curvature
center track. ¢; is the angle of the current rolling body relative to the position of the bearing; 6;,
8,, Op; are the contact deformation and total deformation of the inner and outer channel of the ball
bearing respectively.

Because the rolling body ignores centrifugal force and gyroscopic moment, it has the same
contact angle and contact force with the inner and outer ring grooves. As shown in Fig. 3(b), the
deformation of the rolling body at the position Angle ¢; can be expressed by Eq. (10):

Sbi=6i+60=S_A. (10)
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According to the geometric relationship in Fig. 3(c), the distanceSbetween the curvature center
locus of the inner and outer ring channels after loading can be expressed as:

S = [(Asinay + z + R;0;cos9;)? + (Acosa, + xcosg; + ysing;)?]'/2. (11)

Then, the normal contact deformation §,; of the i-th ball and raceway is shown in Eq. (12):

1
8y =S — A = [(Asina, + 8, + R;0;c0os¢;)? + (Acosa, + 8,)%]z — A. (12)

Let 6, = z, 6, = xcos; + ysing;, then Eq. (13) can be reduced to:

1
8,; =S — A = [(Asinay + z + R;0;cos9;)? + (Acosa, + xcos@; + ysing;)?]z — A, (13)

where, x, y and z are vibration displacements along x-, y- and z-directions respectively; R; is the
radius of the locus of curvature center of the inner ring channel, R; = 0.5d,,, + (1; — 0.5d})cosay;
A is the distance between the initial inner and outer ring channel curvature centers A = 1; + 1, +
Yo + dp.

According to the geometric relation, the actual contact Angle of the ball is ] at the position
Angle @; (the contact Angle of the inner and outer rings is equal):

(Asinay + z + R;0;cos;)
(Acosay, + xcosg; + ysing;)’

tanaj = (14)

According to Hertz contact theory, the contact pressure generated by the i-th ball and raceway
is fp;. It is considered that only normal positive pressure can be generated between the ball bearing
and the raceway, so there is a force when the §;,; > 0, as shown in Eq. (15):

foi = K65 ™% « H(8p0). (15)

Eq. (15) is the normal load acting on the trench along the contact angle direction, where K, is
the Hertzian contact stiffness; H (x) is the Heaviside function, and the axial and radial components
of this load decomposition can be expressed by Eq. (16):

fri = foicos(ay) = K8, *% « H(8p)cos(ap),

' ( . ’ (16)
fai = fpisin(ag) = Kc6bi3/2 o H(6p;)sin(ay).

The components F,, Fy,,, and Fy, of bearing force generated by angular contact bearing in
x-, y- and z-directions are respectively:

Np Np
Fyy = an'COS‘Pi = Z = K,8p;>/*cos(ap) « H(8p;) cose,
i=1 i=1
Np Np
Foy = ) fusing, = Y = K8y */*cos(ap) « H(Sy) sing (17)
i=1 i=1

Np Np
Fyp, = Zfai = Z = K.8y;°/*sin(af) » H(Sp;).
i=1 i=1
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2.3. Establishment of coupling dynamics equation of helical gear-rotor-bearing

Transverse, torsional and axial deformations of helical gear-rotor-bearing systems are
considered. Then the displacement array X of the system is:

X = (6a Xp1 Yb1 Zb1 X1 Y1 Z1 01 X2 Vb2 Zb2 Xp3 Vb3 Zb3 02 Xpa Ypa Zps 67, (18)
where, x;, ¥; and z;, i = (1~2) are the vibration displacements of the driving and driven gears
along the x-, y- and z-directions respectively; x;;, Vp; and zp;, i = (1~4)are the vibration
displacements of the bearings at both ends of the driving and driven shafts along the x-, y- and z-
directions respectively. Considering that the helical gear-rotor-bearing system is composed of
gears, bearings, drive and load devices. Therefore, the kinetic energy T, potential energy U and
dissipation function R of the system were established, as shown in Egs. (19-21), which were
substituted into Lagrange Eq. (22), and the control differential equation of the system was derived
as shown in Egs. (23-28).
The kinetic energy T is given by the following formula:

1 2 ' . . 4 . . . - IR
Tzi[Z- i (xzi+y2i+zi2)+z. Mpj (x2b1+y2bj+zbj2)+]1¢1 + 202
- = (19)

+ 114y +]dd3d]-

Considering the changes in shaft, bearing and tooth profile, potential energy U can be
expressed as follows:

1
U= 5 [ksxl(xl —xp1)% + ksy1(y1 — Vp1)? + ksza (21 — Zb1)2]

1 2 2 2

+ 2 [ksxz (g — xp2)* + ksyz 1 = ¥p2)? + ksz2 (21 — 2p5) ]
1 2 2 2

+ 2 [ksx3 (x — xp3)* + ksy3 V2 = Yp3)* + ksz3(z2 — 2p3) ] (20)
1 2 2 2

+ 3 [ksx4-(x2 — Xpa)® t koya (V2 — Ypa)? + ksz4(25 — 2p4) ]

1 14
#3[ D e+ 20 + oy = 607 + - 927

When meshing damping, bearing damping and shaft damping are considered, the dissipation
function is:

R — 1 . _ . 2 . _ . 2 . _ . 2
2 [Csxl(xl Xp1)? + Csyl(yl Vp1)° + Csz1(Z1 — Zp1) ]
1 . _ . 2 . _ . 2 . _ . 2
+ > [Csxz (g = Xp2)? + Csy2 (71 — Vb2)* + C522(21 — Zp2) ]
1 [ 5 o 2 o o 2 s g 2] 21
+ 2 Csx3 (X2 — Xp3)® + Csy3(V2 — Vp3)® + Coz3(22 — Zp3) (21)
1 . L ..
+ 2 [Csx4(x2 - xb4)2 + Csy4(y2 - Yb4)2 + Csza (2, — Zb4)2]
1 4 .2 .2 .2 : : 2 . s N2
+5 [Z 1Cbi(xbi + Vi + 25) + cea (1 — da)” + (P — ¢2) ]
i=
The Lagrange equation is shown in Eq. (22):
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d(OT) oT 09U OR (22)

-7 |\ == 3~ - —.=F
at\ox) “oax Tax Tax

The control differential equations of the input device and the left end bearing of the drive shaft
are shown in Egs. (23-24):

Jaba + ct1(6a — 61) + k1 (84 — 61) =Ty, (23)
My Xp1 + Cop1 (Kp1 — X1) + Kgp1 (Xp1 — X1) + Cp1Xp1 = Fpyr,
Mp1Vp1 + Coy1 Tp1 — Y1) + ksy1 b1 — Y1) + Co1Vp1 = Fpy1 — Mp1g, (24)

Mp1Zpy + Csz1(Zpy — Z1) + Ksz1(Zp1 — 21) + Cp1Zp1 = Fppa-
The control differential equation of the driving gear is shown in Eq. (25):

My%y + Cox1 (g — Xp1) + Coxa (X1 — Xpz) + Kgx1 (X1 — Xp1) + kgra (g — xp2)
=-F + mlplélsimp1 + mlpl(ou1 + 91)2c05<p1,

M1 + Coy1 (V1 — V1) + Coy2 (V1 — Vi2) + ksyr 1 — Yp1) + ksy2 (V1 — Yi2)
=-mg—F + m, p,6;cosp, + mlpl(wl + él)zsimpl,

MyZy + €551 (21 = Zp1) + Cs2(Z1 — Zp2) + ksz1(21 — Zp1) + Kz (21 — 2p3) = —F,

U: +myp D)6, + Ct1(91 - éd) + k1 (8, — 03) = myp,¥1singy + myp, yicospy — Fry,y.

(25)

The control differential equations of the right bearing of the drive shaft and the left bearing of
the driven shaft are given in Eq. (26):

MppXpy + Coxa (Xpz — X1) + Koxa (Xpz — X1) + Cp2Xpy = Fpya,
My V2 + Coy2 Tp2 — V1) + ksyo (Vb2 — Y1) + Co2Vp2 = Fpyz — My g,
MppZpy + Csz2(Zpy — 21) + ksz2(Zpy — 21) + Cp2Zpz = Fopo,

X b2 ™% . 26)
My3Xp3 + Coxz(Xp3 — X2) + Kexs(Xp3 — X2) + Cp3Xpz = Fions, (
Mp3Yp3 + Coy3 (Vo3 — ¥2) + ksya Vb3 — ¥2) + Cp3Vp3 = Fryz — Mp3g,

My3Zps + Csz3(Zp3 — 23) + Kop3(Zp3 — 22) + Cp3Zps = Fpys.
The control differential equation of the driven gear is shown in Eq. (27):
MyXy + Cox3 (X — Xp3) + Coxa(Xz — Xpa) + Koxs (X2 — Xp3) + kgxa (X2 — Xpa)
.. . \2
= —F, + m,p,0,sing, + m,p, (wz + 92) COSQY,,
m,y, + Csy3(5’2 - Yp3) + Csy4(5’2 = Vpa) ksyS(yZ —¥p3) + ksy4(y2 ) 27

.. . \2 .
= —myg — Fy + myp,0,c050, + myp, (w, + 6,) sing,,
MyZy + Coz3(Zy — Zp3) + Cop3(Z2 — Zpa) + Kz3(22 — Zp3) + kza(22 — 7ps) = —F,
Uz +m3p;?)0, + c12(62 — 6,) + k2 (6, — 6)) = myp,%,sing, + myp,3,c05¢, — Fri,.

The control differential equation of the bearing at the right end of the driven shaft and load
device are given in Eq. (28):

Mpa¥ps + Csxa(Xpa — X2) + Koxa(Xps — X2) + CpaXpa = Foxas

MpaVpa + Coya(Vpa — ¥2) + ksya(Ypa — ¥2) + CpaVpa = Foya — Mpag,
My2Zps + Csza(Zpa — 22) + K74 (Zpa — 23) + CpaZps = Fpza,

Ji61 + ce2(6, — 02) + kep (6, — 6,) = =T,

(28)

where, Kgy;, Kgy; and kg;, i = (1~4) are the bending stiffness of the shafts I and II; k4, k,, are
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the torsional stiffness of the shafts I and II; ¢y, Csy; and cgz;, i = (1~4) are the bending damping
of the shafts I and II. ¢;4, ¢, are the torsional damping of the shafts I and II; c;,;, (i = 1~4) is the
damping at the bearing; Fq,, Fsy; and F,;, i = (1~4) are nonlinear support force in x-, y- and z-
directions at the bearing. The gear system parameters studied in this paper are the actual

parameters of high-speed stage helical gears in wind turbine gearboxes, some of which are referred

to literature [8], as shown in Tables 1-3.

Table 1. Gear parameters

Parameter name Parameter symbol Value
Number of teeth Z1,Z, 100, 25
Pressure angle an/(°) 20
Spiral angle B/(°) 15
modulus m, 8
Driving/Driven gear mass my, m, / (kg) 668, 141
Rotational inertia of driving/driven gear | J;, J, / (kg'm?) 4435, 0.21
Meshing damping ratio I 0.1
Mean value of meshing stiffness ko 1.811x10°
Error mean/magnitude value ey, €1/ (m) 2x10%, 2x1073
Lateral clearance b / (um) 10
Eccentric distance P1, P2/ (m) 5x103
Table 2. Bearing parameters
Parameter name Parameter symbol Value
Bearings 1, 2, 3 and 4 concentrate mass My, Mpyo, Mp3, My / (Kg) 115.2,115.2,73.2,73.2
Kpz: K | (N-m™) 6x10°
Bearing 1, 2 support stiffness kpy1, kpyz / (N'm™) 9x108
kpz1s Kpzo / (N'm™) 4.8x108
Kpxz: Kpxa / (N-m) 2x10°
Bearing 3, 4 support stiffness kiy3, kpys / (N'm™) 3x108
kpzz, kpze / (N'mh) 1.6x10%
Brace damping ratio b 0.01
Contact stiffness of bearings 1 and 2 kpi / (N-m™) 1.334x108
Contact stiffness of bearings 3 and 4 kpy / (N-m™) 1.034x108
Number of rollers Np1, Nps 14, 10
Bearing 1, 2 inner/outer radius 71, Ry / (m) 0.2,0.25
Bearing 3, 4 inner/outer radius 15, R, / (m) 0.1,0.125
Bearing clearance Y1, V2 / (m) 2.5x107, 5x10°7

Table 3

. Axis parameters

Parameter name

Parameter symbol

Value

Shaft I and II bending stiffness

ksls ksZ’ k53> ks4

6x10%, 6x108,

/(N'-m™ 1.5x108, 1.5x108
Bending damping ratio & 0.07
Shaft I and II torsional stiffness kiiki/(N-m 8x108, 1.5x10%
Torsional damping ratio & 0.07
Moment of inertia of the driving and load device Ja Ji / (kgm?) 20,5
Input and output revolutions ny, N, / (r/min) 500, 2000

3. Analysis of vibration response and influencing factors of HGRBS system

3.1. Vibration response analysis of HGRBS system

Based on the data in Tables 1, 2 and 3, the vibration response of the gear-rotor-bearing
transmission system with input torque T; = 800 kN-m and input speed n; = 500 r/min has been
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calculated by decoupling the equations of the transmission system dynamics using odelSs in
MATLAB, and the simulation results are shown in Figs. (4-6). the time domain waveforms and
frequency spectra of the driving and driven gears and their corresponding left end bearings in the
x-, y- and z-directions are shown respectively (the plots include local amplification of some
frequency bands). In the plots, the vibration displacements in the two translational, axial, and
torsional directions of the driving gear are denoted by x, y,, z; and 0, respectively, and the two
translational and axial vibration displacements of its corresponding left bearing are denoted by
Xp1, Yp1 and Zpq, X5, Vo, Zy, 6, and Xp,, Vo, Zp, are the displacements at the corresponding
positions of the driven device (the same expressions are used in the later sections).

As can be seen from Fig. 4, the time domain characteristics of the vibrations of the driving
gear (Fig. 4(a-c)) and the corresponding bearing (Fig. 4(g-1)) in the x-, y- and z-directions show
significant differences. the amplitude and principal frequency components of the vibrations in the
y-direction are significantly larger than those in the x- and z-directions. From the spectrograms
corresponding to the driving gear (Fig. 4(d-f)) and the bearing position (Fig. 4(j-1)) it can be seen
that the main frequency of the vibration in the x- and z-directions is the driving shaft rotation
frequency component f; (n,/60 = 8.3 Hz), while the main frequency in the y-direction is the
driven shaft rotation frequency component f, (n,/60 = 33.3 Hz), due to coupling effects, both
transverse and axial vibrations contain both frequency components. In addition, the variable
stiffness frequency f3 (52 Hz) of the bearing appears in the x-direction of the driving gear and
bearing, but is not evident in the other two directions. At the same time, complex frequency
components are exhibited in the x-, y- and z-directions, in addition to the combined frequency
components f, — 2f; (16.7 Hz), f, — f; (25 Hz), 2f, — f; (58.3 Hz) with multiplies frequency
2f; (16.7 Hz) and other components, the high frequency component f,, (meshing frequency n, -
7,/60 = 833.3 Hz) was also found, but this frequency component was not as strong as f; and f,.
From the previous analysis, it can be seen that the vibration frequencies of the system in the three
directions are mainly expressed as the low-speed shaft rotation frequency f;, the high-speed shaft
rotation frequency f, and the gear meshing frequency f,),.

Fig. 5 shows the vibration response of the driven gear (Fig. 5(a-c)) and the bearing position
(Fig. 5(g-1)). It can be seen that compared to the driving gear, the amplitude of the driven gear
becomes larger in the x-, y- and z-directions, and the change in the x-direction is very significant,
the vibration waveform in y-direction becomes very complex and the vibration amplitude is still
larger than that in x- and z-directions, which is consistent with that of the driving gear, mainly
due to the meshing form of the helical gear and the established coordinate system. According to
the spectrograms corresponding to the time domain response (Fig. 5(d-f)) and (Fig. 5(-1)), it can
be seen that the vibrations in the y- and z-directions are dominated by f;, and in the x-direction,
f> is the dominant frequency. In addition to f; and f,, the y-direction of the driven gear exhibits
a stronger meshing frequency f,,, compared to each direction of the main gear, and the frequency
components become more complex. For example, combined frequencies f; + f, appear in all
three directions, and more complex components such as combined frequencies f; + 25, 3f, — fi,
and multiplication frequency 2f, appear in the z-direction.

Fig. 6 shows the time domain (Fig. 6(a-b)) and frequency domain responses (Fig. 6(c-d)) of
the driving and driven gears in the torsional direction. From the time domain response, it can be
seen that the torsional vibration of the driving gear is positive, while the opposite is true for the
driven gear, this is caused by the meshing force of the driving and driven gear as a pair of action
and reaction forces. In addition, the amplitude of the torsional vibration of the pinion shaft is
slightly larger due to its smaller torsional stiffness (k;, = 1.5x103 N/m). In the frequency domain
response, both are mainly represented by the shaft rotation frequencies f;, f, and the mesh
frequency f,,, components of the gears, and both have the low-speed shaft rotation frequency f;
as the dominant frequency.

From the previous analysis, it can be seen that the gears and bearings in the HGRBS system
exhibit different vibration response characteristics in the transverse and axial directions, in
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addition to the frequency of the rotating shaft and the meshing frequency component of the gear,
variable stiffness frequencies caused by rolling bearings appear in individual directions and
complex combined frequency components as well as multiplicative frequency components also
appear in transverse and axial vibration, and the vibration frequency in the torsion direction is
relatively simple. It is clear that the system studied in this paper is very complex. Therefore, in
order to have a detailed understanding of the dynamic characteristics of this complex transmission
system, it is necessary to carry out an in-depth study of the influence of each key parameter on the
system. The effects of input torque, transmission error and variation of tooth side clearance on the

vibration response will be discussed later.

5

-4

-4

3 x10 5 x10 0.9 x10
E E E
~2.5 ~-52 ~ -1
P - -
5 5 5
g 2 £-54 £-11
@ @ @
< < 9
=15 =56 S -1.2
e . )
T 1 =58 = -13
— — -
I - N
0.5 -6 -1.4
7 7.2 7.4 7.6 7.8 7 72 7.4 7.6 7.8 8 7 7.2 7.4 7.6 7.8 8
Time (s) Time (s) Time (s)
a) b) c)
6 5 x10°°
5 10 3 x10 8 T
fl x107 1 15
_ 3 = |2 = 1
£4 4 1—>2f1 g Eoli2 , 1— 22211
~ 1 2—>12-21 ~ ~ 2—> 121
2, ? 3> S2 3 05
H] 2 = =
= ||z = =4
£2 £ £ 0
0 1
= | 0 50 100 = 0 50 100 52 0 50 100
. > N
3 J\im ifm lfm
0 0 0
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
Frequency (Hz) Frequency (Hz) Frequency (Hz)
i e) f)
%1075 %107 %107
25 5 -
E & E 1
s 2 52 -
Q o ﬂ)
§ § g -1.1
E 1.5 E -5.4 E
& B 212
= 1 = -5.6 =
= = =-13
e >>_5 s N
05 7.2 7.4 7.6 7.8 7.2 7.4 7.6 7.8 8 7 7.2 7.4 7.6 7.8 8
Time(s) Time (s) Time (s)
g) h) i)
-6 -5 -6
510 - 5 x10 g X10 ,
- x10° ~ | g 3x10"’ _ |1 X1
E4 3 1—>2f1 £ 3 E |p . 1—> 12211
g arfl, 2> 12211 ~ <6 5 2—> f2-fl
= ? 3> 22 2 2
=3 = ! E 0.5
= |2 2 = 1 =4
s, = =
£ £, £
< 0 < 0 < 2 0
=1 0 50 100 = 0 50 001 = 0 50 100
» 3 > N
0 fm 0 fm 0 |fm
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
Frequency (Hz) Frequency (Hz) Frequency (Hz)
‘ k) )

250

Fig. 4. Transverse and axial time/frequency domain response of driving gears and bearing I;
a)-c) is driving gear time domain waveform, d)-f) is the diving gear spectrogram;
g)-1) is the time domain waveform of bearing I, j)-1) is the spectrogram of bearing I
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Fig. 6. Torsional time/ frequency domain response of driving/driven gears; a)-b) is the time domain
waveform and spectrum of driving gear; c¢)-d) is the time domain waveform and spectrum of driven gear
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3.2. Effect of input torque on vibration response of HGRBS system

This subsection focuses on the effect of the variation of the input torque on the response of the
system vibration. Increasing the input torque T,; from 800 kN-m to 900 kN-m, the comparative of
the time-domain response of the system at different torques, and the frequency-domain response
of the system a torque of 900 kN-m are shown by Fig. 7 and Fig. 8, respectively. The time domain
waveforms in Fig. 7(a-c) and Fig. 8(a-c) show that the amplitude of the driving gear vibration
changes less significantly as the input torque changes, however, the amplitude of the driven gear
vibration decreases significantly in the y- and z-directions, and the vibration waveforms of the
driving/driven gears remain almost identical in all directions. From the corresponding spectrogram
(Fig. 7(d-f)), it can be seen that for the driving gear, the dominant frequency in the x-direction is
still f;, and the main frequency components are still f;, f, and f;,, and the magnitude of the
frequencies is almost constant, in this direction there are still combination frequencies (f, — 2f,
f2 — fi1--.), the bearing variable stiffness frequency f; and the multiplication frequency 2f;, but,
the magnitude of the combined and multiplication frequencies in this direction is reduced
compared to T; = 800 kN'm. In the y-direction, the frequency components are almost constant. In
the z-direction, the dominant frequency changes from f; to f,, but the magnitude of the frequency
amplitude between f; and f, does not differ much. The spectrogram of the driven gear vibration
is shown in (Fig. 8 (d-f)). In the x-direction of the driven gear, the amplitudes of f; and f, increase
slightly, but the frequencies of each combination decrease significantly. In the y-direction, the
amplitudes of f; and f;, decrease nearly two times, and the amplitude of f, increases slightly, but
the amplitudes of all other frequencies decrease significantly. In the z-direction, the amplitudes of
frequencies f; and f;,, decrease nearly three times, the amplitude of f, increases slightly, and the
amplitude of f; is smaller than that of f,, which is consistent with the driving gear, and the
dominant frequency in this direction also has f; changed to f,. The frequency of each combination
in the z-direction decreases nearly two times, and some complex combination frequencies (such
as 2f, + f;) disappear.

5

x10° < x10” o x107*

w
n
o
o

E —— Td=800kN'm 'E —— Td=800kN'm E ——Td=800kN'm
=25 | | Td=900kN-m —.52 —— Td=900kN-m = 1 ——Td=900kN-m
= 1) | | = =
K L o
£ 2 | £-54 g-11
L Y v
<9 <@ <9
S 154 £ .56 S-12
. . )
T 1 T 58 = -1.3
- - - '
" ) N
0.5 -6 -1.4
7 7.2 7.4 7.6 7.8 8 7 7.2 7.4 7.6 7.8 8 7 7.2 7.4 7.6 7.8 8
Time (s) Time (s) Time (s)
a) ¢)
-6 -6
5 10 — 3 P 10 0
—_ fl 4 x10 —_ —_~ 2 1
£4 23 1—>211 £ g
- 2> 12:2f1 b SO
3 . 3—>2fl L2 2
= 3 2 = = 0.5 2f1
Z |in b= £4
=) = =
] £1 g
] 0 < <2 0 .
=1 0 50 100 = = 0 50 100
QLB | fm 0 [fm ol (fm
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
Frequency (Hz) Frequency (Hz) Frequency (Hz)
d) e)

Fig. 7. Comparison of driving gear time domain waveforms at T; = 800, 900 kN-m
and the frequency spectrum at T; = 900 kN-m; a)-c) is the comparison
of driving gear time domain waveforms; d)-f) is the spectrum of driving gear

Fig. 9 shows the vibration response of the gear in the torsional direction, the amplitudes of the
driving and driven gears in the twisting direction decreased significantly as the input torque of the
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system increased, but the waveforms did not change significantly. In addition, by comparing the
frequency domain plots of torsional vibration in 3.1 (Fig. 6), it can be seen that the frequency
components do not change, but the amplitude of f; and the amplitude of f,,, decrease significantly,
but f, remains almost unchanged.

From the previous analysis, it can be seen that the increase of input torque has less significant
effect on the transverse and axial vibration of the driving gear. However, the transverse and axial
of the driven gear, the amplitude and the main frequency of the torsional direction of the
driving/driven gear are significantly reduced. To further discuss the effect of input torque on the
gear system response, this parameter is discussed in detail below.
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Fig. 9. Comparison of time domain waveforms in the direction of driving/driven gear rotation at T; = 800,
900 kN-m and the frequency domain response at T; = 900 kN'm; a)-b) is the time domain waveform
and spectrum of driving gear; c)-d) is the time domain waveform and spectrum of driven gear

In the previous paragraph, the vibration response of the transmission system under two
operating conditions with input torque of T; = 800 kN-m and T; = 900 kN-m were compared and
analyzed respectively. To better learn the effect of input torque on the system response, the
spectral waterfall plots of the driving and driven gears in the x-, y-, z- and O-directions
respectively, are given in Figs. 10-11 when the input torque increases (the waterfall plot only gives
the frequencies of the main bands and the local zoomed-in plot of f;,,). From Fig. 10(a-f), it can
be seen that the frequency of the driving/driven gears changes significantly as the input torque
increases, and the meshing frequency f,, of the driving/driven gears in all directions reaches a
minimum value at T; = 900 kN-m (T; = 225 kN-m). Fig. 10(a, ¢, ¢) shows the vibration response
253
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of the driving gear in x-, y-, and z-directions respectively. For the x-direction of the driving gear,
the variation of frequencies other than the meshing frequency f;, is quite insignificant. In the y-
direction, firstly, the amplitude of f; increases with the increase of input torque, then decreases,
and finally remains stable, reaching the maximum value at T; = 700 kN-m, the multiplier
frequency 2f; changes in a trend of increasing and then decreasing. In the z-direction, the changes
of fi, f, and 2f; are basically the same as those in the y-direction, but the dominant frequency
changes. When T is less than 800 kN-m, the dominant frequency is f;, and when T, is greater
than this value, the amplitude of the rotational frequency f, of the high-speed axis is greater than
f1, and the dominant frequency changes to f,.

I
Al e
Im
1.010°
fi o
60107 1100
4.0107 900
f2 20107 700
00 s
7710 £, 0 w0 s om0
- > -4
] _6 =" ~ 1710
E 6.610 / t 71300 @ 515104
2 5510° 7 1200%\ o
e g 1100 & S 1210
= 211 0 & = 8710°
S 3.310° 900 & =%
S
§ 2.210°¢ —fr-f) 800 & g 5810
N 700 8 = 2910%
o Lot [ 7600 N ’
0.0 — 750 & 00 &
0 40 800 120 160 200 L\ 0 40 80 120 160 200 N
Frequency (HZ) Frequency (HZ)
a) b)
f: A Vs
8.0010° e (—
6.4010° 1300 3210 325
4.8010° 1100 2410% 275
32010° 900 1610 25
16010 700 f 8.010° 175
0.00 500 5 1 f 0.0 125
0 w0 w0 w0 —~ 5.010 /l ] s s w0
3 E 43108 s &
2 3.610° B 300 $
£ 2810° 7S
= 250
2. 2.110° 7ns &
£ 1.410° = 200 &
: ’ . 175 O
7.110° 150 &
> 21 g
Y 0.0 4 //125 K
0 4 80 120 160 200 < 0 40 80 120 N
Frequency (HZ) Frequency (Hz)
c) d)
T I
| [
fm

2010¢
1610%
12104 1100
80107 900

80010
64010¢
48010°

, s2010¢ S——
f] 4010 700 1.6010° s
00 ) o s
750 800 850 900 950 2f Afz 750 800 850 900 950
E 1.710°% 1300 D ~ 9.610° = e 125 @
= 1510° 1200 & E son0s 2h //3005'
2 1100 A
g 1210¢ 1000 bg S 6410° 252075&\\
= 8710 900 o é 4.810° /225 &
= " 800 & = 5 00 &
g 5810 fo-fi o0 & g 3210 s &
: 2.910°¢ 600 ¢° < 1.610° //ISIJ~$
500 & o
A 40 80 120 & Ny m m T &
Frequency (HZ) ©
q y Frequency (HZ)
°)

Fig. 10. Spectral waterfall of transverse and axial vibration of driving/driven gear with varying input
torque; a), ¢) and e) is the spectral waterfall of the driving gear in the transverse and axial directions;
b), d) and f) is the spectral waterfall of the driven gear in the transverse and axial directions

For the driven gear (Fig. 10(b, d, f)), the amplitude of the frequency f, increases monotonically
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with increasing input torque. In the x-direction, f, is always the dominant frequency in this
direction, and the change trend of f; is not obvious, which is consistent with the x-direction of the
active gear. The y-direction and z-direction are the same, and the trend of f; amplitude both
increases and then decreases before leveling off, reaching the maximum value when
T; =175 kN'm (T; = 700 kN'm), and when the output torque T; <225 kN'm (T; < 1100 kN-m), f;
is the dominant frequency, and f;, is the dominant frequency when it is greater than this value. The
multiplication frequency 2f; and each combination frequency are increasing and then decreasing,
and the multiplication frequency 2f, is monotonically increasing. In the torsion direction
(Fig. 11(a-b)), the frequency amplitude of the driving/driven gears at each location changes the
same, the amplitude of the rotational frequency f; increases then decreases and finally remains
stable and unchanged, the change of the rotational frequency f, is not obvious, and the amplitude
of the frequency f; is always larger than f,.

In conclusion, as the input torque increases, both gears in the x-direction exhibit the rotational
frequency component of their rotary axis as the dominant frequency. Both gears in the torsion
direction reflect f; as the dominant frequency. In the y-direction, when T; < 900 kN-m
(T, < 225 kN'm), the two gears are dominated by the rotational frequency not of their axis of
rotation, but the rotational frequency component of their axis is not very weak, and when
T; > 900 kN'm (T; > 225 kN'm), the dominant frequency in the y-direction of the driven gear
changes to the rotation frequency of its shaft. In the z-direction, when T; < 900 kN-m
(T, <225 kN'm) the f; component is the dominant frequency. However, when T; > 900 kN'-m
(T, > 225 kN'm), the dominant frequencies in the z-direction of the driving and driven gear change
from the previous f; to f,. The amplitude of the meshing frequency f,, in all directions of gears
changes abruptly at T; = 900 kN-m (T; = 225 kN-m) and reaches a minimum value. There is no
uniform variation in the other frequency components.
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Fig. 11. Spectral waterfall plot of driving/driven gear torsional vibration with varying input torque;
a) is the spectral waterfall of the driving gear in the torsional direction;
b) is the spectral waterfall of the driven gear in the torsional direction

3.3. Effect of transmission error on vibration response of HGRBS system

This section focuses on analyzing the effect of transmission error on the vibration response of
the system. First, the vibration response of the system is calculated for transmission errors e of
2¢7, 3¢ and 4e>m, respectively. A comparison of the time-domain response of the vibration is
shown in Fig. 12, and the spectral waterfall plot is shown in Fig. 13 (the 2D spectral plot is not
given in this subsection, and the frequency amplitude change is analyzed directly in conjunction
with the spectral waterfall plots of the gear in the y- and torsion directions, which are the same in
all the subsequent sections). From Fig. 12(a-c, e-g), it can be seen that the transverse and axial
amplitudes of the driving/driven gears increase significantly with the increase of transmission
error, and the vibration waveforms are always consistent, but the harmonic components in the
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y-direction of the driven gears become obviously complex.
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Fig. 12. Comparison of time domain response of driving/driven gear vibration for different transmission
errors; a)-b) is time domain waveforms in the x-, y-, z- and 8-directions of the driving gear;
e)-h) is time domain waveforms in the x-, y-, z- and 8-directions of the driven gear
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Fig. 13. Spectral waterfall of vibration in the transverse, axial and torsional directions of the driving/driven
gears for variations in transmission errors; a) and c) are the spectral waterfall plots of the driving gear
in the y-direction and torsion direction, respectively; b) and d) are the spectral waterfall plots
of the driven gear in the y-direction and torsion direction, respectively

From the torsional vibration of the gears in Fig. 12(d, h), it can be seen that with the increase
of transmission error, the amplitude of the driving gear increases significantly, and the vibration
time-domain waveform becomes more complex, but the vibration amplitude of the driven gears
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does not change much. The spectral waterfall plot of the gear in each direction is obtained by
varying the magnitude of the transmission error (Fig. 13). In Fig. 13, it is obvious that as the gear
transmission error increases, the magnitude of the f,,, is proportional to it, and by referring to the
spectrum plot in 3.1 (e= 2¢e® m), it can be seen that the increase or decrease of the gear
transmission error has no obvious effect on the frequency amplitude other than f,,, and the
components of each order of frequency do not change significantly. Combined with the time
domain response diagram of the gear, the trend of the amplitude change of the gear vibration is
consistent with the trend of the amplitude change of the gear meshing frequency. This shows that
the transmission error of the gear only affects f;,,, and the other frequency components are not
sensitive to it. From the previous analysis, we can see that the increase of error will lead to the
increase of gear vibration amplitude. Therefore, the gear transmission error should be reduced as
much as possible during the manufacturing process to avoid serious vibration and failure of the
gear system.

3.4. Effect of tooth side clearance on the vibration response of HGRBS system

In this section, the effect of variation of tooth side clearancecon the vibration response of the
transmission system is investigated and analyzed. The vibration response of the system is solved
for the tooth side clearance ¢ of 1.4x10° m, 1.8x10° m and 1.9x10 m, respectively. The
velocity-time comparison of the y-direction and torsion direction of the driven gear for different
c is shown in Fig.14, and the spectral waterfall is shown in Fig. 15.
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Fig. 14. Comparison of time domain response of driven gear vibration with different tooth side clearances;
a) and b) are the time-domain waveforms in the y- and torsion directions of the driven gears respectively

As shown in Fig. 14, as the tooth side clearance increases, the vibration speed of the gear first
decreases, and then the vibration undergoes a sudden change and the vibration speed increases
sharply. It can be seen from Fig. 15 that with the increase of tooth side clearance, the gear meshing
frequency and time domain response change the same law, also showed a trend of decreasing and
then increasing, when the tooth side clearance ¢ = 1.8e® m, meshing frequency reaches the
minimum value, but when the tooth side clearancecexceeds 1.8¢® m, a significant sideband
frequency is generated near the meshing frequency, which is caused by the increase in the impact
excitation of gear meshing when the tooth side clearance of the gear is too large, thus leading to a
surge in the vibration amplitude of the gear in all directions. The size of the tooth side clearance
obviously affects the vibration of the gear, therefore, the gear tooth side clearance should be
selected reasonably. Based on the above analysis, there is a certain relationship between the mesh
frequency amplitude of gears and the trend of vibration amplitude, but whether the gear vibration
amplitude reaches the minimum when the mesh frequency is smallest is to be determined. In order
to investigate the connection between the two, the effect of gear mesh frequency on gear vibration
under different parameters will be analyzed later.
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Fig. 15. Spectrum waterfall of driving/driven gears in transverse, axial and torsional directions during
Tooth side clearance changes; a) and c) are the spectral waterfall plots of the driving gear
in the y-direction and torsion direction, respectively; b) and d) are the spectral waterfall plots
of the driven gear in the y-direction and torsion direction, respectively

3.5. Effect of gear meshing frequency on the response amplitude of a gear train

From the analysis in sections 3.3 to 3.4 of this paper, it can be seen that both the meshing
frequency f;, and the vibration amplitude of the gear increase monotonically with the increase of
the errore. As the tooth side clearancecincreases, the trend of the gear amplitude is synchronized
with the trend of f,,,. Next, we will explore the relationship between the amplitude trends of the
gears and the amplitude trends of the major frequencies (include f,,, f; and f,). Firstly, based on
the results in Sections 3.2 to 3.4, the amplitude variation curves of f,,, f1, f> and the amplitude
variation curves of time domain waveforms of the driven gears are deduced for different excitation
changes, and the results are compared in Figs. 16-18. In order to fully explore this problem, we
will consider changes in the other excitations of the gear system. Firstly, the average meshing
stiffness of the gear is increased from 6¢3N/m to 3¢’ N/m, and then the eccentricitypof the gear is
increased from le m to 9¢ m. The vibration response of the system under the above two
excitations is solved and the variation of its major frequency amplitude and the variation of the
amplitude of the time domain waveforms in the y-direction and torsion direction are obtained,
respectively, and the results are shown in Figs. 19-20.

Fig. 16 shows the variation of vibration amplitude in each direction of the driven gear and the
variation of amplitude of f,,, fi, fo when the input torque T, is from 500 kN-m to 1300 kN-m.
From the conclusion 3.2, it can be seen that the dominant frequency in the x-direction of the driven
gear is always f,, and the frequency increases monotonically, which is consistent with the trend
of the amplitude curve in this direction. When T,; < 900 kN-m, the dominant frequency in y- and
z- direction is f;, before T; = 900 kN-m, the trend of amplitude curve in this direction is consistent
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with f;, when T; > 900 kN-m, the dominant frequency in this direction is f,, then the trend of
amplitude curve in this direction is consistent with f,. The dominant frequency in the torsional
direction is always f;, and the trend of the amplitude curve is always consistent with f;. In short,
as the input torque increases, the amplitude of the gear in each direction has the same trend as the
dominant frequency in that direction. As shown in Fig. 17-20, (except for the torsional excitation,
the differences in the vibration response of the gears in the all directions due to other excitation
variations are not significant, so only the results in the y- and torsional directions are given) the
variation of f,,, f, f> of the gear system and the variation of vibration amplitude in y- and torsion
direction of the gear are compared for different transmission errorse, tooth side clearancec,
average values of meshing stiffness k,,, and eccentricity p respectively. As shown in Fig. 17, with
the increase of gearing error, the vibration amplitude in y- and torsion direction of the gear is
synchronized with the amplitude of the meshing frequency in that direction, and they all tend to
increase monotonically. As shown in Fig. 18, with the increase of tooth side clearance, the
vibration amplitude of gears in y- and torsion directions and the change of meshing frequency are
decreasing first and then increasing, and reach the minimum value at ¢ = 1.8¢ m.
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Fig. 16. a)-d) are respectively the amplitudes of the driven gears in x-, y-, z- and torsional directions
compared with the amplitudes of f;,, f;, f, in the corresponding directions for different input torques Ty

As shown in Fig. 19, with the increase of meshing stiffness, the vibration amplitude of y- and
torsion direction of the gear is consistent with the amplitude of the meshing frequency in that
direction, and the trend is first increasing and then decreasing, and the minimum value is taken at
k., = 5 N/m; the maximum value is taken at k,,, = 2.5¢° N/m. Thus, the traditional belief that the
greater the gear mesh stiffness gear, the smaller the vibration of the gear system, the more stable
the operation is incorrect. As shown in Fig. 20, the vibration amplitudes of f,,,, f;, f> of the gear
system vary with y- and torsion direction of the gear when the gear eccentricity p is e m to
9¢” m. It can be seen from the figure that the variation of the amplitude of the gears in y- and
torsion direction is consistent with the variation of the main frequency amplitude in its
corresponding direction, which all show a monotonic upward trend.
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Fig. 17. a)-b) are respectively the amplitudes of the driven gears in y- and torsional directions compared
with the amplitudes of f,,, fi, f, in the corresponding directions for different transmission error e
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Fig. 18. a)-b) are respectively the amplitudes of the driven gears in y- and torsional directions compared
with the amplitudes of f,,,, f1, f in the corresponding directions for different tooth side clearance ¢
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Fig. 19. a)-b) are respectively the amplitudes of the driven gears in y- and torsional directions compared
with the amplitudes of f;,, fi, f> in the corresponding directions for different mean meshing stiffness k,;,

In summary, the input torque T; and gear eccentricity p are the external excitations affecting
the gear set, while the transmission error e, meshing stiffness k,,, and tooth side clearance c are
the internal excitations of the gear set. From the above analysis, it can be seen that the change of
vibration in each direction of the gear caused by the change of the external excitation of the gear
set is synchronized with the trend of the change of the main frequency amplitude in the
corresponding direction, while the change of vibration in each direction of the gear caused by the
change of the internal excitation of the gear set is consistent with the trend of the change of the
mesh frequency amplitude in the corresponding direction. Therefore, in the gear design, we can
avoid the gear to be at the vibration peak according to this change law.
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Fig. 20. a)-b) are respectively the amplitudes of the driven gears in y- and torsional directions compared
with the amplitudes of f,,, fi, f, in the corresponding directions for different eccentric distance p

4. Conclusions

In order to study the effect of several important excitations on the response of the gear rotating
system and to analyze the relationship between the trend of amplitude change in each direction of
the helical gear and the trend of amplitude change in several important frequencies in that direction
when the internal and external excitations change, this paper establishes a dynamics model of the
Multi-degree-of-freedom helical gear-rotor-bearing transmission system using the lumped
parameter method, taking into account the time-varying meshing stiffness, comprehensive
transmission error, tooth side clearance, gear eccentricity and non-linear support force of angular
contact ball bearings, and solves the dynamics response of the system based on the Runge-Kutta
method, and the results show the following:

1) The vibration amplitude in the y-direction of the system is significantly larger than that in
the x- and z-directions, while the vibration in the direction of torsion is significantly larger than
that in the transverse and axial directions, so the system is dominated by torsional vibration. The
main frequencies of the system include the low-speed shaft rotation frequency f;, the high-speed
shaft rotation frequency f, and the engagement frequency f;,, and the above frequencies are
present in each direction.

2) With the increase of input torque Ty, the vibration amplitude of the driving/driven gears
decreases except for the x-direction, and the amplitude of the driven gears decreases very
significantly, and the low-speed shaft rotation frequency f; in individual directions decreases
significantly, and changes from f; as the dominant frequency to the high-speed shaft rotation
frequency f, as the dominant frequency. The combination frequency of gear vibration in each
direction is significantly reduced, and some complex combination frequencies even disappear.

3) Gear transmission errors and changes in tooth side clearance ¢ have a significant effect on
the amplitude of gear vibration, but the effect on other frequencies at various points in the gear is
not significant, except for a significant effect on the meshing frequency.

4) The relationship between the change trend of the gear vibration amplitude and the change
trend of the main frequency amplitude in each direction of the gear was analyzed. The results
show that the change trend of vibration amplitude in each direction of the gear caused by the
change of external excitation of the gear system is synchronized with the change trend of the main
frequency amplitude in the corresponding direction; while the change trend of vibration amplitude
in each direction of the gear caused by the change of internal excitation of the gear system is
consistent with the change trend of the mesh frequency amplitude in the corresponding direction.
The research results can provide reference for the design of gear set parameters.
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