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Abstract. Dynamic modeling for gear systems is very important for accurately predicting the
dynamic responses during the gear engagements. During the modeling, meshing force must be
determined, and it is usually calculated by the product of the relative displacement along the line
of action (LOA) and the meshing stiffness. At present, the relative displacement calculation for
helical gear systems is very complicated by several existing methods because the complicated
geometric relationships need to be derived for determining the spatial positions of two meshing
points along LOA. In this study, a simple method for calculating the relative displacement along
LOA is presented based on ANSYS software. And on this basis, a new finite element modeling
method for a helical gear transmission system with multiple shafts is developed, where the
influences of shafts and bearing flexibilities are considered. Moreover, the proposed method is
validated by comparing the dynamic characteristics, such as natural characteristics and vibration
responses, with those obtained from Kubur’s method and Zhang’s method.
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Nomenclature

Ci; The meshing damping matrix of gear pair ij
Cij The meshing damping of gear pair ij

C The damping matrix of the gear system

e;;(t) The static transmission error of gear pair ij
Fij, F, Excitation force vectors

F, The external force vector of the gear system
F;; Static transmission error excitation

fe12> fe3a The meshing frequency of gear pairs 12 and 34
fa(@i=1,2,3,..) The ith natural frequency of the gear system
G The gyroscopic matrix of the gear system

Lixs liys Lizs Lixs Iy, I The moments of inertia about x, y and z axis
K, The stiffness matrix of bearing

K;j The meshing stiffness of gear pair ij

kij The averaged meshing stiffness of gear pair ij
M The mass matrix of the gear system

M;; The mass matrix of gear pair ij

m;, m; The masses of gear i and gear j

Nix, N1y, N1z, Nay, N3y, N3, The coordinates of Ny and N3 in x, y and z directions
The coordinates of spring-ends in x, y and z directions closing to
Nix’ N; NiZ’ ]ija Ivjy]VjZ p & Y &

v the gear i and j
N;N,, N3N, The tangent lines of gears ij
Oix, Oiy, 0i3, Ojy, 0;,0;, The coordinates of 0; and 0; in x, y and z directions
0;, 0; Geometrical centers of gear i and gear j
pi; (t) The relative displacement along the line of action
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This T Radii of base circles of gear i and gear j

T The load torque

Z; Tooth number of gear i

@ The angle between the line connecting the gear centers and the
Y positive x-axis

Bij The helix angle of gear pair ij

&, 6 Modal damping ratio of gear pairs 12 and 34

Yij The angle between the plane of action and positive y-axis

Qi The transverse operating pressure angle of the gear pair ij

Q;, Q; Rotational speeds of gears i and j

1. Introduction

Dynamic characteristics of geared systems are closely related to the noise and reliability of the
system. The dynamic loads during the gear transmission can lead to larger dynamic stress which
may threaten the security operation of the gear systems [1-3]. Therefore, a good dynamic modeling
method for gear systems is essential for accurately predicting the vibration responses during gear
engagement. Moreover, such a model can also be used to the dynamic design for the gear pairs,
shafts and bearings.

A lot of researches on the dynamic characteristics of the spur gear rotor systems were carried
out, such as Iida et al. [4], Choy et al. [4], Kahraman and Singh [6], Lim and Singh [7], Ozgiiven
[8], Kahraman et al. [9], Rao et al. [10], Jiaetal. [11], Lee et al. [12] and Ma et al. [13-17]. Except
for the dynamics of spur gear systems, many researchers also developed many mathematical
models for simulating the dynamic characteristics of spur gear systems. Blankenship and Singh
[18] developed a new mesh dynamic model for gear pairs, which can provide a true,
three-dimensional representation of the forces and moments during the gear engagement. Velex
and Maatar [19] presented a general method for simulating 3D gear meshing, and introduced this
meshing model into a lumped mass model of a gear system, and analyzed some parameters such
as meshing stiffness and installation error on the system vibration responses. Choi et al. [20]
studied the coupled lateral, torsional and axial vibrations of a gear system using finite element
method. In their model, the tooth engagement was modeled using distributed spring and the force
vibrations caused by unbalances and static transmission errors were also calculated. Baud and
Velex [21] developed a finite element model for simulating dynamic tooth loads in gear rotor
systems and verified the model by experiments using a single spur and helical gear reducer which
includes flexible shafts mounted hydrostatic bearings. Kubur et al. [1, 2] proposed a new model
for simulating the dynamic characteristics of a helical system with multiple shafts. In their model,
the shafts are modeled using finite element method and the helical gear pairs are modeled using a
lumped mass model. Based on Kubur’s model, Zhang et al. [22] established a general
mathematical model of helical gear systems considering the effects of geometric eccentricity, gear
meshing, bearing stiffness, and shaft flexibility. Based on the previous works in [1, 2, 22], Zhang
et al. [23] developed a finite element model of a rotor system in centrifugal compressor. In their
model, the effects of the constant meshing stiffness of helical gear pairs, the varying stiffness and
damping of the bearings on the system vibration responses are considered.

From the above literature analysis, it is clear that the dynamic models of gear pairs are very
complicated, especially, in the calculation of the relative displacement along the line of action.
This study focuses on a new mathematical model for a rotor system with helical gear pairs and
multiple shafts by ANSYS software. This new model can easily calculate the relative displacement
and meshing force using the geometric positions of the meshing points.
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2. Dynamic models of geared rotor systems

In this section, a new modeling method for geared rotor systems is developed in ANSYS software.
The proposed model is verified by comparing the vibration behaviors with those obtained from
Zhang’s model [22]. A brief introduction to Zhang’s model (see Figs. 1(a) and (b)) is described in
Section 2.1, and the proposed model (see Figs. 1(c) and (d)) is introduced in Section 2.2.

® T Gear 4

y.
®) Gear j (driven) ! 0
Vi &

Shaft 3 - __--:4»|-£- M

Base circle ry;

Gear 1 Lumped mass 2 Lumped mass 1

Projection drawing
in y-direction

©) Timoshenko beam to simulate the shaft (Beam 188)

Shaft 1
Shaft 3 Shaft 2

umped mass

(Mass 21)
Spring
(Combin 14) i
_C q Gear /} = /
] N, : 3
: Lumped mas$§ Spring Rigid connection

i Gear 1 (Mass 21) (Combin 14)

Springs in different directions to simulate tl;"e bearings (Combin 14)
Fig. 1. a) Schematic of geared rotor systems, b) 3D model of the helical gear pair ij,
c) FE model of the gear rotor system, d) projection drawing in y-direction

2.1. Dynamic models of geared rotor systems using Zhang’s method

A 3D mathematical model of helical gear pair with 12 degrees of freedom (DOFs) is displayed
in Fig. 1(b), which includes two helical gears (i and j). Q;, &;, 0;, 0;, 1,; and 73,; denote the
rotational speeds, geometrical centers, radii of base circles of the gears i and j. The flexible of
gears are ignored and assumed to be the rigid disks. In addition, a spring-damping setting is
adopted to simulate the gear meshing and the direction is defined according to the helix angle §;;.
The spring stiffness is determined by the average gear mesh stiffness due to the high contact ratio
of helical gear. It is worth noting that Zhang’s method in Ref. [22] takes the effects of gear
geometric eccentricity into account. However, in this paper the eccentric effect is ignored. Helix
angle B;; is defined as:

> 0, ifgeari has left hand teeth,
pij =1=0, ifgeariisa spur gear, 1)
< 0, ifgeari has right hand teeth.

As shown in Fig. 1(b), the angle between the connecting line of gear centers and the positive
x-axis of gear i is defined as relative position angle a;;. The angle between the plane of action
and positive y-axis can be defined by 1;;. Under different direction of rotation of driving gear,
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¥;; can be expressed as follows:

(it aij, €Q,;: Couterclockwise, )
Vi = {(Pij + a;; —m,  ;: Clockwise, (2)

where ¢;; is the lateral pressure angle of gear pairs.
The meshing position changes under the different direction of rotation of the driving gear.
Considering this changing, a sgn function can be defined as follows:

h= {1, Q;: Couterclockwise, 3)
S8 =11, Q;: Clockwise.

The displacement vector of the gear pair ij can be written as follows:

Xij =[x, Y1, 21, Oxi, Oyis 9zi;ijYj,Zj:9xj:9yj,9zj]T- “)

Due to the equilibriums of lateral motion and force, the equations of motion of the gear pair ij
can be written as the following expressions, where the influence of the geometric eccentricity of
gear is ignored:

m¥; — kijpij(t)cosPysing;; — c;;p;j(t)cosfysing;; = 0,

my; + kijpij(t)cospjcosy;; + ¢;jp;j(t)cosp;jcosy;; = 0,

m;Z; + sgn X k;jp;; (t)sinf;; + sgn X ¢;;p;;(£)sinf;; = 0,

IOy + kijpi;(©)sinBirpsimy; + ¢;;py; (£)sinfyrysingy; + 1,06, = 0,
Iiy 0, — kijpij(£)sing;jrpicosy;; — ¢;;pij (£)sinpijrypicos;; — 1,06, = 0,
I,0,; + sgn X k;;p;;(£)71;€08By; + sgn X ¢;;py; (E)ryicosByy = sgn X T,
m;X; + k;jp;j(t)cospPsing; + ¢;pj(t)cospjsing;; = 0,

m;y; — kijpij(t)cosp;jcosy;; — cipj(t)cospijcosy;; = 0,

m;Z; — sgn X ki;p;;(£)sinf;; — sgn X ¢;;p;;(H)sinf;; = 0,

I]-xéxj + kijpij(O)sinfyjryjsin;; + ¢;p;;(D)sinfy i, jsin;; + IjZQjéyj =0,
ijéiyl- — kijpij(t)sing;jryjcosp;; — c;p;j(t)sing;ry jcosy;; — Ijzﬂjéxj =0,
kljzézj + sgn X k;;jp;;(£)1p;c08p;; + sgn X ¢;;p;;(t)r,jcosP;; = sgn X Tj,

A

(6))

where m; and m; denote the masses of gear i and gear j. Iy, Iy, Ij;, ljx, Ij, and [, are the
moments of inertia about x, y and z axis. k;; denotes the averaged meshing stiffness of gear pair
[j. c;; represents the meshing damping of gear pair ij. In a direction, normal to contact surface,

the relative displacement of gear mesh is written as:
pij(t) = [—x;siny;; + xjsin;; + yicosy;j — yjcosy;; + sgn X 1,0, + sgn X 13,;0,;]cosp;;
+[sgn X z; — sgn X z; + 13,;Sin;;0,; + 1;SINY;;0, ) — 1,;0,,c08Y;j — 1,6, ;cosyp;;]sinG;; (6)

—e;;(t),

where e;;(t) denotes the static transmission error, and it is a displacement excitation in the same
direction of k;;. The e;;(t) can be defined as:

eU(t) = eijSin(Zi.O.it), (7)

where e;; denotes the amplitude of static transmission error (STE) of the gear pair ij. Z; and (;
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denote the number of tooth and rotational speed of gear i.
Substituting Eqgs. (6) and (7) into Eq. (5), the equations of motion of the helical gear pair ij are
rewritten as follows:

MUXU+(CU+GU)XU+KUXU = Fij+FW' (8)

where M;;, C;j, G;; and K;; denote the mass, damping, gyroscopic and mesh stiffness matrices of
the gear pair ij. F;; and F,, are the excitation force vectors. And they can be expressed as:

M;; = diag(my, my, my, lix, iy, Iz, My, My, my, I, JJ/' Ii2), ©)
Xi] [xL’YLrZi’gxu eyuezuxj'yj’zj'ex]'eyj’9 ] , (10)
Kij = k; a - ayj, (11)
Cl] Cl]al,j aij: (12)
Fl] kl]al]el.](t) + Cuafjéu(t) (13)
F,, =[0,0,0,0,0,sgnT;, 0,0,0,0,0, sgnT] (14)

where a;; can be expressed as follows:

a;; = [—sin;jcosp;j, cosy;cosP;, sgn X sinf;j, 1,;siny;;sinf; j, —1p;cosy;;sinp;,
SgN X 13,;COSP;j, Sin; jcosf; j, —cosy;jcosP;j, —sgn X sinf;;, (15)
Tbjsinl[)ijsinﬁij, —TbjCOSl/JijSinﬁij, sgn X TbjCOSBi]'].

In Ref. [22], the shafts are simulated using Timoshenko beam elements, and some rigid disks
on the shaft are simulated using lumped mass elements. By introducing the lumped mass models
of gear pairs into the FE models of the shafts, equations of motions of the entire system can be
expressed as:

Mii + (C + G)a + Ku = F,, (16)

where M, C, K, G and are the mass, damping, stiffness and gyroscopic matrices. F,, is the external
force vector of the system. Here, the stiffness matrix of bearing is expressed as
K, = diag[kxx, kyy, K2z Koxox Koyoy kgzgz]. According to the position of bearings and gears, the
bearing stiffness matrix and mesh stiffness matrix are added to the stiffness matrix of the shafts.
As shown in Fig. 2, total stiffness matrix of system is assembled, in which only two shafts are di
splayed. The Rayleigh-type damping is adopted in this study, which can be expressed as:

C=aM + BK, (17)
where:
AT fo1 oz (fr2€1 — fra&2)
_ . 18
02— 1) (18
5 _ Unata = f)) "

”(fnzz - fn21)

here, f,,; and f;,, denote the first-order and the second-order natural frequencies (Hz), respectively.
In this paper, modal damping ratios &; = &, = 0.04.

2.2. A new mathematical model of gear rotor system

In this section, a new dynamic model is presented using FE method based on ANSY'S software.
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Gear meshing is modeled as two lumped masses connecting by a liner spring, which is normal to
the gear tooth contact surface, as shown in Figs. 1(b) and (d). According to the direction of the
load, the direction of action plane changes. Here, a driving gear with counterclockwise rotation
and left hand teeth is taken as a example, as shown in Figs. 1(b) and (d), in which the tangent lines
N, N, and N3N, can be determined according to the geometrical relationship. The length between
N, and N; can be calculated as (see Fig. 3):

N2N3 = OEOJSIHQDU = (rbi + Tbj)tan(pij. (20)
Shaft 1 Shaft 2
;’ll n2 DRI nl .\., . nj .. nn\
m e ]
ny e
. 2
Shaft I - . P
< R = . - Meshing element
n; e | position of gear pair ij
e . _ Position of bearing

Shaft 2 & .

nl?

Fig. 2. Schematic of the whole stiffness matrix

The length of N; N, and N3N, can be expressed as:

N1N2 = N3N4 = N2N3tanﬁij. (21)

Considering the symmetry of the gears about xy plane, Ny N, and N3N, are divided into two

equal parts (i.e. C;N; = C;N,, C,N3 = C,N,), as shown in Fig. 1d. The coordinates of N; and N
can be written as (see Fig. 3):

Nix = Oix + 1pic08Y,5,
le = Oiy + Tbisinl[)ij,
Ny, = 0;; — N1N; /2 = Oy, — (1p; + 1pj)tang;;tanf;; /2,
N3x = ij — TbjCOSllJij,
N3y = ij - Tbjsinl/)ij,
N3Z = sz + N3N4_/2 = sz + (rbi + Tb]-)tan(pijtanﬁi]-/z,

(22)

where, Nix, N1y, Ny, N3y, N3y, N3z, Oy, Oy, Oi7, Ojx, Oj,, and O;, denote the coordinates of N,
N3, 0; and O; in x, y and z directions. Once these coordinates are determined, the direction of
spring can be defined, i.e., the meshing relation of two gears can be determined. Here, for the
convenience of the modeling, N; and N5 are selected as the ends of spring.

There are four working modes for the driving gear i, i.e., counterclockwise rotation and
left-hand teeth, counterclockwise rotation and right-hand teeth, clockwise rotation and left-hand
teeth, clockwise rotation and right-hand teeth. Thus the positions of spring will change under
different cases. However, these coordinates of the two ends of spring for the four cases can be
expressed as:
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Ny = Oix + sgnry;cosyyj,
Ny, = 0y + sgnry,;siny,
N, = 07 — sgn(ry; + 1pj)tang;tanp;; /2,
Nj = Oj — sgnry;cosyj,
| N;y, = 0;, — sgnrysinyy;,
Nj, = 0;; + sgn(ry; + 1p,j)tang;tanp;; /2,

(23)

where Ny, Ny, Niz, Njy, Nj,, and N;, denote the coordinates of the two ends of spring in x, y and
z directions, respectively.

In ANSYS software, the detailed modeling process is briefly introduced as follows (see
Fig. 1(c)): (1) According to the physical dimensions of the shafts and the actual gear positions, the
FE models of bearing-rotor systems including bearings, shafts, gears and rigid disks are
established; (2) The coordinates of gears are determined, and then the coordinates of the two ends
of the meshing spring are determined based on Eq. (23); (3) Rigid connections are established
between the ends of meshing springs and gears by using the command “cerig”. Thus, the FE model
of the whole gear rotor system will be established.

For the gear static transmission error excitations, it is loaded on both ends of meshing spring
in an opposite direction along the direction of spring. And the excitation force due to the static
transmission error Fe;; can be written as:

Foyi = kyjey(t) + cyjé;(t). (24)

€i]'

Projection drawing in
z-direction

Fig. 3.7Projection drawing of Fig. 1(b) in z-direction
3. Model verification and discussion

In order to prove the validity of the present method, two gear rotor systems offered in Refs.
[1,9] are adopted. First of all, the present method will be verified by comparing the natural
characteristics with those obtained using different methods in published literatures. Subsequently,
the vibration responses obtained from present method and previous methods will be compared to
verify the present method.

3.1. Model verification by comparing the natural characteristics

A spur gear rotor system is taken into account at first (see Fig. 4), and the parameters of system
are listed in Table 1, which are offered in Refs. [9, 24]. Here, the effect of damping is ignored,
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and the helix angel f;; is equal to zero for the spur gear. The first 11 orders of natural frequencies
calculated by present method are compared with the results of Ref. [9] (see Table 2). At the same
time, the descriptions of the mode shapes based on the present method are also listed in Table 2.
It is obvious that the frequencies obtained by present method agree well with those offered in
Ref. [9] except for some higher modes, and the relative error is less than 3.31 %.

Table 1. Parameters of the gear system

Gear parameters
Gear | I, = I, (kg'm?) | I, (kg'm?) | m (kg) | Base circle radius (m) | Tooth number | k,, (N/m)
1 0.0009 0.0018 1.84 0.0445 28 1x10°
2 0.0009 0.0018 1.84 0.0445 28
Bearing parameters
Bearing Koy kyy
All 1x10° 1x10°
Material parameters
Modulus of elasticity (GPa) Density of material (kg/m?) Poisson’s ratio
207.8 7806.0 0.3
Unit: mm
\ 127 } 127
Gear 1
37 Driving shaft
Bearing
:
Driven shaft (1)10:
|
Gear 2
Fig. 4. Schematic of the spur gear rotor system [9]
Table 2. Natural frequencies of the spur gear rotor system
Natural frequencies (Hz) . ..
Mode no. Present method | Ref. [9] Relative errors Mode description
fu1 572.61 581 1.44 % Coupled lateral-torsional vibration
frz 678.68 687 1.21 % Ist lateral, y-direction, driving shaft
fn3 679.64 689 1.36 % Coupled lateral- torsional vibration
fra 680.61 691 1.50 % 1st lateral, y-direction, driven shaft
fns 25134 2524 0.42 % Coupled lateral-torsional vibration
fue 3371.0 3387 0.47 % 2nd lateral, x-direction, driving shaft
3371.0 3387 0.47 % 2nd lateral, y-direction, driving shaft
n y g
fus 3395.3 3421 0.75 % 2nd lateral, y-direction, driven shaft
fro 3395.4 3421 0.75 % 2nd lateral, x-direction, driven shaft
frio 6322.3 6447 1.93 % Torsional, z-direction, driving shaft
fri1 6322.3 6539 331 % Torsional, z-direction, driven shaft

In this section, a two-stage helical gear rotor system offered in Ref. [1] is taken for further
comparison, as shown in Fig. 1(a). Here, the example system with a;, = 0 and ag, = 0 is
considered, and the detailed parameters of the system and the STE of gear can be found in Ref.
[2]. The lumped mass values and the material parameters, which are not provided in Ref. [1], can
be found in Ref. [22]. The natural frequencies are calculated using Zhang’s method and present
method, as listed in Table 3. In addition, the typical mode shapes obtained from two methods are
shown in Fig. 5, which shows that the natural frequencies and mode shapes obtained from the
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present method agree well with those obtained from Zhang’s method, and the maximum relative
error of natural frequency is less than 2.17 % (see Table 3).

Zhang's method

Present method
@) Shaft3 .,

Jo '
Fig‘ 5. Partial mode ShapeS: a) fnla b) fnZ’ C) fn3: d) fn4: e) f‘l’lS’ f) fn7, g) fn9

Joo

Shaft 1

Fig. 6. Mode shape corresponding to 812 Hz in Ref. [1]
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In Ref. [1], only a mode shape corresponding to 812 Hz is provided, as shown in Fig. 6. This
mode corresponds to the first non-rigid mode f;,; in present method. It is clear that the natural
frequencies and mode shapes obtained by present method also show a good agreement with those
provided in Ref. [1]. These comparisons show that the present model is effective to calculate the
natural characteristics of the geared rotor systems.

Table 3. Natural frequencies of the helical gear rotor system

Mode No Natural frequencies (Hz)

" | Present method (Hz) | Zhang’s method (Hz) | Relative errors
fr1 808.49 806.84 0.2 %
frz 1357.05 1337.42 —1.47%
fuz 1468.04 1543.27 ~1.02 %
foa 1658.66 1669.46 0.65 %
fus 2334.52 2321.96 —0.54 %
fos 2349.00 2345.32 —0.16 %
fnz 2368.75 2364.55 —0.18 %
fos 2553.83 2545.12 —0.34 %
fno 2656.51 2657.08 0.02 %
fuio 2845.74 2859.26 0.47 %
fn11 2988.27 3054.63 2.17 %
fn12 3045.66 3060.67 0.49 %
faiz 3287.33 3262.50 —0.76 %
fnia 3338.58 3268.07 2.16%
fais 3749.98 3785.57 0.94 %

3.2. Model verification by comparing the vibration responses

In this section, the present dynamic model is further verified by comparing the vibration
responses with those in Refs. [1, 2] and Zhang’s method [22]. Considering the excitation force
due to the static transmission error (Eq. (24)), F;, (meshing force of gear pair 12) and F;,
(meshing force of gear pair 34) are calculated using the present method, and they are also
compared with the results in Ref. [2] (see Fig. 7). In the figure, f,, and f,3, denote the meshing
frequencies of gear pairs 12 and 34. The figure shows that two peaks (f,12 = fn1 and fo34 = fn1)
obtained from the present method agree well with those in Ref. [2], however, there are some errors
for other peaks. Some reasons may lead to these errors as follows: 1) Some geometric parameters
may be different because of the lack in Ref. [2], and some parameters of system are adopted by
referring to the Ref. [22]. 2) The torque and other working condition are not provided in Ref. [2].

()

600 ®)

800
Present method
------ Results in Ref. [2]

Present method .
------ Results in Ref. [2] i

. Jeaa=fu

Jea=

D
(=3
(=]

400

Jerz=fal
200

Jerz=far -

3

Dynamic gear mesh force F, (N)
Dynamic gear mesh force F34 (N)
s
=)
=

1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000

Input speed (rev/min) Input speed (rev/min)

Fig. 7. Dynamic meshing forces: a) gear pair 12, b) gear pair 34
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Fig. 8. Gear meshing force amplitudes and maximum values under T = 50 Nm: a) meshing force amplitude
of Fy,, b) maximum values of F;,, ¢) meshing force amplitude of F3,, d) maximum values of gear pair F3,
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Fig. 9. Vibration responses under T = 100 Nm: a) y-direction responses of gear 1; b) 8,-direction

responses of gear 1; ¢) y-direction responses of gear 2; d) 8,-direction responses of gear 2
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Vibration responses of the helical gear rotor system under T = 50 Nm and 100 Nm are shown
in Figs. 8, 9 and 10, respectively. These figures show the following dynamic characteristics:

(1) Meshing forces, vibration displacements, and frequency components obtained from the
present method agree well with those obtained from Zhang's method under lower frequency
regions, and there exist slight errors under higher frequency regions (see Figs. 8 and 9). The main
reason of the slight error may be that some high order terms due to the lateral-torsional-axial-
swing coupling of gear pairs are ignored for Zhang’s method.

(2) The resonant peaks of the rotor system appear under fp12 = fn1,s fn2s frnas fuis and
fesza = fn1 (see Table 3), which are primary members of the lateral-torsional coupling vibration
(see Fig. 5). For these modes, the vibration of shaft 1 is dominated (see Fig. 5), and the vibration
mode at the first natural frequency f,,; is easily excited (see Figs. 8 and 9).

(3) The vibration responses at {}; = 932 rev/min show that two meshing frequencies of the
gear pairs 12 and 34 (808 Hz and 247 Hz) can be observed (see Fig. 10). The amplitude at meshing
frequency of 808 Hz is dominated because the meshing frequency coincides with f,;. In addition,
the torsional vibration is easily excited relative to the lateral vibration (see Fig. 10).
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Fig. 10. Vibration responses of gear 4 under T = 50 Nm and Q; = 932 rev/min:
a) time-domain waveforms in y-direction, b) time-domain waveforms in 8,-direction,
c¢) amplitude spectra in y-direction, d) amplitude spectra in 6,-direction

4. Conclusions

In ANSYS software, a new finite element model for general helical gear rotor systems is
presented taking the lateral-torsional-axial-swing coupling due to helical gear pairs into account.
The proposed method is validated by comparing the natural characteristics and vibration responses
with those obtained from the published references and Zhang’s method. Main conclusions are
listed as follows:

1) The proposed method can easily deal with the meshing relation of gear pairs by conveniently
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calculating the displacement of the meshing spring. The new method not only has a good
calculation accuracy, but also can greatly reduce the difficulty of programming relative to the
conventional method, such as Kubur’s method [1, 2] and Zhang’s method [6].

2) For the studied geared rotor system provided in Ref. [2], the results show that the first-,
second- and fourth-order natural frequencies are more easily excited, especially the first natural
frequency. In addition, for the studied geared rotor system, the torsional vibration is easily excited
relative to the lateral vibration at a low rotational speed.
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