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Abstract. To improve the dynamics of the face gear transmission system, a nonlinear dynamics
model considering gyroscopic effects and including parameters such as time-varying meshing
stiffness, meshing damping, tooth side clearance, support stiffness and damping is developed. The
Runge-Kutta method was used to solve the nonlinear kinetic equations and analyze the accuracy
and reasonableness of the model calculation results. The vibration displacement, vibration velocity
and vibration acceleration along each direction of the face gear and straight cylindrical gear were
analyzed, and the torsional vibration characteristics of the center of mass of the two gears were
studied.

Keywords: dynamic response, gyroscopic effect, orthogonal face gears.
1. Introduction

Face gear transmission is a cylindrical gear and bevel gear meshing gear transmission, its
transmission principle is shown in Fig. 1, where the gear 1 for the involute straight cylindrical
gear, gear 2 for the bevel gear, two-wheel axis intersection, its angle is y. When the axis
intersection angle y = 90 °, the bevel gear teeth will be distributed in a circular plane, the bevel
gear is the face gear, and thus generally known as the face gear transmission.
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Fig. 1. Face gear transmission

Face gears have the advantages of low vibration, low noise, high load-bearing capacity and
simple structure [1-5]. In the ART program jointly carried out by the US. military and NASA in
the 1990s, a new helicopter main gear using face gears for split-torsion transmission was designed,
and face gears were used as the mechanism for split-torsion transmission in the main gear [6]. As
shown in Fig. 2, the power output from the engine is shunted to two face gears by a cylindrical
gear to realize the split-torsion transmission. Compared with the traditional helicopter main gear
using bevel gear as the split-torsion transmission mechanism, the split-torsion transmission
mechanism with face gear has a simple support structure and a weight reduction of about 40 %,
and its power shunting effect is better, with less vibration and lower noise, which has obvious
advantages over the bevel gear split-torsion transmission.
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Fig. 2. Helicopter main gearbox with face gear split-torsion drive

The current study of the dynamics of face gearing systems mainly uses the centralized
parameter method [7-10],establishment of a bending-torsional coupled nonlinear dynamics model
for an orthogonal gear train with time-varying meshing stiffness, meshing damping, tooth surface
error, tooth surface friction, tooth side clearance, bearing clearance and other factors [11-15],
solving the system of kinetic differential equations using the Runge-Kutta method, obtain the
nonlinear vibration characteristics of the system and the influence of various parameters on the
dynamic characteristics of the system, the swing of the two gears around their center of mass is
not considered in the model [16-20]. In this paper, the dynamics of the face gear transmission
system is modeled considering the gyroscopic effect. The influence of various parameters on the
vibration of various degrees of freedom in face gear transmission system is analyzed, the model
built is closer to the actual vibration of the face gear drive.

High speed is a trend of modern rotating machinery, and in the case of high speed, the
gyroscopic effect cannot be ignored [21]. The gyroscopic effect is a physical phenomenon that
occurs when the orientation of the symmetry axis of the rotor changes in high-speed rotating
machinery. When the symmetry axis of the rotor is forced to change its orientation in space, that
is, when the symmetry axis is forced to move, the rotor must act on the bearing an additional force
couple, this phenomenon is the gyroscopic effect. The gyroscopic effect affects both the critical
speed and stability of the rotor. To ensure safe and reliable operation of the machinery, it is
necessary to consider the effect of the gyroscopic effect on rotor vibration [22]. The face gears
studied in this paper are orthogonal face gears, and the face gears mentioned below all refer to
orthogonal face gears.

2. System dynamics modeling

By using centralized parameters, the dynamic model of the orthogonal gear transmission
system considering the gyro effect is established as shown in Fig. 3. The inertial coordinate system
0-xyz belongs to the right-handed spiral coordinate system. When the gear is in a stationary state,
the coordinate axis oy is parallel to the rotation axis of the driving straight cylindrical gear 2, and
the coordinate axis oz is parallel to the rotation axis of the driven surface gear 1. Face gears and
straight cylindrical gears are regarded as concentrated masses. The supports at both ends of the
two gears are treated as elastic supports, and their support forms are treated as massless springs
and dampers.

In order to study the dynamic characteristics of the orthogonal face gear transmission system,
the dynamic coordinate systems 04-x;V,2; and 0,-X,V,2z, fixedly connected with the face gear
and the straight cylindrical gear were established respectively, the coordinate origin o, and o, of
the two-movement coordinate system are respectively at the center of mass of the face gear and
the straight cylindrical gear. When the two gears are at rest, the coordinate axes of the moving
coordinate system are parallel to the corresponding coordinate axes of the inertial coordinate
system 0-xyz which is:
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Fig. 3. Dynamic model of face gear transmission system

During the transmission of the face gear, the load on the face gear 1 can be decomposed into
the axial component force parallel to the 0;z; axis and the tangential component force parallel to
the 0,x; axis. Therefore, the center of mass 0; of the face gear 1 can freely vibrate in a plane
parallel to the coordinate plane oxz, and can rotate on a fixed axis relative to the center of mass
04, so the face gear 1 has two translational degrees of freedom and three rotational degrees of
freedom. The force analysis of the face gear 1 is carried out. It is subjected to the reaction force

13;1 and the reaction moment M)f} of the shaft 1, and the reaction force }_7;} and the reaction moment

M),% of the straight cylindrical gear 2 to the face gear 1 (ignoring the friction between the tooth
surfaces). According to the momentum theorem of the center of mass and the momentum moment
theorem around the center of mass 0,, we get:

A7y .

s g = R M
- odo, . -

/1‘d—tl+w1><]1'w1=M3+Mrll- ()

where m, is the mass of the face gear 1; 7, is the vector diameter of the face gear 1 center of
mass with respect to the origin o of the inertial coordinate system, and its projection expression in
the inertial coordinate system is (X,1, Vo1, Zo1); jl is the inertia tensor of the face gear with respect
to the dynamic coordinate system 04-X;y;2;, and its inertia matrix expression in the dynamic
coordinate system 0,-X;y;Z;, considering the symmetry of the gear, is:

JL 0 0
h=10 ], 0f €)
0o 0 Ji

where @, is the angular velocity of the face gear 1, which is also the angular velocity of the
dynamic coordinate system o0;-x;y;z; with respect to the inertial coordinate system o-xyz, and
its component expression in the dynamic coordinate system is (a),%l,w},l,wzll). The reaction
moment 1\7,% is the moment of the reaction force ﬁn on the center of mass o;.

The expressions for the components of Ij“e1 and ﬁ'n in the inertial coordinate system are:
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Bl = (R R R, (4)
ﬁn=(an'FnyanZ)- )

The expressions for the components of M; and M,}L in the dynamic coordinate system
01-X1Y, 7, are:

ME = (M, M, M™), (6)
ML= (M;", My, M), (7)

Rewriting Egs. (1) and (2) into scalar form, the kinematic equation of the face gear 1 is
obtained as:

d%x,,

ml dt; = Felx+an’ (8)
d?z,,

— 1

mlF_Fez-l'FnZ; 1 1 )
. X X

oz, + (3, = 3wy, 07, = M + M,™, (10)
. 1 1

I3 @y, + (%, = J2,) 0, 0x, = M + M, (11)
. 1

I3, + (3, = J&) ok wp, = M™ + M,™. (12)

Using the Eulerian parameter (A, A7, 15, A3) to describe the orientation of face gear 1 with
g p 0, A1, 42,43 g

respect to the inertial coordinate system, the kinematic equation of face gear 1 is:

21y = —wi 2} — wi A — wi A5,
221 = wy, Ay + wz Ay — wy, A3, 13

ir — 1 3! Y 1 9
212 —a)yllo_wzlll‘l'wxl 3

7 — 1 97 1 9/ 1 97
2053 = wz, A + wy, A — wy, 4.

The directional cosine matrix can be conveniently represented using Eulerian parameters:

2[1*+ D -1 2(235 + A43) 23 — Aohz)
ACO =1 22 - 2p25)  2[()? + (471 -1 2(pds +Apdh) |- (14)
223 + Ao43) 21545 — A1) 2[(A)% + (A5)*] -1

A similar equation is obtained by the same analysis of straight cylindrical gear 2,
corresponding to Egs. (1) and (2):

d*r,, . -

2 dtg =F —F,
2wy V2 o 2
/2'T+w2X]2'wZ=Me+Mn-

Corresponding to Egs. (8-12), there are:

d?x,,
M2 dtz F* = FY,
d*y,; 2
_ 2y y
m; dt2 - Fe - Fn 4

2 2 2 2 2,2 _ pp2% 2x
Ixzwxz + (121 _JY1)wY1wZ1 =M, ‘+ M, %
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2 2 2 2 2,2 — pp2y2 2y2
]J/ZwYZ + (]xz _jlz)wlzwxz =M, + M,
2 2 2 _ g2 2 .2 _ pg2Z2 2z;
]Zzwzz + (]}’z ]Xz)wxszZ - M«"—’ + Mn '
Corresponding to Eq. (13), there are:

Vo 2 a1 2 91 2 qrnr
2),0 - _wlel - wyZAZ - 0.)22/1 )
o 2 9 2 9 2 qrr
2/’{1 - (‘)leo + a)Zle - (A)yz 3
V1o 2 qr 2 qn 2 qr
225 = wy,Ag — wi A + wy, 43,
V1o 2 qrr 2 91 2 qn
225 = wi, Ay + wy, A — wy, 3.

Corresponding to Eq. (14), there are:

A067 + 0N =1 20045+ 44 2052 —2525)
ACO = | 2052 - XD 2A0P G -1 205 + A5
2 ) 205 - A 2[5+ Y~ 1

3. Analytical calculation of F1, M2, F2 and M2

ﬁ;l is caused by the elastic bending of the face gear shaft 1, and in the case of very small
bending deformation, its value can be found by the following relation:

Ezlx = —k1x01, Felz = _klzol- (15)

where k; is a constant coefficient. If the effect of damping is considered, Eq. (15) can be changed
to:

Felx = —k1X01 - fdl(xm)' Felz = _klzol - f611(201)' (16)

where f;} is the damping coefficient, which is a function of x, , or Z, , and the function fi canbe
expressed by a polynomial:

flr=dl - x+di- (x)>+d-(x)%+ (17)

where d}, d} and d} are constants.

1\73 consists of two parts. The first part is the driving torque transmitted from the face gear
shaft 1 to the face gear. Its expression in the dynamic coordinate system 0,-Xx;y;2; is:

Mi()=( T, 0). (18)

The second part is the reaction moment caused by the bending of the face gear shaft 1. When
the bending deformation is small, the expression of the second part of M is:

ML) = c1yy, (19)

where c; is a constant and y; is the angle representing the amount of bending deformation, which
can be obtained by the following formula:

cosy; = A0 (2,2). (20)
where A9 represents the direction cosine matrix of the dynamic coordinate system relative to
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the inertial coordinate system. To find the direction of the moment, write A9 (21) and
A9 (2,3) in plural form:

ADO(2,1) +i409(2,3). @1)
Then multiplying Eq. (21) by the complex number e‘g = i, we have:
—A19(2,3) +iA®0(2,1). (22)

Finally, the expression of the second part of 1\7,21 in the moving coordinate system 0,-X;V;2;
is:

€171

J (409(2,3))* + (409(2,1))*

Mi(2) = (=A09(23) 0 AC9(21)).

(23)

When J (419 (2,3)) + (409(2,1))” = 0, Eq. (23) does not hold, and M1(2) = 0 at this
time.

For straight cylindrical gear 2, a similar analysis can be carried out, corresponding to
Egs. (15-17), we have:
Ezzx = _kzxozl F:zzy = _kzyozt
Ezzx = _kzxoz - fdz(xoz)l Fezy = _kzyoz - fdz(yoz)'
fi=di -x+d3 (x)>+d3-(x)%+.

Corresponding to Egs. (18) and (23), we have

M2(1)=(0 0 T,
1\782(2)= C2Y2

J (429 (3,2))" + (429 (3,1))*

A2932) -4293,1) 0),

where T, is the load torque of the straight cylindrical gear shaft 2 acting on the straight cylindrical
gear. The A®9 represents the direction cosine matrix of the dynamic coordinate system 2 relative
to the inertial coordinate system.

3.1. Calculation of F,,, M% and M2

ﬁ'n is the meshing force between face gear 1 and straight cylindrical gear 2, and its
mathematical model is:

|E,| = E, = tan(kg(t) - £(8)) + dgA. (24)

where kg (t) is the time-varying meshing stiffness; d is the meshing damping; A is the relative
displacement along the meshing line; f(A) is the clearance function, and its expression is:

A_bo, A > bo,
f) =40, |A] < by, (25)
A‘l’bo, A < _bo,
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where b, is half of the average normal mesh clearance of gear pair.
The expression of the time-varying meshing stiffness kz(t) can be approximated as:

ke (t) = kp + Apsin(wot + @p), (26)

where k. is the average meshing stiffness; A is the vibration amplitude of the meshing stiffness;
w, is the meshing angular frequency; @y is the initial phase of the engagement stiffness, usually
ZEero.

The expression for the relative displacement A(t) along the direction of the engagement line
is:

A(t) = [x01(t) + 15160, ()]cosay, + zo1 (t)sina,, — [xg2(t) + 1,0,(t)]cosa,, — e, (1), 27)

where 13, is the base circle radius of the straight cylindrical gear; r, is the meshing radius of the
face gear; a,, is the meshing angle of the gear pair; e, (t) is the comprehensive transmission error
of the gear pair, and its expression is:

e, (t) = ey + Apsin(wyt + @,), (28)

where e, is the average comprehensive error; A, is the fluctuation amplitude of the
comprehensive error; @, is the initial phase of the comprehensive error; 8; and 8, are the angles
of rotation of axis 1 and axis 2 respectively, the expression is:

0,(t) = f w}y (Ddt, (29)

0,(t) = f w2, (t)dt. (30)

The magnitude of the meshing force ﬁn is analyzed above, and the unit vector of its direction
is denoted as 71,.In the actual meshing transmission process of the face gear, the direction of the
meshing point p and the meshing line are complex functions that change with time. To facilitate
the analysis of its dynamics, assume that the point of engagement p and the direction of the line
of engagement do not change with time. Then the expression of the unit vector 71, in the inertial
coordinate system is:

n, = (—cosa, 0 sinay,). (31)

The components of vectors 0,p and o,p in the moving coordinate system o0;-x;y;z; and
0,-X,Y,2, are expressed as:

0p=(0 0 -7p), (32)
0,p=0 7, 0). (33)

According to the definition of torque, the expressions of M, L and 1\7,% are respectively:

Wy =05 X Fy, 64
3 = 0,5 x (R, Gs)

4. System dynamics analysis

The above dynamic equations are solved using Euler’s single-step method [23], and the
nonlinear dynamic vibration characteristics of the face gear transmission system considering the
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gyro effect are analyzed. When solving, the parameters of the face gear transmission system are
shown in Table 1. The support stiffness and damping in the table are selected from references [24]
and [25].

Table 1. Parameter table of face gear transmission system

Symbol Quantity Numerical value
Z, Number of face gear teeth 120
Z4 Number of cylindrical gear teeth 40
m Gear module 3 mm
a, Pressure angle 25°
h Tooth width 25 mm
D Input power 10 Kw
my Quality of straight cylindrical gear 2.65 kg
m, Quality of face gear 7.72 kg
k, Face gear support stiffness 5x10°N/m
kq Straight cylindrical gear support stiffness 4x10°N/m
Cy Face gear support damping 4x10°N-s'm’!
c1 Straight cylindrical gear support damping | 3x10°N-s'm’!
kny, Average meshing stiffness 3x108N/m
Cs Engagement damping 1x10°N-'s'm’!
n Input speed 3000 r/min

%10 x10°®

1.786 1.7865 1.787 1.7875 24414 24416 24418 2442 24422 24424 24426

Time-t(s) Time-(s)
a) Vibration displacement in x-axis direction b) Vibration displacement in x-axis direction
of cylindrical gear of face gear

Fig. 4. Vibration displacement along x-axis direction

It can be seen from Fig. 4 that the vibration displacement of the face gear is about 1/3 larger
than the vibration displacement of the straight cylindrical gear. Because the cylindrical gear in the
model has a smaller bending moment and smaller deformation, the calculation results are in line
with engineering reality. Comparing the vibration displacement in the x-axis and z-axis directions
of the face gear in Figs. 4 and 5, the vibration displacement in the z-axis direction of the face gear
is smaller than the vibration displacement in the x-axis direction, this is because the component
force of the meshing force in the x-axis direction is small, and the calculation result is consistent
with the force analysis result.

According to the analysis in Fig. 6, it can be seen that the vibration speed period of the x-axis
and z-axis of the face gear is the same. However, the vibration velocity in the x-axis direction is
greater than that in the z-axis direction, which is consistent with the vibration displacement
analysis results of Figs. 4 and 5.Fig. 7 shows the vibration velocity of the cylindrical gear in the
x-axis and y-axis directions, the vibration velocity in the x-axis direction of the cylindrical gear
and the vibration velocity in the x-axis direction of the face gear in Fig. 6 are both periodic
vibrations, the vibration speed in the y-axis direction is a straight line. This is due to the
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transmission characteristics of the face gear. The face gear and the cylindrical gear are not stressed
in the y-axis direction, so no vibration will occur.

Vibration displacement of face gear in z-axis direction-z  (m)

2.71012.71022.7102.71042.71052.71062.71072.710&8.71092.711 2.7111
Time-1(s)

Fig. 5. Vibration displacement in the z-axis direction of the face gear
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= I | | o, | | | | | i | I |
2 | | 3O (T mnTy T T i
s -0.01 - - - - = -\~ - = — = | [ | | | | | |
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| | | | | | | | | | | | | | | |
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Time-t(s) Time-t(s)

a) Vibration speed in x-axis direction of face gear
Fig. 6. Vibration speed of face gear in x-axis and z-axis directions

Vibration speed of cylindrical gear in x-axis direction-V, ,(m)

|
a L L
' \ | |
e | e L
N ENARARN ‘
PSR CEdd e by Ly
| | | | |
25745 2575 25755 2576 25765  2.577
Time-t(s)

a) Vibration speed in x-axis direction
of cylindrical gear
Fig. 7. Vibration speed in the x-axis and y-axis directions of the cylindrical gear

b) Vibration speed in z-axis direction of face gear

1

T T T T T T T T T
- | | | | | | | | |
o e i Kt Bl il el R S
5 | | | | | | | | |
g 06— —I——dA- -+ - -t - - -~ —+—-—+——F— —
E | | | | | | | | |
S 04 — —l— — 4 — — b e e e e
2 | | | | | | | | |
O Y O Oy A U S [
8 | | | | | | | | |
g ol __l_____1 | | | | | |
3 | | | | | | | | |
£ | | | | | | | | |
%"0'2777\77777777\777\777\77777\777\777
3 | | | | | | | | |
%‘04***\**7* Bt e e e A e
g | | | | | | | | |
g-Ofoﬂffﬂff#ffr77\777\77+77+77r77
2 | | | | | | | | |
£ 08 — —l— — A — — 4 — — b — — = — 4 — — 4+ — — b —
- I I I I I I I I I
-1 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10

Time-t(s)

b) Vibration speed in y-axis direction
of cylindrical gear

Fig. 8 shows the vibration acceleration of the straight cylindrical gear in the x-axis and y-axis
directions. Since the straight cylindrical gear does not vibrate in the y-axis direction, its vibration
acceleration is 0, and the period of the vibration velocity is the same as that in Fig. 7. Figs. 9 and
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10 are the angular velocity and angular acceleration of the torsional vibration of the center of mass
of the face gear and the straight cylindrical gear around the y-axis. Since the gear ratio of the face
gear and the straight cylindrical gear is 3, the calculation result has a period ratio of 3, which is
consistent with the actual result.

_ 1 1 1 1 1 1 I I 1 T T T T T T T T T
e e e I | | | | | | | | |
K | | | | | \ B e e e e el e s A M
§ 300 L[ X|]|ll‘ll e H | | |
g | | IIIIII | \ | § 0Bk -l —dA-—+--—F-———-——4-—+-—F-—
S ool ! \ L) | £ | | | | | | | \ \
H | | i | i Y R S
* | lII | | | 3 | | | | | | | | |
£ 100 | i | T g ol - o 1L _d1__1__L_
g, | ll I I | [ 5 | | | | | | | | |
5 0 I I 3 o0 I I | | | I I I I
5 II I I I I II | £ | | | [ [ | | | |
£ 100 | \ E | | ! ! | | ! | \
5 Illl { I I l'll g | i 1 T | | 1 [ i
s 2000 | mn \ | | ! | | | | | |
2 l”' ! I | Hll' I e e e e o R St e
£ a0l ! | [ \ IR | | | | | | | \ \
El IRERON | RERERRRORRN! R T e e i e B A R
o U I N AL L SO AR | H | | | | | | | \ \
£ i | i [ [ i \ [ . N
g | | | | | | \ | £ | | | | | | | \ \
it et Bl B s el et Il 4 I I I I I I | I |
28305 2831 28315 2832 28325 2833 28335 2.834 o 1 2 3 4 5 6 7 8 9 10
Time-t(s) Time-t(s)
a) Vibration acceleration in x-axis direction b) Vibration acceleration in y-axis direction
of cylindrical gear of cylindrical gear

Fig. 8. Vibration acceleration in the x-axis and y-axis directions of the cylindrical gear
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Fig. 10. Angular velocity and angular acceleration of cylindrical gear vibrating around the y-axis

ISSN PRINT 1392-8716, ISSN ONLINE 2538-8460, KAUNAS, LITHUANIA 633



VIBRATION CHARACTERISTICS ANALYSIS OF FACE GEAR TRANSMISSION SYSTEM CONSIDERING GYROSCOPIC EFFECT.
XIAOZHEN LI, KUO SU, TONGIIE LI, LIYONG ZHANG

0.025 0.01

0.02

0.015

Centroid velocity of face gear in x-axis direction -V 0 (m/s)
=)
=)
S
a

Centroid velocity of cylindrical gear in x-axis direction -V, n(m/s)
=)
2

i i
02 04 06 08 1 1.2 14 16 1.8 -0'02_%_5

2 -1.5 -1 0.5 o]
Centroid coordinates of faco gear in x-axis dircction-x, (m) x10° Centroid coordinates of cylindrical gear in x-axis direction-x,(m) 406
a) Face gear drive plane phase diagram b) Cylindrical gear drive plane phase diagram

Fig. 11. Plane phase diagram of the vibration of the face gear transmission system

Fig. 11 is a plane phase diagram of the x-coordinate of the center of mass of the face gear
transmission system. The x-coordinates of the straight cylindrical gear and the face gear have a
large change when starting, but tend to be stable after stable operation, which is consistent with
engineering practice.

According to the above vibration characteristics of the face gear obtained by numerical
analysis considering the gyroscopic effect, compared with the results of the vibration
characteristics of the face gear without considering the gyroscopic effect in the literature [25-27],
it can be seen that the vibration displacement, vibration velocity, and vibration angular velocity
are relatively small in the face gear drive with high speed. According to the plane phase diagram
of the center of mass, it can be seen that the face gear and the cylindrical gear gradually stabilize
within a relatively small vibration displacement. Therefore, it is necessary to consider gyroscopic
effects in high speed face gear drives.

5. Conclusions

Establish a dynamic model of the orthogonal face gear transmission system. The gyro effect
of the gear around its center of mass during the face gear transmission is considered in the model.
It also includes time-varying meshing stiffness, tooth surface error, support stiffness, support
damping and other factors, which can more comprehensively describe the vibration characteristics
of face gear transmission.

Adopt Euler parameter method to establish the nonlinear dynamic equation of the face gear
transmission system considering the gyro effect and solve it to obtain the dynamic response
characteristics of the face gear transmission system.

The vibration characteristics of the face gear transmission system are more complicated, and
it is very important for the high-speed and heavy-duty helicopter transmission system. Therefore,
it is particularly important to establish a dynamic model that can better reflect the real working
conditions, and it has important theoretical guiding significance for improving the stability,
service life and the vibration and noise reduction of the system.
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