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Vibration Power Flow Analysis of a Gearbox
Isolation System

Dongyan Shi, Xianjie Shi, and Lingcheng Kong

Abstract—The power flow analysis of a gearbox isolation
system is carried out in accordance with the structural
characteristics of a gearbox. Numerical simulation is conducted
to study the influence of major structural parameters on the
power flow of a gearbox isolation system. The present research
can provide a theoretical basis for the vibration isolation system
design of a gearbox.

Index Terms—Power flow, Gearbox, Vibration isolation,
Vibration characteristics

[. INTRODUCTION

gearbox is widely used in modern industries, because its

general parts are necessary for transmitting the
movement and power in mechanical equipment. The
frequency of its vibration is often quite high. Double-deck
isolation has a good effect on the vibration isolation of high
frequency [1-3], and is considered as the main method for
the vibration isolation of the gearbox of mechanical
equipment. Therefore, the present research is very important
in conducting vibration analysis of a structure.

The fundamental concept of power flow has been
discussed by Goyder and White [4]. This is a new method
used for predicting vibration energy density and the intensity
of complex structures. According to the power flow theory,
the transfer of vibration is primarily a transmission of energy.
In recent years, this approach has been developed and applied
to model complex structures and assess passive, active, and
vibration control systems [5—7]. The power flow model can
be used to describe the vibration propagation in structures.
Thus, it is more scientific and reasonable to study vibration
from the point of view of energy. The investigation of
vibration transmission characteristics of the complex system
from the point of view of power flow is one of the leading
research issues in the field of vibration and noise control.

The vibration power flow analysis of a gearbox isolation
system is carried out in the present paper. The influential
factor of the vibration isolation effect is studied, which
provides some theoretical reference for the isolation design
of a gearbox. The vibration isolation effect also has some
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practical values for the application of a gearbox.

II. ISOLATION SCHEME OF A GEARBOX

Depending on the type of equipment, weight of the middle
mass and structure size, the isolation system of a gearbox is
designed based on specific isolation design specifications [8].
The double-deck isolation system of a gearbox consists of: (1)
rigid mass representing a gearbox; (2) isolators; and (3) an
elastic base plate (as shown in Fig. 1). The layout of the
isolators is shown in Fig. 2.
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Fig. 1. Gearbox isolation system
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Fig. 2. Layout of the isolators

III. POWER FLOW TRANSMISSION OF THE DOUBLE-DECK
ISOLATION SYSTEM

A. Transfer Matrix

Fig. 3 shows that the double-deck isolation system of a
gearbox can be expressed. There are five substructures in this
system. The power flow transmission of the isolation system
can be solved using a solution consisting of substructure
mobility matrixes.

To solve the transfer matrix of the double-deck isolation
system, it should be divided into two subsystems that are
equivalent to the superposition of the two single vibration
isolation systems, respectively. The subsystems are shown in
Fig. 4.
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Fig. 3. The energy transmission of double-deck isolation
system
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Fig. 4. The subsystem of the double-deck isolation system
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The four-pole parameters method is a classical technique
for deriving the dynamic characteristics of an assembled
system that are connected in series or in parallel. This method
is considered practical for a single-input/single-output linear
vibration system [9].

The response relationship between force and velocity for
the equipment can be expressed as:

_VI B Au Alz FI 1)
Vol LA AR

We arrive at the following according to the four-pole
parameters relationship of the upper isolators:

_FA:|=|:BII BIZ:||:FB:| (2)
_VA BZI BZZ VB

The response relationship between the force and velocity
for middle mass can be expressed as:

Wi .
_VC C21 C22 L FC

We arrive at the following according to the four-pole
parameters relationship of the lower isolator:

_FC:|:|:D11 D12_|:FDi| (4)
_VC D21 D22_ VD

The relationship between force and velocity for the elastic
base can be expressed as:
Vy, =M.F, , (%)
where[ A], [C], and [ME]are the mobility matrices of the

equipment, middle mass and elastic base, respectively; and
[B] and [D] are the transfer matrices of the upper and lower

isolators, respectively.
The subsystem transfer matrix [TI ] can be expressed as:

-1
T, :[D21+D22ME_C22(D11+D12ME):| C21' (6)
From formula (4), [FC] can be expressed as:
F.=D,,F; +D,,V, . (7
From formula (3), V, can be expressed as:
V,=C,F, +C,F.. ®)

Formulas (5) and (7) are substituted into Formula (8); thus,
[VB] can be expressed as:

A :[Cll+C12(D11+D12ME)TI1]FB' )

Suppose G =C,, +C,,(D,, + D,M)T,, ; thus, V; can be
described as:
Vg =[G] Fs -

where [G] is the mobility matrix of subsystem I.

(10)

The transfer matrix of subsystem II can be solved with the
same method. Its expression is given by:

Ty Z[le"'BzzG_Azz(Bn +Blze)]_lAzr (1

Therefore, the total transfer matrix of the double-deck
isolation system can be expressed as:
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T=TT,
= {[Dn +D,,M¢ _sz(Du + D12ME):|_1 CZI} ’
’ {[le +B,G-A, (Bll + BlzG)]_l A21}

B. The Power Flow of the Isolation System

(12)

In the condition of force F(t)and velocity V (t), the input

average power is the vibration power flow. This can be
calculated using Formula (13) given by:

1 e7
P:?j0 (F-V)dt . (13)

Vibration power flow can comprehensively reflect the
energy intensity, which is transmitted into the structure from
external excitation. For a harmonic excitation and response,
the excitation and velocity response can be expressed as:

F= ||:|eiwt andV = [\/|ei(wtw) . Therefore, the vibration

power flow can be described as:

1 T ) 21
P_?J‘O (F-V)dt_gjo Re(F)Re(V)dt (14
=%|F|-|\/|cos¢7=%Re(FH V)

Thus, the power flow transmitted into the system can be
expressed as:

1 H
R = LRef(F)v] s

:%Re{(ﬁ )H[Au + AIZ(BII + BIZG)T“ ]F'}

With the same method, the power flow transmitted into the
middle mass and elastic base can be calculated with Formulas
(16) and (17) respectively given as:

1 H
R :ERG{(FC) Vc}

(16)
1
=JRe{F"T"(D," +M"D,")(D, + DM, )TF |
1 1
P, :ERe{(FD)HVD}:ERe{F,HTHMETF,}- (17

IV. MOBILITY MATRIX OF THE SUBSYSTEM STRUCTURE

A. Mobility Matrix of the Equipment

The equipment is treated as a rigid body that has six
degrees of freedom. The contact between the isolator and
equipment is called the point contact. The force state of the
rigid body is analyzed with the knowledge of rigid body
dynamics. The force diagram of the equipment is shown in
Fig. 5. In consideration of the general problems, the number
of isolators is S, where s =1,2,3---.

Faciz, Taciz

X
Y ]; z Z— A/
‘i Facoo Tacex 7 % l
ﬂ < waﬂ < Fapox Fibsx

Favry Favzy Favsy

Facry, Tacry

Faviz Favzz Favsz

Fig. 5. The force diagram of the equipment
The force and velocity response of the equipment centroid
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is respectively shown as follows:

Fact = [FAGtX F F T T T

AGtY AGtZ AGtX AGtY

AGtZ ]T (18)

. . . T
Vit =[VAGIX Vier Vacz  Gnex Gy eAGtZ] ’ (19)

The force and velocity response of the contact point is

given by F, and v, , respectively. They are transformed

Ab?
into equipment centroid G, which can be respectively
described as:

T (0

I:AGb = [ FAGbX I:AGbY FAGbZ TAGbX TAGbY TAGbZ ]

. . T
Vi = |:VAGbX Vieer  Vaciz  Gnox HAsz:| - (2D
The relationship between force, velocity response, and
transformed force and velocity can be written as:

eAGbY

Facs = TarsFas > (22)
Vo = TawVacs - (23)

According to the dynamic equilibrium equations, the
following equation can be obtained by:

[FAGI :|6><1 + [ FAGb ]6><1 = [W :|6><6 [VAGt ]6><1 ’ (24)

In consideration of these equations, the relationship
between force and velocity can be obtained by:

|:VAGl :| — |: W o W 71TAFb :| |: FAG( i| .
VAb TAVbW - TAVbW 71TAFb FAb

Therefore, the mobility matrix of the equipment is given
by:

(25)

W T, } (26)

{ W71
TAVbW - TAVbW 71TAFb
B. The Mobility Matrix of the Middle Mass

The force diagram of the middle mass is shown in Fig. 6.
The number of the upper isolator is S, where s=1,2,3---, and

the number of the lower isolator is n, where n=1,2,3.--.
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Fig. 6. The force diagram of the middle mass
According to the calculation of the equipment, the formula
can be obtained using the dynamic equilibrium equation
given by:

[FCOt :|6><1 + [ FCOb ]sxl = [W ]6><6 [VCOt ]le : (27)

The relationship between these forces and velocities are
shown as follows:

Feor = TereFers (28)
Ver = TewVeor s (29)
Feob = Ters Fen s (30)
Veo = TewsVeon - GD

The relationship between the velocity and force can be
written as follows:

|:VCI :| — |:TCVtW _ITCFt TCVtW _ITCFb :||: FCI :|
VCb TCVbW 71TCFI TCVbW 71TCFb FCb

Therefore, the mobility matrix of the middle mass is given
by:

(32)
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C= |:TCVtW 71TCFt TCVtW 71TCFb :| . (33)

TCVbW 71TCFI TCVbW 71TCFb

C. The Mobility Matrix of the Upper and Lower Isolator

The force diagram of the isolator is shown in Fig. 7. In the
analysis, the mass of the isolator is ignored, which is then
treated as the spring-damper system.

Under harmonic excitation, the displacement and velocity
response can be described in the following forms:

x=Xe!", (34)
X= jox . (35)
According to Hooke's law, the force can be described as:
F=k—2. (36)

Jo
For the isolator of Fig. 7, we use:
Fo=Fi > (37)
k
Fo=—(Vy—Vy)- (3%
ti JC()( bi ti )

Thus, we obtain the four-pole parameters transfer matrix
equation of the isolator given by:

{E}:[Bu Blz}{ﬁ)} .
Vt BZI BZZ Vb

Ftzi Vtzi
X . .
v¥ Fixi Vixi Ftyi Vyi
z

(39

isolator
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Fig. 7. The force diagram of the isolator

D. Mobility Matrix of the Elastic Base

The mobility matrix of the elastic base is analyzed
systematically. The solution formula of the mobility matrix
of a simply supported plate is shown as follows [10]:
4iw &3 em(hi,b/2)- pm(he,b/2)
phab Z} g (+id) -t
where i,k =1,2,---, N ; and

p, 5, ha b are the density, damping ratio, thickness,

Mi,k = (40)

length and width of the elastic base, respectively;

hj, hk are the positions of the isolators in the elastic base;
and

@mn, @mn are the mode-shaped functions and vibration

frequency of the rectangular plate without damping.

V. NUMERICAL SIMULATION AND DISCUSSION

The results of the computer simulations for the power flow
of a gearbox isolation system are presented in this section.
The isolation system parameters are given in Table 1. First, to
evaluate the power flow of the isolation system, three power
flow curves were obtained from this model, including the
power flow transmitted into the equipment, middle mass, and
base (Fig. 8).

Fig. 8 indicates that the power flow transmitted into the
equipment, middle mass, and base decreases with the
increase of excitation frequency, especially in the high
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frequency. Therefore, double-deck isolation system has
better isolation effect on the equipment with high excitation
frequency.

Let us use this model to study the effect of the elastic base
damping ratio and stiffness on the power flow.

The effect result under different elastic modulus of the
base plate is shown in Fig. 9. For a structure, its stiffness can
be increased with an increase of the elastic modulus.
Consequently, the natural frequency of the structure can
increase as well. Fig. 9 indicates that the resonance peak in
high frequency of a corresponding power flow curve moves
to a high frequency with the increase of a base plate elasticity
modulus. This is ideal for vibration isolation. In addition, Fig.
9 also explains that the resonance peak in high frequency is
excited by the natural frequency of the base plate.

Fig. 10 indicates that the damping of the base plate has a
great influence on the power flow transmission of the
isolation system. The energy transmitted into the base plate is
reduced greatly by reducing the damping ratio of the base
plate. However, increasing the damping ratio of the base
plate has a positive effect on the weakening high frequency
resonance peak, which is excited by the natural frequency of
the base plate. Some high order mode can be inhibited with
the increase of the damping ratio. Therefore, the resulting
isolation effect is poor with a small damping ratio.

TABLEI
STRUCTURE PARAMETERS OF A GEARBOX DOUBLE-DECK ISOLATION
SYSTEM
Item Value Item Value
Damplng ratio of 015 Length of base 1600
isolator plate
Damping ratio of base 0.02 Width of base 700
plate plate mm
Young modulus of 2 1ES Length of 1000
base plate MPa ’ middle mass
Density of baie plate 78E-6 Width of middle 460
kg/mm mass
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Fig. 8. The power flow of the equipment, middle mass, and

elastic base
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Fig. 9. The power flow of the elastic base with different
Young’s modulus values
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Fig. 10. The power flow of the elastic base with different
damping ratios

VI. CONCLUSIONS

The mobility matrices of each subsystem for a double-deck
isolation system are derived using the admittance theory.
Under the condition of complex excitation, power-flow
transfer characteristic of multi-freedom, the double-deck
isolation system is studied using the power flow theory. The
formulas of power flow transmission with elastic base are
created with an analysis of the double-deck isolation system.
The power flow, which is obtained with numerical simulation,
is then transmitted into the base, middle mass and base plate.
Power flow decreases with the increase of excitation
frequency, especially in the high frequency. Thus, the
double-deck isolation system is ideal for high frequency
isolation. Finally, the effects of the elastic base damping ratio
and stiffness on the power flow are studied. According to the
results, in order to achieve the best isolation performance, the
base plate parameters effect should be considered during the
system design. In-depth studies must also be carried out in
the future to study this effect further.
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