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CHAPTER 1: 
 

Vibration Technology 



A Built-In Force Actuator for Active Unbalanced Vibration Control of 
Grinding Wheel 

Qiao Xiaoli1, 2, a, Zhu Changsheng1, b 
1College of Electrical Engineering, Zhejiang University, Hangzhou, Zhejiang,China 

 2 Departments of Mechatronic Engineering, Shaoxing College of Arts and Sciences, Shaoxing, 
Zhejiang, China 

aqiaoxiaoli168@163.com, bcszhu@hotmail.com 

Key words: Ginding wheel unbalanced vibration; Vibration control; Force actuator 

Abstract. To effectively control unbalanced vibration caused by grinding wheel mass unbalance, a 

new active control strategy for grinding wheel unbalanced vibration is proposed in the paper, the 

controllable electromagnetic force which is used to suppress vibration in control scheme originates 

from the principle of a bearingless motor having a radial magnetic force generation. First, induction 

electric spindle radial control force model and the force model which is exerted on grinding wheel are 

analyzed. And then, the dynamic model of induction-type flexural electric spindle-grinding wheel is 

modeled using finite element method. Finally, an active unbalanced vibration control system for 

electric spindle-grinding wheel is designed and simulated. The results show that the control scheme 

has significant effect on suppressing the unbalanced vibration of grinding wheel. 

Introduction 

High-speed grinding technology is a revolutionary jump in grinding process, its advantages mainly 

include grinding efficiency can be increased, machining accuracy can be improved, grinding ration of 

grinding wheel can be significantly increased and grinding process is easy to be automated. However, 

the surface quality of the workpiece and thedurability of the grinding wheel would be decreased 

caused directly by the grinding wheel vibration, and further more, the wheel vibration may decrease 

the efficiency of the grinding, exacerbate the damage of grinder parts, and even cause noise to 

deteriorate the working conditions. So in recent years, more and more attention has been paid on the 

study on Dynamic Unbalanced Technology of the grinding wheel and the spindle system, especially 

on the dynamic characteristics of spindle - wheel system [1]. 

There are many dynamic balancing devices for suppressing unbalanced vibration of grinding 

wheel at home and abroad, the balancing devices include: balancer, damping balancer, the external 

actuator
 
[2, 3] and so on. Although the balancing effects of these devices are not bad under certain 

conditions, these devices are external, they are bound to change the structure of spindle-grinding 

wheel system. In addition, these devices are not only bulky and difficult to be controlled, but also the 

rigid spindle could be turned into flexible spindle in high speed, the changes in balancing conditions 

may lead to the failure for unbalanced vibration control. To compensate for these deficiencies, an 

active unbalanced vibration control scheme with built-in force actuator for grinding wheel based on 

double windings induction bearingless motor is proposed，the scheme is used to actively control 

grinding wheel unbalanced vibration by means of a controllable, non-contact electromagnetic force 

caused by a set of control windings which are added to induction motor stator windings to form 

double-windings structure. The built-in force actuator does not need extra space, and will not affect 

the machining efficiency. The biggest advantage of the method is that it needs no other additional 

balance equipment. 
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Radial Vibration Control Force Model 

Due to asymmetric air-gap magnetic field in double-windings motor, the surface tension of rotor is no 

longer zero in the radial, the controllable radial force can be controlled by changing current in control 

windings. The control force model of spindle in ,x y direction can be described as [4]: 

, 4 4 2

1

, 4 4 2

c x mx my x

c y my mx y

F i
K

F i

Ψ Ψ     
=     Ψ −Ψ     

                                                                                        (1) 

where   2
1 0 4 2 0 49 (8 )mK lrN N Lµ πδ= , 

4
N and 

2
N is effective turns per phase of torque windings and 

control windings in series respectively, 
0
µ   the free space permeability, l  the length of motor core, r  

rotor diameter, 
4m

L the mutual inductance between torque windings and rotor windings,
m

Ψ torque 

winding air-gap flux. 

High-speed Grinding Wheel Model 

The radial force between grinding wheel and wokepiece is defined as x direction, the grinding wheel 

with the unbalanced force and grinding force is shown in Fig 1. In Fig, ε  is the mass eccentricity of 

the grinding wheel, θ  counterclockwise rotation of vector oε
���

, Fε  the unbalanced force which is 

exerted on grinding wheel, gtF  the tangential force component and gnF the normal component. 

 
Fig. 1 Forced grinding wheel 

 

The force exerted on wheel includes: grinding force and unbalanced force.  

Grinding force originates from elastic deformation, plastic deformation and chip formation 

process caused by the workpiece in contact with the grinding wheel and the friction between the 

workpiece surface and the binder and the abrasive. If it is assumed that the effects of ploughing and 

sliding are not time-varying, the forces for dynamic conditions can be derived as [5]: 

gt ch w w gF u b v vδ=  , gn gtF Fα=                                                                                                    (2)  

where chu is taken to be a constant and called the specific chip formation energy, b  the width of the 

grinding wheel in cut and δ  the depth of material being removed form workpiece, wv  the surface 

speed of the workpiece and gv that of the grinding wheel speed,α  grinding force ration, a constant 

relate to material properties.             

The unbalanced force components in ,x y direction can be formulated as: 

2 cosxF Mε ε θ= Ω  , 2 sinyF Mε ε θ= Ω                                                                                            (3)  

where M is grinding wheel mass, Ω spindle speed. 
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Flexible Electric Spindles –Grinding Wheel System Dynamic Model 

Spindle-grinding wheel system is composed of rotor, shaft sections with distributed mass, Tool 

holder and grinding wheel and so on. The spindle-grinding wheel system can be divided into discs, 

shafts, bearings, Tool holder and grinding wheel along the axis of spindle. Each element is connected 

to each other in element node. These nodes are located at disc center, spindle center and some 

position of the spindle axis and are numbered according to the order number. In order to reduce the 

computation, it is simplified as follows:(1)angular contact ball bearings is simplified as rigid 

bearings, namely, radial stiffness is infinite. (2) the rotor, the wheel handle and the grinding wheel are 

assumed to be equivalent to the materials with same density. 

According to the above simplification, the finite element model of spindle-grinding wheel system 

is established as shown in Fig 2[6]: 

 
Fig. 2 Simplified finite element model of spindle-grinding wheel  

 

After combinating motion equations of every shaft section, disc, bearing, wheel handle and 

gringding wheel, the differential equations of spindle-grinding wheel can be obtained as: 

{ }{ } ( ){ } { } { } { } cM U D G U K U F F Fε δ+ +Ω + = + +�� �                                                                                       (4)  

where,
1 1 1 1

[ , , , , , , , , , ]'
y n yn x n xn

U x x y yθ θ θ θ= ⋅⋅⋅ − ⋅⋅⋅ − , K , D an G is mass matrix, inertia matrix, stiffness matrix, 

damping matrix and gyroscopic matrix, Fε  unbalanced force, gF  grinding force, cF  control 

force, n is total nodes of spindle-tools system. 

Flux Identification  

The radial control force model (equation (3)) shows that as long as the air-gap flux can be identified 

online, we can control radial force by controlling the current in control windings to suppress 

vibration. At stationary two phase yx, axis, the identified stator flux of torque windings based on U-I 

model can be derived as [7]: 

dtRiu

dtRiu

ssysymsy

ssxsxmsx

)(

)(

4444

4444

−=Ψ

−=Ψ

∫
∫

                                                                                                            (5) 

where sxu4 , syu4 and sxi4 , syi4 are stator voltage components and current component of torque 

windings at stationary 2- phase, sR4 is stator resistance. 

According to the relationship between air-gap flux and stator flux, the air-gap flux of torque 

windings at the two phase stationary axis can be obtained as follows:  

 

sysmsymy

sxsmsxmx

iL

iL

4444

4444

σ

σ

−Ψ=Ψ

−Ψ=Ψ
                                                                                                                      (6) 

where 4sL σ is leakage inductance. 
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Active Vibration Control System for Induction Spindle  

To control unbalanced vibration of grinding wheel, the active vibration control scheme for flexible 

spindle-grinding wheel unbalanced vibration is designed as shown in Fig 3. The inverter is applied to 

control spindle speed, the identified air-gap flux online scheme is used to control wheel vibration 

independently. In Fig 3, the above dashed box is torque control of dual windings induction spindle, 

the speed errors is used as inverter input signal to control the spindle’s speed. 

 
Fig. 3 Active unbalance vibration control system for induction spindle 

The below dashed box is unbalanced vibration control, the displacement errors at stationary 

yx, axis is inputted to the PD controller to generate reference force, and air-gap flux identified online 

at yx, axis by flux identification model are used to produce referent current at yx, axis which control 

windings needs, the 3- phase control current commands can be obtained from 
3/2C  transformation in 

order to control grinding wheel’s unbalanced vibration. 

Results Analysis 

This control scheme is simulated under the action of unbalance (100 mmg ⋅ ) with PD controller. The 

control system is simulated at 6000 / minrΩ = and the controller start to work at 0.6t s= . The air-gap 

flux in yx, axis, wheel’s vibration displacement in yx, direction and the control effects are analyzed. 

Simulation parameters are given as follows: 

1 38NP kW= , 21.662J kgm=  , 0 375 mδ µ= , 4 2p =  , 4 0.087sR = Ω  , 4 0.228rR = Ω  ,   

4 4 35.5 3s rL L e H= = − ,    4 34.7 3mL e H= − . 2 1p = , HL m 00932.02 = , 2 1.03sR = Ω , 2 0.075rR = Ω .。

1.6 10chu e Pa= , 200 / minwv r= , memmb w 61,8.0,2.1 −=== δα . 

Fig 4 (a) show the online identified air-gap flux according to stator voltages and currents. 

Obviously, this online identify method based on IU − model is very stable and insensitive to the 

grinding process.  

          
(a) Air-gap flux              (b) Vibration displacement               (c) Control current 

Fig. 4 Online identified air-gap flux and vibration displacement and control current 
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Fig 4(b) (c) is grinding wheel’s vibration displacement and control currents in control windings at 

yx, axis and at 6000 / minrΩ = . The vibration displacement has been a little offset upward due to the 

grinding force and vibration displacement is symmetrical about horizontal coordination in y  

direction form Fig 4(b), Fig 4(c) shows that the control currents is to stabilize soon. Fig 4(b) proved 

that the control scheme has an obvious effect on unbalanced vibration, about to %40~30 .   

Summary 

To effectively control unbalanced vibration caused by grinding wheel mass unbalance, a new active 

control strategy for grinding wheel unbalanced vibration is proposed. The radial electromagnetic 

control force model of induction motor with dual windings and the model of force exerted on the 

grinding wheel are given, and then the dynamic model of flexible induction spindle-grinding wheel is 

constructed by finite element method, the active control scheme is designed and simulated. The 

results show that the scheme proposed in this paper has good performance on suppressing the 

unbalanced vibration.  
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Abstract. In order to further reduce the vibration transmitted from vehicle to driver, a new model of 

driver scissors linkage seat suspension was put forward, in which an air spring with auxiliary chamber 

and a MR damper are between the face and floor of the seat. The motion differential equation of this 

seat suspension system was established and the theoretical computing formulation of it’s equivalent 

vertical stiffness, equivalent damping coefficient, natural frequency and damping rate were deduced. 

Besides, taking HY-Z04 scissors linkage seat, SK37-6 air spring of ContiTech and RD-1005-3 MR 

damper of LORD as an example, the equivalent stiffness and damping coefficient in different 

conditions of the air spring pressure, the sprung mass, the orifice diameter and MR damping were 

computed and analyzed. The study results show that the air spring pressure, the sprung mass, the 

orifice diameter and MR damping all have obvious influence on the equivalent stiffness and damping 

coefficient, so the seat comfort can be improved by changing the air spring pressure, the orifice 

diameter and MR damping according to driver’s weight and road condition. 

Nomenclature  

α     angle between the linkage and the floor of the seat; 

θ     angle between MR damper and the floor of the seat; 

ka     stiffness caused by effective area changes of air spring, N/m; 

kv     stiffness caused by effective volume changes of air spring, N/m; 

Vs     effective volume of air spring, m
3
; 

Va     effective volume of auxiliary chamber in static equilibrium position, m
3
; 

Vs0    effective volume of air spring in static equilibrium position, m
3
; 

Ae     effective cross-sectional area of air spring in static equilibrium position, m
2
; 

ρ0     air density of air spring in static equilibrium position, kg/m
3
; 

n      volume ratio of main chamber and auxiliary chamber in static equilibrium position; 

γ      changing ratio of effective cross-sectional area to spring height in micro-vibration; 

β      changing ratio of volume to spring height in micro-vibration; 

d0     the orifice diameter, m; 

fd      sliding friction coefficient; 

ce       equivalent damping coefficient of the air spring with auxiliary chamber, N ⋅ s/m; 

c1, c0   damping coefficient of MR damper, damping coefficient of the orifice, N ⋅ s/m; 

µ, k    flow corrected coefficient of orifice, adiabatic exponent; 

l1, l2   distance between O and A, distance between O and C, m; 

L, l3   overall length of linkage, horizontal distance between O and the upper end of air spring, m; 

f1, ω   excitation frequency, circular frequency of excitation, ω=2πf1; 

Ps0, P0  air spring pressure in static equilibrium position, standard atmospheric pressure, Pa; 

Introduction 

Scissors linkage seats, in which scissors linkage is used as the supporting and guiding mechanism, 

have been widely used in many kinds of vehicles because of it’s good stability and high reliability [1]. 

In order to further reduce the vibration transmitted from vehicle to driver, a valid way is to adopt 
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adjustable spring- damper-element, which can adjust stiffness and damping coefficient according to 

work condition of vehicle in time [2]. MR damper and the air spring with auxiliary chamber is such 

spring damper element, that widely used in practice. 

Based on MR damper, Load developed a semi-active seat suspension system—MotionMaster, 

which can effectively reduce 40% of vibration and 49% of impact in laboratory tests [3]. Grammer 

developed a driver seat based on air spring with auxiliary chamber [4], in which the electrical control 

unit controlled throttle valve opening according to the feedback signal of response displacement and 

response acceleration to regulate the natural frequency of suspension system to avoid resonance of 

the driver seat. Zhu Sihong, Xu xiaomei [5] researched the dynamic characteristic of a scissors 

linkage seat, in which the spring was placed horizontally between the two scissors linkages and the 

damper was placed tipsily between the face and floor of the scissors linkage seat. Besides, a 

theoretical medel for calculating equivalent stiffness and equivalent damping was developed. Zhu 

Sihong, Wang minna [6] established a theoretical model of the seat suspension with air spring and 

damper, in which the air spring was placed vertically between the jointed point of two scissors 

linkages and the floor of the seat, and the damper was also placed tipsily between the face and floor of 

the scissors linkage seat. 

The motion differential equation of the seat suspension system of a scissors linkage seat was 

established, in which the air spring with auxiliary chamber and MR damper are between the face and 

floor of the seat, and the theoretical computing formulation of it’s equivalent vertical stiffness, 

equivalent damping coefficient, natural frequency and damping rate were deducted. Besides, the 

equivalent stiffness, damping coefficient in different conditions of the air spring pressure, the sprung 

mass, the orifice diameter and MR damping were analyzed based on an example. 

Establishment of the theoretical model 

Suspension System for the Drive Seat. 

 

  
1 Seat 2, 3 Scissors linkages 4 MR damper   5 Seat bottom 6 

Air spring 7 Proportional valves 

Fig.1 Structure diagram of seat suspension system 

Fig.2 Force-velocity hysteresis curve of 

MR damper (RD-1005-3) 

 

RD-1005-3 produced by LORD Company is selected as damping element, whose characteristic curve 

is shown in Fig.2.The air spring SZ35-11 produced by ContiTech Company is selected as elastic 

element, whose characteristic curve is shown in Fig.3. A auxiliary volume is added to enlarge the 

volume of the air spring which is connected with the air spring by tube with a proportional valve. 

Establishment of motion differential equation. It is assumed that the seat vibrates in the static 

equilibrium position and the vibrating amplitude is small. The mass of the scissors linkages and the 

friction in joints are ignored. In order to derive the motion differential equation, the seat is divided 

into three free bodies. The corresponding force diagrams can be drawn as in Fig.4 and Fig.5. 

Linkages As shown in Fig.4 and Fig.5, Fd1, Fd2 and Fk are the damping force of MR damper, the 

air spring with auxiliary chamber and the elastic force of the air spring; Fax, Fay, Fcx, Fcy, Fox, Foy, 

F’ox, F’oy and Fbx, Fby, Fdx, Fdy represent the forces in joints A, C, O, O’ and in Slide B and D; ys 

and s
y�  are the displacement and velocity of the harmonic excitation acting on the seat bottom, and 

y, y� and y�� represent the displacement, velocity and acceleration of the seat where ys=Usinωt; l1, l2, l3 
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and L are the distance between O and A, the distance between O and C, the horizontal distance 

between O and the air spring and the length of the scissors linkage; α and θ are the angles between the 

scissors linkage and MR damper and the seat bottom in static equilibrium position; c1 and ce 

represent the damping coefficient of MR damper and the damping coefficient of the air spring with 

auxiliary chamber, fd is the sliding friction coefficient. 

 

 
Fig.3 The relationship curve between load and displacement of the type SZ35-11’s air spring 

 

 
Fig.4 Forces acting on the seat suspension       Fig.5 Forces acting on the scissors 

 

The balance equations of the seat system can be established using the Alembert Principle. 

To the whole seat: 

10, cos( ) 0cx bx dX F F F θ θ= − + − + ∆ =∑                                             (1) 

1 20, sin( ) 0cy by d d kY F F my F F Fθ θ= + − − + ∆ − − =∑ ��                               (2) 

2 2 2 3 20, 2 cos( ) ( )( cos ) cos( ) 0C by d kM F l F F l l mylα α α α α= + ∆ − + + − + ∆ =∑ ��                   (3) 

To scissors linkage AB:  

0, 0
ox ax bx

X F F F′= − + =∑         (4) 

0, 0
oy ay by

Y F F F′= − + =∑       (5) 

1 1 2 2
0, sin cos cos sin 0

O ax ay by bx
M F l F l F l F lα α α α= + + + =∑              (6) 

To scissors linkage CD: 

0, 0
cx dx ox

X F F F= − + − =∑                               (7) 

0, 0
cy dy oy

Y F F F= − − =∑          (8) 

2 2 1 1
0, sin cos sin cos 0

O cx cy dx dy
M F l F l F l F lα α α α= + + + =∑                                                            (9) 

with 

10 Functional Manufacturing and Mechanical Dynamics II



1 1
( ) sin

d s
F c y y θ= − ⋅� �     

2
( )

d e s
F c y y= −� �        ( )

k e s
F k y y= −

bx d by
F f F=             

dx d dy
F f F=            

1 2
L l l= +  

By solving equations (1) ~ (9) and introducing equations α α α+ ∆ ≈ and θ θ θ+ ∆ ≈ (when the 

vibrating amplitude is small), the motion differential equation is deduced:  

3 2 1 1

3

3 2

2 sin (cos sin )sin( )sin sin( )sin
{[1 ] [ ] }

( sin cos ) cos ( sin cos )cos cos

2 sin
[1 ]

( sin cos ) cos

2 sin (cos
{[1 ] [

( sin cos ) cos

d e d

d d

d e

d

d e d

d

l f c l f l c
y y

f L m L f L m

l f k
y

f L m

l f c l f

f L m

α α α θ α θ θ α θ
α α α α α α α

α
α α α

α α
α α α

− − +
+ + + +

+ ⋅ +

+ +
+ ⋅

−
= + +

+ ⋅

�� �

1 1

3

sin )sin( )sin sin( )sin
] }

( sin cos )cos cos

2 sin
[1 ]

( sin cos ) cos

s

d

d e

s

d

l c
y

L f L m

l f k
y

f L m

α θ α θ θ α θ
α α α α

α
α α α

− +
+

+

+ +
+ ⋅

�

                   (10)

 

Generally, the air spring with auxiliary chamber is non-linear. According Wang’ suggestion, it can 

be simplified to a linear system when the vibrating amplitude is small. Its stiffness and damping 

characteristic can be described with equivalent stiffness ke and equivalent damping ce. The theoretical 

formulas for calculating ke and ce are as follows [7]:

 

( ) ( )
( ) ( )

2 2 2

0

2 22 2

0 0

1 1 ( )

1 ( ) 1 ( )

v v a v v a

e

v v

nk n k k n k c k k
k

n k c n k c

ω

ω ω

 + + +  +  = +
+ + + +      

                                                               (11) 

( )

2

0

2 2

0
1 ( )

v

e

v

c k
c

n k cω
=

+ +  
                                                                                                            (12) 

Where 0 0

0

s e

v

s

kP A
k

V
γ=   0 0

( )
a s

k P Pβ= − −
  

s
V

h
γ

∆
=
∆

 e
A

h
β

∆
=
∆  0

/
s a

n V V=   3

0 0 0 0
/

e
c A dγρ µ=    

h, Va, Ae and Vs0 are the air spring height, the volume of the auxiliary chamber, the effective 

cross-sectional area and effective volume of the air spring in static equilibrium position; n, γ, β, ka and 

kv represent the volume ratio of the air spring and the auxiliary chamber in static equilibrium position, 

the changing ratio of Ae and Vs0 to spring height in small vibrating amplitude, the stiffness caused by 

Ae and Vs0 changes; P0, Ps0 and ρ0 are the standard atmospheric pressure, the air spring pressure and 

the air density in the air spring in static equilibrium position; k, d0, c0 and µ represent the adiabatic 

index of the air, the orifice diameter, the damping coefficient and the flow corrected coefficient of the 

orifice; ω and f1 are the circular frequency and the frequency of the harmonic excitation, where 

ω=2πf1. 

Substituting equations (11) and (12) in equations (10), the motion differential equation of the seat 

suspension is obtained:  

( )
( ) ( )

2

3 0 2

2 2

0

2 2

031 1

2 sin (cos sin )sin( )sin
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α α α α
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��

�
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2

2 2

0
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3 0 2
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0
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s

d
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α α α α α αω
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α α α α
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         (13) 

Vibration characteristics of the seat suspension system. The equivalent stiffness ks and the 

equivalent damping coefficient cs as well as the equivalent damping rate ζ of the seat suspension can 

be obtained from equation (13):  
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              (14)
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 (16) 

It is easily to obtain the natural frequency f0: 

( ) ( )

( )

2 2 2

00 3

0 2 2

0

1 1 ( )2 sin1
[1 ]

2 2 ( sin cos ) cos 1 ( )

v v a v v ad

d v

nk n k k n k c k kl f
f

f L m n k m c

ωω α
π π α α α ω

 + + + + +   = = + ⋅
+ ⋅ + +  

     (17) 

From equations (14) ~ (17), it can be seen that ks, f0, cs and ζ are effected by w, c1 , c0, α, θ, l1, l2, l3, 

L, ka, kv, m, fd and n. 

Example  

Parameters of seat suspension system. The standard atmospheric pressure (0.101MPa) and 

standard temperature (293K) are taken as the external work environment. The equivalent sprung mass 

on the seat suspension system is supposed to be 55 kg to 95 kg [8], and the equilibrium position by 

65kg equivalent sprung mass is chosen as the initial position approximately. The HY-Z04 scissors 

linkage seat is chosen as example, the SZ35-11 air spring produced by ContiTech Company and 

LORD's RD-1005-3 MR damper are respectively selected as elasticity and damping elements. The 

corresponding geometric and physic parameters in initial position are shown in Table 1, where 

fd=0.02 is friction coefficient between slide couples.  

 

Table 1 Geometric and physic parameters of seat suspension system 

L/m l1/m l2/m fd θ/° α/° h0/mm Vs0/m
3
 Va0/ m

3
 γ β k µ 

0.245 0.102 0.143 0.02 21.6 11.2 150 0.00038 0.00076 0.0031 -0.03 1.4 0.03 

According to research results in literature [9] and [6], the volume ratio of auxiliary chamber and 

main chamber is taken as 0.5 and the orifice diameter is selected as 0mm ~ 5mm. kv, ka and c0 can be 

calculated by using equations (13) and parameters in Table 1. The equivalent sprung mass is divided 

into three groups: 55~65kg, 70~85kg and 90~95kg, corresponding to the air spring pressure 0.3MPa, 

0.4MPa and 0.5MPa. Table 2 shows values of Ps0, Ae0 and ρ0 related to different m.  

 

Table 2 Values of Ps0, Ae0 und ρ0 related to different m 

m /kg 65 80 95 

Ps0 /MPa 0.3 0.4 0.5 

Ae0 /m
2
 0.00267 0.00275 0.0028 

ρ0 /kg/m
3
 3.654 4.872 6.09 

Damping coefficients of MR damper corresponding to different input currents 0, 0.25, 0.5, 

0.75and 1A are calculated according to the hysteresis characteristics curve in Fig.2. They are 714.28 

N.s/m, 1120.74 N.s/m, 1473 N.s/m, 1771 N.s/m and 2015 N.s/m. 
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Calculating results and analysis. By substituting parameters from tables 1 and 2 in equations (15) 

and (16), it is easy to obtain the value of equivalent stiffness and damping coefficient changing with 

the orifice diameter, the air spring pressure, the sprung mass and the input current of MR damper. 

Figure 6 shows that the equivalent stiffness and damping coefficient of the system change with the 

orifice diameter and the input current of MR damper by different air spring pressure and equivalent 

sprung mass. As shown in the figures 6 (a), (c) and (e), ks increases with the air spring pressure 

increasing and the input current of MR damper has little effect on it. For each air spring pressure, ks 

keeps constant essentially when the orifice diameter is less than Φ1mm and greater than Φ3mm, 

while it decreases rapidly when the orifice diameter is between Φ1mm and Φ3mm. It means that d 

=Φ1mm ~Φ3mm is the ‘sensitive zone’ of system's equivalent stiffness. 

 

  
(a) (b) 

  
(c)                                                                                (d) 

    
(e)                                                                                         (f) 

Fig.6 The effect of the orifice diameter and the input current of MR damper on the equivalent 

stiffness and damping coefficient 

 

Applied Mechanics and Materials Vol. 141 13



 

Figures 6 (b), (d) and (f) show that the equivalent damping coefficient cs increases with the air 

spring pressure and input current increasing. For each air spring pressure, with the orifice diameter 

increasing, cs increases first and reaches to maximum by d ≈ Φ2mm, and then decreases until it 

reaches steady value by d ≈ Φ5mm which is about the same for different air spring pressure. When the 

orifice diameter is greater than Φ5mm, it has almost no influence on the equivalent damping 

coefficient. 

Conclusions  

A theoretical model for calculating the equivalent stiffness and damping coefficient of a kind of 

driver seat with air spring with auxiliary chamber and MR damper was established (equations (14) 

and (15)). Taking HY-Z04 scissors linkage seat as example, the effect of the air spring pressure, the 

sprung mass, the orifice diameter and the input current of MR damper on the equivalent stiffness and 

damping coefficient of the system was analyzed. The research shows that the theoretical model can be 

used to select air spring with auxiliary chamber and MR damper by the design of scissors linkage 

driver seat. 
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Abstract. Aeroengine oil contains wear debris generated by friction. Based on the Dempster-Shafer 

evidence combination theory, aeroengine wear conditions can be effectively diagnosed. Through 

analysising the elements of wear debris in lubricating meduim, it can determine engines wear levels 

and wear parts, as references for troubleshooting. In the process of combination, an method was 

proposed that every element of wear quantity and wear rate were fused at first,then the integration of 

all elements. For Dempster-Shafer has its own limitations, two impoved methods were applied to and 

were compared. The results show that Dempster-Shafer evidence combination is an effective fault 

diagnosis method for aeroengine oil wear condition. 

Intorduction 

Aeroengine is the kernel power supply of aircraft, whose structure is complex and operation 

environment is very hard, so it is the main source of aircraft faults, and its condition is the direct 

influencing factor of flight safty and airline company benefit. According to ICAO’s statistics, the 

ratio of mechanical failure in all accidents is generally 25% to 30%. In various types of air accidents 

caused by many mechanical factors, the aeroengine is the key factor, and wear fault is a extremely 

important failure mode in the lots of engine failure[1]. With the improved performance of the 

aeroengines,the components working conditions are becoming worse and worse. The consumption  

of the engine oil and partly high metal contents in the oil are reflecting the wear condition of 

bearing,casing and gear.Through analyzing the elements wear quantity in the oil, it can conclude 

whether there has wear fault of aeroengine or not and access the the severity of fault. It provides  

favorable and reliability references for reducing unnecessary components replacement, reduceing 

secondary injury and developing the most effective and economical maintenance program. 

The dempster-shafer theory of evidence 

Dempster-Shafer Theory [2]. The Dempster-Shafer theory is a mathematical theory of evidence; it 

is a powerful tool for combining measures of evidences.  

Frame of discernment: Let Θ  be a finite set of elements, an element can be a hypothesis, an object, 

or in our case a fault. We refer to Θ  as the frame of discernment.The set consisting of all the subsets 

of Θ  is called the power set ofΘ , and denoted by ( )Ω Θ . As an example, suppose that an engine may 

suffer from one or more of three faults a, b and c. The frame of discernment in this case can be set as: 

{ , , }a b cΘ = and ( ) { ,{ },{ },{ },{ , },{ , },{ , },{ , , }}a b c a b a c b c a b cΩ Θ = Φ  

Mass functions: When the frame of discernment is determined, the mass function m is defined as a 

mapping of the power set ( )Ω Θ  to a number between 0 and 1, i.e,       

( ) 0m ∅ = , ( ) 1
A

m A
⊆Θ

=∑                                                                                                                   (1) 

Where, m is called a basic probability assignment function. ( )m A  expresses the proportion of all 

relevant and evidence that supports the claim that a particular element of Θ  belongs to the set A.   

Belief and Plausibility functions: The belief function Bel is defined as 

Bel: ( ) [0,1]Ω Θ →  and ( ) ( )
A B

Bel B m A
⊆

= ∑                                                                                     (2) 
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The plausibility function Pls is defined as: 

Pls: ( ) [0,1]Ω Θ →  and ( ) 1 ( )Pl B Bel B= −                                                                                   (3) 

The belief function Bel(B) measures the total amount of probability that must be distributed among 

the elements of A; it reflects inevitability and signifies the total degree of belief of A and constitutes a 

lower limit function on the probability of B. On the other hand, the plausibility function Pls(B) 

measures the maximal amount of probability that can be distributed among the elements in B; it 

describes the total belief degree related to B and constitutes an upper limit function on the probability 

of B. Bel(B) and Pls(B) are shown on Fig.1 

 

plausibility

inevitability unknown
reject

Bel Pl

 
Fig.1 Belief and Plausibility functions 

 

Rules of evidence combination. Suppose 1m  and 2m  are two mass functions formed based on 

information obtained from two different information sources in two frames of discernment 1H  and 

2H ; Let iA  and jB  be focal elements of Bel1 and Bel2 respectively, where i = 1, ..., n and j=1, ..., n, 

1 2( ) ( ) 1
i j

i j

A B

m A m B
=∅

<∑
∩

,according to Dempster-Shafer’s orthogonal rule we have: 

1 2

1 2

( ) ( )

( ) 1 ( ) ( )

0

i j

i j

i j

A B C

i j

A B

m A m B

C
m C m A m B

C

=

=∅




≠ ∅
= −

 =∅

∑

∑
∩

∩

                                                                                   (4) 

Generally, for n mass functions, 1m , 2m , ..., nm in Θ ,  the mass function after combination is:  

1

1

( )

( ) 1 ( )

0

i

i

i i

A C i N

i i

A i N

m A

C
m C m A

C

= ≤ ≤

=∅ ≤ ≤


 ≠ ∅

= −

 = ∅

∑ ∏

∑ ∏
∩

∩

                                                                                           (5) 

The example of combination. There are two mass functions, }{ , ,A B CΘ =  as following: 

1

0.9

( ) 0.1

0

A

m B

C

θ

θ θ
θ

=


= =
 =

, 2

0

( ) 0.1

0.9

A

m B

C

θ

θ θ
θ

=


= =
 =

.                                                                                (6) 

Applying the principles of Evidence Theory, we can conclude that: ( ) 1m B = , Although the two 

pieces of evidence are reluctant to support B, the synthetic result is absolutely support B for the true 

proposition. Obviously, it is inconsistent with common sense. Thus Murphy [4] proposed a 

combination rule theory of the conflict evidences. And Wang [3] has been improved it, called the 

weighted distribution method. 

The improved rules of evidence combintion  

Weighted Distribution method. Suppose 1H  and 2H  are two evidences formed in the frames of 

discernmentΘ , 1m  and 2m  are two mass functions. 1H  and 2H ; 1iA H⊆ and 2jB H⊆ ,the similarity 

coefficient of two evidences is: 
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Similarity matrix:  
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                                                                                                                                   (8) 

Support for evidences:         

1

sup( )
n

i ij

j

m d
=

=∑                                                                                                                                     (9) 

Belief:             

1

1 1

( )

n

ij

j

i n n

ij

i j

d

crd m

d

=

= =

=
∑

∑∑
                                                                                                                           (10) 

Applying the principles of Weighted Distribution Evidence Theory: ( ) 0.45m A = , ( ) 0.1m B = , 

( ) 0.45m C = , obviously, it is consistent with common sense. 

Quasi-Associative method. In 1987, Yager [5] introduced an improved method, called 

quasi-associative. A⊆Θ , the rules of combation as following: 

1

0

( ) ( )
i

i i

A C i N

C

m C m A C
= ≤ ≤

=∅
=  ≠ ∅

∑ ∏
∩

                                                                                                          (11) 

Quasi-associativity means that the operator can be broken down into associative suboperations.For 

better combation, Li[6] introuduced an improved method based on it:  

1

0

( ) ( ) ( )
i

i i

A C i N

C

m C m A f C C
= ≤ ≤

=∅
=  + ≠ ∅

∑ ∏
∩

                                                                                              (12) 

1

( )
i

i i

A i N

K m A
=∅ ≤ ≤

= ∑ ∏
∩

, ( * ( )f C K q C=）                                                                                                    (13) 

Where, 
1

1
( ) ( )

n

i

i

q C m C
n =

= ∑ , n  means n evidences, ( )q C is support for every evidence.The synthetic 

result is: ( ) 0.45m A = , ( ) 0.1m B = , ( ) 0.45m C = . 

Case study 

Indentify wear indicators. Currently, the evaluation engine wear condition states are following: 

wear quantity and wear rate. There is a lot of friction in aeroengine, as a result of leading to wear, 

which contributes lots of wear debris to leave in engine oil. Through the analysis of the characteristics 

of the element’s wear quantity and wear rate can monitor aeroengine wear condition. From the 

engineering point of view, engine wear condition can be divided into three assessment levels: normal, 

warning, abnormal. Wear state of normal is the engine operating conditions good; Warning means the 

engine can operate normally, the user should have certain attention, meanwhile adding the 

appropriate level of maintenance of the engine and increasing the monitoring of density; when wear 

state is abnormal, the engine should stop operating and take measures to maintain in time [7]. 
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Information fusion design. Evidence theory information fusion, needs to select a group of 

independent evidences. According to the wear condition of engine components, select four elements 

of Fe, Cu, Pb, Al characterize wear. Get wear and wear rate through oil analysis, as evidences of 

evaluate engine wear condition. Engine wear conditions divide into three assessment levels: normal, 

warning, abnormal. The first floor fusion is every element’s information of wear quantity and wear 

rate, through the wear of each individual element, it can determine the specific wear of engine parts, 

and according to wear parts and wear degree can determine the maintenance approach; The second 

floor fusion is the integration of all elements, from the result, we can get information of the overall 

engine wear condition status, so as to identify the maintenance method. It is shown on Fig 2. 

 

Fig.2 The Structure of engine information fusion 

 

Construct the frame of discernment functions. In order to get the belief of each state, we can use 

experience and the statistical results to divide the engine wear range into 3: normal gradient area, 

warning area and the abnomalous area.Considering the mean of the sample data as normal, 2 times 

the normal variance of the sample is a warning value, 3 times the variance is abnormal values. The 

limitation of aeroengine wear quantity is summaried in Tab.1 [7]; the limitation of aeroengine wear 

rate is summarized in Tab.2 [7]. 

 

Tab.1 The limitation of wear quantity                    Tab.2 The limitation of wear rate 

  
With a bell-shaped function to calculate the probability distribution, so as to determine the 

probability distribution functions.  

For the normal probability distribution function:  

1
2

1
( ) 1

2
1
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b
x
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x b


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
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                                                                                               (14) 

For the Warning state of wear failure probability distribution function:  

0
2

1
( )

2
1

0

C

b
x

b
F x x p

x b

p b

x p


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                                                                                                           (15) 
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(3) For the state of abnormal probability distribution function:  

0

1
( ) 1

1

1

C

x b

F x b x p
x b

p b

x p




≤


= − < ≤
− + −


>

                                                                                                     (16) 

Analyze the result. Through the oil analysis, we get a simple of the four elements, it is summaried in 

Tab.3. 

 

Tab.3 The simples of wear                       

 
Tab.4 The results of fusion 

 

Using C=-2, we combine the information cues provided by Tab.3, we obtain the combination, the 

result of fusion is shown on Tab.4.For the synthesis of Al, ( )ratem Al =(1, 0, 0), the evidence conflicts, 

applying the weighted distribution method to calculate m(Al) = (0.8386,0.1614,0), applying Yager's 

improved formula   m(Al)=(0.8141,0.1859,0). In the evidence conflict annlysis, weighted distribution 

method and Yager's improved method have nearly the same result. Synthesis of each element is in 

Tab.4. Synthesis of results (A) = (0.0056, 0.9944, 0). Obviously, this diagnostic information fusion 

result shows that the state of the engine is a warning level, in line with the actual situation. 

Conclusions 

Applying the Dempster-Shafer evidence theory fusion method in the aeroengine wear information 

fusion can improve the diagnostic reliability of conclusions and reduce uncertainty. When the 

evidence conflicts, the application of improved methods can solve the conflicts effectivly and 

reliability,besides, weighted distribution method and Yager's improved method have nearly the same 

result in the evidence conflict fusion.Thus, the Dempster-Shafer evidence theory a better integration 

of the engine fault diagnosis. 
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Abstract: Noise, bistable system and input signal are the three essential factors in stochastic 

resonance (SR). The noise-induced SR method, the parameter-tuning SR method, and the twice 

sampling SR method change the characteristics of the noise, the bistable system and the input signal, 

respectively. With the new cooperation, they can all produce the SR phenomena when the system 

exceeds the small-parameter area. If treating the strong noise and the input signal with large 

frequency, the actions of the system parameters can build the system behavior in an orderly way, 

associated with the twice sampling frequency. The united parameter-tuning SR method adjusts the 

system parameters to fit the normalized frequency after the twice sampling SR, in order to make the 

optimal noise intensity. The application to the flow meter vibration test has presented the 

practicability and effectiveness of the united parameter-tuning SR method. 

Introduction 

Stochastic resonance (SR) is the universal phenomenon existing in the non-linear systems, induced 

by the internal or external noise. It was originally proposed by Benzi [1], as an explanation of the 

behavior of the earth’s ice ages, which exhibit a 100 000 year periodicity. In essence, SR is a 

nonlinear cooperative effect [1-4] in which large-scale fluctuations influence the weak periodic 

stimulus, leading to the result that the periodic component is greatly enhanced. There are different 

ways or models [2] to quantify SR in different fields. Towards different system requirements, the 

research and experiments have provided varied methods. 

Bistable SR displays its unique advantages when dealing with the signal contaminate by the noise 

covering the virtual frequencies. It has been applied to detect, amplify and transmit the features or 

information in recent years [2-4]. The classical SR theory [5-6] was established with the condition of 

small parameters. It is one of the limitations in the generalization of SR technologies. 

The noise-induced SR method[7], the parameter-tuning SR method[8-9] or the twice sampling 

method[10] induces the occurrence of the SR phenomenon in different situation. Considering the 

respective effect to SR, the above means can be defined as the generalized SR method. The united 

parameter-tuning SR method was proposed on the basis of the generalized SR theory. It was 

introduced to analyze the vibration of flow meter system in the following text. 

The Parameter-tuning Theory of Bistable SR 

Making the bistable system as a kind of nonlinear signal processor[7], it is governed by Langevin 

equation 

3d
( ) ( )

d

x
ax bx s t n t

t
= − + + .                                                                                                            (1) 

The course can be described by the motion of a particle in the bistable system, under the influences 

of the driving force 0( ) sin(2π )s t A f t=
 and the white noise ( )n t  with Gaussian distribution. The 

noise intensity is expressed as the variable D . While the signal, noise and system matching with each 

other properly, SR occurs and the noise’s energy is transformed to enhance the signal. The ways of 

optimizing the different parameters influence the system behavior diversely. 
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Noise-induced SR. The noise acts on the system behavior[7]. For one thing, increasing the noise’s 

intensity D  can raise the response velocity. And then the output would be steady more quickly, along 

with the changes of the driving signal. For another, the stronger noise makes the output performance 

decline. Consequently, only with the appropriate intensity, the response velocity and the stable output 

are proportional to each other, the better state can be achieved. It reflects the rebuilding action of the 

noise [7]. 

Parameter-tuning SR. From the bistable potential 2 4( ) 1/2 1/ 4U x ax bx= − + , we can calculate the 

height of the potential barrier 2

0 4U a b= , the distance of potential wells 2x a b∆ = , and the 

particle’s transition speed called Kramers rate [2] 

2 4

k e
2π

a bDa
R −

= .                                                                                                                         (2) 

The variation of the system parameters a  and b  cause changes in these variables [9]. It makes the 

relative noise energy redistribute and leads to different SR outcome. According to the regularity of 

the parameter choice for SR, the optimal SR can be obtained. After a scale transformation, the 

conventional way of adding noise can be viewed as a specific case of the method of tuning system 

parameters [8]. When the systems are adjustable, tuning system parameters is more practical than 

adding noise to the nonlinear systems. It is also applicable to the case that the noise is too heavy to 

play the constructive role. 

Twice sampling SR. To make out the response to the driving force with the large frequency when 

SR occurs, the strategy of twice sampling SR was proposed [10]. It utilizes the energy transfer 

mechanism from high-frequency area to low-frequency area, by selecting the twice sampling 

frequency srf . The method is aiming to postpone the large frequency signal to satisfy the condition of 

the small parameter SR. The transformation of the driving frequency 0f  is the normalized frequency 

0f ′ , which is fit for the noise intensityD . 

Generalized stochastic resonance theory and united parameter-tuning method 

Generalized stochastic resonance theory. As mentioned before, the noise intensityD , the system 

parameters a ,b  and the signal frequency 0f  influence the outcomes of the nonlinear system directly 

[7-10]. The three groups of parameters correspond to the essential factors in SR respectively, which 

can be defined as the generalized parameters. Accordingly, the generalized SR methods have the 

uniform mechanism. The manner is to change one factor’s feature by adjusting the related parameters 

in order to adapt to the other factors, and finally build new cooperation. 

Not only the system parameters, but also the noise intensity exerts the influence on Kramers 

rate kR . Reviewing the microcosmic explanation of SR, we can find that as SR occurs, the particle’s 

average transition speed, which is half of Kramers rate, equals to the frequency of the periodic 

signal[11], i.e., 

   
2 4

0 k

1
e

2 2 2π

a bDa
f R −
= =  .                                                                                                 (3) 

Eq. 3 associates the noise intensity D  and the system parameters with the driving frequency 0f . The 

three ways mentioned above take on the accordant physical meaning. Tuning the noise intensity or 

the system parameters is to make half of the Kramers rate tend to the large frequency of the real 

signal, while choosing the frequency scale ratio of twice sampling SR is to map or transform the 

actual signal frequency onto the SR frequency scale. 

 

22 Functional Manufacturing and Mechanical Dynamics II



 

 

United parameter-tuning SR. The parameter-tuning SR method is helpful to treat the system 

with heavy noise, and the twice sampling method has an advantage on processing the input signal 

with the large frequency. Moreover, the actions of the bistable system parameters can build the 

system behavior in an orderly way, together with the twice sampling frequency. It is just the united 

parameter-tuning SR method. 

Firstly, select the twice sampling frequency according to the estimative noise intensity in practice. 

By this way, the proper frequency scale ratio can transform the large frequency into the low 

frequency region, i.e., from 0f  to 0f ′ . Secondly, adjust the system parameters. This step is to make the 

rational noise intensity required by the normalized frequency 0f ′ . The approach is shown in Fig. 1. Its 

application is presented as follows. 

 

 
Fig.1 Process of the united parameter-tuning SR method 

Vibration test of flow meter system 

Engineering background and testing system. The flow meter is a kind of equipment in process 

automation. Its precision is important to the manufacture. The engineering application was to solve 

the problem that the flow meter vibrated abnormally. The test aimed at determining the vibration 

sources to improve the structure. Fig.2 is the schematic diagram of the flow meter system. Fig.3 is the 

photograph of the test occasion. 

        
Fig.2 Frame of the flow meter system     Fig.3 Photograph of the flow meter test occasion 

 

The flow meter was composed of the gear pump, the pipes, the brackets and the flow meter. The 

acceleration transducers were laid at the measuring points, such as Point. 1 located at the flow meter. 

The vibration data collected by transducers were sent to the signal processing system. The test was 

carried out under different operating conditions. The following example was a part of it.  

The actuator motor drove the gear pump. Its rated speed was 1400r/min, i.e., the working 

frequency was 24Hz. The rated speed of gear pump was 480r/min and the working frequency was 

8Hz. The vibration frequency of flow meter was 105Hz. 
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