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Abstract 

In this paper, considering the main factor in the high-speed processing, including the 

mass of the spindle, the offset of the centroid, bearing span, bearing stiffness and spindle 

speed , a dynamic model of the spindle-bearing system is established. After carrying out a 

simulation by Matlab, vibration curve of the spindle-bearing system is obtained, and 

influence on the vibration characteristics of the spindle bearing system by the centroid 

offset is analyzed. These works provide the basis for further studies on the vibration 

mechanism of the high-speed motorized spindle. 
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1. Introduction 

With the wood processing technology developing towards higher speed and precision 

and intelligence, the high speed electric spindle technology for woodworking is becoming 

the core component of the wood working machinery [1] and its performance becoming a 

key role of the machinery. Due to the natural construct and the anisotropy of the wood, 

the unbalance caused by the scab of the wood will lead to vibration of the electric spindle 

[2-3] in high speed machinery. Besides, the offset error of the mass center of the electric 

spindle and torsion deformation also result in vibration of the electric spindle. The 

vibration will increase the machining error of the cutter, especially in high speed 

machining, which will seriously influence the machining precision of the machinery [4-

5]. What’s more, if the vibration is too strong, it may damage the mechanical structure of 

the machining devices. So it is necessary to deeply research the mechanistic of the high 

speed electric spindle vibration, and to analyze the factors that affect the vibration. 

In the research of high-speed motorized spindle characteristics, Chen Xiaoan conducts 

dynamic analysis in the method of finite element, establishing high-speed motorized 

spindle dynamic model and generalizing unbalanced expression of high-speed motorized 

spindle in various offset states [6]. Chen and Hwang analyze factors that lead to stiffness 

decreasing and influence of dynamic features [7]. Meng Jie simplifies segmentation 

model of spindle with transition matrix method, and obtains first order vibration mode 

and spindle natural frequency with the method of finite element, which is basically 

consistent with the calculating result of transition matrix [8]. Wu Shaolong obtains every 

frequency order and vibration mode of the spindle in mode analysis of motorized spindle, 

and finds out frequency requirements of anti-vibration and the influence of front bearing 

stiffness and damp on the spindle [9]. Xu Xin establishes low-wear magnetic suspension 

motorized spindle experiment equipment through bringing in AMB and PMB, and 

analyzes its dynamic performances [10]. In this paper, simplified spindle-bearing 
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dynamic model is established focusing on centroid offset in the spindle production and 

setting up, and dynamic characteristics and vibration mechanism of spindle is further 

analyzed. 
 

2. Dynamic Modeling 

In the dynamic research of the wood high-speed motorized spindle, wood features and 

spindle structure should be considered including wood texture, scars and cutting force, 

which lead to unbalance and vibration of the spindle. Meanwhile, relative parts of the 

spindle should be emphatically considered including rotor, stator and bearing, as well as 

setup error, clearance between stator and rotor, bearing stiffness, lubrication and cooling. 

To simplify, only several main factors - mass of the spindle, the offset of the mass center, 

bearing span, bearing stiffness and spindle speed - are taken into consideration. To start 

with, the dynamic model of the spindle-bearing system is established. From the 

dynamical differential equation and the initial conditions of the system, the movements of 

the spindle can be computed, and then the vibration characteristics can be analyzed. 

Most previous studies of dynamic analyses simplified bearing as rigid connection, 

which is allowed only when deformation of the bearing is small. But for the 

woodworking high speed electric spindle, the bearings should be considered as elastic 

connection [11]. Hence, in this paper, each bearing on the spindle is simplified as a pair 

of springs in the horizontal and vertical direction, and the stiffness of the spring is equal 

to the stiffness of the bearing, noted as    and   . 
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Figure 1. The Simplified Model of the Spindle-Bearing 

The simplified model of the spindle-bearing is shown in Figure 1. The origin of the 

reference frame is defined as the intersection of the spindle rotation axis and the center 

plane of the left bearing, noted as O. Z-axis is coincide with the rotation axis of the 

spindle and pointed from the left bearing to the right bearing. X-axis is vertical to the Z-

axis and points downward. Y-axis, together with X-axis and Z-axis, constitutes a right-

handed Cartesian coordinate system. Assume that the mass of the spindle is  , the 

distance of two bearing is  , and the rotation angle of the spindle is  . In the initial 

condition, the coordinates of mass center of the spindle is           , where   is the 

offset of the mass center from the rotation axis, and   is the length from the mass center 

to the left bearing. The rotation angle     at the beginning. 

If the angular speed of the spindle remains constant, noted as  , then for time  , we 

have: 

     

Then the coordinates of the spindle mass center are: 

                     

The centripetal accelerate of spindle rotation is: 

   [
        
        

 

] 
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This centripetal acceleration is caused by the elastic force of the bearings. Examine the 

acceleration distribution of the spindle in XZ plane, which is shown in Figure 2. 
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Figure 2. Acceleration Distribution of the Spindle in XZ Plane 

Here             . Decompose the acceleration into two part: rotation 
acceleration that around the mass center in XZ plane, and the translation acceleration of 

the spindle. As the rotation acceleration is 0 at the mass center, the translation 

acceleration is equal to the centripetal acceleration. Assume that the angular acceleration 

in Y-axis is   , the deformation of two bearings in XZ plane are     and    , the 

acceleration of the spindle at two bearings in XZ plane are     and    , and the moment 

of inertia about Y-axis is   , then: 
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In this equation, the unknown variables are:    ,    ,    ,    ,    ,    ,   . Solve the 

equation and we get: 

  ̈  
 

  
                         

  ̈  
 

  
(                      )      

These are second-order differential equations. If the coefficients in the right side are 

constant, it is easy to get the analytical solutions. Considering that              is 

time-varying, substitute it into the equations and we obtain: 

  ̈  
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  ̈  
 

  
                                       

These are the dynamic differential equations in XZ plane. In YZ plane, the form of the 

equation is similar: 

  ̈  
 

  
(                       )           

  ̈  
 

  
(                           )           

Where     and     are the deformation of two bearings in YZ plane,    is the moment 

of inertia about X-axis. 

The analytical solutions of the equations are very complicated, so numerical 

simulation method is used to compute and analyze the vibration modes of the spindle at 

two bearing. 

 

3. Simulation and Analysis 

The process of the simulation is shown in Figure 3, and the simulation is 

conducted with the Matlab. 
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Figure 3. Flow Chart of the Motorized Spindle Dynamic Model Simulation 

The simulation parameters: spindle mass is m=2kg; the stiffness of the left and the 

right bearing is              and            , respectively; the bearing 

span is l=0.2m, the distance from the centroid of the spindle to the left bearing is 

h=0.08m; the centroid offset from the spindle axis          , the rotary inertia of 

the spindle around the X-axis and the Y-axis is             ; the spindle speed is 

n=20000r/min, and the corresponding angular velocity is         . 

The initial condition of the four differential equation shown above are set as: 

ε(0)=0, ̇     . With numerical integration, the displacement of the spindle at each 

bearing can be obtained. The simulation result are shown in Figure 4 and Figure 5. 
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Figure 4. The Vibration Curve of the Spindle at Bearing in X Direction 

 

Figure 5. The Vibration Curve of the Spindle at Bearing in Y Direction 

It can be seen in the time domain curve that, driven by the external cycle force, the 

spindle at both bearing presents typical cycle vibration, and the vibration amplitude at left 

bearing is larger than the right in both X and Y direction. Meanwhile, influenced by the 

elastic of the bearing, the spindle has a higher frequency vibration mode. For the 

convenience we take a spectrum analysis of the vibration. The frequency spectrum is 

shown in Figure 6 and Figure 7. 
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Figure 6. The Frequency Spectrum of X Direction 

 

Figure 7. The Frequency Spectrum of Y Direction 

From these frequency spectrum, the vibration is a superposition of two mode. The 

frequency of the lower mode is about 333Hz. The rotation speed of the spindle is   
                            , while      , so                , 

which is in agreement with the simulation. 

The higher mode is caused by the elastic of the bearing, and different stiffness of the 

bearing can result in a different frequency. As shown in Figure 6 and Figure 7, the higher 

vibration frequency at left bearing is 6804Hz and the right is 9186Hz. 

In the analysis above, the simulation condition is constant. However, the motorized 

spindle centroid offset fluctuates due to rotation speed, temperature, cutting force and the 

bearing wear, so it is necessary to simulate and analyze the spindle vibration with 

different centroid offset. In the simulation the centroid offset changed with other things 

equal, the influence of the centroid offset on the spindle vibration can be obtained, shown 

in Figure 8-11. 
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Figure 8. Influence of the Centroid Offset on the Low Frequency Vibration 

Frequency

 

Figure 9. Influence of the Centroid Offset on the High Frequency Vibration 
Frequency 
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Figure 10. Influence of the Centroid Offset on the Low Frequency Vibration 
Amplitude 

 

Figure 11. Influence of the Centroid Offset on the High Frequency Vibration 
Amplitude 

It can be seen that, centroid offset hardly influence the frequency of both vibration 

mode, but the amplitude of two vibration mode increases along with the centroid offset. 

Comparing the vibration at left and the right bearing, the amplitude of the vibration at left 

bearing is over twice than the right, which is constant with the factor that the centroid of 

the spindle is closer to the left bearing. 

 

4. Conclusion 

In this paper, with several main factors on the wood high-speed motorized spindle in 

actual working conditions being considered, the spindle-bearing dynamic model is 

established and the influence of the centroid offset on the spindle vibration is analyzed. 

Through the theoretical derivation and numerical calculation, it is concluded that the 
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frequency of the spindle vibration is free from the centroid offset, but the amplitude has a 

linear relationship with the centroid offset. So the centroid offset is not responsible for 

the accidental increase of the spindle vibration frequency but for the amplitude increase. 

This provides a new suggestion for further analyzing vibration mechanism of the high-

speed motorized spindle. 
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