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Abstract

:

To study the typical failure mechanism (rotor unbalance, rotor friction, and rotor crack) and vibration characteristics of the turbocharger rotor system, a rotor system dynamics simulation model was established by an improved four-node aggregate parameter method. The geometric and physical characteristics of the rotor system under three failure states and its dynamics under operation were analyzed. Thus, a typical failure dynamics simulation model of the rotor system was established. On this basis, the output failure simulation signal was extracted using the Hu invariant moment feature extraction method to analyze the system vibration characteristics under each typical failure state of the rotor system. The results show that the model in this paper can effectively reduce the computational volume and computational time, and the errors of numerical simulation were less than 3%. When an unbalance fault occurred in the rotor system, the shaft trajectory was “0” shaped and the response spectrum was dominated by 1X. When the rotor system was frictional, the shaft trajectory was a slightly concave “8” shape, and the response spectrum was dominated by 0.5X. When the rotor system was cracked, the axial trajectory was a “vortex”, and the response spectrum was dominated by 0.5X. Thus, the study of typical failure mechanism and vibration characteristics of a turbocharger rotor system by simulation calculation is effective and has good research prospects, providing an important technical reference for dynamic analysis and fault diagnosis of the rotor system.
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1. Introduction


Common failures of turbocharger rotors include rotor imbalance, rotor cracks, rotor touching friction, etc. Therefore, timely and efficient determination of the type of rotor failure is particularly critical in fault monitoring and diagnosis. At present, most of the turbocharger fault diagnosis at home and abroad is based on the fault phenomenon, judgment based on practical engineering experience, with a certain degree of subjectivity, and it is very difficult to obtain experimental data, thus reducing the efficiency and accuracy of fault diagnosis. Therefore, in order to identify the differences between multiple faults more accurately and efficiently, as well as to improve the accuracy and sensitivity of the fault diagnosis of the turbocharger rotor bearing system, it is necessary to simulate the fault simulation of the rotor bearing system and to analyze the fault characteristics in detail.



As the finite element method solves the critical rotor speed with high solution accuracy, it is time-consuming to solve more complex rotor structures. Horner and Pilkey proposed the Riccati transfer matrix method [1], which has the characteristics of rapidness and simplicity in solving the traditional transfer matrix method, as well as ensuring the continuity of matrix data transfer. Ngo et al. [2] analyzed the unbalanced response of the rotor with and without damping according to the finite element method and verified that damping has a certain vibration suppression impact by comparing the peak response. Singh, A. [3] studied the effect of engine excitation on turbocharger performance. It was found that the system exhibits chaotic behavior accompanied by the generation of extensive subsynchronous vibrations at low speed. Hannant [4] studied the dynamic stability of a rotor disk-shaft system under external unbalanced masses and pulsating axial loads. Chao Fu et al. [5] studied the response analysis of an accelerated unbalanced rotating system with random and interval variables. To study the influence of different factors on the dynamics of rotor friction, Guangchi Ying et al. [6] investigated the dynamics of rotor friction failure under the action of base excitation and found that the base excitation exacerbates the severity of rotor friction to a certain extent. Ya Zhang et al. [7] investigated the dynamics of a double-disk rotor-bearing system under axial touching, radial touching, and both together and also analyzed the influence law of rotor speed, the position of the unevenness measure action, and the shell stiffness on the rotor touching characteristics. Liu Guizhen et al. [8] studied the dynamical response of a rotor-stator-bearing system under the action of mass eccentricity variation and nonlinear oil film forces to reveal the system bifurcation characteristics and the pathway into chaos. Ghozlane, M. et al. [9] used a relatively simple normally open crack to study the change in the local flexibility of the crack, further confirming that the presence of the crack will lead to a reduction in stiffness and consequently a decrease in the intrinsic frequency. In addition to the fundamental frequency, 2X and 3X frequency components were also observed in the frequency domain. Jain, A.K. et al. [10] investigated the nonlinear dynamical behavior of a multi-cracked rotor system, considering the effects of crack depth, crack location, and shaft speed, experimentally and analytically. Rotor stiffness is shown to decrease significantly with increasing crack depth. Khorrami, H. et al. [11] studied the vibration response characteristics of a rotor-disc-bearing system containing one and two cracks. The effect of characteristics such as depth, location, and relative angular position of the cracks on the selected vibration characteristics was analyzed and studied. Xiuqin Wang et al. [12] improved the conventional invariant moments to obtain six higher-order improved Hu invariant moments with scale scaling invariance with respect to the conventional Hu invariant moments. Yueh Hara et al. [13] used six improved Hu invariant moments with K-means classifier to better identify the types of storage media. Since the traditional invariant moment matching algorithm requires full pixel traversal each time, which is time-consuming for larger images, Ding Yue et al. [14] obtained good matching results by improving the Hu invariant moment fast matching algorithm using the pyramid model. Yongmei Ren et al. [15] proposed a feature recognition method based on Hu invariant moments, and the results showed that it could effectively provide the recognition rate on the dataset. Lv Chun et al. [16] proposed a Hu invariant moment-based gear fault feature extraction method. However, numerical simulations of typical failures of turbocharger rotor systems and related characteristics have been less studied and analyzed.



In summary, this paper establishes the kinetic models for the common failures of turbochargers, such as rotor unbalance failure, rotor touch wear failure, and rotor crack failure. On the basis of the modeling of the set total parameter method, the rotor bearing system is simplified to a four-disc, three-axis segment model. According to the established model for dynamics analysis, the trajectories of the three faults and the spectral characteristics are derived, and the Hu invariant moment method is used to extract the corresponding typical fault characteristics for the purpose of exploring the fault vibration characteristics. The study in this paper overcomes the limitation of the set total parameter method to calculate a large number of shaft segments. Moreover, compared with the authoritative finite element simulation results, the error is very small, which effectively saves the effective reduction of calculation volume and calculation time.




2. Theoretical Method


2.1. Dynamics Model of a Rotor-Bearing System


The structure of the turbocharger rotor-bearing system is shown in Figure 1a. From left to right are the compressor impeller, the two bearing supports, and the turbine. The dynamics of the turbocharger rotor-bearing system are modeled by the finite element method, and the whole system is simplified to four collector masses of the wheel disc and three shaft segments, as shown in Figure 1.



Here, 1 is the total mass of the compressor impeller set, 2 and 3 are the total mass of the bearing set, and 4 is the total mass of the turbine set. Considering that the turbocharger rotor is equipped with thrust bearings, which can limit the axial displacement of the rotor, its axial vibration can be neglected. To further investigate the bending vibration of the rotor, its shear effect and torsional vibration can be neglected.



Combining the simplified system in Figure 1, the forces in the shaft segment and the disk in the x-z plane were analyzed separately. The mechanical equations of the i-th wheel and the i-th axle segment can be obtained by using Newton’s second law, which is shown in Equations (1) and (2), respectively.


           m i    X ¨  i  =  F  x i  L  −  F  x i  R  −  F  b x i   +  m i   e i   w i 2  cos  w r  t        J  d i     Ψ ¨  i  −  w r   J  p i      Φ i   .  = −  M  y i  L  +  M  y i  R         m i     Y  ¨    i  =  F  y i  L  −  F  y i  R  −  F  b y i   +  m i   e i   w i 2  sin  w r  t        J  d i      Φ i    ¨   −  w r   J  p i      Ψ i   .  =  M  x i  L  −  M  x i  R          i = 1 , 2 , 3 , 4      



(1)






   T i  =  B i   D i  =       1 +    l 3    6 E J   ( 1 − ν ) ( m  w 2  −  K  s j   )     l +    l 2    2 E J   (  I p  −  I d  )  w 2         l 2    2 E J          l 3    6 E J   ( 1 − ν )          l 2    2 E J   ( m  w 2  −  K  s j   )     1 +  l  E J   (  I p  −  I d  )  w 2       l  E J          l 2    2 E J         l ( m  w 2  −  K  s j   )     (  I p  −  I d  )  w 2     1   l      ( m  w 2  −  K  s j   )    0   0   1       



(2)







Consideration of the forces and bending moments of the compressor wheel disc and turbine disc need to satisfy the following conditions:


       F  x 1  L  =  F  y 1  L  =  F  x 4  R  =  F  y 4  R  = 0      M  x 1  L  =  M  y 1  L  =  M  x 4  R  =  M  y 4  R  = 0      F  b x 1   =  F  b y 1   =  F  b x 4   =  F  b y 4   = 0      



(3)







Assuming that the bearing stiffness is isotropic, the expression for the bearing force at this point is


         F  b x i   =  k b   X i         F  b y i   =  k b   Y i            i = 2 ,   3    



(4)







Substituting the above Equation (4) into Equation (1),


   M r    X ¨  r  +  w r   G r    X ˙  r  +  K r   X r  =  F r   



(5)







Without affecting the rotor dynamics, the above set of total mass model axle segments is further simplified to 4 wheel discs and 3 axle segments.




2.2. Rotor System Typical Failure Modeling


	(i)

	
Rotor imbalance







Under the action of unbalanced mass and unbalanced moment, the rotor system generates a centrifugal force,   F = m e  w 2   , which is schematically shown in Figure 2. The direction of the centrifugal force changes by one cycle when the rotating shaft rotates for one week, so the frequency of unbalanced vibration is consistent with the rotational speed. In this section, an unbalanced failure rotor dynamics model at the turbocharger rotor turbine and the compressor impeller is developed.



The differential equations of unbalanced motion at the turbocharger rotor turbine and the compressor impeller can be expressed as


         m 1    x ¨  1  +  c 1    x ˙  1  +  k 1     x 1  −  x 2    =  U 1   w r 2  cos (  w r  t )        m 1    y ¨  1  +  c 1    y ˙  1  +  k 1     y 1  −  y 2    =  U 1   w r 2  sin (  w r  t ) −  m 1  g        m 2    x ¨  2  +  c 2    x ˙  2  +  k 1     x 2  −  x 1    +  k 2     x 2  −  x 3    =  F  x o          m 2    y ¨  2  +  c 2    y ˙  2  +  k 1     y 2  −  y 1    +  k 2     y 2  −  y 3    =  F  y o   −  m 2  g        m 3    x ¨  3  +  c 3    x ˙  3  +  k 2     x 3  −  x 2    +  k 3     x 3  −  x 4    =  F  x o          m 3    y ¨  3  +  c 3    y ˙  3  +  k 2     y 3  −  y 2    +  k 3     y 3  −  y 4    =  F  y o   −  m 3  g        m 4    x ¨  4  +  c 4    x ˙  4  +  k 3     x 4  −  x 3    =  U 4   w r 2  cos (  w r  t )        m 4    y ¨  4  +  c 4    y ˙  4  +  k 3     y 4  −  y 3    =  U 4   w r 2  sin (  w r  t ) −  m 4  g        



(6)







In addition, the Capone short-axis oil film force model [17] is used in this paper.



	(ii)

	
Rotor bumper modeling







According to the actual turbocharger friction faults and simulation calculations, the first-order vortex mode of the rotor system, the amplitude of the compressor disc is larger than that of the turbine disc, and the friction usually occurs at this location. Therefore, in the dynamics of the study of the turbocharger rotor with frictional failure, only the case of frictional failure on the compressor wheel disc is considered.



The schematic diagram of the rotor touching friction is shown in Figure 3a, and the physical diagram of the impeller blade touching friction damage is shown in Figure 3b.



Assumptions: (1) The rotor speed is considered constant; (2) the displacement of the rotor in the axial direction is negligible; (3) ignore the gyroscopic effect of the rotor; (4) the collision time between the rotor and stator is very short, the deformation of the stator during the collision can be regarded as linear deformation, and the friction force satisfies Coulomb’s law.



On the basis of the rotor unbalanced fault dynamics model, considering the action mode and mechanical characteristics of the rotor friction fault, the differential equation of rotor motion containing the friction fault can be expressed as follows:


         m 1    x ¨  1  +  c 1    x ˙  1  +  k 1     x 1  −  x 2    =  U 1   w r 2  cos (  w r  t ) +  P x         m 1    y ¨  1  +  c 1    y ˙  1  +  k 1     y 1  −  y 2    =  U 1   w r 2  sin (  w r  t ) +  P y  −  m 1  g        m 2    x ¨  2  +  c 2    x ˙  2  +  k 1     x 2  −  x 1    +  k 2     x 2  −  x 3    =  F  x o          m 2    y ¨  2  +  c 2    y ˙  2  +  k 1     y 2  −  y 1    +  k 2     y 2  −  y 3    =  F  y o   −  m 2  g        m 3    x ¨  3  +  c 3    x ˙  3  +  k 2     x 3  −  x 2    +  k 3     x 3  −  x 4    =  F  x o          m 3    y ¨  3  +  c 3    y ˙  3  +  k 2     y 3  −  y 2    +  k 3     y 3  −  y 4    =  F  y o   −  m 3  g        m 4    x ¨  4  +  c 4    x ˙  4  +  k 3     x 4  −  x 3    =  U 4   w r 2  cos (  w r  t )        m 4    y ¨  4  +  c 4    y ˙  4  +  k 3     y 4  −  y 3    =  U 4   w r 2  sin (  w r  t ) −  m 4  g        



(7)







In Equation (7),   τ =  w r  t  ,    X i  =    x i   δ   ,    Y i  =    y i   δ   ,     X ˙  i  =   d  x i    d τ    ,     Y ˙  i  =   d  y i    d τ    ,     X ¨  i  =   d   X ˙  i    d τ    ,     Y ¨  i  =   d   Y ˙  i    d τ    ,    ζ i  =    c i    2 m w    ,   λ =    w r     w 1     .



	(iii)

	
Rotor crack modeling







The supercharger rotor works in the operating range of 3000~42,000 rpm, while the higher speed can ignore the continuous process at full opening and closing. To reflect the stiffness changes caused by the crack opening and closing process during operation, the Mayes cosine wave model was selected as the opening and closing function of the crack stiffness of the supercharger rotor.



Then, the differential equation of motion of the rotor containing the crack fault can be expressed as


         m 1    x ¨  1  +  c 1    x ˙  1  +  k 1     x 1  −  x 2    =  U 1   w r 2  cos (  w r  t ) +  F  c x          m 1    y ¨  1  +  c 1    y ˙  1  +  k 1     y 1  −  y 2    =  U 1   w r 2  sin (  w r  t ) −  m 1  g +  F  c y          m 2    x ¨  2  +  c 2    x ˙  2  +  k 1     x 2  −  x 1    +  k 2     x 2  −  x 3    =  F  x o          m 2    y ¨  2  +  c 2    y ˙  2  +  k 1     y 2  −  y 1    +  k 2     y 2  −  y 3    =  F  y o   −  m 2  g        m 3    x ¨  3  +  c 3    x ˙  3  +  k 2     x 3  −  x 2    +  k 3     x 3  −  x 4    =  F  x o          m 3    y ¨  3  +  c 3    y ˙  3  +  k 2     y 3  −  y 2    +  k 3     y 3  −  y 4    =  F  y o   −  m 3  g        m 4    x ¨  4  +  c 4    x ˙  4  +  k 3     x 4  −  x 3    =  U 4   w r 2  cos (  w r  t )        m 4    y ¨  4  +  c 4    y ˙  4  +  k 3     y 4  −  y 3    =  U 4   w r 2  sin (  w r  t ) −  m 4  g        



(8)




where


       F  c x   =  1 2   f 2   θ     k 0  −  k  11        x 1    1 + cos 2 α   +  y 1  sin 2 α        F  c y   =  1 2   f 2   θ     k 0  −  k  22        x 1  sin 2 α +  y 1    1 − cos 2 α          












2.3. Hu Invariant Moment Feature Extraction


Two-dimensional shape invariant moments is a method to identify shapes by extracting invariant moments from images of axial trajectories. The two-dimensional shape invariant moments mainly reflect the image geometric features and mainly contain the mathematical features of invariance such as rotation, translation, and scale stretching. The invariant moment has a clear physical meaning, and the image can be theoretically considered as a thin plate with inhomogeneous mass density, where each order of invariant moment has different meanings: the zero-order moment indicates the total mass of the plate; the first-order moment indicates the center of mass of the plate; and the second-order moment indicates the size and direction of the plate.



Assume that the two-dimensional function   f ( x , y )   is a distribution density function in the plane range    R 2   , which represents the grayscale at each coordinate point, and is segmentally continuous; then, for any positive integer  u  and  v , the   u + v  -th order moment of   f ( x , y )   in the plane is defined in Equation (9):


    M  u v   = −    ∫  − ∞   + ∞     x u   y v  f ( x , y )    d x d y  · u , v , ⋯  



(9)







Considering that the image of the fault axis trajectory is a discrete image, it is necessary to simplify the above equation, Equation (9) in discrete form, see Equation (10):


   M  u v   =   ∑ x     ∑ y    x u   y v  f ( x , y )      



(10)







To simplify the calculation, the axial trajectory has the same gray scale for each coordinate in the plane,   f ( x , y ) = 1  ; and the defined gray level outside the axial trajectory is 0,   f ( x , y ) = 0  . Then, Equation (10) can be simplified to Equation (11):


   M  u v   =   ∑ x     ∑ y    x u   y v       



(11)







In order to make the moment feature translation transform invariant, it is necessary to transform the moment    M  u v     and calculate the central moment of its image. The central moment of the   u + v  -th order moment of the axial trajectory in the    R 2   -plane is given in Equation (12):


       μ  x y   =   ∑ x     ∑ y     ( x -  x 0  )  u    ( y -  y 0  )  v           y 0  =  M  01   /  M  00        x 0  =  M  10   /  M  00        



(12)







In order to obtain scale scaling invariance for moment features,    μ  u v     is normalized, and the feature set of normalized central moments is used to make the moment features rotationally invariant. The seven normalized invariant moments    ϕ 1  ~  ϕ 7   , obtained in this paper using the Hu invariant moment study are shown in Equation (13):


       ϕ 1  =  η  20   +  η  02   ;    ϕ 2  = (  η  20   −  η  02    ) 2  + 4  η  11  2  ;      ϕ 3  = (  η  30   − 3  η  12    ) 2  + ( 3  η  21   −  η  03    ) 2  ;    ϕ 4  = (  η  30   +  η  12    ) 2  + (  η  21   +  η  03    ) 2  ;      ϕ 5  = (  η  30   − 3  η  12    ) (   η  30   +  η  12   )    (  η  30   +  η  12     ) 2  − 3  (  η  21   +  η  03     ) 2                    + ( 3  η  21   −  η  03    ) (   η  21   +  η  03   )   3  (  η  30   +  η  12     ) 2  −  (  η  21   +  η  03     ) 2    ;      ϕ 6  = (  η  20   −  η  02   )    (  η  30   +  η  12     ) 2  −  (  η  21   +  η  03     ) 2    + 4  η  11   (  η  30   +  η  12   ) (  η  21   +  η  03   ) ;      ϕ 7  = ( 3  η  21   −  η  03   ) (  η  30   +  η  12   )    (  η  30   +  η  12     ) 2  − 3  (  η  21   +  η  03     ) 2                    + ( 3  η  21   −  η  30   ) (  η  21   +  η  03   )   3  (  η  30   +  η  12     ) 2  −   (  η  21   +  η  03   )  2    ;      



(13)









3. Calculation Conditions and Model Validation


3.1. Rotor System Model Parameters


In order not to affect the dynamics characteristics of the rotor dynamics characteristics, the above set of axle segments of the total mass model is further simplified to four wheel discs and three axle segments, and the dynamics model parameters are specified in Table 1.




3.2. Model Validation


As can be seen in Table 2, the simplified model of the rotor system proposed in this paper and the Ansys finite element method of the finite element method (FEM) have errors within 3% in the calculation results of the first- and second-order critical speeds, which reduce the errors compared with the traditional Riccati transfer matrix method (TMM).



The above analysis results show that the rotor dynamics model constructed in this paper is in good agreement with the results of the finite element method in solving the rotor inherent frequency, vibration pattern, and shaft trajectory. Therefore, it is considered that the dynamics model constructed in this paper has high accuracy and can be applied to the subsequent research on the fault diagnosis characteristics.



In this paper, the typical fault modeling and vibration characterization scheme of turbocharger rotor system has three steps, as shown in Figure 4, these steps are (1) turbocharger rotor system modeling; (2) turbocharger rotor system failure modeling; and (3) vibration characteristics analysis.





4. Calculation Results and Analysis


4.1. Rotor Unbalanced Fault Characterization


(1) The rotor dynamics response at the impeller end is shown in Figure 5 for an impeller end unbalance of 3.4 × 10−4   kg ·  m    and a rotor speed of 18,000 rpm.



As shown in Figure 5, when the imbalance response occurred at the impeller end, the displacement time domain waveform was a sine wave, the rotor axis trajectory was elliptical, and the rotor showed “a single cycle” motion in the steady running state when there was only one point in the poincare diagram. In addition, as shown in Figure 5c, when the unbalanced response occurred at the impeller end, the response spectrum was dominated by 1X, and the response amplitude was smaller at some higher harmonics such as 2X and 3X.



(2) When the impeller end unbalance was 2 × 10−4   kg · m  , the rotor impeller end axial trajectory with increasing rotational speed under rotor unbalance failure at this time was as is shown in Figure 6a. At this time, the spectrum at the corresponding rotational speed is shown in Figure 6b.



From Figure 6a, it can be seen that with the increase in speed, the rotor axis trajectory gradually evolved from “0” to “8” and finally returned to “0”. The rotor underwent an oil film vortex during the process described above. However, at the early stage of entering the oil film vortex process, the axial trajectory still showed the typical “0” shape of an unbalance fault, which cannot be correctly judged only from the angle of the axial trajectory. Combined with the rotor spectrum in Figure 6b, it is obvious that a more obvious amplitude of 0.5X appeared in the initial spectrum of the oil film eddy. This is a typical half-speed vortex phenomenon.




4.2. Characterization of Rotor Bumper Fault


For the rotor touching fault, we selected the more obvious fault characteristics of the fixed-point touching fault as a reference object.



(1) The impeller end unevenness was 2 × 10−4   kg · m  , the impeller and casing clearance was set to 10 μm, and the speed was 18,000 rpm. The rotor dynamics response at the impeller end is shown in Figure 7.



As shown in Figure 7a–c, the displacement time domain waveform was approximately sinusoidal; the rotor axis trajectory was a slightly concave “8” shape; the frequency spectrum was dominated by 0.5X, accompanied by the generation of 1X harmonic of smaller amplitude; and as shown in Figure 6, the displacement time domain waveform was approximately sinusoidal when the fault occurred. Furthermore, as shown in Figure 7d, there were two points on the impeller poincare diagram, which showed that the rotor system entered a “two-cycle” motion when the impeller touched the casing slightly.



(2) The unevenness of the impeller end was 2 × 10−4   kg · m  ; we set the clearance between the impeller and the compressor to 5 μm, and the speed was 24,000 rpm, and following this, the rotor dynamics response of the impeller end was as shown in Figure 8.



As shown in Figure 8a–c, with the deepening of the degree of friction, the rotor x-direction displacement time domain waveform distortion, the y-direction displacement time domain waveform was approximately sine wave; the rotor axis trajectory was a multiloop intertwined gourd “8”; and the spectrum to 0.5X was mainly accompanied by the generation of a smaller amplitude 1X harmonics. Furthermore, as shown in Figure 8d, there were multiple points on the impeller poincare diagram consisting of an approximate ring shape, showing that the rotor system entered into the proposed cyclic motion when the impeller was in severe contact with the casing.



(3) When the impeller end unevenness was 2 × 10−4   kg · m  , we set the impeller and casing clearance of the compressor to 10    μ m   . The axial trajectory of the impeller end of the rotor with increasing speed under the fixed-point touching fault is shown in Figure 9a. At this point, the spectrum at the corresponding speed was as is shown in Figure 9b.



As can be seen from Figure 9a, with the increase in speed, the rotor axis trajectory from the unbalanced predominant “0” to the oil film vortex concave “8” shape, with the fixed point of touching friction, the axis trajectory became a slight concave “8” shape, with the deepening of the touching friction gradually evolving into a multi-ring intertwined concave “8” shape, which finally returned to the “0” shape. When combined with the spectrum shown in Figure 9b, it can be found that the friction fault was more likely to excite the oil film vortex at low speed, and the rotor axis trajectory at high speed showed the “0” shape of the unbalance fault, which cannot be correctly judged only from the axis trajectory angle. Comparing the spectrum components shown in Figure 6b, we found that there were 2X more components for the touch-motion fault at high speed than for no touch-motion, and thus it can be seen that the spectrum components can be used to enrich the fault characteristics.




4.3. Rotor Cracking Fault Characterization


(1) The impeller end unevenness was 3.4 × 10−4   kg · m  , the crack location was located near the journal of the impeller end of the compressor, the crack depth a/R = 1, the crack opening and closing angle was  π /2, the vortex angle was 0 degrees, and at this time the speed was 18,000 rpm; the rotor dynamics response results are shown in Figure 10.



As shown in Figure 10a–d, when a crack failure occurred near the compressor impeller end journal, the displacement time domain waveform was distorted; the rotor axis trajectory was shaped as a “swirl”. The frequency spectrum was dominated by 0.5X, and the frequency component was mainly caused by the oil film vortex, while a higher peak value appeared at the 1.5X harmonic times, accompanied by the generation of 1X, 2X, 3X, and other octave components, combined with poincare diagrams can be found in the rotor axis for a number of scattered intertwined; the rotor system can be judged to be in the proposed periodic motion.



(2) The impeller end unevenness was 3.4 × 10−4   kg · m  , the crack location was located near the impeller end journal, the crack depth a/R = 1, the crack opening and closing angle was  π /2, the vortex angle was 0 degrees, and the rotor dynamics response results were as shown in Figure 11 at the speed of 34,800 rpm.



As shown in Figure 11a–d, when the crack fault occurred near the compressor end impeller, the displacement time domain waveform showed a wave-like pattern. The rotor axis trajectory was “petal” shaped; the spectrum was dominated by 1X, while higher peaks appearing at 0.5X and 1.5X harmonics, combined with the Poincare diagram, were found in the rotor axis for a number of scattered points formed by the “0”, and the rotor system could be judged to be in the proposed periodic motion.



(3) The rotor crack fault was set as follows: the impeller end unevenness was 3.4 × 10−4    kg  · m  , the crack location was near the journal of the impeller end of the compressor, the crack depth a/R = 1, the crack opening and closing angle was  π /2, and the vortex angle was 0 degrees. At this time, the axial trajectory of the rotor impeller end under the crack fault with increasing rotational speed is shown in Figure 12a. At this time, the spectrum at the corresponding rotational speed is shown in Figure 12b.



From Figure 12a, it can be seen that as the speed increased, the rotor axis trajectory gradually evolved from the “0” when it was unbalanced to the “vortex” shape with multiple intertwined rings and finally returned to the “0” shape. Compared with the interlacing complexity of the rotor shaft trajectory, the crack fault characteristics were more intuitive in the spectrum, as shown in Figure 12b; with the increase in speed, the rotor crack fault excited more obvious 1.5X and 2X components in amplitude.





5. Conclusions


In this study, for the common failures of turbochargers (rotor unbalance failure, rotor touch wear failure, and rotor crack failure), the rotor bearing system was developed as a four-disc, three-axis segment model on the basis of the aggregate parameter method modeling. The characteristics of the output fault simulation signals were extracted using Hu invariant moments. The system vibration characteristics for each typical fault state of the rotor system were analyzed, and some key findings are as follows:




	(1)

	
Compared with the traditional set total parameter method, the improved four-node centralized parameter method overcame the limitation of calculating a large number of axis segments and effectively reduced the calculation volume and calculation time. By comparing the critical speed calculation results of FEM and TMM, the errors were found to be less than 3%, which proves the reliability of the model established in this paper.




	(2)

	
When the unbalance fault occurred in the rotor system, the displacement time domain waveform approximated a sine wave, and the rotor axis trajectory was “0” shaped. In the steady state of operation, the rotor exhibited single-cycle motion, and its response spectrum was dominated by 1X.




	(3)

	
When the rotor system had a friction fault, the displacement time domain waveform was similar to a sine wave, and the rotor axis trajectory was a slightly concave “8” shape, with 0.5X dominating the frequency spectrum. When the friction fault was light, the rotor system entered a two-cycle motion. When the friction fault was more serious, the rotor system entered the proposed cycle motion.




	(4)

	
When a crack fault occurred near the impeller journal, the displacement time domain waveform was distorted and the rotor axis trajectory was “vortex” shaped, and the response spectrum was dominated by 0.5X, which was mainly caused by the oil film vortex. At the same time, the crack failure also caused a significant vibration peak at the 1.5X harmonic. The combined effect put the rotor system in a proposed periodic motion.
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Nomenclature




	X
	The displacements of the wheel along the x directions



	Y
	The displacements of the wheel along the y directions



	Φ
	The angles of rotation of the wheel in the x-axis directions



	Ψ
	The angles of rotation of the wheel in the y-axis directions



	m
	The mass of the wheel



	Jdi
	The diameter inertia



	Jpi
	The pole inertia



	E
	The modulus of elasticity



	I
	The moment of inertia of the section



	l
	The length of the shaft section



	wr
	The rotor speed



	e
	The distance between the centers of the wheel



	t
	Time



	F
	Force



	M
	The bending moment



	  J 
	The cross-sectional moment of the shaft section



	  ν 
	The shear factor,   ν = 6 E J / (  k t  G A  l 2  )   



	    k t   
	The cross-sectional coefficient (0.886 for solid circular shafts and about 2/3 for thin-walled hollow shafts)



	    X r   
	The vector of degrees of freedom of the rotor



	    M r   
	The mass matrix of the rotor



	    K r   
	The rotor stiffness matrix



	    G r   
	The gyro matrix



	    F r   
	The excitation force vector



	    m 1   
	The total mass at the impeller of the compressor



	    m 2   
	The total mass at the bearing near the impeller



	    m 3   
	The total mass at the bearing near the turbine



	    m 4   
	The total mass at the turbine



	    c 1   
	Damping at the compressor impeller



	    c 2   
	Damping near the impeller bearing



	    c 3   
	Damping near the turbine bearing



	    c 4   
	Damping at the turbine



	    k i   
	The bending stiffness of the shaft segment



	    e 1   
	The eccentric mass at the impeller



	    e 4   
	The eccentricity at the turbine of the compressor



	    F  x o    
	The component of the oil film force in the x-direction



	    F  y o    
	The component of the oil film force in the y-direction



	  δ 
	The distance between the rotor and stator of the supercharger



	FEM
	Finite element method



	TMM
	Riccati transfer matrix method
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Figure 1. (a) Schematic diagram of the turbocharger rotor-bearing system. (b) Mechanical model of a turbocharger rotor-bearing system. 
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Figure 2. Diagram of the rotor unbalanced state. Note:  m  is the eccentric mass;  e  is the eccentric distance; F is the centrifugal force;  w  is the angular velocity. 
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Figure 3. (a) Diagram of rub-impact. (b) Physical diagram of rub-impact. 
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Figure 4. Flow chart of typical fault modeling and vibration characteristics study of the turbocharger rotor system. 
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Figure 5. Rotor dynamic response under unbalanced conditions: (a) time domain curve of impeller displacement change; (b) impeller axis locus; (c) frequency spectrum of the impeller; (d) impeller poincare drawing. 
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Figure 6. (a) Rotor axis trajectory at different speeds and (b) rotor spectrum at different speeds. 
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Figure 7. Rotor dynamic response under rub-impact: (a) time domain curve of impeller displacement change; (b) impeller axis locus; (c) frequency spectrum of the impeller; (d) impeller poincare drawing. 






Figure 7. Rotor dynamic response under rub-impact: (a) time domain curve of impeller displacement change; (b) impeller axis locus; (c) frequency spectrum of the impeller; (d) impeller poincare drawing.



[image: Machines 11 00311 g007]







[image: Machines 11 00311 g008 550] 





Figure 8. Rotor dynamic response under rub-impact: (a) time domain curve of impeller displacement change; (b) impeller axis locus; (c) frequency spectrum of impeller; (d) impeller poincare drawing. 
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Figure 9. (a) Rotor axis trajectory at different speeds. (b) Rotor spectrum at different speeds. 






Figure 9. (a) Rotor axis trajectory at different speeds. (b) Rotor spectrum at different speeds.



[image: Machines 11 00311 g009]







[image: Machines 11 00311 g010 550] 





Figure 10. Rotor dynamics response under rub-crack: (a) time domain curve of impeller displacement change; (b) impeller axis locus; (c) frequency spectrum of impeller; (d) impeller poincare drawing. 






Figure 10. Rotor dynamics response under rub-crack: (a) time domain curve of impeller displacement change; (b) impeller axis locus; (c) frequency spectrum of impeller; (d) impeller poincare drawing.



[image: Machines 11 00311 g010]







[image: Machines 11 00311 g011 550] 





Figure 11. Rotor dynamics response under rub-crack: (a) time domain curve of impeller displacement change; (b) impeller axis locus; (c) frequency spectrum of impeller; (d) impeller poincare drawing. 
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Figure 12. (a) Rotor spectrum at different speeds. (b) Rotor spectrum at different speeds. 
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Table 1. Simplified disk-shaft model parameters for a supercharger rotor.
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	Physical Parameters
	Numerical Value





	Modulus of elasticity (E)
	2.05 × 1011 Pa



	Roulette quality
	m1 = 5.33 kg, m2 = 0.92 kg

m3 = 1.02 kg, m4 = 14.9 kg



	Rotational inertia
	Jd1 = 1.2 × 10−2 kg·m2, Jd2 = 2.05 × 10−4 kg·m2

Jd3 = 1.19 × 10−4 kg·m2, Jd4 = 2 × 10−2 kg·m2



	Length of shaft section
	l1 = 0.109 m, l2 = 0.094 m, l3 = 0.088 m



	Shaft section diameter
	d1 = 0.038 m, d2 = 0.036 m, d3 = 0.043 m
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Table 2. Comparison of critical speed results.
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	Critical

Speed (rpm)
	FEM
	TMM
	Error A

(%)
	Present

Model
	Error B

(%)





	First backward
	286
	299
	4.5
	281
	1.7



	First forward
	325
	345
	6.2
	324
	0.3



	Second backward
	1004
	969
	3.5
	976
	2.8



	Second forward
	1027
	997
	2.9
	1006
	2.0







Note: Error A is the error of comparing the results of the conventional Riccati transfer matrix method with the results of the FEM calculation. Error B is the error of comparing the calculated results of the model in this paper with the calculated results of the FEM.
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