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Abstract

:

Rotor unbalance identification plays a critical role in balancing rotors. In this paper, concerned with multi-disc and multi-span rotor-bearing systems, two novel algorithms called the Single Direction Algorithm (SDA) and the Two Orthogonal Direction Algorithm (TODA) are proposed for identifying rotor unbalance from unbalance responses. A matrix method is proposed to solve the problem of the equations being non-linear transcendental, there being too many unknown variables in the equations, and rotor unbalances and bearing coefficients being coupled together. The unbalance responses at all the eccentric discs are necessary for identifying their unbalances. Numerical simulations are conducted to validate the proposed methods. Moreover, an adjustment point is found, and a proper sensor resolution is suggested to achieve high identification accuracy by means of numerical studies. In addition, the identification accuracy of SDA is better than TODA, and SDA is more practical and suitable for medium-speed and high-speed rotors. The proposed algorithms have the flexibility to incorporate any number of bearings and discs and provide a technique for monitoring rotor unbalance without test runs or external exciters.
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1. Introduction


1.1. Background and Formulation of the Problem


Rotating machines, such as steam turbine generators, turbine compressor units, pumps, etc., play a critical role in industry and are widely used. The rotor-bearing system (rotor) is the main element in rotating machines. Rotor unbalance is a typical fault of rotors. It is inevitable due to errors in manufacturing, installation, and operation. Vibrations and even sudden breakdowns can be caused because of rotor unbalance. Identifying rotor unbalance (amplitude and phase angle) is necessary for balancing rotors to reduce vibrations and ensure the safety of rotating machines. In view of these issues, rotor unbalance estimation, which is one inverse problem of rotor dynamics, has been an active area of research.



Although rotor unbalance can be estimated so that a rotor can be balanced off-site using a dynamic balancing machine in the laboratory, complex processes, such as uncovering, dismantling, and transporting, are required. The whole process is time-consuming and expensive and is difficult to implement, especially for large rotors. Hence, monitoring rotor unbalance on-line, by which means balancing time and cost can be reduced, is very important.




1.2. Literature Survey


Rotor unbalance identification is an old problem. The modal method proposed in 1959 [1,2] and the influence coefficient method proposed in 1964 [3] are the two classical techniques used to solve the problem. Although they have been developed by many other researchers [4,5,6,7,8,9,10,11,12,13], test runs are still demanding. For large field rotors, starting and stopping the machine several times is costly and can reduce its service life [14].



Identifying rotor unbalance without test runs is the current trend [15]. This approach can be divided into two types: a method with external excitation and a method without external excitation. For the external excitation method, Bently and Muszynska [16] used frequency excitation to estimate rotor unbalance as well as bearing coefficients. Hiroshi Iida [17] applied impulse excitation on a double-disc and single-span rotor-bearing system to identify rotor unbalance as well as the stiffness and damping coefficients of two bearings. Lou [18,19] estimated rotor unbalance and bearing coefficients using an active magnetic executor to generate external excitation. However, high-power exciters are necessary for large rotors and the excitation may damage the rotors.



Consequently, methods that do not require external excitation have been developed. Aiming at a single-span rotor-bearing system, Shrivastava and Mohanty [20] identified single-disc unbalance parameters from unbalance responses using an unbalance force estimation technique. A rotor unbalance estimation method using the joint-input state estimation technique [21] and least-squares technique was proposed [22] to solve the problem that the required response measurements at different locations on the shaft may not always be accessible. Yao [23] identified single-disc and double-disc unbalance based on modal expansion combined with optimisation algorithms. The errors caused by modal expansion were reduced by an integrated modal expansion inverse problem methodology combined with an optimisation procedure. Zou [24] developed a double-disc unbalance identification method using the finite element model combined with augmented Kalman filter algorithms. While based on the continuous dynamic model and analytical solution methods [25,26], Wang [27] provided an analytical model-based algorithm to identify single-disc unbalance. Moreover, some scholars have even tried to estimate rotor unbalance and bearing coefficients simultaneously without external excitation. Tiwari [28,29] formulated an estimation algorithm using unbalance responses from three different unbalance configurations for both clockwise and anti-clockwise rotor rotations. Wang [30] proposed a simultaneous estimation of the rotor unbalance and bearing coefficients of a continuous single-disc and single-span rotor-bearing system using the Rayleigh beam model. Jamadar [31] developed a mathematical model of an unbalanced rotor using dimensional analysis and a rigid rotor approach. The factorial regression analysis method is used to solve the model. Based on it, a numerical technique for the detection of unbalance magnitude has been proposed. Ambur [32] presented an estimation method for unbalance magnitude and phase from the vibration in frequency domain. Sanches [33] proposed an identification method of unbalance for a rotor with residual shaft bent based on the finite element method and correlation analysis. Zhang [34] proposed an unbalance identification method for a high-speed rotor without trial weights based on modal analysis and the modal equivalent principle. The shortcomings of the above-mentioned methods are that they cannot incorporate any number of bearings and discs.



Therefore, Bin [14] proposed an approach based on the multi-plane influence coefficient balancing method for muti-disc and muti-span rotors. Tiwari [35,36] developed an algorithm to simultaneously estimate the rotor unbalances, four stiffness coefficients, and four damping coefficients of bearings from impulse responses and run-down responses. However, test runs or external exciters are required in these studies.




1.3. Scope and Contribution of This Study


Focusing on multi-span and multi-disc rotors, two novel algorithms, called SDA and TODA, are proposed based on the continuous rotor dynamic analysis method (CRDAM) in this paper to realize rotor unbalance identification without excitation or test runs. These algorithms have the flexibility to incorporate any number of bearings and discs. The equations of the inverse problem, which are developed based on CRDAM using unbalance responses as inputs, cannot be directly solved to obtain rotor unbalances as the equations are non-linear transcendental and there are too many unknown variables. Moreover, rotor unbalances and bearing coefficients are coupled together. A matrix method is proposed to solve the problem and identify rotor unbalance from unbalance responses. Four kinds of numerical simulations considering sensor resolutions and measurement errors are conducted for the validation. The adjustment point, which can greatly improve identification accuracy, is found by means of simulations. Proper sensor resolutions are recommended for engineering applications.



Compared with the methods described in references [14,35,36], SDA and TODA do not require test runs or external exciters. Compared with other existing methods in the literature, SDA and TODA can be applied to rotors with any number of bearings and any number of discs. Moreover, SDA and TODA can not only be used for rotors with rolling bearings but also for rotors supported by oil journal bearings. The proposed methods provide a technique for on-line monitoring of the rotor unbalances of multi-bearing and multi-disc rotors without using test runs or external exciters.




1.4. Organization of the Paper


Section 1 describes the background, the formulation of the problem, the literature, and the scope and contribution of this study. Section 2 discusses the derivation process of the proposed algorithms. Section 3 describes the numerical investigations for examining the algorithms and presents the discussion of the simulation results. Section 4 summarizes the conclusions of the study.





2. Theory


2.1. Revisting the CRDAM


There are  m  discs and  n  bearings in the rotor shown in Figure 1. The unbalance response of any position on the rotor shaft can be expressed as a function of position, rotor unbalance, and bearing stiffness and damping coefficients, according to the CRDAM. Equations (1) and (2) represent the dimensionless form of the unbalance response in the frequency domain.


    U  ( q )  =  {                ∑  j = 1  m    [  π ⋅  m  j u   ⋅  w 2  ⋅  e j  ⋅  (  sin  α j  − j ⋅ cos  α j   )  +  w 2  ⋅  m  j d   L ⋅  U  j d    ]  ⋅  G u   (  q ,  q  j d    )          −   ∑  j j = 1  n    L  (   k  j j ⋅ y x   ⋅  V  j j b   +  k  j j ⋅ y y   ⋅  U  j j b   + i ⋅ w ⋅  c  j j ⋅ y x   ⋅  V  j j b   + i ⋅ w ⋅  c  j j ⋅ y y   ⋅  U  j j b    )   G u   (  q ,  q  j j b    )   }     L 2    E ⋅ I      



(1)






    V  ( q )  =  {                ∑  j = 1  m     [  π ⋅  m  j u   ⋅  w 2  ⋅  e j  ⋅  (  cos  α j  + i ⋅ sin  α j   )  +  w 2  ⋅  m  j d   L ⋅  V  j d    ]   G v   (  q ,  q  j d    )        −   ∑  j j = 1  n    L  (   k  j j ⋅ x x   ⋅  V  j j b   +  k  j j ⋅ x y   ⋅  U  j j b   + i ⋅ w ⋅  c  j j ⋅ x x   ⋅  V  j j b   + i ⋅ w ⋅  c  j j ⋅ x y   ⋅  U  j j b    )   G v   (  q ,  q  j j b    )   }     L 2    E ⋅ I      



(2)




where   U  ( q )    and   V  ( q )    are the dimensionless unbalance response in the frequency domain along the y-axis and x-axis, respectively;    m  j u     are the eccentric masses of   # j   disc;    e j    is the eccentric distance of   # j   disc;    α j    are the eccentric angles, which are defined as the angles between the x-axis and the eccentric position in the direction of rotation;    m  j d     are the masses of   # j   disc;  w  is the rotation frequency;  L  is the length of the shaft;  E  is the elastic modulus of the shaft;  I  is the diametric shaft cross-sectional geometric moment of inertia;    k  j j ⋅ x x    ,    k  j j ⋅ x y    ,    k  j j ⋅ y x    , and    k  j j ⋅ y y     are the stiffness coefficients of   # j j   bearings respectively;    c  j j ⋅ x x    ,    c  j j ⋅ x y    ,    c  j j ⋅ y x    , and    c  j j ⋅ y y     are the damping coefficients of   # j j   bearing, respectively;  z  is the axial position of the shaft;    z  j d     are the z coordinate positions of each disc;    z  j j b     is the z coordinate position of each bearing;  q ,    q  j d    , and    q  j j b     are their dimensionless values;   q =  z / L   ,    q  j d   =    z  j d    / L   ,    q  j j b   =    z  j j b    / L   ;    G u   (  q ,  q  j d    )   ,    G u   (  q ,  q  j j b    )   ,    G v   (  q ,  q  j d    )   , and    G v   (  q ,  q  j j b    )    are Green’s coefficients, which can be calculated using Green’s functions    G u   (  q ,  q i   )    and    G v   (  q ,  q i   )   ; and Green’s functions    G u   (  q ,  q i   )    and    G v   (  q ,  q i   )    can be found in reference [30]. Further,    U  j d     represents the dimensionless unbalance response of each disc in the frequency domain in the  y  direction;    V  j d     represents the dimensionless unbalance response of each disc in the frequency domain in the  x  direction;    U  j j b     represents the dimensionless unbalance response of each bearing in the frequency domain in the  y  direction;    V  j j b     represents the dimensionless unbalance response of each bearing in the frequency domain in the  x  direction.




2.2. Single Direction Algorithm


Identification of rotor unbalance amplitude    m  j u   ⋅  e j    and angle    α j    is the inverse problem of the CRDAM. According to Equations (1) and (2), the relationships between unbalance response and rotor unbalance and the bearing coefficients are non-linear transcendental, although the eight stiffness and damping coefficients of the bearing are linearized. As the number of bearings and discs are unknown, the numbers of equations and unknown variables are also unknown. Moreover, rotor unbalance and bearing coefficients are coupled together according to Equations (1) and (2). Although enough equations can be obtained by using the unbalance responses as inputs and considering rotor unbalances and bearings coefficients as unknown variables, they cannot be solved directly to obtain the unknown variables (amplitude and angle of rotor unbalance) due to the non-linear transcendental equations, the unfixed number of equations, and the unknown variables. Hence, it is proposed that Equation (1) is written in matrix form as follows:


    U  ( q )  ⋅ E I    L 2    =    [       G u   (  q ,  q  1 d    )       ⋮       G u   (  q ,  q  m d    )         G u   (  q ,  q  1 b    )       ⋮       G u   (  q ,  q  n b    )       ]   T  ⋅    [      π ⋅  w 2  ⋅  m  1 u    e 1  ⋅  (  sin  α 1  − i ⋅ cos  α 1   )  + L ⋅  w 2  ⋅  m  1 d    U  1 d        ⋮      π ⋅  w 2  ⋅  m  m u    e m  ⋅  (  sin  α m  − i ⋅ cos  α m   )  + L ⋅  w 2  ⋅  m  m d    U  m d         − L ⋅  k  1 s ⋅ y x   ⋅  V  1 b   − L ⋅  k  1 s ⋅ y y   ⋅  U  1 b        ⋮      − L ⋅  k  n s ⋅ y x   ⋅  V  n b   − L ⋅  k  n s ⋅ y y   ⋅  U  n b        ]    m + n    



(3)







  m + n   equations can be obtained based on Equation (3) by using   m + n   unbalance responses as inputs. There are two unknown variables (amplitude and angle) for a disc’s unbalance. Moreover, the eight coefficients of a bearing are also unknown. Hence, there are   2 ⋅ m + 8 ⋅ n   unknown variables for a rotor with  m  discs and  n  bearings, while only   m + n   equations exist. The greatest difficulty is due to the fact that the relationship among these variables is non-linear transcendental. A direct solution is not feasible. Therefore, by writing the m + n equations in matrix form, Equation (4) can be obtained as the following:


    E I    L 2     [      U  (   q  1 s    )       ⋮      U  (   q  m s    )        U  (   q   (  m + 1  )  s    )       ⋮      U  (   q   (  m + n  )  s    )       ]  =  H 1  ⋅    [      π ⋅  w 2  ⋅  m  1 u    e 1  ⋅  (  sin  α 1  − i ⋅ cos  α 1   )  + L ⋅  w 2  ⋅  m  1 d    U  1 d        ⋮      π ⋅  w 2  ⋅  m  m u    e m  ⋅  (  sin  α m  − i ⋅ cos  α m   )  + L ⋅  w 2  ⋅  m  m d    U  m d         − L ⋅  k  1 s ⋅ y x   ⋅  V  1 b   − L ⋅  k  1 s ⋅ y y   ⋅  U  1 b        ⋮      − L ⋅  k  n s ⋅ y x   ⋅  V  n b   − L ⋅  k  n s ⋅ y y   ⋅  U  n b        ]    m + n    



(4)




where    q  1 s    , …,    q  m s     and    q   (  m + 1  )  s    , …,    q   (  m + n  )  s     are the dimensionless values of locations on the shaft excluding the locations of all discs and bearings;   U  (   q  1 s    )   , …,   U  (   q  m s    )    and   U  (   q   (  m + 1  )  s    )   , …,   U  (   q   (  m + n  )  s    )    are the measured dimensionless unbalance responses in the frequency domain in the  y  direction of locations, excluding all discs and bearings; the number of   U  (   q  1 s    )   , …,   U  (   q  m s    )    is  m  and the number of   U  (   q   (  m + 1  )  s    )   , …,   U  (   q   (  m + n  )  s    )    is  n ;    H 1    is a    (  m + n  )  ×  (  m + n  )    matrix and can be calculated using Green’s functions    G u   (  q ,  q i   )    as long as the locations of the measuring points, the bearings, and the discs are known;    H 1    is as follows:


   H 1  =    [       G u   (   q  1 s   ,  q  1 d    )     ⋯     G u   (   q  1 s   ,  q  m d    )       G u   (   q  1 s   ,  q  1 b    )     ⋯     G u   (   q  1 s   ,  q  n b    )       ⋮   ⋮   ⋮   ⋮   ⋮   ⋮       G u   (   q  m s   ,  q  1 d    )     ⋯     G u   (   q  m s   ,  q  m d    )       G u   (   q  m s   ,  q  1 b    )     ⋯     G u   (   q  m s   ,  q  n b    )         G u   (   q   (  m + 1  )  s   ,  q  1 d    )     ⋯     G u   (   q   (  m + 1  )  s   ,  q  m d    )       G u   (   q   (  m + 1  )  s   ,  q  1 b    )     ⋯     G u   (   q   (  m + 1  )  s   ,  q  n b    )       ⋮   ⋯   ⋮   ⋮   ⋯   ⋮       G u   (   q   (  m + n  )  s   ,  q  1 d    )     ⋯     G u   (   q   (  m + n  )  s   ,  q  m d    )       G u   (   q   (  m + n  )  s   ,  q  1 b    )     ⋯     G u   (   q   (  m + n  )  s   ,  q  n b    )       ]     (  m + n  )  ×  (  m + n  )    .  











Equation (5) can be obtained according to Equation (4).


     [      π ⋅  w 2  ⋅  m  1 u    e 1  ⋅  (  sin  α 1  − i ⋅ cos  α 1   )  + L ⋅  w 2  ⋅  m  1 d    U  1 d        ⋮      π ⋅  w 2  ⋅  m  m u    e m  ⋅  (  sin  α m  − i ⋅ cos  α m   )  + L ⋅  w 2  ⋅  m  m d    U  m d         − L ⋅  k  1 s ⋅ y x   ⋅  V  1 b   − L ⋅  k  1 s ⋅ y y   ⋅  U  1 b        ⋮      − L ⋅  k  n s ⋅ y x   ⋅  V  n b   − L ⋅  k  n s ⋅ y y   ⋅  U  n b        ]    m + n   =   E I    L 2    ⋅  H 1     − 1    [      U  (   q  1 s    )       ⋮      U  (   q  m s    )        U  (   q   (  m + 1  )  s    )       ⋮      U  (   q   (  m + n  )  s    )       ]   



(5)







The right side of Equation (5) is known. Define    H 2    as following.


   H 2  =   E I    L 2    ⋅  H 1     − 1    [      U  (   q  1 s    )       ⋮      U  (   q  m s    )        U  (   q   (  m + 1  )  s    )       ⋮      U  (   q   (  m + n  )  s    )       ]   











Equation (6) is obtained according to Equation (5).


   {      π ⋅  w 2  ⋅  m  1 u    e 1  ⋅  (  sin  α 1  − i ⋅ cos  α 1   )  + L ⋅  w 2  ⋅  m  1 d    U  1 d   =  H 2   (  1 , 1  )       ⋮      π ⋅  w 2  ⋅  m  m u    e m  ⋅  (  sin  α m  − i ⋅ cos  α m   )  + L ⋅  w 2  ⋅  m  m d    U  m d   =  H 2   (  m , 1  )         



(6)







According to Equations (6) and (7) is obtained.


   {       m  1 u    e 1  ⋅  (  sin  α 1  − i ⋅ cos  α 1   )  =    [   H 2   (  1 , 1  )  − L ⋅  w 2  ⋅  m  1 d    U  1 d    ]    π ⋅  w 2         ⋮       m  m u    e m  ⋅  (  sin  α m  − i ⋅ cos  α m   )  =    [   H 2   (  m , 1  )  − L ⋅  w 2  ⋅  m  m d    U  m d    ]    π ⋅  w 2           



(7)







According to Equations (7)–(9) are obtained.


   {       m  1 u    e 1  =  |     [   H 2   (  1 , 1  )  − L ⋅  w 2  ⋅  m  1 d    U  1 d    ]    π ⋅  w 2     |       ⋮       m  m u    e m  =  |     [   H 2   (  m , 1  )  − L ⋅  w 2  ⋅  m  m d    U  m d    ]    π ⋅  w 2     |         



(8)






   {      sin  α 1  − i ⋅ cos  α 1  =    [   H 2   (  1 , 1  )  − L ⋅  w 2  ⋅  m  1 d    U  1 d    ]     |   H 2   (  1 , 1  )  − L ⋅  w 2  ⋅  m  1 d    U  1 d    |         ⋮      sin  α m  − i ⋅ cos  α m  =    [   H 2   (  m , 1  )  − L ⋅  w 2  ⋅  m  m d    U  m d    ]     |   H 2   (  m , 1  )  − L ⋅  w 2  ⋅  m  m d    U  m d    |           



(9)







Equation (8) is the amplitude of rotor unbalance for each eccentric disc. Moreover, according to Equations (9) and (10) can be obtained, by means of which the angle of rotor unbalance for each eccentric disc can be calculated.


   {       α 1  = angle  (  − imag  (     [   H 2   (  1 , 1  )  − L ⋅  w 2  ⋅  m  1 d    U  1 d    ]    π ⋅  w 2     )  + i ⋅ real  (     [   H 2   (  1 , 1  )  − L ⋅  w 2  ⋅  m  1 d    U  1 d    ]    π ⋅  w 2     )   )       ⋮       α m  = angle  (  − imag  (     [   H 2   (  m , 1  )  − L ⋅  w 2  ⋅  m  m d    U  m d    ]    π ⋅  w 2     )  + i ⋅ real  (     [   H 2   (  m , 1  )  − L ⋅  w 2  ⋅  m  m d    U  m d    ]    π ⋅  w 2     )   )         



(10)




where angle ( ) is the function used to obtain the angle of a complex number, real ( ) is the real part of a complex number, and imag ( ) is the imaginary part of a complex number.



Hence, the amplitude and angle of each eccentric disc’s unbalance can be calculated based on Equations (8) and (10), in which the unbalance responses in the  y  direction are required as inputs. According to Equations (4) and (5), the matrix    H 2    in Equations (8) and (10) can be calculated using   m + n   unbalance responses as inputs. The unbalance response of the eccentric disc whose unbalance is to be identified must be measured according to Equation (7). Hence, the total number of input unbalance responses is equal to   m + n + 1  . To identify all the eccentric discs’ unbalances simultaneously, the unbalance responses of all the discs should be included.



Similarly, Equation (11) can be obtained according to Equation (2) in the  x  direction.


    V  ( q )  ⋅ E I    L 2    =    [       G v   (  q ,  q  1 d    )       ⋮       G v   (  q ,  q  m d    )         G v   (  q ,  q  1 b    )       ⋮       G v   (  q ,  q   (  m + n  )  b    )       ]   T     [      π ⋅  w 2  ⋅  m  u 1   ⋅  e 1  ⋅  (  cos  α 1  + i ⋅ sin  α 1   )  +  w 2  ⋅  m  1 d   L ⋅  V  1 d        ⋮      π ⋅  w 2  ⋅  m  m u   ⋅  e m  ⋅  (  cos  α m  + i ⋅ sin  α m   )  +  w 2  ⋅  m  m d   L ⋅  V  m d         − L ⋅  k  1 s ⋅ x y    U  1 b   − L ⋅  k  1 s ⋅ x x    V  1 b        ⋮      − L ⋅  k  n s ⋅ x y    U  n b   − L ⋅  k  n s ⋅ x x    V  n b        ]    m + n    



(11)







  m + n   equations can be obtained based on Equation (11) using the unbalance responses as inputs and considering rotor unbalances and bearing coefficients as unknown variables. Equation (12) can be obtained by writing the equations in matrix form.


    E I    L 2    ⋅  [      V  (   q  1 s    )       ⋮      V  (   q  m s    )        V  (   q   (  m + 1  )  s    )       ⋮      V  (   q  n s    )       ]  =  H 3  ⋅    [      π ⋅  w 2  ⋅  m  u 1   ⋅  e 1  ⋅  (  cos  α 1  + i ⋅ sin  α 1   )  +  w 2  ⋅  m  1 d   L ⋅  V  1 d        ⋮      π ⋅  w 2  ⋅  m  m u   ⋅  e m  ⋅  (  cos  α m  + i ⋅ sin  α m   )  +  w 2  ⋅  m  m d   L ⋅  V  m d         − L ⋅  k  1 s ⋅ x y    U  1 b   − L ⋅  k  1 s ⋅ x x    V  1 b        ⋮      − L ⋅  k  n s ⋅ x y    U  n b   − L ⋅  k  n s ⋅ x x    V  n b        ]    m + n    



(12)




where   V  (   q  1 s    )   , …,   V  (   q  m s    )    and   V  (   q   (  m + 1  )  s    )   , …,   V  (   q   (  m + n  )  s    )    are the measured dimensionless unbalance responses in the frequency domain in the  y  direction of locations, excluding the discs and bearings; the number of   V  (   q  1 s    )   , …,   V  (   q  m s    )    is  m  and the number of   V  (   q   (  m + 1  )  s    )   , …,   V  (   q  n s    )    is  n ;    H 3    is a    (  m + n  )  ×  (  m + n  )    matrix and can be calculated using Green’s functions    G v   (  q ,  q i   )    as long as the locations of the measuring points, the bearings, and the discs are known;    H 3    is as follows:


   H 3  =  [       G v   (   q  1 s   ,  q  1 d    )     ⋯     G v   (   q  1 s   ,  q  m d    )       G v   (   q  1 s   ,  q  1 b    )     ⋯     G v   (   q  1 s   ,  q  n b    )                             G v   (   q  m s   ,  q  1 d    )          G v   (   q  m s   ,  q  m d    )       G v   (   q  m s   ,  q  1 b    )          G v   (   q  m s   ,  q  n b    )         G v   (   q   (  m + 1  )  s   ,  q  1 d    )          G v   (   q   (  m + 1  )  s   ,  q  m d    )       G v   (   q   (  m + 1  )  s   ,  q  1 b    )          G v   (   q   (  m + 1  )  s   ,  q  n b    )                             G v   (   q  n s   ,  q  1 d    )          G v   (   q  n s   ,  q  m d    )       G v   (   q  n s   ,  q  1 b    )          G v   (   q  n s   ,  q  n b    )       ]  .  











Hence, Equation (13) is obtained.


     [      π ⋅  w 2  ⋅  m  u 1   ⋅  e 1  ⋅  (  cos  α 1  + i ⋅ sin  α 1   )  +  w 2  ⋅  m  1 d   L ⋅  V  1 d        ⋮      π ⋅  w 2  ⋅  m  m u   ⋅  e m  ⋅  (  cos  α m  + i ⋅ sin  α m   )  +  w 2  ⋅  m  m d   L ⋅  V  m d         − L ⋅  k  1 s ⋅ x y    U  1 b   − L ⋅  k  1 s ⋅ x x    V  1 b        ⋮      − L ⋅  k  n s ⋅ x y    U  n b   − L ⋅  k  n s ⋅ x x    V  n b        ]    m + n   =   E I    L 2    ⋅  H 3     − 1    [      V  (   q  1 s    )       ⋮      V  (   q  m s    )        V  (   q   (  m + 1  )  s    )       ⋮      V  (   q  n s    )       ]   



(13)







Define    H 4    as following.


   H 4  =   E I    L 2    ⋅  H 3     − 1    [      V  (   q  1 s    )       ⋮      V  (   q  m s    )        V  (   q   (  m + 1  )  s    )       ⋮      V  (   q  n s    )       ]  .  











According to Equations (13) and (14) can be obtained.


   {      π ⋅  w 2  ⋅  m  u 1   ⋅  e 1  ⋅  (  cos  α 1  + i ⋅ sin  α 1   )  +  w 2  ⋅  m  1 d   L ⋅  V  1 d   =  H 4   (  1 , 1  )       ⋮      π ⋅  w 2  ⋅  m  m u   ⋅  e m  ⋅  (  cos  α m  + i ⋅ sin  α m   )  +  w 2  ⋅  m  m d   L ⋅  V  m d   =  H 4   (  m , 1  )         



(14)







According to Equations (14) and (15) can be obtained.


   {       m  u 1   ⋅  e 1  ⋅  (  cos  α 1  + i ⋅ sin  α 1   )  =    [   H 4   (  1 , 1  )  −  w 2  ⋅  m  1 d   L ⋅  V  1 d    ]    π ⋅  w 2         ⋮       m  m u   ⋅  e m  ⋅  (  cos  α m  + i ⋅ sin  α m   )  =    [   H 4   (  m , 1  )  −  w 2  ⋅  m  m d   L ⋅  V  m d    ]    π ⋅  w 2           



(15)







According to Equations (15)–(17) are obtained, by means of which the amplitude and angle of the rotor unbalance can be calculated. The unbalance responses in the  x  direction are used as inputs. To calculate the matrix    H 4   , the number of measured unbalance responses should be   m + n   according to Equations (12) and (13). To identify an eccentric disc’s unbalance, its unbalance response should also be measured. Therefore, the total amount of the measured unbalance responses is   m + n + 1   and the unbalance responses of all the discs should be measured in order to estimate all the eccentric discs’ unbalances.


   {       m  u 1   ⋅  e 1  =  |     [   H 4   (  1 , 1  )  −  w 2  ⋅  m  1 d   L ⋅  V  1 d    ]    π ⋅  w 2     |       ⋮       m  m u   ⋅  e m  =  |     [   H 4   (  m , 1  )  −  w 2  ⋅  m  m d   L ⋅  V  m d    ]    π ⋅  w 2     |         



(16)






   {       α 1  = angle  (     [   H 4   (  1 , 1  )  −  w 2  ⋅  m  1 d   L ⋅  V  1 d    ]    π ⋅  w 2     )       ⋮       α m  = angle  (     [   H 4   (  m , 1  )  −  w 2  ⋅  m  m d   L ⋅  V  m d    ]    π ⋅  w 2     )         



(17)








2.3. Two Orthogonal Direction Algorithms


According to Equations (6) and (14), Equation (18) can be obtained.


   {         H 2   (  1 , 1  )  − π ⋅  w 2  ⋅  m  1 u    e 1  ⋅  (  sin  α 1  − i ⋅ cos  α 1   )     H 4   (  1 , 1  )  − π ⋅  w 2  ⋅  m  u 1   ⋅  e 1  ⋅  (  cos  α 1  + i ⋅ sin  α 1   )    =    U  1 d      V  1 d     =  C  1 d        ⋮         H 2   (  m , 1  )  − π ⋅  w 2  ⋅  m  m u    e m  ⋅  (  sin  α m  − i ⋅ cos  α m   )     H 4   (  m , 1  )  − π ⋅  w 2  ⋅  m  m u   ⋅  e m  ⋅  (  cos  α m  + i ⋅ sin  α m   )    =    U  m d      V  m d     =  C  m d          



(18)







Let        {    c  x 1  =  m  1 u    e 1  ⋅ sin  α 1      c  y 1  =  m  1 u    e 1  ⋅ cos  α 1           ⋮       {    c  x m  =  m  m u    e m  ⋅ sin  α m      c  y m  =  m  m u    e m  ⋅ cos  α m           . According to Equations (18) and (19) is obtained.


   {       H 2   (  1 , 1  )  − π ⋅  w 2  ⋅  (  c  x 1  − i ⋅ c  y 1   )  =  C  1 d   ⋅  H 4   (  1 , 1  )  −  C  1 d   ⋅ π ⋅  w 2  ⋅  m  u 1   ⋅  e 1  ⋅  (  c  y 1  + i ⋅ c  x 1   )       ⋮       H 2   (  m , 1  )  − π ⋅  w 2  ⋅  (  c  x m  − i ⋅ c  y m   )  =  C  m d   ⋅  H 4   (  m , 1  )  −  C  m d   ⋅ π ⋅  w 2  ⋅  (  c  y m  + i ⋅ c  x m   )         



(19)







In Equation (19),    H 2   (  1 , 1  )  ⋯  H 2   (  m , 1  )  ,  H 4   (  1 , 1  )  ⋯  H 4   (  m , 1  )  ,  C  1 d   ⋯  C  m d     are complex numbers and the others are real numbers. According to Equations (19) and (20) can be obtained.


   {      π ⋅  w 2  ⋅  [      −  (  1 + i  C  1 d    )      r  C  1 d         r  C  1 d        (  1 + i  C  1 d    )       ]  ⋅  [      c  x 1        c  y 1       ]  =  [      r  (   C  1 d    H 4   (  1 , 1  )   )  − r  H 2   (  1 , 1  )        i  (   C  1 d    H 4   (  1 , 1  )   )  − i  H 2   (  1 , 1  )       ]       ⋮      π ⋅  w 2  ⋅  [      −  (  1 + i  C  m d    )      r  C  m d         r  C  m d        (  1 + i  C  m d    )       ]  ⋅  [      c  x m        c  y m       ]  =  [      r  (   C  m d    H 4   (  m , 1  )   )  − r  H 2   (  m , 1  )        i  (   C  m d    H 4   (  m , 1  )   )  − i  H 2   (  m , 1  )       ]         



(20)




where   r  H 2   (  1 , 1  )  ⋯ r  H 2   (  m , 1  )  , r  H 4   (  1 , 1  )  ⋯ r  H 4   (  m , 1  )  , r  C  1 d   ⋯ r  C  m d     are the real parts of the above-mentioned complex number; and   i  H 2   (  1 , 1  )  ⋯ i  H 2   (  m , 1  )  , i  H 4   (  1 , 1  )  ⋯ i  H 4   (  m , 1  )  , i  C  1 d   ⋯ i  C  m d     are the imaginary parts of the above-mentioned complex number.



Hence, Equation (21) is obtained according to Equation (20).


   {       [      c  x 1        c  y 1       ]  =  1  π ⋅  w 2    ⋅    [      −  (  1 + i  C  1 d    )      r  C  1 d         r  C  1 d        (  1 + i  C  1 d    )       ]    − 1    [      r  (   C  1 d    H 4   (  1 , 1  )   )  − r  H 2   (  1 , 1  )        i  (   C  1 d    H 4   (  1 , 1  )   )  − i  H 2   (  1 , 1  )       ]       ⋮       [      c  x m        c  y m       ]  =  1  π ⋅  w 2    ⋅    [      −  (  1 + i  C  m d    )      r  C  m d         r  C  m d        (  1 + i  C  m d    )       ]    − 1    [      r  (   C  m d    H 4   (  m , 1  )   )  − r  H 2   (  m , 1  )        i  (   C  m d    H 4   (  m , 1  )   )  − i  H 2   (  m , 1  )       ]         



(21)







The amplitude and angle of the rotor unbalance are:


   {       {     m  1 u    e 1  = abs  (  c  y 1  + i ⋅ c  x 1   )       α 1  = angle  (  c  y 1  + i ⋅ c  x 1   )           ⋮       {     m  m u    e m  = abs  (  c  y m  + i ⋅ c  x m   )       α m  = angle  (  c  y m  + i ⋅ c  x m   )             



(22)




where   abs  (  )    is the function used to obtain the module of a complex number and   angle  (  )    is the function used to obtain the angle of a complex number.



Therefore, the amplitude and angle of each eccentric disc’s unbalance can be calculated based on Equations (21) and (22). There should be   m + n   unbalance responses in both the  x  and  y  directions to obtain the matrix    H 2    and    H 4   . If an eccentric disc’s unbalance is to be identified, its unbalance responses in both the  x  and  y  directions are required according to Equation (18). Hence, there should be   m + n + 1   measured unbalance responses in the two orthogonal directions. To identify all the eccentric discs’ unbalances, the unbalance responses of the measured eccentric discs must be included.




2.4. Identification Procedures of the Two Algorithms


The identification procedures used in SDA and TODA to estimate the rotor unbalances (   m u    j  ⋅  e j   ,    α i   ) of all discs are defined in Figure 2.



Firstly, each disc’s unbalance response and the other n + 1 unbalance responses should be measured and changed to dimensionless unbalance responses in the frequency domain according to Equation (23). Meanwhile, the rotating speed should also be measured. The inherent parameters, which are the length of the shaft, the mass per unit length of the rotor shaft, the elastic modulus of the shaft, and the diameter of the shaft, should be known, as prior knowledge and the location of the selected measured points on the shaft should also be used as inputs.



Secondly, the matrix    H 1    and    H 3    could be calculated according to Equations (4) and (12), respectively. Then,    H 2    and    H 4    can be calculated according to Equations (5) and Equation (13), respectively.



Thirdly, using    H 2    and the dimensionless unbalance responses in the  y  direction in frequency domain obtained in the first step, each disc’s unbalance can be calculated according to Equations (8) and (10). Or, using    H 4    and the dimensionless unbalance responses in the  x  direction in the frequency domain obtained in the first step, each disc’s unbalance can be calculated according to Equations (16) and (17). This is the identification procedure used in SDA. While for TODA, C1d, ……, Cmd should be calculated using the dimensionless unbalance responses in the frequency domain in both the  x  and  y  directions according to Equation (18). Then, using    H 2    and    H 4   , all rotor unbalances can be calculated based on Equations (20) and (21).


  U D =  A  π L    [  cos  ( α )  + i ⋅ sin  ( α )   ]   



(23)




where   U D   is the dimensionless unbalance response in the frequency domain; and  A  and  α  are the amplitude and phase of the unbalance responses in the time domain, respectively.





3. Numerical Simulations and Discussion


3.1. Methodology of the Numerical Simulations


The numerical simulations were conducted to validate the proposed methods by comparing the identified rotor unbalances with the set value of rotor unbalances.



As shown in Figure 3 and Figure 4, six computational examples, which represent single-span and single-disc rotors (g1.1, h1.1), single-span and four-disc rotors (g1.4, h1.4), and four-span and four-disc rotors (g4.4, h4.4) are used in the simulation. The rotors g1.1, g1.4, and g4.4 are supported by rolling bearings, and h1.1, h1.4, and h4.4 are sustained by oil journal bearings. The parameters of the rotors are summarized in Table 1, Table 2, Table 3, Table 4, Table 5 and Table 6. The positions of each bearing and disc on the shaft are shown in Figure 3 and Figure 4. There are 121 nodes in the rotors in Figure 3 by dividing the shaft into 120 segments equally. There are 61 nodes in the rotors in Figure 4 by dividing the shaft into 60 segments equally. All the nodes, where the bearings and the discs located, are chosen for calculating simulated unbalance response by the CRDAM. Moreover, besides the above points, any other point on the shaft is also chosen in the simulation.



Four kinds of numerical simulations were conducted. Firstly, the simulated unbalance responses calculated by the CRDAM were directly fed into SDA and TODA to estimate rotor unbalances. Secondly, a similar identification exercise was performed by contaminating simulated unbalance responses by the set measured error. The relative error for the unbalance response amplitude was 5% and the absolute error for the unbalance response angle was 5°. Thirdly, the resolution of the vibration displacement sensor should be considered when measuring the unbalance response. Hence, identification exercises were performed by contaminating simulated unbalance responses at a resolution of 0.1 nm, which is the highest used at present. Finally, identification exercises were performed considering four kinds of typical sensor resolution (0.1 nm, 1 nm, 0.1 um, and 1 um). By limiting the number of digits after the decimal point in the unbalance responses, the resolutions of unbalance response measurement systems are considered.



In the above simulations, the calculation frequency was from 1 to 2001 Hz and the interval was 2 Hz. The relative error for the identified rotor unbalance amplitude to the set rotor unbalance amplitude and the absolute error for the identified rotor unbalance angle to the set rotor unbalance angle were used for the analysis of the simulation results. Moreover, the statistical results of the allowable frequency points (AFPs), at which the identification error for the rotor unbalance amplitude was less than 20% and the rotor unbalance angle was less than 10°, were obtained.



In addition, as shown in Figure 2, SDA includes two algorithms which are represented by Equations (8), (10), (16), and (17), respectively. The difference between them is that one requires unbalance responses in the  y  direction as input and the other uses unbalance responses in the  x  direction. They can be considered the same algorithm. Hence, for SDA, only Equations (8) and (10), which require unbalance responses in the  y  direction, are validated by the simulations.




3.2. Accuracy of SDA and TODA


3.2.1. Results


	(1)

	
Results of the first kind of simulation







Figure 5 and Figure 6 were obtained by using the computational example h1.4 based on SDA and TODA, respectively. They represent the maximum identification errors of each rotor unbalance. In the simulation, #10 point was used as one of the required measuring points and the other measuring points were #3, #47, #11, #21, #31, and #41 points at the location of the two bearings and the four discs. The form α%∠β°, in which α% is the identification error for the rotor unbalance amplitude and β° represents the identification error for the rotor unbalance angle, is used to express the identification error for rotor unbalance.



According to Figure 5, for SDA, the maximum relative errors of the amplitude of rotor unbalance for #1-#4 discs are almost equal to zero and are 1.70545 × 10−8%, 1.4489 × 10−6%, 3.22562 × 10−5%, and 2.8886 × 10−5%, respectively. For the rotor unbalance angle, the maximum absolute errors, which are 5.505.9 × 10−9°, 5.99272 × 10−7°, 5.83537 × 10−5°, and 1.93098 × 10−5°, respectively, also equal zero.



According to Figure 6, for TODA, the maximum relative errors of the rotor unbalance amplitude of each disc are 1.14223 × 10−6%, 2.66709 × 10−5%, 0.00102%, and 1.6262 × 10−4%, respectively. The maximum absolute errors of the rotor unbalance angle are 4.68235 × 10−7°, 1.59148 × 10−5°, 4.41457 × 10−4°, and 5.47386 × 10−5°, respectively. Although they are bigger than the maximum errors obtained by SDA, they can be also considered equal to zero.



Similar results can be found for the first kind of calculation simulation example for g1.1, h1.1, h4.4, and g1.4, according to Table A1 and Figure A1, Figure A2, Figure A3 and Figure A4 in Appendix A.



However, according to Figure 7 and Figure 8, which show the maximum identification errors of each rotor unbalance for g4.4, for TODA, the first two errors are very small, but the maximum identification errors of rotor unbalance for #3 and #4 discs are too big, according to Figure 8. The first two errors are 7.52405 × 10−5%∠1.81997 × 10−4°, 0.17108%∠0.03405°, while for the errors for #3 and #4 discs, they are 123.71543%∠21.8563° and 1281.45771%∠21.69524°, respectively. Whereas, for SDA, the maximum identification errors of rotor unbalance for #1-#4 discs are 4.70411 × 10−8%∠1.49579 × 10−7°, 5.00642 × 10−4%∠1.41912 × 10−4°, 0.28694%∠0.12378°, and 0.16497%∠1.57779°, respectively, according to Figure 8.



Moreover, Figure 9 represents the rotor unbalance identification errors for #3 and #4 discs from 1 to 2001 Hz obtained. The maximum identification error for rotor unbalance for #3 disc occurs at 1 Hz. For #4 disc, the maximum identification errors of the rotor unbalance amplitude and angle occur at 1 Hz and 2 Hz, respectively. However, when the rotating frequency becomes high, the identification errors are almost equal to zero.




	(2)

	
Results of the second kind of simulation









Figure 10 and Figure 11, which represent the maximum identification errors of each rotor unbalance for h1.4 are obtained based on SDA and TODA, respectively. In this simulation, #10 point was used as one of the required measuring points and the other measuring points were #3, #47, #11, #21, #31, and #41 at the locations of the two bearings and the four discs.



According to Figure 10, for SDA, the maximum relative errors of the rotor unbalance for #1–#4 discs are 5%∠5.000001199°, 5%∠5.000020523°, 5.00003%∠5.00022366°, and 5%∠5.000170751°, respectively, which are almost equal to the setting errors (5%∠5°) of the inputted unbalance responses. According to Figure 11, for TODA, the maximum relative errors of rotor unbalance for each disc also almost equal the setting error. They are 5%∠5°, 5%∠5.00002°, 5.00006%∠5.00008°, and 5%∠5.00005°, respectively. Similar results can be found in the second kind of calculation simulation example for g1.1, h1.1, h4.4, and g1.4, according to Table A2 and Figure A5, Figure A6, Figure A7 and Figure A8 in Appendix B.



However, according to Figure 12 and Figure 13, which show the maximum identification errors of each rotor unbalance for g4.4, for TODA, the maximum identification errors of rotor unbalance for #3 and #4 discs are 134.9012142%∠16.8563° and 1350.530732%∠26.69523°, respectively, although the errors for #1 and #2 discs are almost equal the setting error 5%∠5°. Whereas, for SDA, the maximum identification errors for the rotor unbalance for #1–#4 discs are 5%∠5°, 5.00001%∠5.00014°, 5.0039%∠5.00404°, and 5.17322%∠6.57779°, respectively. Only the rotor unbalance angle of #4 disc is a bit bigger than the setting error of 5%. The others are almost equal to the input setting error of 5%∠5°.



Hence, the rotor unbalance identification errors for #3 and #4 discs from 1 to 2001 Hz are as shown in Figure 14. The maximum error occurs at the beginning. The maximum identification error for rotor unbalance for #3 disc is at 1 Hz. For #4 disc, the maximum identification errors of rotor unbalance amplitude and angle are at 1 Hz and 2 Hz, respectively. However, when the rotating frequency becomes high, the identification errors are almost equal the input setting error of 5%∠5°.




3.2.2. Discussion


In the first kind of numerical simulation, the simulated unbalance responses calculated by the CRDAM were fed into SDA and TODA to estimate the rotor unbalance. For SDA, the identified rotor unbalance was equal to the set value of rotor unbalance. For TODA, the identified rotor unbalance was equal to the set value of rotor unbalance except for the simulation of g4.4. The error for the identified rotor unbalance for #3 and #4 discs in g4.4 is big at the low rotating frequency (1 Hz, 2 Hz) but very small at other rotating frequencies.



In the second kind of numerical simulation, the simulated unbalance responses, which were calculated by the CRDAM and contaminated the set measured error (5%, 5°), were fed into SDA and TODA. For SDA, the identified error was equal to the set error. For TODA, the identified rotor unbalance was almost equal to the set error except for the simulation of g4.4. The error for the identified rotor unbalance for #3 and #4 discs in g4.4 was bigger than the set errors at the low rotating frequency (1 Hz, 2 Hz) but almost equal to the set error at other frequencies.



The unbalance responses in both the  x  and  y  directions were needed when using TODA. At a low frequency, the value of the unbalance response is very small. The errors in computer calculations, such as rounding errors, have a considerable influence on small values. Accordingly, there were errors with regard to the unbalance responses in both the  x  and  y  directions at low frequencies. If the errors in the  x  and  y  directions are quite different, a big identification error may occur at a low frequency for TODA because the errors in the  x  direction are divided by the errors in the  y  direction, while, for SDA, the unbalance response in only one direction is needed. Hence, the identification error can be equal to the set measured error.



Therefore, the error for the identified rotor unbalance response will be equal to the set error if the errors of all the measured unbalance responses are the same. It is indicated that the repeatability precision of each measuring channel of the unbalance response measurement system plays a critical role when it comes to using the proposed algorithms. In engineering, the vibration caused by rotor unbalance can be very small for low-speed rotors and the measuring system cannot accurately detect tiny vibrations. Therefore, the proposed method, especially TODA, cannot be applied to low-speed rotors.





3.3. Adjustment Point


3.3.1. Results


In the third kind of simulation of g1.4, the matrix of the maximum identified error for rotor unbalance for each disc was obtained with Equations (24)–(27). The numbers of AFPs were also obtained. They are shown in Figure 15, Figure 16, Figure 17 and Figure 18. The simulations were conducted by using simulated unbalance responses as input data to SDA and TODA and by changing one measuring point which was close to the identified disc. The #20, #40, #60, and #80 points were used for the respective changes. The other m + n measuring points were at the discs and bearings. The simulated unbalance responses were calculated by means of the CRDAM contaminating the sensor resolution at 0.1 nm.



In Equations (24)–(27), the four element values in a row of the matrix are the maximum identification errors of unbalance for #1-#4 discs, respectively, when using the same measuring point. The four elements in a column are the maximum identification errors of unbalance for the same disc when the measuring points #20, #40, #60, and #80 were applied, respectively. By comparing the biggest identification error obtained under different adjustment point conditions when the rotating frequency is changed from 1 to 2001 Hz, it is easy to find that the adjustment point plays a critical role in improving the identification accuracy for SDA and TODA. The details are as follows:




	(1)

	
According to Equations (24) and (25), for SDA, when #20 point, which is near #1 disc, is used as one of the required measuring points, the maximum identification error for rotor unbalance for #1 disc is the smallest among that of the four discs. The maximum identification error for rotor unbalance is 10.84%∠2.12°, while for #2–4 discs, their maximum errors are much bigger. When #40 point, which is close to #2 disc is used, the maximum identification error for rotor unbalance for #2 disc becomes the smallest. It is 42.54%∠8.60°. When #60 point, which is beside #3 disc, is used, #3 disc’s rotor unbalance identification error, which is 257.24%∠57.41°, is the second smallest and is close to the smallest error of 254.72%∠51.14°. When #80 point, which is beside #4 disc, is used, #4 disc’s rotor unbalance identification error, which is 9.82%∠16.25°, is much smaller than the others. From the perspective of the column in the matrix, when the measuring point is changed from #20 to #40, the maximum identification error for rotor unbalance for #1 disc becomes bigger, while the maximum identification error for rotor unbalance for #4 disc becomes smaller. The maximum identification errors for rotor unbalance for #2 and #3 discs are also changed apparently. As #20 point is applied, #1 disc acquires the best recognition accuracy, while #2 disc has the best recognition accuracy as #40 point is applied, #3 disc has the best recognition accuracy as #60 point is applied, and #4 disc has the best recognition accuracy as #80 point is applied.




	(2)

	
As for TODA, similar results can be obtained, although the values of maximum identification errors are much bigger than the maximum identification errors for SDA, according to Equations (26) and (27). When #20 point, which is near #1 disc, is used as one of the required measuring points, the maximum identification error for rotor unbalance for #1 disc is the smallest among that of the four discs. The maximum identification error for rotor unbalance is 4.22 × 102%∠170.38°, while for #2–4 disc, their maximum errors are much bigger. When #40 point, which is close to #2 disc, is used, the maximum identification error for rotor unbalance for #2 disc becomes the smallest. It is 1.64 × 104%∠140.73°. When #60 point, which is beside #3 disc, is used, #3 disc’s rotor unbalance identification error, which is 6.03 × 104%∠179.57°, is the second smallest. When #80 point, which is beside #4 disc, is used, #4 disc’s rotor unbalance identification error is 2.68 × 1015%∠179.95°. Although it is the biggest among the obtained maximum identification errors of the four discs, it is the smallest error for #4 disc, which can be obtained by changing the measuring point from #20 to #40. From the perspective of the column in the matrix, when the measuring point is changed from #20 to #40, the maximum identification error for rotor unbalance for #1 disc becomes bigger. The maximum identification errors of rotor unbalance for #2, #3, and #4 discs are also changed apparently. As #20 point is applied, #1 disc acquires the best recognition accuracy, while #2 disc has the best recognition accuracy as #40 point is applied, #3 disc has the best recognition accuracy of unbalance amplitude as #60 point is applied, and #4 disc has the best recognition accuracy as #80 point is applied.











  S D A _ M  1  g 14   =  [         10.84        376.18     14934.67     22570.13       400.78        42.54        7251.41     4823.78       382.89     254.72        257.54        3203.79       1153.90     475.79     1148.01        9.82         ]   



(24)






  S D A _ M  2  g 14   =  [         2.12          152.05     179.19     170.46       83.28        8.60        178.20     173.14       132.99     51.14        57.41        173.82       121.58     141.59     139.37        16.25         ]     



(25)






  T O D A _ M  1  g 14   =  [         4.22 ×   10  2         1.54 ×   10  5      1.04 ×   10  7      7.39 ×   10   18         4.97 ×   10  4         1.46 ×   10  4         3.45 ×   10  6      9.50 ×   10   17         3.66 ×   10  4      6.58 ×   10  4         6.03 ×   10  4         1.37 ×   10   17         9.14 ×   10  5      1.94 ×   10  6      3.89 ×   10  6         2.68 ×   10   15           ]   



(26)






  T O D A _ M  2  g 14   =  [         170.38          179.83     178.53     179.98       178.23        140.73        179.01     180.00       179.27     179.76        179.57        179.99       179.75     179.67     179.67        179.95         ]     



(27)




where   S D A _ M  1  g 14     and   S D A _ M  2  g 14     are the matrix of the maximum identification error for rotor unbalance amplitude and the angle of #1 to #4 discs under different adjustment point conditions using SDA;   T O D A _ M  1  g 14     and   T O D A _ M  2  g 14     are the matrix of the maximum identification error for rotor unbalance amplitude and the angle of #1 to #4 discs under different adjustment point conditions using TODA.



According to the number of AFPs of rotor unbalance obtained by SDA in Figure 15, Figure 16, Figure 17 and Figure 18, the results are as follows:




	(1)

	
The numbers of AFPs of rotor unbalance amplitude for #1–#4 discs are 1001, 979, 744, and 762, respectively, according to Figure 15a. For the rotor unbalance angle, there are 1001, 990, 629, and 612 AFPs, respectively, according to Figure 15b. This indicates that the identification results for rotor unbalance for #1 disc are best when #20 point is used as one of the required measuring points.




	(2)

	
According to Figure 16, there are 994, 999, 824, and 929 AFPs, respectively, for the rotor unbalance amplitude of #1 disc, #2 disc, #3 disc, and #4 disc, and 988, 1001, 835, and 787 AFPs, respectively, for the rotor unbalance angle. This indicates that the identification results for rotor unbalance for #2 disc are best when #40 point is used as one of the required measuring points.




	(3)

	
According to Figure 17, the numbers of AFPs of rotor unbalance amplitude are 980, 987, 995, and 988, respectively, and the numbers of rotor unbalance angles are 974, 995, 995, and 960 respectively. This indicates that the identification results for rotor unbalance for #3 disc are best when #60 point is used as one of the required measuring points.




	(4)

	
According to Figure 18, for the rotor unbalance amplitude of #1 disc, #2 disc, #3 disc, and #4 disc, there are 917, 929, 897, and 1001 AFPs, respectively. For the angle, there are 861, 966, 881, and 999 AFPs, respectively. This indicates that the identification results for rotor unbalance for #4 disc are best when #80 point is used as one of the required measuring points.









For TODA, the same conclusion can be obtained according to Figure 15, Figure 16, Figure 17 and Figure 18, although the number of AFPs obtained by TODA is obviously lesser than that of SDA. When #20 point is used as one of the required measuring points, the numbers of AFPs of rotor unbalance amplitude for #1-#4 discs are 867, 163, 29, and 12, respectively. For the rotor unbalance angle, there are 896, 117, 57, and 186 AFPs, respectively. Apparently, #1 disc has the most AFPs. When #40 point is used, the numbers of AFPs of rotor unbalance amplitude for #1-#4 discs are 587, 662, 107, and 38, respectively. For the rotor unbalance angle, there are 541, 720, 137, and 158 AFPs, respectively. Apparently, #2 disc has the most AFPs. When #60 point is used, the number of AFPs of rotor unbalance amplitude of #1-#4 discs are 408, 297, 461, and 234, respectively. For the rotor unbalance angle, there are 352, 271, 421, and 201 AFPs, respectively. Obviously, #3 disc has the most AFPs. When #80 point is used, the number of AFPs of rotor unbalance amplitude of #1-#4 discs are 78, 48, 39, and 707, respectively. For the rotor unbalance angle, there are 166, 128, 97, and 675 AFPs, respectively. Obviously, #4 disc has the most AFPs.



Similar results can be found in the third kind of calculation simulation example for g4.4, h1.4, and h4.4, according to Equations (A1)–(A12) and Figure A9, Figure A10, Figure A11, Figure A12, Figure A13, Figure A14, Figure A15, Figure A16, Figure A17, Figure A18, Figure A19 and Figure A20 in Appendix C. However, for h4.4, no result can be obtained based on SDA and TODA from 1 Hz to 20 Hz.




3.3.2. Discussion


In the third kind of numerical simulation, the highest sensor resolution (0.1 nm) at present is considered. In the simulation of g1.4 and g4.4, when #20 point, which is near #1 disc, is used as one of the required measuring points, the identification accuracy for the rotor unbalance for #1 disc (at location of #21 point) is high. Similarly, #2 disc at #41 point, #3 disc at #61 point, and #4 disc at #81 point can obtain high identification accuracy for rotor unbalance as #40, #60, and #80 points are used respectively. In the simulation of h1.4 and h4.4, #1disc at #11 point, #2 disc at #21 point, #3 disc at #31point, and #4 disc at #41 point can obtain a high identification accuracy for rotor unbalance as #10, #20, #30, and #40 points are used, respectively.



From the above, to obtain good identification results, there should be a measuring point near the disc, for which the rotor unbalance should be identified. The measuring point near the disc determines the identification error for the rotor unbalance and it should be near the disc the unbalance of which is to be identified. Hence, the measuring point is called an adjustment point.



By applying the proposed adjustment point, the identification errors for rotor unbalance for #3 and #4 discs in the first and second kind of simulations are reduced and Figure 19 and Figure 20 are obtained. According to Figure 19, the maximum identification error is almost equal to zero. It is 0.00358%∠0.00193° for #3 disc and 2.04046 × 10−4%∠5.84276 × 10−5° for #4 disc, while they are 123.71543%∠21.8563° and 1281.45771%∠21.69524°, respectively, before the application of the adjustment point. According to Figure 20, the ultimate error is 5.0006%∠5.00193° for #3 disc and 4.99979%∠5.00377° for #4 disc. They are almost equal to the setting error of 5%∠5°, while they are 134.9012142%∠16.8563° and 1350.530732%∠26.69523°, respectively, before the application of the adjustment point. Therefore, there should be a sensor mounted near each disc if the unbalances of all the discs are to be identified.



It was established that SDA has a much better identification accuracy than TODA. The reason is that the unbalance responses in both the  x  and  y  directions are involved in TODA and the unbalance response in only one direction is needed for SDA. This means that the measured errors of unbalance responses in both the  x  and  y  directions will contribute to the identification error of TODA. Moreover, they are combined by division in TODA. When the measured errors in the two directions are not the same and the error, whose value is smaller, happens to be the denominator, a high identification error occurs. Based on the simulation results, the value of the denominator is smaller in most cases, but the value of the denominator can be bigger, in which case the identification error of SDA is bigger than that of TODA, according to Figure A9, Figure A17 and Figure A20. Moreover, according to Figure A9, Figure A17 and Figure A20, similar results for SDA and TODA can be obtained when the comprehensive effect of the response measuring errors in the  x  and  y  directions is equal to that in the  x  or  y  direction. It is indicated that the identification result of TODA is greatly affected by the measured error for the unbalance response due to the unbalance responses in both the  x  and  y  directions being required. In practical engineering, it is difficult to obtain completely consistent measurement errors for each unbalance response. The measured errors for unbalance responses in the  x  direction are different from those in the  y  direction. This may lead to big identification errors for TODA. Hence, SDA is better than TODA from the perspective of engineering applications.





3.4. Affect of Sensor Resolution


3.4.1. Results


According to the result in the third kind of simulation, the maximum identification error of TODA was too big. Hence, the fourth kind of simulation was conducted based on SDA. The simulated unbalance responses calculated by CRDAM containing different sensor resolutions (0.1 nm, 1 nm, 0.1 um, and 1 um) were used as input data to the method. The computational example g1.4 is used. In the simulation, the measuring points for the two discs and the four bearings are utilized and #20, #40, #60, and #80 points are used as the respective adjustment points in order to obtain good identification results.



The curves for the identification errors, which were obtained when the sensor resolutions were 0.1 nm, 1 nm, 0.1 um, and 1 um, are shown in Figure 21, Figure 22, Figure 23 and Figure 24. According to the figures, the identified rotor unbalance changes with the rotating frequencies and there are several peak values for the identified rotor unbalance. The results are as follows:




	(1)

	
Sensor resolution of 0.1 nm









According to Figure 21, for #1 disc, the peak values of the amplitude of the identified rotor unbalance are 10.84%, 2.02%, 0.31%, and 0.42% at frequencies of 1 Hz, 271 Hz, 643 Hz, and 1267 Hz, respectively. The peak values of the absolute error for the angle are 2.12°,1.47°,0.32°, and 0.32° at 1 Hz, 271 Hz, 645 Hz, and 1267 Hz, respectively.



For #2 disc, the peak values of the amplitude of the identified rotor unbalance are 3.46%, 42.54%, 4.33%, and 1.42% at frequencies of 1 Hz, 269 Hz, 645 Hz, and 1263 Hz, respectively. The peak values of the absolute error for the angle are 2.29°, 8.6°, 0.31°, and 0.8° at 1 Hz, 267 Hz, 645 Hz, and 1265 Hz, respectively.



For #3 disc, the peak values of the amplitude of identified rotor unbalance are 26.02%, 257.24%, 11.64%, and 20.64% at frequencies of 1 Hz, 269 Hz, 645 Hz, and 1265 Hz, respectively. The peak values of the absolute error for the angle are 19.49°, 57.41°, 11.72°, and 7.76° at 1 Hz, 271 Hz, 645 Hz, and 1267 Hz, respectively.



For #4 disc, the peak values of the amplitude of identified rotor unbalance are 9.82%, 6.46%, 0.82%, 0.56%, and 7.61% at frequencies of 1 Hz, 267 Hz, 645 Hz, 809 Hz, and 1267 Hz, respectively. The peak values of the absolute error for the angle are 16.259°, 1.88°, 1.39°, and 4.15° at 269 Hz, 645 Hz, 809 Hz, and 1265 Hz, respectively.




	(2)

	
Sensor resolution of 1 nm









According to Figure 22, for #1 disc, the peak values of the amplitude of identified rotor unbalance are 83.36%, 1.92%, 0.31%, and 0.42% at frequencies of 1 Hz, 269 Hz, 643 Hz, and 1267 Hz, respectively. The peak values of the absolute error for the angle are 8.77°, 1.45°, 0.32°, and 0.32°at 1 Hz, 271 Hz, 645 Hz, and 1267 Hz, respectively.



For #2 disc, the peak values of the amplitude of identified rotor unbalance are 95.6%, 42.54%, 4.33%, and 1.42% at frequencies of 1 Hz, 269 Hz, 645 Hz, and 1263 Hz, respectively. The peak values of the absolute error for the angle are 32.5°, 8.6°, and 0.8° at 1 Hz, 267 Hz, and 1265 Hz, respectively.



For #3 disc, the peak values of the amplitude of identified rotor unbalance are 242.24%, 257.23%, 11.64%, and 20.64% at frequencies of 1 Hz, 269 Hz, 645 Hz, and 1265 Hz, respectively. The peak values of the absolute error for the angle are 108.42°, 57.41°, 11.72°, and 7.76°at 1 Hz, 271 Hz, 645 Hz, and 1267 Hz, respectively.



For #4 disc, the peak values of the amplitudes of identified rotor unbalance are 17.48%, 6.46%, 0.82%, 0.66%, and 7.61% at frequencies of 1 Hz, 267 Hz, 645 Hz, 809 Hz, and 1267 Hz, respectively. The peak values of the absolute error for the angle are 165.08°, 16.25°, and 4.15°at 1 Hz, 269 Hz, and 1265 Hz, respectively.




	(3)

	
Sensor resolution of 0.1 um









With the sensor resolution being reduced to 0.1 um, the minimum starting frequency of the identification was 4 Hz (SDA does not work at a low frequency). According to Figure 23, the results are as follows:



For #1 disc, the peak values of the amplitude of identified rotor unbalance are 695.26%, 19.45%, 0.65%, and 0.62% at frequencies of 4 Hz, 268 Hz, 646 Hz, and 1266 Hz, respectively. The peak values of the absolute error for the angle are 140.04°, 10.86°, 0.55°and 0.45° at 4 Hz, 268 Hz, 646 Hz and 1262 Hz, respectively.



For #2 disc, the peak values of the amplitude of identified rotor unbalance are 597.53%, 22.7%, 5.32% and 1.63% at frequencies of 4 Hz, 270 Hz, 644 Hz, and 1268 Hz, respectively. The peak values of the absolute error for the angle are 94.44°, 5.72°1.9°, and 0.71° at 4 Hz, 266 Hz, 644 Hz, and 1268 Hz, respectively.



For #3 disc, the peak values of the amplitude of identified rotor unbalance are 1722.04%, 262.49%, 39.32%, 9.24%, and 11.76% at frequencies of 8 Hz, 268 Hz, 644 Hz, 814 Hz, and 1264 Hz, respectively. The peak values of the absolute error for the angle are 120.31°, 20.6°, 8.75°, 3.49°, and 11.3° at 16 Hz, 270 Hz, 644 Hz, 814 Hz, and 1268 Hz, respectively.



For #4 disc, the peak values of the amplitude of identified rotor unbalance are 853.26%, 4.43%, 13.87%, and 3.3% at frequency 6 Hz, 268 Hz, 810 Hz, and 1266 Hz, respectively. The peak values of the absolute error for the angle are 165.1°,10.04°, 0.79°, 4.34°, and 1.5° at 10 Hz, 270 Hz, 644 Hz, 810 Hz, and 1264 Hz, respectively.




	(4)

	
Sensor resolution of 1 um









As the sensor resolution was reduced to 1 um, the starting frequency of the identification was 856 Hz (SDA does not work at a low frequency). According to Figure 24, for #1 disc, the peak value of the amplitude of identified rotor unbalance is 0.63% at a frequency of 1266 Hz. The peak value of the absolute error for the angle is 0.45° at 1262 Hz. For #2 disc, the peak value of the amplitude of identified rotor unbalance is 1.58% at a frequency of 1268 Hz. The peak value of the absolute error for the angle is 0.75° at 1268 Hz. For #3 disc, the peak value of the amplitude of identified rotor unbalance is 11.73% at a frequency of 1264 Hz. The peak value of the absolute error for the angle is 11.56° at 1268 Hz. For #4 disc, the peak value of the amplitude of identified rotor unbalance is 3.47% at a frequency of 1268 Hz. The peak value of the absolute error for the angle is 1.49° at 1264 Hz.




	(5)

	
According to the above results, the peak values that were outside the assumed allowable range—the amplitudes bigger than 20% and the angles bigger than 10°—are all counted in Table 7, Table 8, Table 9 and Table 10, with the sensor resolutions set at 0.1 nm, 1 nm, 0.1 um, and 1 um, respectively. From Table 7, Table 8, Table 9 and Table 10, the frequencies at which these peak values appear are at or around the critical frequencies listed in Table 11 and the low frequencies such as 1 Hz, 4 Hz, and so on. This indicates that the rotor unbalance identification error is big when the rotor works at a low speed or near the critical speeds when using SDA.









Moreover, similar results can also be obtained in simulations of g4.4, h1.4, and h4.4.




3.4.2. Discussion


In the fourth kind of numerical simulation, the proposed adjustment point is applied and four kinds of typical sensor resolutions are considered for the validation of SDA. At or around the critical frequencies which are obtained by CRDAM and low frequencies, the identification error for rotor unbalance is bigger than at other frequencies. The resolution of sensors is applied by limiting the number of digits after the decimal point in the unbalance responses. At a low frequency, the unbalance responses are very small. The rounding digits have a considerable influence on small values and causes big input errors for unbalance responses. At or near the critical frequency, the unbalance responses vary greatly with frequencies. It is indicated that the rounding digits may lead to big differences among the measured errors of unbalance responses. The repeatability precision of the input responses is poor. Hence, big identification error occurs at low frequencies or at critical frequencies. Similarly, the peak values that are outside the assumed allowable range are at or around the critical frequencies and low frequencies. Far from the critical frequencies, the identification errors are small. The rotating machines’ operational frequency (speed) is designed to be far from the critical frequencies to avoid resonance. This indicates that SDA can be applied to rotors not working under very low rotating speeds.



The statistical results for peak values of the identification error for #1 disc of rotor g1.4 are listed in Table 12. According to Table 12, it is indicated as follows:




	(1)

	
At a low frequency, the peak values of identification errors become bigger as sensor resolution is reduced and rotor unbalance cannot be identified when the sensor resolution is 1 um.




	(2)

	
At or around the first order critical frequency, the identification error, which is obtained using a sensor resolution of 0.1 nm, is little different from the identification error obtained using a sensor resolution of 1 nm. The identification error becomes much bigger when the sensor resolution is 0.1 um and the rotor unbalance cannot be identified when the sensor resolution is close to 1 um.




	(3)

	
At or around the second order critical frequency, the identification error obtained when the sensor resolution is 0.1 nm is equal to the identification error obtained when the sensor resolution is 1 nm. However, when the sensor resolution is 0.1 um, the identification error becomes a little bigger. Moreover, when the sensor resolution comes close to 1 um, the rotor unbalance cannot be identified.




	(4)

	
At or around the third order critical frequency, the identification error obtained when the sensor resolution is 0.1 nm is equal to the identification error obtained when the sensor resolution is 1 nm. However, when the sensor resolution comes close to 0.1 um and 1 um, the identification errors become a little bigger.









The above indicates that sensors with a resolution of 1 um should be avoided and sensors with a resolution of 1 nm and 0.1 nm are recommended for practical application. Similar results can also be obtained from the identification errors for rotor unbalance for #2~#4 discs. These indicate that SDA requires high sensor resolution. The higher the sensor resolution is, the smaller the identification error. In engineering, the resolution of most vibration displacement sensors is 1 um and sensors with resolutions of 0.1 nm and 1 nm are very expensive. Hence, the cost of SDA can be very high when there are multiple discs and bearings in a rotor.






4. Conclusions


In this paper, two kinds of algorithms, SDA and TODA, are proposed to identify rotor unbalances in multi-disc and multi-span rotors from unbalance responses. Rotors are modeled based on the continuous rotor dynamic analysis method. By using the unbalance responses as inputs and considering the unbalance responses at the bearings and the eccentric discs as unknown variables, an inverse problem model is developed based on the matrix method to eliminate the coupling between bearing coefficients and rotor unbalances. Four kinds of numerical simulations considering sensor resolutions and measurement errors were conducted to study the algorithms. Compared with existing methods, the proposed algorithms have the flexibility to incorporate any number of bearings and discs. Moreover, test runs and external exciters are not required. The conclusions are summarized as follows.




	(1)

	
The proposed algorithms provide a technique with which to monitor all the rotor unbalances on-line under operational conditions. For SDA, the unbalance responses in only one direction are needed. For a rotor with  m  discs and  n  bearings, the number of required unbalance responses is m + n + 1. While for TODA, the unbalance responses in both the  x  and  y  directions are required. The necessary measuring position of the two methods should be at the disc whose unbalance is to be monitored. For monitoring the unbalance of all discs, there should be a sensor mounted at each disc, while the other measuring positions can be at or around the bearings or discs. Moreover, numerical simulations indicate that there should be one measuring point called the adjustment point to achieve a high identification accuracy. The proposed adjustment point should be near the disc whose unbalance is to be monitored. In order to identify all the discs’ unbalances accurately and simultaneously, there should be   m + n + n   measuring points, among which  n  adjustment points near each disc are necessary.




	(2)

	
The identification accuracy of the proposed algorithms requires a high performance of the unbalance response measurement system. Numerical simulations indicate that if the measuring errors of all the required unbalance responses are zero, the identification error will be zero, too. When the measuring errors are the same, the identification error will be equal to the measuring errors. It is indicated that the consistency of each channel’s measurement errors plays a critical role in identifying rotor unbalance when using the proposed algorithms. In addition, SDA has a better identification accuracy than TODA when considering sensor resolution from the perspective of engineering applications. The identification error of SDA is only high at a very low frequency and the critical frequencies when sensor resolutions are considered. Hence, SDA is suitable for medium-speed and high-speed rotors. Moreover, identification accuracy is strongly related to sensor resolution. Sensors with resolutions of 1 um should be avoided and sensors with 1 nm and 0.1 nm resolutions are recommended.









For future research, there are various possible directions. Experiments should be conducted to validate the proposed methods. The limitation of the proposed algorithms is that they are not suitable for low-speed rotors and a high accuracy of measurement of unbalance responses is strongly demanded. Therefore, sensors and instruments with high accuracy and good resolutions for measuring unbalance responses should be developed. Moreover, further investigations could focus on decreasing the high requirements on measurement accuracy. Sensors with a resolution of 1 um can be used for the identification. The Timoshenko model, in which gyroscopic moments are considered, could be taken into consideration based on CRDAM when modelling a continuous shaft. The research method of this paper can be regarded as a tool for future study.
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Nomenclature




	
  q  

	
Dimensionless value of position  z  due on the z-axis

	




	
   U  ( q )    

	
Dimensionless unbalance response in the frequency domain due on the y-axis

	




	
   V  ( q )    

	
Dimensionless unbalance response in the frequency domain due on the x-axis

	




	
  #  

	
For instance, #1 disc means the first disc

	




	
    m  j u     

	
Eccentric masses of   # j   disc

	




	
    e j    

	
Eccentric distance of   # j   disc

	




	
    α j    

	
Eccentric angle of   # j   disc

	




	
    m  j d     

	
Masses of   # j   disc

	




	
  w  

	
Rotation frequency rotors

	




	
  L  

	
Length of rotor shaft

	




	
  E  

	
Elastic modulus of rotor shaft

	




	
  I  

	
Diametric shaft cross-sectional geometric moment of inertia

	




	
    k  j j ⋅ x x     

	
  # j j   bearing’s main stiffness coefficient in the  x  direction

	




	
    k  j j ⋅ x y     

	
  # j j   bearing’s cross-coupled stiffness coefficient in the  x  direction

	




	
    k  j j ⋅ y x     

	
  # j j   bearing’s cross-coupled stiffness coefficient in the  y  direction

	




	
    k  j j ⋅ y y     

	
  # j j   bearing’s main stiffness coefficient in the  y  direction

	




	
    c  j j ⋅ x x     

	
  # j j   bearing’s main damping coefficient in the  x  direction

	




	
    c  j j ⋅ x y     

	
  # j j   bearing’s cross-coupled damping coefficient in the  x  direction

	




	
    c  j j ⋅ y x     

	
  # j j   bearing’s cross-coupled damping coefficient in the  y  direction

	




	
    c  j j ⋅ y y     

	
  # j j   bearing’s main damping coefficient in the  y  direction

	




	
    k  s ⋅ x x     

	
Bearing’s main complex coefficient in the  x  direction

	




	
    k  s ⋅ x y     

	
Bearing’s cross-coupled complex coefficient in the  x  direction

	




	
    k  s ⋅ y x     

	
Bearing’s cross-coupled complex coefficient in the  y  direction




	
    k  s ⋅ y y     

	
Bearing’s main complex coefficient in the  y  direction




	
    z  j d     

	
 z  coordinate position of # j  disc




	
    z  j j b     

	
 z  coordinate position of #  j j   bearing




	
    q  j d     

	
Dimensionless value of    z  j d    




	
    q  j j b     

	
Dimensionless value of    z  j j b    




	
    G u   (  q ,  q i   )    

	
Green’s functions in the  y  direction




	
    G v   (  q ,  q i   )    

	
Green’s functions in the  x  direction




	
    G u   (  q ,  q  j d    )    

	
Green’s coefficients for # j  disc in the  y  direction




	
    G u   (  q ,  q  j j b    )    

	
Green’s coefficients for #  j j   bearing in the  y  direction




	
    G v   (  q ,  q  j d    )    

	
Green’s coefficients for # j  disc in the  x  direction




	
    G v   (  q ,  q  j j b    )    

	
Green’s coefficients for #  j j   bearing in the  x  direction




	
    U  j d     

	
  # j   disc’s dimensionless unbalance response in frequency domain in the  y  direction




	
    V  j d     

	
  # j   disc’s dimensionless unbalance response in frequency domain in the  x  direction




	
    U  j j b     

	
  # j   bearing’s dimensionless unbalance response in frequency domain in the  y  direction




	
    V  j j b     

	
  # j   bearing’s dimensionless unbalance response in frequency domain in the  x  direction




	
  m  

	
Number of discs




	
  n  

	
Number of bearings









Appendix A


	(1)

	
Simulation results for g1.1 and h1.1







In this simulation, #60 and #30 are used as the required measuring points for g1.1 and h1.1, respectively, and the other measuring points are at the locations of the two bearings and the disc.
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Table A1. The maximum identification errors of the disc calculated by SDA and TODA.






Table A1. The maximum identification errors of the disc calculated by SDA and TODA.





	
Methods

	
Rotor Unbalance

	
g1.1

	
h1.1






	
SDA

	
Amplitude

	
6.77977 × 10−9

	
1.23934 × 10−8




	
Angle

	
1.6455 × 10−9

	
7.73824 × 10−9




	
TODA

	
Amplitude

	
4.21247 × 10−5

	
2.79355 × 10−8




	
Angle

	
3.32871 × 10−6

	
2.49249 × 10−8












	(2)

	
Simulation results for rotor h4.4









In this simulation, #10 is used as one of the required measuring points and the other measuring points are at the locations of the two bearings and the four discs.
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Figure A1. The maximum identification error for each rotor unbalance in h4.4 based on SDA using #10 point as one of the required measuring points: (a) relative error for rotor unbalance amplitude; (b) absolute error for rotor unbalance angle. 






Figure A1. The maximum identification error for each rotor unbalance in h4.4 based on SDA using #10 point as one of the required measuring points: (a) relative error for rotor unbalance amplitude; (b) absolute error for rotor unbalance angle.
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Figure A2. The maximum identification error for each rotor unbalance in h4.4 based on TODA using #10 point as one of the required measuring points: (a) relative error for the rotor unbalance amplitude; (b) absolute error for the rotor unbalance angle. 






Figure A2. The maximum identification error for each rotor unbalance in h4.4 based on TODA using #10 point as one of the required measuring points: (a) relative error for the rotor unbalance amplitude; (b) absolute error for the rotor unbalance angle.
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	(3)

	
Simulation results for rotor g1.4









In this simulation, #20 is used as one of the required measuring points and the other measuring points are #15, #90, #21, #41, #61, and #81, which are the locations of the two bearings and the four discs.
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Figure A3. The maximum identification error for each rotor unbalance in g1.4 based on SDA using #20 point as one of the required measuring points: (a) relative error for the rotor unbalance amplitude; (b) absolute error for the rotor unbalance angle. 






Figure A3. The maximum identification error for each rotor unbalance in g1.4 based on SDA using #20 point as one of the required measuring points: (a) relative error for the rotor unbalance amplitude; (b) absolute error for the rotor unbalance angle.
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Figure A4. The maximum identification error for each rotor unbalance in g1.4 based on TODA using #20 point as one of the required measuring points: (a) relative error for rotor unbalance amplitude; (b) absolute error for rotor unbalance angle. 






Figure A4. The maximum identification error for each rotor unbalance in g1.4 based on TODA using #20 point as one of the required measuring points: (a) relative error for rotor unbalance amplitude; (b) absolute error for rotor unbalance angle.
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Appendix B


	(1)

	
Simulation results for g1.1 and h1.1







In this simulation, #60 and #30 are used as one of the required measuring points for g1.1 and h1.1, respectively, and the other measuring points are at the locations of the two bearings and the disc.
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Table A2. The maximum identification error for the disc calculated by SDA and TODA.






Table A2. The maximum identification error for the disc calculated by SDA and TODA.





	
Methods

	
Rotor Unbalance

	
G1.1

	
H1.1






	
SDA

	
Amplitude

	
5.000000007

	
5.000000013




	
Angle

	
5

	
5.000000008




	
TODA

	
Amplitude

	
5.000000108

	
5.000000022




	
Angle

	
5.000003329

	
5.000000025












	(2)

	
Simulation results for rotor g1.4









In this simulation, #20 is used as one of the required measuring points and the other measuring points are #15, #90, #21, #41, #61, and #81, where the two bearings and the four discs are.
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Figure A5. The maximum identification error for each rotor unbalance in g1.4 based on SDA using #20 point as one of the required measuring points: (a) relative error for the rotor unbalance amplitude; (b) absolute error for the rotor unbalance angle. 
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Figure A6. The maximum identification error for each rotor unbalance in g1.4 based on TODA using #20 point as one of the required measuring points: (a) relative error for the rotor unbalance amplitude; (b) absolute error for the rotor unbalance angle. 
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[image: Applsci 12 03865 g0a6]








	(3)

	
Simulation results for rotor h4.4









In this simulation, #10 is used as one of the required measuring points and the other measuring points are at the locations of the two bearings and the four discs.
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Figure A7. The maximum identification error for each rotor unbalance in h4.4 based on SDA using #10 point as one of the required measuring points: (a) relative error for the rotor unbalance amplitude; (b) absolute error for the rotor unbalance angle. 
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Figure A8. The maximum identification error for each rotor unbalance in h4.4 based on TODA using #10 point as one of the required measuring points: (a) relative error for the rotor unbalance amplitude; (b) absolute error for the rotor unbalance angle. 
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Appendix C


	(1)

	
Simulation results for g4.4







In this simulation, #20, #40, #60, and #80 points are used, respectively, and the other m + n measuring points are at the discs and bearings.


  S D A _ M  1   g 4  4   =  [         7.74        7263.22     4675809.49     38337218.12       290.65        4.75        15819.92     131153.82       47436.53     2396.85        270.45        2287.39       2659853.86     134047.34     11889.74        4.97         ]     



(A1)






  S D A _ M  2  g 44   =  [         0.70          176.85     179.33     178.63       94.64        8.20        177.39     179.98       179.58     170.81        19.58        104.65       171.64     177.59     138.72        1.63         ]   



(A2)






  T O D A _ M  1  g 44   =  [         2.72 ×   10  3         2.20 ×   10  5      6.15 ×   10  8      5.97 ×   10  9        4.66 ×   10  4         5.71 ×   10  3         7.17 ×   10  6      6.97 ×   10  7        7.48 ×   10  6      3.64 ×   10  4         4.97 ×   10  4         1.78 ×   10  5        3.49 ×   10  9      1.60 ×   10  7      6.20 ×   10  6         1.27 ×   10  4          ]   



(A3)






  T O D A _ M  2  g 44   =  [         172.85          177.23     173.68     175.19       179.57        115.55        179.88     179.76       179.98     179.66        178.09        179.98       179.92     179.92     179.91        177.42         ]   



(A4)




where   S D A _ M  1  g 44     and   S D A _ M  2  g 44     are the matrix of the maximum identification error for rotor unbalance amplitude and the angle of #1 to #4 discs under different adjustment point conditions using SDA;   T O D A _ M  1  g 44     and   T O D A _ M  2  g 44     are the matrix of the maximum identification error for rotor unbalance amplitude and the angle of #1 to #4 discs under different adjustment point conditions using TODA.
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Figure A9. Statistical results of the number of AFPs of rotor unbalance of each disc in the simulation of g4.4 using #20 point as one of the required measuring points and a 0.1 nm resolution: (a) results of unbalance amplitude; (b) results of unbalance angle. 
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Figure A10. Statistical results of the number of AFPs of rotor unbalance of each disc in the simulation of g4.4 using #40 point as one of the required measuring points and a 0.1 nm resolution: (a) results of unbalance amplitude; (b) results of unbalance angle. 
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Figure A11. Statistical results of the number of AFPs of rotor unbalance of each disc in the simulation of g4.4 using #60 point as one of the required measuring points and a 0.1 nm resolution: (a) results of unbalance amplitude; (b) results of unbalance angle. 
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Figure A12. Statistical results of the number of AFPs of rotor unbalance of each disc in the simulation of g4.4 using #80 point as one of the required measuring points and a 0.1 nm resolution: (a) results of unbalance amplitude; (b) results of unbalance angle. 
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	(2)

	
Simulation results for h1.4









In this simulation, #10, #20, #30, and #40 points are used, respectively, and the other m + n measuring points are at the discs and bearings.


    S D A _ M  1  h 14   =  [         62.06        377.46     15340.98     8311.13       495.48        9.29        5473.69     3128.49       1050.54     302.84        146.67        515.27       1741.08     422.80     650.49        42.56         ]             



(A5)






  S D A _ M  2  h 14   =  [         21.67          176.86     178.86     179.80       119.47        7.69        172.06     179.22       142.30     139.97        136.16        163.97       140.05     83.30     170.82        12.68         ]   



(A6)






  T O D A _ M  1  h 14   =  [         678.59        11343.28     126989.97     68381.74       9068.03        611.79        96905.97     20941.13       41233.01     8545.67        4524.67        5890.04       91145.20     24188.79     18490.77        294.55         ]     



(A7)






  T O D A _ M  2  h 14   =  [         151.57          171.11     179.62     179.20       175.38        134.00        179.86     177.95       176.74     165.76        173.57        179.56       179.20     179.39     179.86        107.60         ]   



(A8)




where   S D A _ M  1  h 14     and   S D A _ M  2  h 14     are the matrix of the maximum identification error for rotor unbalance amplitude and the angle of #1 to #4 discs under different adjustment point conditions using SDA;   T O D A _ M  1  h 14     and   T O D A _ M  2  h 14     are the matrix of the maximum identification error for rotor unbalance amplitude and the angle of #1 to #4 discs under different adjustment point conditions using TODA.
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Figure A13. Statistical results of the number of AFPs of rotor unbalance of each disc in the simulation of h1.4 using #10 point as one of the required measuring points and a 0.1 nm resolution: (a) results of unbalance amplitude; (b) results of unbalance angle. 
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Figure A14. Statistical results of the number of AFPs of rotor unbalance of each disc in the simulation of h1.4 using #20 point as one of the required measuring points and a 0.1 nm resolution: (a) results of unbalance amplitude; (b) results of unbalance angle. 
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Figure A15. Statistical results of the number of AFPs of rotor unbalance of each disc in the simulation of h1.4 using #30 point as one of the required measuring points and a 0.1 nm resolution: (a) results of unbalance amplitude; (b) results of unbalance angle. 
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Figure A16. Statistical results of the number of AFPs of rotor unbalance of each disc in the simulation of h1.4 using #40 point as one of the required measuring points and a 0.1 nm resolution: (a) results of unbalance amplitude; (b) results of unbalance angle. 
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	(3)

	
Simulation results for h4.4









In this simulation, #10, #20, #30, and #40 points are used, respectively, and the other m + n measuring points are at the discs and bearings.


  S D A _ M  1  h 44   =  [         0.10        40.21     648.96     330916.69       32.56        1.24        5473.69     5238.11       438.92     44.95        4.46        61.05       132071.11     3609.63     402.43        1.49         ]   



(A9)






  S D A _ M  2  h 44   =  [         0.03        45.47     179.93     178.81       25.58        0.22        114.52     179.55       179.59     12.10        6.72        47.90       179.90     178.59     71.69        0.15         ]   



(A10)






  T O D A _ M  1  h 44   =  [         0.73        764.47     28245.31     862557.51       3091.55        10.72        469.71     34447.58       43906.69     387.83        16.43        624.62       9631294.06     30595.13     267.13        6.50         ]   



(A11)






  T O D A _ M  2  h 44   =  [         0.56        179.40     179.89     179.22       172.28        6.54        179.54     179.97       178.12     143.85        5.10        166.32       179.77     174.86     167.72        5.17         ]   



(A12)




where   S D A _ M  1  h 44     and   S D A _ M  2  h 44     are the matrix of the maximum identification error for rotor unbalance amplitude and the angle of #1 to #4 discs under different adjustment point conditions using SDA;   T O D A _ M  1  h 44     and   T O D A _ M  2  h 44     are the matrix of the maximum identification error for rotor unbalance amplitude and the angle of #1 to #4 discs under different adjustment point conditions using TODA.
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Figure A17. Statistical results of the number of AFPs of rotor unbalance of each disc in the simulation of h4.4 using #10 point as one of the required measuring points and a 0.1 nm resolution: (a) results of unbalance amplitude; (b) results of unbalance angle. 
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Figure A18. Statistical results of the number of AFPs of rotor unbalance of each disc in the simulation of h4.4 using #20 point as one of the required measuring points and a 0.1 nm resolution: (a) results of unbalance amplitude; (b) results of unbalance angle. 
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Figure A19. Statistical results of the number of AFPs of rotor unbalance of each disc in the simulation of h4.4 using #40 point as one of the required measuring points and a 0.1 nm resolution: (a) results of unbalance amplitude; (b) results of unbalance angle. 
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Figure A20. Statistical results of the number of AFPs of rotor unbalance of each disc in the simulation of h4.4 using #40 point as one of the required measuring points and a 0.1 nm resolution: (a) results of unbalance amplitude; (b) results of unbalance angle. 
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Figure 1. A multi-disc and multi-span rotor-bearing system. 
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Figure 2. Identification procedures of SDA and TODA. 
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Figure 3. Rotors supported by rolling bearings: (a) single-span single-disc rotor (g1.1); (b) single-span four-disc rotor (g1.4); (c) four-span four-disc rotor (g4.4). 
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Figure 4. Rotors supported by oil journal bearings: (a) single-span single-disc rotor (h1.1); (b) single-span four-disc rotor (h1.4); (c) four-span four-disc rotor (h4.4). 
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Figure 5. The maximum identification error for each rotor unbalance in h1.4 based on SDA using #10 point as one of the required measuring points: (a) relative error for the rotor unbalance amplitude; (b) absolute error for the rotor unbalance angle. 
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Figure 6. The maximum identification error for each rotor unbalance in h1.4 based on TODA using #10 point as one of the required measuring points: (a) relative error for the rotor unbalance amplitude; (b) absolute error for the rotor unbalance angle. 
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Figure 7. The maximum identification error for each rotor unbalance in g4.4 based on SDA using #20 point as one of the required measuring points: (a) relative error for the rotor unbalance amplitude; (b) absolute error for the rotor unbalance angle. 
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Figure 8. The maximum identification error for each rotor unbalance in g4.4 based on TODA using #20 point as one of the required measuring points: (a) relative error for the rotor unbalance amplitude; (b) absolute error for the rotor unbalance angle. 
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Figure 9. Identification error changed with rotating frequency based on TODA using #20 point as one of the required measuring points in the simulation of g.4.4: (a) rotor unbalance amplitude of #3 disc; (b) rotor unbalance angle of #3 disc; (c) rotor unbalance amplitude of #4 disc; (d) rotor unbalance angle of #4 disc. 
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Figure 10. The maximum identification errors of each rotor unbalance in h1.4 based on SDA using #10 point as one of the required measuring points: (a) relative error for the rotor unbalance amplitude; (b) absolute error for the rotor unbalance angle. 






Figure 10. The maximum identification errors of each rotor unbalance in h1.4 based on SDA using #10 point as one of the required measuring points: (a) relative error for the rotor unbalance amplitude; (b) absolute error for the rotor unbalance angle.
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Figure 11. The maximum identification error for each rotor unbalance in h1.4 based on TODA using #10 point as one of the required measuring points (the other measuring points are at the location of the two bearings and the four discs): (a) relative error for the rotor unbalance amplitude; (b) absolute error for the rotor unbalance angle. 
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Figure 12. The maximum identification error for each rotor unbalance in g4.4 based on SDA using #20 point as one of the required measuring points: (a) relative error for the rotor unbalance amplitude; (b) absolute error for the rotor unbalance angle. 
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Figure 13. The maximum identification error for each rotor unbalance in g4.4 based on TODA using #20 point as one of the required measuring points (the other measuring points are at the location of the two bearings and the four discs): (a) relative error for the rotor unbalance amplitude; (b) absolute error for the rotor unbalance angle. 






Figure 13. The maximum identification error for each rotor unbalance in g4.4 based on TODA using #20 point as one of the required measuring points (the other measuring points are at the location of the two bearings and the four discs): (a) relative error for the rotor unbalance amplitude; (b) absolute error for the rotor unbalance angle.
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Figure 14. Identification error changed with rotating frequency based on TODA using #20 point as one of the required measuring points in the simulation for g.4.4: (a) rotor unbalance amplitude of #3 disc; (b) rotor unbalance angle of #3 disc; (c) rotor unbalance amplitude of #4 disc; (d) rotor unbalance angle of #4 disc. 
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Figure 15. Statistical results of the number of AFPs of rotor unbalance for each disc in the simulation of g1.4 using #20 point as one of the required measuring points and using a 0.1 nm resolution: (a) results for the unbalance amplitude; (b) results for the unbalance angle. 
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[image: Applsci 12 03865 g015]







[image: Applsci 12 03865 g016 550] 





Figure 16. Statistical results of the number of AFPs of rotor unbalance for each disc in the simulation of g1.4 using #40 point as one of the required measuring points and using a 0.1 nm resolution: (a) results for the unbalance amplitude; (b) results for the unbalance angle. 
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Figure 17. Statistical results of the number of AFPs of rotor unbalance for each disc in the simulation of g1.4 using #60 point as one of the required measuring points and using a 0.1 nm resolution: (a) results for the unbalance amplitude; (b) results for the rotor unbalance angle. 
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Figure 18. Statistical results of the number of AFPs of rotor unbalance for each disc in the simulation of g1.4 using #80 point as one of the required measuring points and using a 0.1 nm resolution: (a) results for the unbalance amplitude; (b) results for the unbalance angle. 






Figure 18. Statistical results of the number of AFPs of rotor unbalance for each disc in the simulation of g1.4 using #80 point as one of the required measuring points and using a 0.1 nm resolution: (a) results for the unbalance amplitude; (b) results for the unbalance angle.



[image: Applsci 12 03865 g018]







[image: Applsci 12 03865 g019 550] 





Figure 19. Identification error changed with frequency based on TODA for the first kind of g.4.4 simulation in which the proposed adjustment points (#60 and #80 points) are applied: (a) rotor unbalance amplitude of #3 disc; (b) rotor unbalance angle of #3 disc; (c) rotor unbalance amplitude of #4 disc; (d) rotor unbalance angle of #4 disc. 
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Figure 20. Identification error changed with frequency based on TODA for the second kind of g.4.4 simulation in which the proposed adjustment points (#60 and #80 points) are applied: (a) rotor unbalance amplitude of #3 disc; (b) rotor unbalance angle of #3 disc; (c) rotor unbalance amplitude of #4 disc; (d) rotor unbalance angle of #4 disc. 
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Figure 21. Identified rotor unbalance changing with frequency in g1.4 using a 0.1 nm resolution: (a) obtained rotor unbalance amplitude; (b) obtained rotor unbalance angle. 
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Figure 22. Identified rotor unbalance changing with frequency in g1.4 using a 1 nm resolution: (a) obtained rotor unbalance amplitude; (b) obtained rotor unbalance angle. 
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Figure 23. Identified rotor unbalance changing with frequency in g1.4 using a 0.1 um resolution: (a) obtained rotor unbalance amplitude; (b) obtained rotor unbalance angle. 
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Figure 24. Identified rotor unbalance with frequency in g1.4 using a 1 um resolution: (a) obtained rotor unbalance amplitude; (b) obtained rotor unbalance angle. 
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Table 1. Meanings of symbols in the computational example of the rotor.
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	Parameter
	Meaning





	r_shaft
	Radius of the shaft



	p_shaft
	Density of the shaft



	E_shaft
	Elastic modulus of the shaft



	L_shaft
	Length of the shaft



	r_disc
	Radius of the disc



	p_disc
	Density of the disc



	E_disc
	Elastic modulus of the disc



	L_disc
	Width of the disc
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Table 2. Parameters of the rotor shafts in the rotors.






Table 2. Parameters of the rotor shafts in the rotors.





	Parameter
	Value
	Parameter
	Value





	r_shaft of rotor g1.1, g1.4 and g4.4
	10 × 10−3 m
	L_shaft of the rotor g1.4
	1200 × 10−3 m



	r_shaft of rotor h1.1, h1.4 and h4.4
	15 × 10−3 m
	L_shaft of the rotor g4.4
	1600 × 10−3 m



	p_shaft
	7800 kgm−3
	L_shaft of the rotor h1.1
	1400 × 10−3 m



	E_shaft
	2.1 × 1011 Pa
	L_shaft of the rotor h1.4
	1400 × 10−3 m



	L_shaft of the rotor g1.1
	800 × 10−3 m
	L_shaft of the rotor h4.4
	3600 × 10−3 m
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Table 3. Parameters of the eccentric discs in the rotors g1.1, g1.4, and g4.4.






Table 3. Parameters of the eccentric discs in the rotors g1.1, g1.4, and g4.4.













	Parameter
	Value
	Parameter
	Value
	Parameter
	Value





	    m  1 u     
	0.12031 kg
	    m  2 u     
	0.15 kg
	    m  3 u     
	0.01 kg



	    e 1    
	50 × 10−3 m
	    e 2    
	10 × 10−3 m
	    e 3    
	20 × 10−3 m



	    α 1    
	225°
	    α 2    
	120°
	    α 3    
	−120°



	    m  4 u     
	0.10 kg
	r_disc of #1 disc
	60 × 10−3 m
	p_disc of of #1~#4 disc
	7800 kgm−3



	    e 4    
	15 × 10−3 m
	r_disc of #2~#4
	50 × 10−3 m
	E_disc of of #1~#4 disc
	2.1 × 1011 Pa



	    α 4    
	−170°
	L_disc of of #1~#4 disc
	10 × 10−3 m
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Table 4. Parameters of the eccentric discs in the rotors h1.1, h1.4, and h4.4.
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	Parameter
	Value
	Parameter
	Value
	Parameter
	Value





	    m  1 u     
	0.05 kg
	    m  2 u     
	0.15 kg
	    m  3 u     
	0.01 kg



	    e 1    
	30 × 10−3 m
	    e 2    
	10 ×10−3 m
	    e 3    
	20 × 10−3 m



	    α 1    
	45°
	    α 2    
	90°
	    α 3    
	170°



	    m  4 u     
	0.10 kg
	r_disc of #1–4 disc
	50 × 10−3 m
	p_disc of of #1~#4 disc
	7800 kgm−3



	    e 4    
	15 × 10−3 m
	L_disc of of #1~#4 disc
	10 × 10−3 m
	
	



	    α 4    
	−170°
	E_disc of of #1~#4 disc
	2.1 × 1011 Pa
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Table 5. Parameters of the eight oil journal bearings in the rotors.
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	Parameter
	Value
	Parameter
	Value





	    [       k  1 ⋅ x x        k  1 ⋅ x y          k  1 ⋅ y x        k  1 ⋅ y y        ]    
	   [      9 ×   10  6      1 ×   10  6        − 6 ×   10  6      4 ×   10  6       ]    N/m
	    [       k  2 ⋅ x x        k  2 ⋅ x y          k  2 ⋅ y x        k  2 ⋅ y y        ]    
	   [      3 ×   10  6      0.6 ×   10  6        − 1.5 ×   10  6      1 ×   10  6       ]    N/m



	    [       c  1 ⋅ x x        c  1 ⋅ x y          c  1 ⋅ y x        c  1 ⋅ y y        ]    
	   [      8 ×   10  5      − 1 ×   10  5        − 1 ×   10  5      10 ×   10  5       ]    N·s/m
	    [       c  2 ⋅ x x        c  2 ⋅ x y          c  2 ⋅ y x        c  2 ⋅ y y        ]    
	   [      1 ×   10  5      − 1.4 ×   10  5        − 1.4 ×   10  5      1.5 ×   10  5       ]    N·s/m



	    [       k  3 ⋅ x x        k  3 ⋅ x y          k  3 ⋅ y x        k  3 ⋅ y y        ]    
	   [      4 ×   10  6      7 ×   10  6        − 1.6 ×   10  6      1.1 ×   10  6       ]    N/m
	    [       k  4 ⋅ x x        k  4 ⋅ x y          k  4 ⋅ y x        k  4 ⋅ y y        ]    
	   [      4.5 ×   10  6      0.9 ×   10  6        − 2 ×   10  6      1.4 ×   10  6       ]    N/m



	    [       c  3 ⋅ x x        c  3 ⋅ x y          c  3 ⋅ y x        c  3 ⋅ y y        ]    
	   [      2 ×   10  5      − 1.5 ×   10  5        − 1.5 ×   10  5      1.6 ×   10  5       ]    N·s/m
	    [       c  4 ⋅ x x        c  4 ⋅ x y          c  4 ⋅ y x        c  4 ⋅ y y        ]    
	   [      1 ×   10  5      − 2 ×   10  5        − 2 ×   10  5      2 ×   10  5       ]    N·s/m



	    [       k  5 ⋅ x x        k  5 ⋅ x y          k  5 ⋅ y x        k  5 ⋅ y y        ]    
	   [      5 ×   10  6      1.5 ×   10  6        − 2.5 ×   10  6      2 ×   10  6       ]    N/m
	    [       k  6 ⋅ x x        k  6 ⋅ x y          k  6 ⋅ y x        k  6 ⋅ y y        ]    
	   [      3 ×   10  6      1 ×   10  6        − 1 ×   10  6      4 ×   10  6       ]    N/m



	    [       c  5 ⋅ x x        c  5 ⋅ x y          c  5 ⋅ y x        c  5 ⋅ y y        ]    
	   [      2 ×   10  5      − 3 ×   10  5        − 3 ×   10  5      3 ×   10  5       ]    N·s/m
	    [       c  6 ⋅ x x        c  6 ⋅ x y          c  6 ⋅ y x        c  6 ⋅ y y        ]    
	   [      1 ×   10  5      − 0.6 ×   10  5        − 0.6 ×   10  5      2 ×   10  5       ]    N·s/m



	    [       k  7 ⋅ x x        k  7 ⋅ x y          k  7 ⋅ y x        k  7 ⋅ y y        ]    
	   [      3 ×   10  6      6 ×   10  6        − 1.5 ×   10  6      1 ×   10  6       ]    N/m
	    [       k  8 ⋅ x x        k  8 ⋅ x y          k  8 ⋅ y x        k  8 ⋅ y y        ]    
	   [      4 ×   10  6      7 ×   10  6        − 1.6 ×   10  6      1.1 ×   10  6       ]    N/m



	    [       c  7 ⋅ x x        c  7 x y          c  7 ⋅ y x        c  7 ⋅ y y        ]    
	   [      4 ×   10  5      − 1.4 ×   10  5        − 1.4 ×   10  5      1.5 ×   10  5       ]    N·s/m
	    [       c  8 ⋅ x x        c  8 ⋅ x y          c  8 ⋅ y x        c  8 ⋅ y y        ]    
	   [      7 ×   10  5      − 1.5 ×   10  5        − 1.5 ×   10  5      16 ×   10  5       ]    N·s/m
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Table 6. Parameters of the eight rolling bearings in the rotors g1.1, g1.4, and g4.4.






Table 6. Parameters of the eight rolling bearings in the rotors g1.1, g1.4, and g4.4.





	Parameter
	Value
	Parameter
	Value





	    [       k  1 ⋅ x x        k  1 ⋅ x y          k  1 ⋅ y x        k  1 ⋅ y y        ]    
	   [      1.8 ×   10  7     0     0    1.84 ×   10  7       ]    N/m
	   [       k  j j ⋅ x x        k  j j ⋅ x y          k  j j ⋅ y x        k  j j ⋅ y y        ]     ,   j j   = 2 to 8
	   [      9 ×   10  6     0     0    8.9 ×   10  6       ]    N/m



	   [       c  1 ⋅ x x        c  1 ⋅ x y          c  1 ⋅ y x        c  1 ⋅ y y        ]   ,
	   [      75    0     0    70      ]    N·s/m
	   [       c  j j ⋅ x x        c  j j ⋅ x y          c  j j ⋅ y x        c  j j ⋅ y y        ]     ,   j j   = 2 to 8
	   [      80    0     0    75      ]    N·s/m
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Table 7. Statistical results of peak values outside the assumed allowable range when the resolution is 0.1 nm.
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Disc

	
Unbalance

	
Value

	
Value

	
Value

	
Value






	
#1

	
Amplitude

	
(10.84%, 1 Hz)

	
-

	
-

	
-




	
Angle

	
-

	
-

	
-

	
-




	
#2

	
Amplitude

	
-

	
-

	
(42.54%, 645 Hz)

	
-




	
Angle

	
-

	
-

	
-

	
-




	
#3

	
Amplitude

	
(26.02%, 1 Hz)

	
(257.24%, 269 Hz)

	
-

	
(20.64%, 1265 Hz)




	
Angle

	
(19.49°, 1 Hz)

	
-

	
(11.72°, 645 Hz)

	
-




	
#4

	
Amplitude

	
-

	
-

	
-

	
-




	
Angle

	
-

	
(16.259°, 269 Hz)

	
-

	
-
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Table 8. Statistical results of peak values outside the assumed allowable range when the resolution is 1 nm.
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Disc

	
Unbalance

	
Value

	
Value

	
Value

	
Value






	
#1

	
Amplitude

	
(83.36%, 1 Hz)

	
-

	
-

	
-




	
Angle

	
-

	
-

	
-

	
-




	
#2

	
Amplitude

	
(95.6%, 1 Hz)

	
(42.54%, 269 Hz)

	
-

	
-




	
Angle

	
(32.5°, 1 Hz)

	
-

	
-

	
-




	
#3

	
Amplitude

	
(242.24%, 1 Hz)

	
(257.24%, 269 Hz)

	
(11.64%, 645 Hz)

	
(20.64%, 1265 Hz)




	
Angle

	
(108.42°, 1 Hz)

	
(57.41°, 271 Hz)

	
(11.72°, 645 Hz)

	
-




	
#4

	
Amplitude

	
-

	
-

	
-

	
-




	
Angle

	
(165.08°, 1 Hz)

	
(16.259°, 269 Hz)

	
-

	
-
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Table 9. Statistical results of peak values outside the assumed allowable range when the resolution is 0.1 um.
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Disc

	
Unbalance

	
Value

	
Value

	
Value

	
Value






	
#1

	
Amplitude

	
(695.26%, 4 Hz)

	
(19.45%, 268 Hz)

	
-

	
-




	
Angle

	
(140.04°, 4 Hz)

	
(10.86°, 268 Hz)

	
-

	
-




	
#2

	
Amplitude

	
(597.53%, 4 Hz)

	
(22.7%, 270 Hz)

	
-

	
-




	
Angle

	
(94.44°, 4 Hz)

	
-

	
-

	
-




	
#3

	
Amplitude

	
(1722.04%, 8 Hz)

	
(262.49%, 268 Hz)

	
-

	
(11.76%, 1268 Hz)




	
Angle

	
(120.31°, 16 Hz)

	
(20.6°, 270 Hz)

	
-

	
(11.3°, 1268 Hz)




	
#4

	
Amplitude

	
(853.26%, 6 Hz)

	
-

	
-

	
-




	
Angle

	
(165.1°, 10 Hz)

	
(10.04°, 270 Hz)

	
-

	
-
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Table 10. Statistical results of peak values outside the assumed allowable range when the resolution is 1 um.






Table 10. Statistical results of peak values outside the assumed allowable range when the resolution is 1 um.





	
Disc

	
Unbalance

	
Value






	
#1 disc

	
Amplitude

	
-




	
Angle

	
-




	
#2 disc

	
Amplitude

	
-




	
Angle

	
-




	
#3 disc

	
Amplitude

	
(11.73%, 1264 Hz)




	
Angle

	
(11.56°, 1268 Hz)




	
#4disc

	
Amplitude

	
-




	
Angle

	
-
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Table 11. First three critical frequencies of g1.4 from 1 Hz to 2000 Hz.
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	First Order
	Second Order
	Third Order





	269 Hz
	645 Hz
	1267 Hz
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Table 12. Statistical results of peak values of identification errors of rotor unbalance for #1 disc in g1.4.






Table 12. Statistical results of peak values of identification errors of rotor unbalance for #1 disc in g1.4.





	
Sensor Resolution

	
Low Frequency (1 Hz)

	
First Order (269 Hz)

	
Second Order (645 Hz)

	
Third Order (1267 Hz)






	
0.1 nm

	
(10.84%, 1 Hz)

	
(2.02%, 271 Hz)

	
(0.31%, 643 Hz)

	
(0.42%, 1267 Hz)




	
(2.12°, 1 Hz)

	
(1.47°, 271 Hz)

	
(0.32°, 645 Hz)

	
(0.32°, 1267 Hz)




	
1 nm

	
(83.36%, 1 Hz)

	
(1.92%, 269 Hz)

	
(0.31%, 643 Hz)

	
(0.42%, 1267 Hz)




	
(8.77°, 1 Hz)

	
(1.45°, 271 Hz)

	
(0.32°, 645 Hz)

	
(0.32°, 1267 Hz)




	
0.1 um

	
(695.26%, 4 Hz)

	
(19.45%, 268 Hz)

	
(0.65%, 646 Hz)

	
(0.62%, 1266 Hz)




	
(140.04°, 4 Hz)

	
(10.86°, 268 Hz)

	
(0.55°, 646 Hz)

	
(0.45°, 1262 Hz)




	
1 um

	
Cannot be identified

	
Cannot be identified

	
Cannot be identified

	
(0.63%, 1266 Hz)




	
Cannot be identified

	
Cannot be identified

	
Cannot be identified

	
(0.45°, 1262 Hz)

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file81.jpg
o so  toso  1s00 200 S0 100 150
Niox) P G — i e by wsng
5 'l emew —maschifing b #80 point s adjusimant pint
g #a0pontas adfsimentpont | F i
£ £ (o451 81000129
5 (5082 400056) g0 I L
g g
s g 5 _[“wiww ==miuctywiy
1S | — Soofcal " anpani s agssmantpin
§uwrh #60 poin 2 adjusiment pint 3 pitn
= T - (270
[ £
b 5 of
e i
5 g memm S,.[ @sm —wzdschyuing
H — w2 disc by using i #40 point a adustment pint
[ i0pontas adstmentpont 3 £
€ e &
g osfism) O g i 5o
S o o wsos casom)
2 poosn T ————
: — 1 dscby using H 11461720 Pt acstment point
£ #20point a5 adjusment point Saf] 1
2 afl ez Be
% @som oo
H sory  (aerom
£ oofld = i q
Tequency (Hz) Trequency (Ha)

@ (b)





media/file13.jpg
maximum relative enror of identfied
o bane anoids )
8855

—a—using SOA anane &
ol uamaancs amplte

marium ol srorof

—e—using SDA and hé 4
“oorunanca gl

B wzae

P

o

e

CIT™
®)

wae





media/file4.png
maximum relative error of identified

0.00

rotor unbal

| —=— using TODA and h4.4

rotor unbalance amplitude 0.05991

0.03111

1.86582x10° /3 21084x10*

) ] 1
#2 disc #3 disc #4 disc

(a)

1
#1 disc

maximum absolute error of
identified rotor unbalance angle (°)

] —=— using TODA and h4.4

0.0209 rotor unbalance angle 0.01906
0.015 4

0.010 4

0.005 4

-6
0.000 - R0 5 a7158x10°
1 ! 1 !
#1 disc #2 disc #3 disc #4 disc

(b)





media/file78.png
relative error of the amplitude of

relative error of the amplitude of

identified rotor unbalance (%)

identified rotor unbalance (%)

0.004 -

11(0.00359, 1) #3 disc
0.003 4 using TODA
0.002
0.001
0.000 .
//
5 1,(,) 1OIOO 20l00
0 5 frequency (Hz)
(a)
#4 disc
0.000241(2.04046E-4, 1) using TODA
0.0001 -+
0.0000 -
’ | IIII 1 1
0 5 10 1000 2000
frequency (Hz)

(c)

absolute error of the angle of

absolute error of the angle of

0.0020 - #3 disc
> (0.00193, 1) using TODA
(b}
e 0.0015-
I
(]
o)
S 0.0010-
o)
o
< 0.0005 -
2
=
S 0.0000- -
I I,II 1 1
0 5 10 1000 2000
frequency (Hz)
(b)
#4 disc
¢20.000069, (5 84276E-5, 1) using TODA
3
C
(]
0.00004 -
o)
C
-
(@]
50.00002 -
©
@
“GE‘Jo.ooooo - .
.-9 ' 1 IIII I I
1 2
0 > 10 frequgg(c);y (Hz) 000
(d)





media/file73.jpg
$1000-
o
§ 700-
o
§ 300-

£a0l

s e R I L
o
——son } —son
" oon f B ——T008
0 w0 gt L 314 3m0 460 ot
o 3 0 .
“® % 400 352
= 300 1)
i o1
£ o
#1disc #2disc #3disc #4disc . #1disc #2disc #3disc. #4disc
@ ()





media/file52.png
maximum relative error of identified

0.0010 -

0.0005 -

| —=— using TODA and h1.4
rotor unbalance amplitude 0.00102

]| —=— using TODA and h1.4 4
rotor unbalance angle 4.41457x10

0.0004 -

0.0002 -

1.6262x10™

5.47386x10

maximum absolute error of

rotor unbalance amplitude (%)

identified rotor unbalance angle (°)

1.14223x10° 5 4 68235x107 5
0.0000 = w 2.66709x10 0.0000 220229XT0 o 1.59148x10
1 1 ' 1 ' 1 1 v 1 ' 1 ' 1
#1 disc #2 disc #3 disc #4 disc #1 disc #2 disc #3 disc #4 disc

(a) (b)





media/file39.jpg
Number of AFPs of unbalance ampitude

H

RERN]

o

i

@

——soA
—roba
44 ana #40 cint

[ ey

ango

Numberof AFPs of unbaance

3888

H

e

2t

(b)

e son
—rooa

4.4 and 40 point

nee

e





media/file18.png
Number of AFPs of unbal

1000 1001
800 - 934
508 —&— SDA
6007 —e— TODA
400 g4.4 and #20 point
200
| 11

5 I\

54 0 0
-10 ] T I | !

#1 disc #2 disc #3 disc #4 disc

(a)

[0} 1001

© 1 913

S 800-

o y —=— SDA

S 600+ —e— TODA

'§ 400 - g4.4 and #20 point

S 200-

P - 20

=] 9

4 TN—

e} -

g 0 )

e

é’ -10 T T T T
#1 disc #2 disc #3 disc #4 disc

(b)





media/file21.jpg
00,

g
H
i
5

i ¥ = %
— .
et H
a8 pon H 4
L a3 5 —e—sDA -
s ot N
£ 944 2nd #60 point 5
3 H
2 a1 2
5 ol
#1disc #2disc #3disc #adisc & #disc #2disc #3disc #4disc
(a) (b)





media/file44.png
,W

| Multi-disc and multi- span
and rotor-bearing system

Z1d

] IT .

Z(i+1)b Z(n-1)b] Zmd

I 1L

Positions of Positions of Rotor’s
inherent || measured ||w Y2 Y+ Ds Y-bs Yaors | measured inherent
parameters points X2s X+ s X(n-Ds X Ds points parameters

Yua Ymd .
* * X14 Xmd ‘ *
\ 4 l \ 4 \ 4
Unbalance responses in time domain: A-cos(w- t+a)
v
Dimensionless unbalance responses in frequency domain: A/( 7 L) -[cos(a )+i‘sin(a)] Calculate H;
Calculate H, using
llSillg Eq(4) ‘ Uls, Uzs, Uis, U(i+1)s9 ...... N U(n_l)s, Uns, U(n+1)s, ‘ ‘ Vlsa V2s9 ------ 9Vis9 V(i+1)s9 ’ V(n-l)sa Vnsa V(n+1)s9 E(]. 12)
............ » Upe Vids coeeees Vi s Vine
\ 4 $ \ 4 y 4
¥ v
| Calculate H, using Eq.(5) 1 | Calculate Cyq, ...... » Cma using Eq.(18) | I Calculate H, using Eq.(13)
SDA 2

Calculate rotor unbalance (m;,-e;,, a)
using Eq.(8) and Eq.(10)

TODA
| Calculate rotor unbalance (m;,-e;,, a) using Eqs.(20-21) |

Calculate rotor unbalance
(m;, €y, a) using Eqs.(16-17)

SDA






media/file26.png
000 -

1000

995

944
793

71

—a— SDA
—eo— TODA

h1.4 and #10 point
435

Number of AFPs of unbalance amplitude

I ] 1
#2 disc #3 disc #4 disc

(a)

I
#1 disc

Number of AFPs of unbalance angle

1000 4

800 -

600 -

400 1

999

987

949
840

73
733
—s— SDA
—eo— TODA
h1.4 and #10 point

382

1 1 I
#2 disc #3 disc #4 disc

(b)

I
#1 disc





media/file57.jpg
L] : i :
15 g |1 g
i i
7 z = ) z T
P = e

o s o 003 oMo

g 008

- B

@

i

g TOO

a0 soua imosas

ED

oty )

@

©





media/file55.jpg
—e—using T00A IR 944 —a—using TODA and 044

3 e icilenlog 12814577, T8, e g 21—
: il
H HE
H i,
H £
H s i
i 7:52405x10° 017108 g 28199710 /o008
W m W WR nm o em eh W

@ ()





media/file7.jpg
—a—using TO0A andg1.4
oo noatance ot

Y

aanr

iy

or g

sazssot_foome

maximum relatve error of dentifed
oo

—a— g TODR AN 914

oo unbatanc angie o879

mainum sbsol erorof

e

s | mae | mee | s

@

s | szase

(b)

wae

onc





media/file63.jpg
Tolgrunbaganc o ()

maximum relative eror of identiied
H

—a—using SRt 904 —e—using SDA and g4.4
otorunbalance amplude & '3 6.5+ rotorunbatance ange %
H

H
i, S &
) T Y S i mum | wes
(a) (b)





media/file28.png
989

1001

899
85
81

—=— SDA
—e— TODA
h1.4 and #20 point

642

I I I
#2 disc #3 disc #4 disc

(a)

I
#1 disc

o
5984 -
% -
0943 -
8 ]
5902~
3861 -
% i
= 8201
o J
L779-
Ll_ -
<738 -

5697-

e .
€656
=]

088

782

1001 965

92

—s— SDA
—e— TODA
h1.4 and #20 point

67 666

1
#1 disc

I 1 1
#2 disc #3 disc #4 disc

(b)





media/file10.png
maximum relative error of identified

(%)

de

r unbalance arrcljplitu
( ( 2
(@»]
(@»]
w
1

5 0005- —®—using SDA and g1.4
4 rotor unbalance amplitude

5.0004

5.0002 +
- N
5.0001 QQQ
(@] ] Q.) Q.)Q
§5.0000- ] u
1 1
#1 disc #2 disc

maximum absolute error of
identified rotor unbalance angle (°)

5.0002 -

5.0001 -

| —a— using SDA and g1.4
5.0003 4 rotor unbalance angle

5.0000 4 m2—

5.00002

1
#1 disc

1
#2 disc

(b)

I
#3 disc

I
#4 disc





media/file49.jpg
|| —e-vsoasomananra - gazzseexio”
oo ntalncs oo

@

maxiem relative ermor of identified

ot sotancs g

—a—using SDAand 1.4
vt et unwaancnarde

seasammto’

JR RS —
s | mes | mae | s L Y PR P
@





media/file71.jpg
2o0] of TooT
8 su0. =
o0, ) I
o0, ——s0A
s —e—TODA

0. 1.4 ana #40 point

0.
100-

same | mus | mps | sedsc #ose | mase | sose | sosc

(a) (b)






media/file11.jpg
| —=—using TODA andg1.4 —a—using TODA and 914

e Fof AR

g grlges) o

B P ) e D ) ) T
(@) ()





media/file6.png
maximum relative error of identified

7 —_ '4_
_6.0x10"4 —=—using SDA and g1.4 m.5.87292x10™ ";;3'5)(10 | —m—using SDA and g1.4
S 1 rotor unbalance amplitude 'S ©3.0x10*+ rotor unbalance angle m 3.01014x10"
©5.0x107 1 5 @ n
= ‘ 4.49309x10°™ & $2.5x10™
54.0x107 - L5 y
£ = '©2.0x107-
23.0x10™ - -
DLO. 1
= S 21.5x10°
« 4 e = “
2.0x10™ 1
& 0 £ S1.0x107-
> 4 =< bih) <
~1.0x10™ © &= 5
5 _ , & =5.0x10°- 5 0674710
5 1.71852x10 0 S 7 : x10
2 004m . o 7959179 | | S 0] 206206x107 1 04119x10° .
. . . . 1 v I v I v !
#1 disc #2 disc #3 disc #4 disc #1 disc #2 disc #3 disc #4 disc

(a) (b)





media/file88.png
800 1000 1200 1400 1600 1800 2000 2‘300 . 10|00 . 12'00 ' 14|00 . 16|00 . 18|00 . 2000

I ' : | ——#4 disc by using

(1264,1.49) . . _
#80]point as adjustment point

L) . | ) l . ) l
(1268.3.47) —#.4 disc by. using . N i
#80 Jpoint as adjustment point

-
w
|

)
)
l L)

—
N
l ]

= O -
00 |

1 L | L | L | L | A 1 2 | 1 | — | 1 | L -
(1264,11.73) #60)point as adjustment point 10 | #60| point as adjustment point -
8.8 |- 8 |- -
6 _'
4.4 4L -
0.0 2 .
. I L I I L O ot atediuterin thullr e sy i S AR
I ——#2 disc by using - —#2 disc by using -
1.0 50 |- i

o
o
l L)

o
o
!

| L | 2 | 2 | 2 |
Olpoint as adjustment point

| 2 | 1 | 2 | 2
—#1 disc by using
#20|point as adjustment point -

4o L (1262,0.45)

o
o
!

relative error of identified rotor unbalance amplitude by #1 algorithm(%)

= a.gsolu.ée e_(_r)or ofsj)dengfiedprotocg unbalance angle by #1 algorithm(°® )

04 28 |- -
0.2 |- 14 |- -
00 = 00 L ik v T T " st
| L ] L 1 ] 1 ] 1 ] 1 ] 1 ] 1 ] 2 |
960 1200 1440 1680 1920 960 T200 1440 1680 T920
frequency (Hz) frequency (Hz)

(a) (b)





media/file36.png
Q@
)]

Number of AFPs of unbalance an

1000 4

800 -

991

988

877

600 -
400{ = SDA
200 - h4.4 and #20 point
- 143
O I I I I
#1 disc #2 disc #3 disc #4 disc
(a)

itude

—

Number of AFPs of unbalance amp

000 -

(@) oo
o o
o o
| |

400

200

o

991

989

840

—a— SDA
—e— TODA

h4.4 and #20 point 269

1 1 I
#2 disc #3 disc #4 disc

(b)

1
#1 disc





media/file15.jpg
e using TO0A ana a4
oo unbance ampit.

—a—using TODA and b4
Totrsaaance snge

CITr™
(@)

(b)





media/file62.png
maximum relative error of identified

| —=— using TODA and h1 .4
5.00006 A rotor unbalance amplitude

5.00004 -

rotor unbalance amplitude (%)

5.00002 4
LO
5.00000 - =2
1 ' I ' 1 v I
#1 disc #2 disc #3 disc #4 disc

(a)

maximum absolute error of
identified rotor unbalance angle (°)

5.00008 -
5.00006 -
5.00004 -

5.00002 -

—m— using TODA and h1.4
rotor unbalance angle

i @/
5.00000 - =

®5.00005

1
#1 disc

I
#2 disc

(b)

1
#3 disc

1
#4 disc





nav.xhtml


  applsci-12-03865


  
    		
      applsci-12-03865
    


  




  





media/file84.png
relative error of identified rotor unbalance amplitude by #1 algorithm(%)

0 500 1000 1500
T T

2000

[ 1(1,17.48)

——#4 disc by using
#80 point as adjustment point

(267,6.46)

t l (645,0.82)(809,0.66)

1(1267,7.61)

| 2 | 2

1,242.24) 169,257 23)

——#3 disc by using

#60 point as adjustment point
(1265,20.64)

(645,11.64)

po

- (1,95.60)

(269.42.54) #2 disc by using
| #40 point as adjustment point

(64514-33) (1263,1.42)

oul L

(1,83.36)

——#1 disc by using
#20 point as adjustment point

- (269,1.92) (643 0.31) (1267,0.42)
" ,

550 ' T360
frequency (Hz)

(a)

I
O

0 500 1000 1500 2000
200 : J : L 1
150 [ (1,165.08) ——#4 disc by using -
0"\ 0 #80 point as adjustment point ]
E 100 H -
= .
T 50 -
S (269,16.25) (1265,4.15) .
2 0 A .
® 100 {T0842) ——#3disc by USINg X
-y 50 _l (271,57.41)  #60 point as adjustment point -
o L | (ea5,11.72) :
10.6=F (1267,7.76) T
®© 53 -I A | I -
8 3 -
e 00 i
8 53¢} -
8 [ 1 1 ] 1 N
§ prliLEzezsd) ——#2 disc by using ]
S L #40 point as adjustment point |
(@)
o == (267.8.60) =
2L 8F —
=2 4F (1265,0.80) -
() 0 . 2
° I i
"'6 '4 - 1 1 1 —
g g4 ly(1877)  ——#1 disc by using B
o #20 point as adjustment point ]
()
= 561 -
re I i
é 28 H (271,1.45) i
- (645,0.32) (1267,0.32) -
L5 ] ‘L. 4| ) - ]
0 580 1360
frequency (Hz)
(b)





media/file54.png
maximum relative error of identified

—— USing SDA and g44 - 0.28694
1 rotor unbalance amplitude
0.16497
1 4.70411x10° :
G4.70411x10 5.00642x10
1 1 1 1
#1 disc #2 disc #3 disc #4 disc
(a)

maximum absolute error of

—1.8-

L1.6-
g) o
o 1.4 -
9 ]
© 1.2+
= ]
©1.04
0 .
50.8-
(@)
aé-O.G-_
- 0.4 -
Ko -
=0.2-
C

$0.0-

—m— ysing SDA and g4.4

rotor unbalance angle 1.57779

41912x10*

1 0.12378
./

1.49579x10”
[ |

|
#1 disc

| | |
#2 disc #3 disc #4 disc

(b)





media/file2.png
—a— using SDA and h4 .4
rotor unbalance amplitude

m 0.06881

0.01974

5.36771x10° /'1.16818x10°

maximum absolute error of
dentified rotor unbalance angle

maximum relative error of identified

] v I v ] v I
#1 disc #2 disc #3 disc #4 disc

(a)

-1.0x10°

& 8.0x107 7

7.0x107° 1
6.0x10° -
5.0x10° -
4.0x10° -
3.0x10° -
2.0x10° -
1.0x10°-

0.0-

—a—using SDA and h4 .4
rotor unbalance angle

3.53421x1 0°

a” 7.94246x10°

] v ] v ] v ]
#1 disc #2 disc #3 disc #4 disc

(b)





media/file53.jpg
Oxt0"] —e—using SORaG04s o sgges
510
Zoa0
w0

iyt

an

1 0ct0
oo

o g

maximum relative emor of identified

—a—usng

Lass79010”

oA and 4.4

157778,

L ) Sy S

=

e
o

e

e





media/file23.jpg
Number of AFPs of unbalance

o o H] ——son 01
——TODA 5 Zooo. —=—TODA 4
4.4 and #80 point H 4.4 and #80 point

Fooo.

%0

!

i §
[y e e e ) ) )

(a) (b)





media/file83.jpg
‘error of identified rotor unbalance ampitude by #1 algorithm(%)

9 s w0 s 20 00 MO 000 150
o —wt dso by vy
e e )
— it disc by usng 2 480 ot s adsimentpein
caradey #80einiassosimentp g
- : G 1625 (12854.15)
wsomemosn 5 ol om s
rarrt 5 wprEE by
ez 2 "OH @rsran #60 point as adjustment point
3 e by vsing 5 ]
. 220 pori a5 adimant sl Sl - o
bt e £er
o 8o
o 53
2
100 [ (1.95.60) s (13225 ——#2 disc by using.
B cuscsg—ragsctyung N 440 point 2 ausimant ot
5B 1 “hao point as adusiment o 3, 270 e
! -
= il ausom
o s e i
w E
B0 4401870 ——#1 discby using
B e t =
o F20poniss sgsimenipent & £ 56
ool emimenen  gaan ] i
o a0l
E Teaueney (2] Teauency (2]

(a)

(b)






media/file59.jpg
H
g

)
g g &

maximu relative error of identified
P
H
g

—ausig SOAana 114
Totrinance amprsde

i

e
@

e






media/file24.png
—=— SPDA 1001
—e— TODA
g4.4 and #80 point

985

13 33
1 I 1 I
#1 disc #2 disc #3 disc #4 disc
(a)

©

o

o
|

600

300 -

o
1

—a— SDA 1001
—e— TODA 979
g4.4 and #80 point

0 0 1

Number of AFPs of unbalance amplitude

1 1 1
#2 disc #3 disc #4 disc

(b)





media/file29.jpg
76
= w5 w2
4 e i
729 Ze—s0A
——ToDA

.4 and #30 point

St W e

&

——s0A
——toDA
1.4 ana #30 point

s | sese | mam | s

@

S | szasc | souse | swsc

(b)





media/file1.jpg
—ausing SOAII NS po0681
ot unbatnce ampltude

e using SoA IO 144
T unhaanca npa 0007114454

w,
£f

so0°
pres
000"

gaa7ici0” 14t

L ssatexto

marium sbaoe o of

Sdenbd oor sralanca an

sz’

10x10°
Sose | s g #easc e | waw | ses | was

@ ()





media/file72.png
994 999
929
82
662

—s— SDA
—e— TODA
1.4 and #40 point

Number of AFPs of unbalance amplitude

1 1 1
#2 disc #3 disc #4 disc

(a)

1
#1 disc

Number of AFPs of unbalance angle

1000 4
900 -
800 -
700 -
600 -
500 -
400 -
300 -
200 -

100 4

088 1001

835

720

787

—s— SDA
—eo— TODA
g1.4 and #40 point

531

1 1 ]
#2 disc #3 disc #4 disc

(b)

1
#1 disc





media/file12.png
maximum relative error of identified

.0+ — 8.5- .
50 J —m—using TODA and g1.4 b { —m—using TODA and g1.4
§7_5 - rotor unbalance amplitude bibq x s ? 8.04 rotor unbalance angle q;\%l
g E o 75_-
E?.O- © § 7
SR 5 2 7.0-
%6.5- S 9 .
Q . 8 % 2 6.5
£6.0 - ~ €8 ]
= <t S5 O 6.0- <
2 3 £ 3 1 A &
5997 S 52554 & S
S ] 0 EE 1o ©
5.0 - 350w
I ! | v T v T T T T T I T I
#1 disc #2 disc #3 disc #4 disc #1 disc #2 disc #3 disc #4 disc

(a) (b)





media/file9.jpg
. 14 S |-e—umsoaandgre

320 | e e 3 geome] o

§0n i x

}hoo g

Hoot 2 foun

oo " £

N & H

§ s.0000. 5.0000-

* #1osc #2asc #3asc #4dic. #1disc. #2disc. #3dsc w4
@ ®





media/file42.png
Z1d

Cna

Z(n-1)b

Zmd

Kn-1

Cn

Kn






media/file68.png
o
=)
o
N
O
» <
.ImD —~~
3m N
#* L
>
S o0
) N==
S oo
3
o
@
e
y—_
-
N “”m
ST}
M T T T T T T T T T T T T T T ©

MNOWMYTONTOOOOMNOWOTOMANTO

(,) ®uejequn JojoJ payiuapl
Jo 9|Bue ay} Jo J04Id B)NjoSqe

o

_O

o

AN

(&

(7] < —
3 3 N
30 g
# an,
2 Oc
= L O
3 25
on

()]

=

 —— S o

N ~—

\\\\\M - 10
.I_I-I_I-I_I_I_I_I_I_I_I-I_I/II-I_I-I_I-I_I-I_I-I_I-I_I-I_I-IIO

D000 OLHONONTON
S ©© TN
1

(9% ) @ouejeqUN 10]0J pPallluapI
10 apnjiidwe ay} Jo J0J1d BAle|al

140
120

(b)

(a)

2000

9 <
- QO -
5O J
#* 1 =
(@)
= 32
4 - S0
>
O
Qo
Y
< F
A [
—_ |
I | v //._._._._._._._._._. o
o o O HOMOLOTNNT—O
™ (q\| ~
(,) ®dueequn J0}0J paliuapl
Jo a|bue ay} Jo ol a)njosqe
(@)
_Oo
(@)
(q\|
9 <
S 0
< O ~
# N
o T
< 3%
[72] e
3 S2
(]
-
O
Qo
9 y—
—
—3
\_\ = L)
A RARERERARERERE\vansnsnsnsnsnsny el

m98765432

200

OO
OO
0 © <

1400
1200
1000

(9,) @ouejeqUN 10101 PalIUSPI
J0 apnyidwe ay} Jo 10113 aAle|al

(d)

(c)





media/file56.png
maximum relative error of identified

- ~ 25 -
1400 | —=— using TODA and g4 .4 1281 45771 M = —=— using TODA and g4.4
21200 < rotor unbalance amplitude ' S o rotor unbalance angle  21.8563 ® .
21200~ > € 20- 21.69524
21000 - S g
= ; L 5154
2 500 - S 1°
© - 8 _CC)
8 600 E - 104
(4] T -—
5 5%
® 400 £ =
c I X @ 5-
= 200 - S =
5 1 7.5240510° 0.17108 123.71543 f5 o] 1:81997x10% /003405
! ' I ' ! ' I I ' | ' | 1
#1 disc #2 disc #3 disc #4 disc #1 disc #2 disc #3 disc #4 disc

(a) (b)





media/file47.jpg
#1

# #2
1 A A 61
3 31 47
(a)
# #2  #3 #4

1 1719 12729 3,37 39 41
()





media/file38.png
Number of AFPs of unbalance angle

1000 -
950 -
900 -
850 -
800 -
750 -
700 4
650 -
600 1

606

990 991 983

—e— TODA
h4.4 and #30 point

I
#1 disc

1 I I
#2 disc #3 disc #4 disc

(a)

e

©
=

ty

Number of AFPs of unbalance ampli

OOO:
950:
900:
850:
800:
750
700:
650:

987 989

973

—a— SDA
—eo— TODA
h4.4 and #30 point
66l1 1 1 1
#1 disc #2 disc #3 disc #4 disc
(b)





media/file86.png
relative error of identified rotor unbalance amplitude by #1 algorithm(%)

0

500 1000 1500
T T

2000

l(e 853.26)

—— #4 disc by using
#80 point as adjustment point

(810,13.87)
(268,4.43) l (1266,3.30)

L

A l L mlllllll A
"

P |

| 2 | 1 |

- (8,1722.04)

—— #3 disc by using

l (268, 262 4913160 point as adjustment point

(6
' M kmgm (1264,11.76)

P P ||

P |

|

(4,597.53)
— #2 disc by using

(270,22.70)#40 point as adjustment point

L l (644 5.32)
(1268,1.63)

P |

|

(4,695.26)

—#1 disc by using
(205,19.49) 490 point as adjustment point

(646,0.65) (1266,0.62)

ol o el tadel L

21

580 ' 3650
frequency (Hz)

(a)

200 2 500 1000 1500

}gg 3 (10,165.10) 44 gisc by usmg
50k #80 point as adjustment point
‘lé = (270,10.04)
z 2 : oD (12641 50) :
= - 644,0.79 1. -
:_U -4 -| R | R | . 1 -
190 [{16.12031) ——#3 disc by using ]
'QQ) #60 point as adjustment point -
2 S0 [} (270,20.60) (1268,11.30) n
S (644,8.75) -
Q 4 u‘ 1(814,3.49) l 1
= | 1
g 0 - :

100 E, (4,94, 1 3
g 88 : A #2 disc by using c
© 38 #40 point as adjustment point =
2 -
S 8| (266572) .
I l (644,1.90) (1268,0.71) -
o | 1L i
o i
e 4 1 1 1 -
o
§ 150 | (4,140.04) —#1 disc by using
o 100 l #20 point as adjustment point
o 0| (268,10.86)
3 8
o
12}
- g ] (646,0.55) (1262,0.45) .

-4 " ; -
0 580 T360
frequency (Hz)

2000

LaWelslsly
"

(b)





media/file65.jpg
§ _1400] —e—using ToDA M 9o+ e uing TODA 944
3 0] e e 38, s .
2 $ooo 1] g
E £ 800 H 0. g
e e

o N H

H ¢ Ein] o
ol & 0]
£2 0 £5 518
£
= #ldsc  s2dsc  #3dsc  s4dsc #1disc #2dsc #3disc #4disc

() (b)





media/file17.jpg
g

‘Number of AFPs of unbalance ampitude:

H

Pl

g
o1 goo) oo
ol Sl o
g ——son
o ——son 3.
oo 3 ——To0a
g4 and #20 paint fuo 944 and #20 pint
s m "
o I 5
&
Nl ® ¢ ——,
~\ 1} - 2
3
§ b
#1disc #2disc #adisc #4disc = #1disc #2disc #disc  #4disc
(a) (b)





media/file60.png
maximum relative error of identified

5.00004 -

Q | —®—using SDA and h1.4
Py rotor unbalance amplitude a
©5.00003
%-
S
©5.00002
3
c
c
85.00001 4
c
2 ®
2 O
55.00000 4 m2—
1 I 1 1
#1 disc #2 disc #3 disc #4 disc
(a)

maximum absolute error of

%5.00018-:
©5.00016
© 5.00014
%5.00012-_
T 5.00010 -
S 5.00008 -
§5.00006-'

= 500004 -

o J
s;“::’ 5.00002 -

S 5.00000 -

—m— using SDA and h1.4
rotor unbalance angle

5.000170751 =

o] -
"~ 4.99998

#1 disc

I I
#2 disc #3 disc

(b)

I
#4 disc





media/file30.png
litude
o
o
o
|

950 -
900 -
850 -
800 -
750 -
700 4
650 -
600 -

976
804 795 23
72 —a— SDA
—eo— TODA

h1.4 and #30 point

550

Number of AFPs of unbalance ampli

| I I
#2 disc #3 disc #4 disc

(a)

1
#1 disc

984-
2 087 996 088
‘“943- 963
5902 7 —=— SDA
_0861 - —e— TODA 861
q_820- h1.4 and #30 point
D_779-
<'1738-
h697- 706
8656-
é’ T T T T
#1 disc #2 disc #3 disc #4 disc
(b)





media/file51.jpg
| e—usng T00A a4 —e—usng TODAnd 4 "

By | Y oo i Lo L.
2

H $Honn

o it

oo o H..

@ ®)





media/file82.png
relative error of identified rotor unbalance amplitude by #1 algorithm(%)

0 500 1000 1500 2000 20 0 500 1000 1500 2000
1 s 1 ' o T

y 1 . 1 . I e |
g Lj(1:9-82) (1267.7.61) | i (269,16.25) ' —— #4 disc by using
| (267,6.46) #4 disc by using - - #80 point as adjustment point
6 H #80 point as adjlistment point - =1 10F i
I | £ (1265,4.15)
s L i E= (645,1.88)(809,1.39)
I (645,0.82) (809,0.56) - S 0 L b L
0 ] 2 | . 2 A | 2 1 © 1 | A | 1 |
(269,257.24) 5 H* (271.5741) ——#3 disc by using
%gg e 04 #3 disc by using : 20 1.19.49 #60 point as adjustment point-
) #60 point as adjustment point ER % ¥ e diieed 1
18.9 (1265,20.64) = c T (1267,7.76) 5
i (645,11.64) e R c 8 -
6.3 k S 4T p
N — . s OF .
’ 1 . 1 . - 8 -4 1 1 | 1 =
E(269,42.54) 3 5 (267,860) —— #2 disc by using
- ——#2 disc by using c s8%4r #40 point as adjustment point ]|
= #40 point as adjustment point 3 S T
18.9F P ) P = = 56 | N
12.6 | - = I
N . £, g L(1,2.29) B
6.3 H1.346) (640.4.99) (1263,1.42) . S | (645,0.31) (1265,0.80)
ol : ] : . o) ) ] ) ] .
oo [y(1:10-84) A S o7 [,(1?12  ——#1 disc by using
| —#1 disc by using | $ ' (271,1_45)#20 point as adjustment point
6.6 - #20 point as adjustment point - 51.38 | -
L - o L -
33 H (271,2.02) (1267.042) = %-69 m (645,0.32) (1267,0.32) .
- - 1 (64i,|0.31) 7 l. ] ool ‘L| | |
550 ' T360 ' 0 ' 580 ' T360
frequency (Hz) frequency (Hz)

(a) (b)





media/file35.jpg
3 88§

Number of AFPs of unbalance ange
8

o7

0] 8y

600,
- ——son
e w] ZToon ,
4.4 and #20 point o] AmdiE0

Number of AEP3 of nbslance ampiude

Wase | szosc | soase | sadsc Hase | b Rwe | b

(a) (b)





media/file77.jpg
0l 0

Ly

®)

wealdRy ey -

%

wedSBy i

BN
ke

) souefqun cios payaiopt

109608 10 009 Sosae

INEEE
K gl

i

@

©





media/file48.png
#1

c





media/file27.jpg
0

o
——s0A
——TopA
1.4 3nd 220 point

o
o

Foon
S
£
2738.
Zoor

Eose.

—’/m(,:\u/zﬂ
o
——son

——ToDA
14 and #20 point

7

&

sase | s2osc

(a)

wose | saosc

o | szoec

(b)

wame | taasc





media/file3.jpg
3 g | e TOOR M —=—using TODA ana .4
P o s o

Ha

H

§ P

&

£ 0] s o

Ep LA

4 #idisc  mdisc  #3dsc  Sadisc Teiome | mose | smose | sadsc

(@

(b)





media/file74.png
Number of AFPs of unbalance amplitu

tude
o
o
o
]

995

900 4 980 987 988
800
’ —a— SDA
700 —e— TODA
600 g1.4 and #60 point
500 461
. 408
400 -
T 29
300-_ 34
200 1 | I I
#1 disc #2 disc #3 disc #4 disc
(a)

Number of AFPs of unbalance angle

1000 - -

i B g0 -\I
900 974 995 995 960
800 4

- —a— SDA
7007 —e— TODA
600 g1.4 and #60 point
500 412
400 352
300_- 271

- 01
200

I I ) 1
#1 disc #2 disc #3 disc #4 disc

(b)





media/file22.png
()]

©

21000 4 981 99 988
o

= —a— SDA

g 800~ —e— TODA

S 4 .4 and #60 point

T 6004 J P

re! 533

-

45 400 -

[72]

L 200

% ] 30 39

F) O _ 41
O

= T T T T

g #1 disc #2 disc #3 disc #4 disc

(a)

Number of AFPs of unbalance angle

1000
900
800
7004
600
500 1
400
3001
2001
1004

990 998 980

719

—s— SDA

—e— TODA

g4.4 and #60 point

134

o

I 1 1
#2 disc #3 disc #4 disc

(b)

I
#1 disc





media/file19.jpg
oo o0 95 1901

——sDA
——ToDA 800,
944 and #40 point

——soA
——T0DA
4.4 and #40 point

g g &

H

20
0y 2,

H

Number of APFs o unbalance
K

H
£
i
;

Vs | szosc | mesc | wadse Sase | was | samsc | s

(@) (b)





media/file66.png
maximum relative error of identified

1400 —=— using TODA and g4.4
&\011200 1 rotor unbalance amplitude
O
51 000
=
e 800+
9]
o 600 -
= o
S 400 + N N4
3 q° &
€ 200 S L y
o .
_200 1 I 1 I
#1 disc #2 disc #3 disc #4 disc

(a)

maximum absolute error of
identified rotor unbalance angle (°)

w
o
|

| —®—using TODA and g4.4
rotor unbalance angle

254 Q
0
(®)]
o)
20 4 ©
(a\|
15 4
10 N
S
1.0
Q.).
51 ——mm 8 8 K%y
1 I I 1
#1 disc #2 disc #3 disc #4 disc

(b)





media/file58.png
(@)
_Oo
(@)
(q\|
9 <
.Im D P
o O N
#* L
(@)
5 g
- H=10
3
O
(]
=
: AN
- LO)
T T T T T o
(@) o o
N ~
(,) ®uejequn 1ojoJ palyiuapl
Jo 9|bue ay} Jo JoJId |)njosge
(@)
)
(@)
(q\|
O
» < —
- — D Z
©
O L
#* >,
2 o2
= |me
S 1%.
(]
=
! HH/n|v
—- 10O
e T E— 1 o
(@) o (@) (@) (@) (@) o o
< (q\| (@] o0 (o] <t (a\|
b b b

(9%,) @ouejEqUN 1004 PalIUBPI
10 apnyiidwe ay} Jo 10418 BAle|al

(b)

(a)

2000

9 <
40 N
# - L
o >
S o0
) | OC
> oo
>
o
(]
¢+
-
— e
STe)
T T T ' T o
m o o
=

(,) ®duelequn J0j04 paliuapl
Jo 8|bue ay} Jo Jo.ie 3)njosge

o
)
o
N
o
» <
S 0
40 —~
H# N
o I
g o>
7] R
3 =h
(]
5
o
(]
¢+
NS
STe)
" T 7T T 171 °
O O O o o o o o
O O O © © o o
<t N O oo O ~~F
T - ™

(9%,) @ouejequn 10)0J paluspl
JO apnyidwe ayj JO 10413 aAle|al

(d)

(c)





media/file79.jpg
wf8y o

K\s:i“

®)

— o
g TODR

o 20

%

1ealS% o) -

%

[;u

@

som

iiied

o0 v o ooy
fosmia et

sonn

g 700N

ot

0

g §

(0 Suoequrions pa
10 oprdie o 4 50 onaERs

oo

@

©





media/file85.jpg
relative error of identified rotor unbalance amplitude by #1 algorithm(%)

=g b e oo
JEp— S BH " e sqosment o

ah o s saminpont § 3 P ol

pil | T € L ot i

i : g

20 @172200) ¥ 150 £ 162091 — #3 disc by using

B s g1 95ebyusg B e s o

e 8 %L cragenont = sz

ke 1

b} i

b e

400 ’—Hldnclyyusmy -4 45449 45 disc by using

25H amazr0420 pontassqusmentpomt 1. H #40 point a8 sdusiment point

it o awarm

B o e T

o i

P 34

oo fyl4ses) £ 10 fy 41000 ——#1 disc by using

0H e ang 1 dscbyusion g #20 pont s adusiment pont

ot roronsavamnson 3 3 Bl oo

e HE

beed (646065 (1266062) £ (646055)  (1262048)

Tirequency (Hz)

(@)

Trequency (Hz)

(b)






media/file40.png
oo o
o o
o o
| 1 | )

(@)

o

o
|

Number of AFPs of unbalance amplitude

991 iéﬂ 000 - o1
991 > !
3
2 800-
I
3 ' —a— SDA
5 6004 —e— TODA
—eo— TODA ° T h4.4 and #40 point
h4.4 and #40 point Q. 400+
?_: <
S 2004
g .
73 = 12
I ' I v I v ! 2 O ' . ' I . i I . i ' .
#1disc ~ #2disc  #3disc  #4disc #ldisc  #2disc  #3disc  #4disc

(a) (b)





media/file33.jpg
——soa

——ToDA

4.4 and #10 point

e

2o

(a)

srane

aue

H

H

g

——s0A
——To0A
44 and #10 point

H

3

Number of AFPs o unbalance angie

sose | sas | susc | sadsc

(b)





media/file80.png
#4 disc
S ¢ 5.00006 4
; E’ (5.00006, 1) using TODA
o) O
c C
o ©
o ©5.00004 -
c O
=
S 2
S £5.00002
o
o 3
25
§ §5.00000- >
© = ' I v IIII I !
1 2
0 > 10 frequgggy (Hz) 000
(a)
S —~
0 &
S ¢5.0000+
ol = #4 disc
E o using TODA
C o
=
= 24.9999-
o 8
« O
9 | -
o O
o 9
2 249998
= C4, -
58 (4.99979, 1)
9 /1
' 1 A 4 1 1
0 5 10 1000 2000
frequency (Hz)
(¢)

absolute error of the angle of
identified rotor unbalance (°)

relative error of the amplitude of

identified rotor unbalance (%)

#3 disc

5.0020 -
(6.00193, 1) using TODA
5.0015 -
5.0010 -
5.0005 -
5.0000 - ,
I Illl ! )
0O 5 10 1000 2000
frequency (Hz)
(b)
5.004 4 (5.00377, 1) #3 disc
’ using TODA
5.003 -
5.002 -+
5.001 -+
5.000 -+ -
4.999 -
' I 1I,Il | !
0 5 10 red@y ey 2000





media/file32.png
o] -
21000 -
E_ -
E 950-

900 .
T 850-
3 800 -
w 750 =
D_ <

700 -
o 650 -

E 600 -

888

65

100
98

977

—a— SDA 917

—e— TODA
h1.4 and #40 point

714

I
#1 disc

I ] ]
#2 disc #3 disc #4 disc

(a)

Number of AFPs of unbalance angle

1008 -
960
9124
864 -
816 -
768 -
7204
672

624 4

000
963 985
947

—eo— TODA

h1.4 and #40 point
683

I I I I
#1 disc #2 disc #3 disc #4 disc

(b)





media/file14.png
maximum relative error of identified

5.08 - —~5.008 - .
_s507] using SDA and h4.4 “ Y | —a—using SDA and h4.4
X " ] rotor unbalance amplitude /\‘19’ ° E’ rotor unbalance angle =
@ 5.06 - o> 5 ©5.006 S
877 5 8 S
o : S =
£ 5.04 3 ©5.004
i 2 °c
§5.03- © o
- O
S 502 » € $5.002-
Q 1 q/Q £ 5
o017 o> 3 £ '
$5.00 ET5000{ w2—
o 1 ©
4.99 - ' T T T T T a T ' T ' T ' T
#1 disc #2 disc #3 disc #4 disc #1 disc #2 disc #3 disc #4 disc

(a) (b)





media/file67.jpg
o

] H
i &
i
S p o=t
i B it
] g

8z g LH
38 1 5
iz g 13 1
L i
Ik

m mmumméulizz

werequn oo pay
Spridue s jo oue.

si.

(d)

©





media/file41.jpg
.......

g s P o
o o g.m ug] Sxuw G






media/file37.jpg
83383888

Number of AFPs of unbalance angle

o

gm0

Lo
B S
§o .
——son i oo
——ToDA goo 4.4 an #30 point
e aanaopont fun
o
o
5 §oo] o
#disc  #2dsc  #dsc  sdisc § #idsc | #2dsc | #3dsc | #4disc
(a) (b)





media/file46.png
—

#1

15

#1

#1

(a)
#1 #2 #3 #4

#2

90

#2

121

51 3032 41 5052 £47072 g,
(c)

90





media/file45.jpg
#1
#1 #2
121

4
>

(b)
#1 #2 #3 #4

21 3032 41 5052 7072 gy
(©





media/file75.jpg
1 o 2
H —e T E0 £3

Sen] o7 @ 13 8ol of Bl

§ . W e on o
g 2 _—

3% = Tooa £ 0. —rooa

S 374 anas80pont s 314 nas80pont

: o

fao 3t

H T

50 £ o0

£ H

I e mee wke wae o s g | teom

(@ (®)





media/file16.png
maximum relative error of identified

5.07

{ —=—using TODA and h4 .4

oSy

$e5.06 4 rotor unbalance amplitude qébb‘
0505 -
E <
55.04 -
S >
o ] ™
<5.02 - P 0
- (1/ o
S ] D =
95 01 4 S o
S5 S
55.00 - S M
O -

499 1 | I !

#1 disc #2 disc #3 disc #4 disc

(a)

maximum absolute error of
identified rotor unbalance angle (°)

5.010 -
—m— using TODA and h4 .4
rotor unbalance angle
Q
S
@.
5.005 4
~
o
Q
o
&
N
Q.).
5.000 = LA
! ! 1 1
#1 disc #2 disc #3 disc #4 disc

(b)





media/file20.png
oo o

»

Number of AFPs of unbalance amplitude

o o
o o
1 P | )

o
o
1 2

1001

996

—a— SDA
—e— TODA
g4.4 and #40 point

194

I I I
#2 disc #3 disc #4 disc

(a)

I
#1 disc

1001

995

—a— SDA
—e— TODA
g4.4 and #40 point

227,

I I I
#2 disc #3 disc #4 disc

(b)

I
#1 disc





media/file50.png
maximum relative error of identified
rotor unbalance a

litude (%)

. 5 5 T .
—_—.— USing SDA and h1.4 .322562X10 ;)/ —— using SDA and h1.4
3x10° rotor unbalance amplitude = "f ©6.0x10” rotor unbalance angle 5.83537x10°
2.8886x10 o ®
(O]
22107 - S §4.0x10°-
? 2
% S
e 8
1x107° - 2 ©2.0x10° 1.93098x10°
—l
X O
- . g E -
- 6 - -9
0 J70545x107__uf1.4489x10 8 god 22090910 /5 .99272x107
v i ' ) ! ) ' a T ' T ' T ' T
#1 disc #2 disc #3 disc #4 disc #1 disc #2 disc #3 disc #4 disc

(a) (b)





media/file5.jpg
maximum relative error of identifed
o nogncy ot 4,

PR S T

—a—usig SORama 914

sz’
oo e gt

—a—usig $0Aand 14
3 Foouig+ roermonce s orosaxto’

L11es210’_ /raspincto®

@ ®)





media/file70.png
o

o

o
|

800 -

1001 979

744 /62

—a— SDA
—eo— TODA
g1.4 and #20 point

Number of AFPs of unbalance amplitude

] ] ]
#2 disc #3 disc #4 disc

(a)

]
#1 disc

Number of AFPs of unbalance angle

1001 990

1000
800 4 896
T 629 612
600 -
] —a— SDA
400 - —eo— TODA
] g1.4 and #20 point
200 -
l 117
0+ 57
I I 1 |
#1 disc #2 disc #3 disc #4 disc
(b)





media/file76.png
(O] -

T 21000 -

210004 > . 999
= 929 8 500 881

8 800 - 917 897 207 % 800 _ 861 575
S . z 7007 —=—SDA

5 600- SDA S 600+ —e— TODA

3 —e— TODA 2 - .

5 g1.4 and #80 point S 500 g1.4 and #80 point

5 4007 | Q400 -

(2] -

o < A

L 200 - = 3004

- - 5 200+

(@] S .

s 0- £ 100-

= v T v T v T 2 o ' . ) ' ' #4 a
§ #1 disc #2 disc #3 disc #4 disc #1 disc #2 disc #3 disc isc

(a) (b)





media/file87.jpg
1000 1200 1400 1630 1800 _2¢ 1000 1200 1400 1600 1800
Tr2sean) 7 # disc by Using ——#4 disc by using
int as acjustment point

)

(4149

thm(%)

oint as adjustment point

—— 7 Gec by vy
#ad]point as adjustment point

—— 73 dic by using
(1264.1173) #601point as adjustment point

2s81156)

— #2 disc by using.
1269079440 point as adjustment point

—#2 disc by using
1268159 aglocint as adjustment point

85 & 3

0sy — 1 GsG by using
#20]point as adjusiment point

T diac by veng
#20]point as adjustment point

(252045

[

relative error of identified rotor unbalance amplitude by #1 algoritt

. ahsolute eror of denfied rotos unbalance angle by #1 aigorihm(

&

“equency (Hz) requency (Hz)
@ (b)





media/file31.jpg
o

——son
—e—ToDA

.4 and #40 point

1

10

758,

&

——s0A
——ToDA

14 and #40 point

=

s

w2

(@

o

e

o

w2

(b)

e

i





media/file25.jpg
Number of AFPs of unbalance amglitude

Jo0 25 Z1o0 d f
o
0l H o
® Zwe
2 £
——son Pow] ——son
——ToDA £ —+—TODA
.4 and #10 point PR 14 30 #10 pont
5 w0 T
H P
#1disc #2disc. #3disc. #4disc = . . .. #dc
(a) (b)





media/file61.jpg
Lo o miefoohmdma e
i . e
e §Euome 7
i it
i Seonone
H i
i HE
Foe I
ot #10sc w20 30 w4 dse L
5 O
(b)





media/file8.png
maximum relative error of identified

e

rotor unbalance am

o

n ._\plitu!o\l’e (%

o

] —=— using TODA and g1.4
5 -

| rotor unbalance amplitude & 48837
0 -
54 1.50902
0 -
5 -

1 1.32266x10"
o4 a—

I ! 1 T T T T
#1 disc #2 disc #3 disc #4 disc

(a)

maximum absolute error of
identified rotor unbalance angle (°)

W
&)}
|

3.0 1
2.5-
2.0-
1.5-
1.0-
0.5
0.0-

| —m—using TODA and g1.4

rotor unbalance angle m 3.06879
B 0.09162
1..69764X1 0 o 0.02406 \n
I ' | I 1
#1 disc #2 disc #3 disc #4 disc

(b)





media/file64.png
maximum relative error of identified

5.20

N | —®—using SDA and g4.4
X rotor unbalance amplitude
05.15
©
=
=
55.1 0+
]
&)
&
T_§5-05 - QQ\
> \)
= o O
S5.00 = .2
o
I | | I
#1 disc #2 disc #3 disc #4 disc

(a)

maximum absolute error of
identified rotor unbalance angle (°)

o
&)}
I

o
o
I

o
&)}
I

o
o
I

| —m— using SDA and g4.4
rotor unbalance angle

6.57779

™
N
Q
& Qb‘Qb‘

=" - o

m n AN

1 1 1 1

#1 disc #2 disc #3 disc #4 disc

(b)





media/file43.jpg





media/file34.png
o

o

o
|

oo

o

o
|

600 -
400

200 -

o
1

991 979
991

—a— SDA
—e— TODA

h4.4 and #10 point 143

Number of AFPs of unbalance amplitude

] ] ]
#2 disc #3 disc #4 disc

(a)

]
#1 disc

<@
)]

Number of AFPs of unbalance an

1000 -
800 -
600 -
400 -

200 -

—a— SDA
—eo— TODA

h4.4 and #10 point
118

/5

1 1 1
#2 disc #3 disc #4 disc

(b)

1
#1 disc





media/file69.jpg
g

H

3 2

H

—e—sDA
——ToDA
g1.4and #20 point

——son
——Tooa
1.4 and #20 point

H

B

Bl

Number of AFPS o unbslance angie
H

W | szose | mose | wadsc #dse  sdsc  #dsc  sdsc

() (b)






