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Abstract

:

Blade tip-timing is one of the most widely used non-contact measurement methods for rotating blade vibration. The classic blade tip-timing method is to identify the vibration parameters of the blade based on the time of blade tip arrival to the tip-timing sensor installed on the casing. Since the vibration measurement of blade tip-timing is a serious under-sampling method, the blade resonance frequency is usually higher than the sampling frequency of the BTT data acquisition system, resulting in a large identification error of blade vibration parameters. In view of the above shortcomings, a blade vibration parameters identification method is proposed based on the mapping matching between the static waveform of the sensor and the dynamic waveform of the blade tip-timing. The modulation effects of different vibration displacements, velocities and vibration amplitudes on the tip-timing waveform of the sensor are analyzed. The vibration displacements and velocities of the blade tip passing through the sensor are obtained by the waveform mapping method, and then the vibration parameters of the blade are identified. The influence of the number of blade tip-timing sensors on the identification accuracy of the blade vibration parameters identification algorithm is observed based on the waveform mapping theory. The identification accuracy of waveform mapping method is compared with other methods. The results show that compared with the under-sampled time of arrival (TOA) data of classic BTT applications, the modulation of the sensor waveform output by blade vibration can provide additional data, and the waveform mapping method can not only reduce the number of sensors but also improve the identification accuracy of blade vibration parameters. The waveform mapping method has higher identification accuracy of blade vibration parameters compared with the waveform method in the reference.
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1. Introduction


As the key component of aero-engine, the rotor blade is subjected to loads such as high speed, high temperature, high pressure and various complex forces, which make it the most easily vibration parts. In order to reduce the risk of high cycle fatigue failure of blade vibration, the real-time monitoring of blade vibration is applied to ensure the safe operation of aero-engine.



The blade tip-timing method is one of the research hotspots in non-contact vibration monitoring of rotating blades. It develops on the basis of discontinuous phase method and pulse modulation method. Compared with other measurement methods, the blade tip-timing method is not only simple in structure and convenient in use, but also can measure the vibration of all blades at the same time.



The basic principle of the blade tip-timing method is to install the blade tip-timing sensors on the casing at the top of the blade and use the sensors to sense the arrival time of the blade. Due to the vibration of the blade, the arrival time of the blade would be ahead or behind. Through the use of different blade tip-timing processing algorithms to process the time series, the blade vibration information can be obtained [1].



The AMERICAN ALLIANCE for ADVANCING TEST WORK has regarded blade tip-timing measurement technology as an important online monitoring technology [2]. In recent years, the extensive research has been carried out on blade tip-timing vibration measurement technology abroad, such as the UNIVERSITY of MANCHESTER in the UNITED KINGDOM, HOOD COMPANY in the UNITED STATES, FOGALE COMPANY in FRANCE, ROTADATA COMPANY in the UNITED KINGDOM and MTU COMPANY in GERMANY [3,4,5,6]. This technology can be used to measure blade flutter, blade stress, blade fatigue and other abnormal blade vibration. In China, TIANJIN UNIVERSITY has firstly carried out research on the measurement of vibration parameters of non-contact rotating blades based on tip-timing [7,8,9]. In addition, the NATIONAL UNIVERSITY of DEFENSE TECHNOLOGY, BEIJING UNIVERSITY of CHEMICAL TECHNOLOGY and LIAONING UNIVERSITY of TECHNOLOGY have also conducted in-depth research on this technology [10,11,12,13,14,15].



According to the different number and distribution of sensors, different blade vibration forms and different test conditions, a variety of blade tip-timing vibration signal analysis algorithms are proposed. The velocity vector end trace method is also called the single-sensor method; only one blade tip-timing sensor is needed to obtain blade synchronous vibration information [16]. In this method, the rotating speed is changed gradually; that is, the exciting frequency of the blade is changed, and the amplitude and phase of synchronous vibration of the blade are also changed accordingly, so the vibration displacement curve obtained is also changed according to certain rules. The basic principle of the two parameter method, also known as the double-sensor method, is to obtain two groups of blade vibration displacement signals by using two blade tip-timing sensors distributed according to a certain angle on the basis of the velocity vector end trace method [17,18]. Taking these two groups of displacement signals as the horizontal and longitudinal coordinates, an elliptic curve can be obtained. According to the relevant parameters of the ellipse (major and minor axis, inclination angle, etc.), the synchronous vibration amplitude and frequency doubling of the blade can be calculated. The autoregressive method is based on the principle of autoregression and the single-mode single degree of freedom model, at least four blade tip-timing sensors are needed to identify the blade vibration parameters, and the angle distribution between sensors is equal as far as possible. Four vibration displacements at different times of the blade are obtained, and every revolution and the vibration frequency, vibration amplitude and the other parameters of the blade are obtained through the autoregressive linear equations [19]. The uniform distribution method and “5 + 2” method distribute the multi blade tip-timing sensors evenly around the casing and improve the sampling frequency of the corresponding vibration signal [20].



Because the blade tip-timing vibration measurement is a seriously under-sampling method, the blade resonance frequency is usually higher than the sampling frequency of the BTT data acquisition system, which leads to large identification error of blade vibration parameters. This has aroused people’s desire for the new measurement and signal processing methods [21,22,23,24,25,26,27]. Ref. [28] proposes a new identification approach based on nonlinear free vibration decay. The nonlinear free response of the system was determined by the coupling of generalized variation iteration and the modified differential transformation methods.



The waveform of the blade tip-timing sensor can be used as an additional information source for blade vibration analysis, which enriches the traditional blade tip-timing data. In [29,30,31], the importance of sensor waveform analysis and the need for new signal processing technology are pointed out. Ref. [30] proposed a method for blade vibration identification based on the whole sensor signal waveform, which significantly improved the available data volume of BTT sensor. However, the error between the identified resonance frequency and the real resonance frequency is large. The method needs further improvement to improve its identification accuracy. In Ref. [32], a method for identifying blade vibration parameters of turbomachinery based on blade tip-timing and tip clearance sensor waveforms is proposed. Since there is noise in the measured waveform signal, the iterative convergence analysis method, increasing the number of optimized waveforms, is needed to identify the blade vibration parameters, which is time-consuming and is not suitable for real-time monitoring of blade vibration.



Aiming at the shortcomings, a method of blade vibration parameter identification is proposed based on the mapping of sensor static waveform and dynamic waveform. The chapters of this paper are as follows: Section 2 presents the theory of waveform mapping method; the influence of different parameters on the waveform shape is observed in Section 3; Section 4 analyzes the influence of number of sensors on the identification accuracy of waveform mapping method; Section 5 summarizes the main conclusions.




2. Waveform Mapping Theory


2.1. Static Calibration of Sensor Waveform


When the blade tip-timing sensor is used to measure the tip-timing data of the given thickness blade, the output voltage waveform of the blade tip-timing sensor  U  mainly depends on the radial distance between the blade tip and the sensor probe  h  and the angle between the blade center line and the sensor center line  α  (i.e., the coincidence degree between the blade tip and the sensor probe). The output voltage can be expressed as


  U = U ( h , α ) .  



(1)







The sensor waveform is calibrated in the static state. First of all, we are given a blade tip radial clearance value, then we change the included angle to measure the output voltage value of different angles. Secondly, we are given the next blade tip radial clearance value, then we change the included angle to measure the output voltage value of different included angles, and so on. Finally, in the range of radial clearance measurement and coincidence degree, the output voltage values under different radial clearance angles is obtained. The calibrated output waveform group of the sensor is obtained by data fitting.



The static calibration system mainly consists of a radial calibration system and circumferential calibration system, as shown in Figure 1. The radial calibration system consists of manually fine-tuning the X–Y displacement platform, the blade tip-timing sensor and its fixing bracket. During the radial calibration, we adjust the Y-direction micrometer head to ensure that the center line of the blade and the center line of the sensor overlap as much as possible. Then, the X-direction micrometer head is adjusted to make the sensor move with the bracket fixed on the displacement platform along the X direction, and then the radial distance between the sensor probe and the blade tip is adjusted. The circumferential calibration system consists of an R-direction manual fine-tuning rotation platform, a fixed bracket, a circumferential adjustment plate and other components. The fixing bracket is connected with the fixing hole on the operating platform. The rotation platform is connected with a fixing bracket by bolts, and a circumferential adjusting plate is fixed on it. During the circumferential calibration, the rotation platform is first set to rough shift, and the rotation platform is rotated to move the blade and sensor into the center position. Then, the rotation platform is adjusted to the fine-tuning gear, the R-direction micrometer head is rotated to drive the circumferential regulating plate to rotate and then the blade is slightly rotated to complete the circumferential calibration.



When the blade tip clearance  h  is a fixed value, the output voltage of the sensor can be expressed as follows:


  U = f ( x ) ,  



(2)




where  x  is the circumferential displacement of the blade tip relative to the OPR sensor and  f  is the fitting static calibration waveform function.




2.2. Dynamic Measurement of Blade Tip Timing Sensor Waveform


The output voltage of the sensor can be expressed as follows:


  U = g ( t ) .  



(3)







Here,  t  is the time interval between the blade tip-timing sensor and the OPR sensor. When the blade tip is not entering the measurement range of blade tip-timing sensor (coincidence degree), the output voltage is 0.  g  is the measurement waveform function.




2.3. Identification of Blade Vibration Parameters Based on Waveform Mapping Method


The single harmonic vibration equation of blade is as follows:


  Δ x ( t ) =  A 0  sin (  N e  Ω t + φ ) + C ,  



(4)




where   Δ x ( t )   is the blade tip vibration displacement,    A 0    is the vibration amplitude of blade tip,    N e    is the excitation order,  Ω  is the rotational speed,  φ  is the vibration initial phase and  C  is the vibration constant offset.



The position of the first blade root coincides with that of the OPR groove in the axial direction. When the first blade tip passes through the first tip-timing sensor, the circumferential displacement of the first blade tip relative to the OPR sensor is as follows:


  x ( t ) =  A 0  sin (  N e  Ω t + φ ) + C + R Ω t ,  



(5)




when the blade tip rotates into the sensor measurement range; that is, when   x ( t ) ∈ [ R  α 1  − R  α  max   , R  α 1  + R  α  max   ]  ,  R  is the blade tip radius,    α 1    is the angle between the first blade tip-timing sensor and the OPR sensor and    α  max     is the maximum angle between the blade center line and the sensor center line in the measurement range.



According to the mapping relationship between the dynamic test voltage waveform and the static calibration voltage waveform of blade tip timing sensor, as shown in Figure 2, in the same monotone interval, the data points with the same voltage values of the two waveforms are in the same time state; that is:


  g ( t ) = U = f ( x ( t ) ) .  



(6)







The inverse function of Equation (6) is solved as follows:


  x ( t ) =  f  − 1     g ( t )   .  



(7)







Substituting Equations (4) and (5) into Equation (7), and sorting out the following results,


  Δ x ( t ) =  A 0  sin (  N e  Ω t + φ ) + C =  f  − 1     g ( t )   − R Ω t .  



(8)







When the time of the first blade passing through the  i -th data point of the first waveform of the first blade tip timing sensor is    t i   , then Equation (8) becomes:


   Δ x (  t i  ) =  A 0  sin (  N e  Ω  t i  + φ ) + C =  f  − 1     g (  t i  )   − R Ω  t i    ,   i = 1 , 2 , ⋯ , n .   



(9)







Here,  n  is the number of data points in the waveform.



Let


  Y =   (      f  − 1     g (  t 1  )   − R Ω  t 1       f  − 1     g (  t 2  )   − R Ω  t 2     ⋯     f  − 1     g (  t  n − 1   )   − R Ω  t  n − 1        f  − 1     g (  t n  )   − R Ω  t n      )  T   



(10)






  B =       cos (  N e  Ω  t 1  )     s i n (  N e  Ω  t 1  )    1      cos (  N e  Ω  t 2  )     s i n (  N e  Ω  t 2  )    1     ⋮   ⋮   ⋮      cos (  N e  Ω  t  n − 1   )     s i n (  N e  Ω  t  n − 1   )    1      cos (  N e  Ω  t n  )     s i n (  N e  Ω  t n  )    1       



(11)






  Z =        z 1         z 2         z 3        =        A 0  sin φ        A 0  cos φ      C       



(12)







Equation (9) is expressed in matrix form:


  Y = B Z .  



(13)







The range of the main excitation order of a rotating machinery can be estimated, since the excitation order    N e    is a natural number. We select a certain range of excitation order, substitute its value into Equation (13) and use the least square method to solve the corresponding solution vector. The solution vector is as follows:


   Z k  =   (  B T  B )   − 1    B T  Y .  



(14)







Equation (14) is substituted into Equation (13), and the measured vibration displacement value  Y  is subtracted, then the residual is


   E k  = B  Z k  − Y ,  



(15)




where    E k    is a column vector of element    e  k j    , j = 1, j = 2 …… j = n − 1. The deviation between the traversal value and the actual measured value is expressed by root mean square of residual error, and the formula is as follows:


   S k  =       ∑  i = 0   n − 1     e  k i  2     n    .  



(16)







It is assumed that the actual excitation order of blade synchronous vibration is    N e ∗    and the theoretical displacement residual is    S ∗    = 0; that is, the coefficient matrix and solution vector corresponding to the excitation order    N e ∗    completely satisfy Equation (13). However, there are various errors in the actual blade vibration measurement; the condition for    S k    to take the minimum is the traversal excitation order    N  e k   =  N e ∗   . The excitation order    N  e k   =  N e ∗    corresponding to the minimum value    S k    is obtained through the excitation order traversal process, and the nonlinear least square method in Equations (14)–(16) is used to solve the corresponding solution vector    Z ∗   . According to the vibration frequency, vibration amplitude, initial phase and constant offset formulae in Equations (17)–(20), the synchronous vibration parameters of blade are obtained.



Vibration frequency:


  ω =  N e  ⋅ Ω .  



(17)







Vibration amplitude:


   A 0  =    z 1  ∗ 2   +  z 2  ∗ 2     .  



(18)







Initial phase:


  φ =       arctan (    z 1 ∗     z 2 ∗    )      z 2 ∗  > 0       arctan (    z 1 ∗     z 2 ∗    ) + π      z 2 ∗  < 0       .  



(19)







Constant offset:


  C =  z 3 ∗  .  



(20)









3. Analysis of Influencing Factors of Blade Tip-Timing Waveform Shape


The blade dynamics model is established to simulate the blade vibration. Assuming that the blade performs single-frequency simple harmonic vibration, the vibration equation is as in Equation (8), where the vibration amplitude    A 0    = 3 mm, excitation order    N e    = 8, rotational speed   Ω = 20 π   rad/s, initial phase   φ = −  π  10     rad and constant offset  C  = 0.2 mm. The vibration displacement and vibration velocity waveform of the blade tip are shown in Figure 3. In Figure 3, Case 1 is the vibration equilibrium position; the vibration displacement is the smallest and the vibration velocity is the positive maximum. Case 2 is the position of the positive maximum value of the vibration displacement, and the vibration velocity passes the 0 point from positive to negative. Case 3 is the vibration equilibrium position; the vibration displacement is the smallest and the vibration velocity is the negative maximum. Case 4 is the position of the negative maximum value of the vibration displacement, and the vibration velocity passes the 0 point from negative to positive.



Figure 4 shows the waveform of the blade tip passing through the timing sensor when the blade is rigidly rotated and vibrating. Figure 4a, Case 1, shows the positive synchronization of the vibration. Vibration displacement changes from negative to positive and passes through the equilibrium position, and the vibration displacement is close to 0, so the times when the highest points of the two waveforms appear basically coincide. Since the vibration displacement changes from negative to positive and passes through the equilibrium position, compared with the tip of the rigid rotating blade, the tip of the vibrating blade enters the sensing range of the sensor with a lag and exits the sensing range of the sensor first. Figure 4b, Case 2, shows the vibration ahead; the vibration speed changes from positive to negative and passes through the 0 position, and the vibration displacement is the largest, so the tip-timing waveform of vibrating blade is shifted to the left compared with the tip-timing waveform of rigid rotating blade—that is, the vibration is ahead. Compared with the tip of the rigid rotating blade, the tip of the vibrating blade enters and exits the sensing range of the sensor first. Figure 4c, Case 3, is the case of negative vibration synchronization. Vibration displacement changes from positive to negative through the equilibrium position, and the vibration displacement is close to 0, so the times when the highest points of the two waveforms appear basically coincide. Since the vibration displacement changes from positive to negative through the equilibrium position, compared with the tip of the rigid rotating blade, the tip of the vibrating blade enters the sensing range of the sensor first and exits the sensing range of the sensor with a lag. Figure 4d, Case 4, is the case of vibration hysteresis; the vibration velocity changes from negative to positive and passes through the 0 position, and the vibration displacement is the largest negative, so the tip-timing waveform of vibrating blade is shifted to the right compared with the tip-timing waveform of rigid rotating blade; that is, in vibration hysteresis, compared with the tip of the rigid rotating blade, the tip of the vibrating blade enters and exits the sensing range of the sensor with a lag.



The influence of blade vibration amplitude on the blade tip-timing waveform is shown in Figure 5. Figure 5a, Case 1, shows the positive synchronization of vibration. When the blade vibration amplitudes are different, the times of highest points of tip-timing waveforms appear basically coincide. With the increase of vibration amplitude, the waveform shrinks inward and the time for the blade tip to pass through the sensing range of the sensor becomes shorter. Figure 5b, Case 2, shows the vibration ahead. When the blade vibration amplitudes are different, the highest point of each tip-timing waveform appears at different times. As the vibration amplitude increases, the time interval of waveform shifting to the left is larger, but the time of blade tip passing through the sensing range of the sensor is basically unchanged. Figure 5c, Case 3, is the case of negative vibration synchronization. When the blade vibration amplitudes are different, the times at which the highest points of each tip-timing waveform appear are basically coincident. With the increase of vibration amplitude, the waveform expands outward and the time for the blade to pass through the sensing range of the sensor becomes longer. Figure 5d, Case 4, is the case of vibration hysteresis. When the blade vibration amplitudes are different, the timing of the highest point of each tip-timing waveform is different. As the vibration amplitude increases, the time interval of waveform shifting to the right is larger, but the time of blade tip passing through the sensing range of the sensor is basically unchanged.



Figure 6 shows the vibration displacement and vibration velocity curves of the blade tip passing through the sensing range of the sensor obtained by using the waveform mapping theory. Figure 6a–d covers, respectively, the vibration displacement and vibration velocity of the blade tip passing through the sensing range of the sensor mapped when the vibration is in positive synchronization, in vibration ahead, in negative synchronization and in vibration hysteresis. It can be seen from Figure 6 that the values and variation trends of the vibration displacement and vibration velocity of the mapped blade tip passing through the sensing region of the sensor are consistent with those of Case 1, Case 2, Case 3 and Case 4 region in Figure 3, respectively, which verifies the correctness of the waveform mapping theory.




4. Identification Accuracy Analysis of Waveform Mapping Method


4.1. Identification Accuracy Analysis of Single-Sensor Waveform Mapping Method


Figure 7 shows the influence of excitation orders on the identification average error of the single-sensor waveform matching method with different signal-to-noise ratios (SNR). The average error includes the relative error of initial phase, the relative error of vibration amplitude and the relative error of constant offset. It can be seen from Figure 7a–f that when the SNR is 40 db, 50 db, 60 db, 70 db, 80 db and 90 db, the single-sensor waveform matching method can accurately identify the vibration parameters when the excitation order is    N e  ≥ 42  ,    N e  ≥ 25  ,    N e  ≥ 15  ,    N e  ≥ 8  ,    N e  ≥ 7  ,    N e  ≥ 1  , respectively. The identified relative error of the initial phase, relative error of vibration amplitude and the relative error of constant offset meet the accuracy requirements. The identification accuracy of vibration amplitude is the highest, followed by the initial phase and finally the constant offset. With the increase of SNR, the higher the precision of the signal, the larger the range of excitation order accurately identified. When the SNR is 90 db, all excitation orders can be accurately identified by this method.




4.2. Identification Accuracy Analysis of Double-Sensors Waveform Mapping Method


The influence of excitation orders on the average error of the double-sensor waveform matching method with different SNR is shown in Figure 8. It can be found from Figure 8a–e that when the SNR is 20 dB, 30 dB, 40 dB, 50 dB and 60 dB, and the excitation order is    N e  ≥ 18  ,    N e  ≥ 7  ,    N e  ≥ 6  ,    N e  ≥ 5   and    N e  ≥ 1  , respectively, the excitation order can be accurately identified by the double-sensor waveform matching method, and the accuracy of the identified initial phase, amplitude and constant offset meet the requirements. The relative error of vibration constant offset identification is the largest, the relative error of initial phase is in the middle and the relative error of vibration amplitude is the smallest. As the SNR becomes smaller, the lower the accuracy of the signal, the smaller the range of excitation order accurately identified. This method can accurately identify all excitation orders when the SNR is 60 db.




4.3. Identification Accuracy Analysis of Three-Sensors Waveform Mapping Method


Figure 9 shows the influence of excitation orders on the identification average error of the three-sensor waveform matching method with different SNR. From Figure 9a–e, it can be seen that when the SNR is 10 db, 20 db, 30 db, 40 db and 50 db, and the excitation order is    N e  ≥ 10  ,    N e  ≥ 6  ,    N e  ≥ 5  ,    N e  ≥ 4   and    N e  ≥ 1  , respectively, the three-sensors waveform matching method can accurately identify the excitation order, the identified relative error of vibration initial phase, the relative error of amplitude and the relative error of constant offset meet the accuracy requirements. The identification accuracy of vibration amplitude is higher than that of vibration initial phase, while the identification accuracy of vibration initial phase is higher than that of vibration constant offset. With the SNR ratio increases, the higher the accuracy of the signal, the larger the range of accurately identified excitation orders. It can accurately identify any excitation order when the SNR is 50 db.




4.4. Influence of Number of Sensors on Identification Accuracy of Waveform Mapping Method


The relative error of amplitude, relative error of constant offset and relative error of initial phase identified by the single-sensor, double-sensor and three-sensor waveform matching methods with different SNR are shown in Figure 10, Figure 11 and Figure 12, respectively. It can be found from Figure 10, Figure 11 and Figure 12 that when the SNR is constant, the initial excitation order of accurate recognition gradually decreases with the increase of the number of sensors, and the relative error of amplitude, relative error of constant offset and relative error of initial phase are all relatively small; that is, the recognition accuracy is high. As the SNR increases, the accurately identified initial excitation order is smaller. For a certain SNR, with the increase of excitation order, the relative error of amplitude, relative error of constant offset and relative error of initial phase are all smaller; that is, the identification accuracy of vibration amplitude, constant offset and initial phase is higher. When the excitation order is the same, the larger the SNR, the smaller relative error of amplitude, relative error of constant offset and relative error of initial phase.




4.5. Comparison of Identification Accuracy between Waveform Mapping Method and Other Methods


The identification accuracy of blade synchronous vibration parameters is compared between the waveform mapping method and the classical blade tip-timing method. According to the classical blade tip-timing theory, at least four blade tip-timing sensors are needed to identify the blade synchronous vibration parameters (amplitude, excitation order, initial phase and constant offset). When the SNR is 30 db, the classical blade tip-timing method (four sensors) and waveform mapping method (four sensors, three sensors and two sensors) are used to identify the synchronous vibration parameters of the blade. The accuracy of classical blade tip-timing method and waveform mapping method in identifying excitation order is shown in Figure 13. The number of identifications is 100 times. As can be seen from Figure 13, the accuracy of waveform mapping method (four sensors) in identifying excitation order is higher than that of classical blade tip-timing method. With the decrease of the number of sensors, the accuracy of the waveform mapping method for identifying the excitation order decreases, but it is still higher than that of the classical blade tip-timing method. Figure 14, Figure 15 and Figure 16 show the average relative error of vibration amplitude, average relative error of initial phase and average of relative error constant offset obtained by the classical blade tip-timing method and waveform mapping method, respectively. It can be found from Figure 14, Figure 15 and Figure 16 that within the order range of 100% accuracy of excitation order identification, the average relative error of vibration amplitude, average relative error of initial phase and average relative error of constant offset obtained by the waveform mapping method (four sensors) are all smaller than those obtained by classical blade tip-timing method. With the decrease of the number of sensors, the average relative error of vibration amplitude, the average relative error of initial phase and the average relative error of constant offset of the waveform mapping method increase, but they are still smaller than the identification error of the classical blade tip-timing method. It shows that compared with the classical blade tip-timing method, the waveform mapping method can not only reduce the number of blade tip-timing sensors used but also improve the identification accuracy of the synchronous vibration parameters of blades.



The identification accuracy of excitation order and vibration frequency of the waveform mapping method and waveform method in Ref. [29] are compared, as shown in Table 1. According to Table 1, when the SNR is infinity (no error), the relative error of vibration frequency identification of waveform method in Ref. [29] is 14.10%, the excitation order identification accuracy of waveform mapping method is 100% and the relative error of vibration frequency identification is 0%. The vibration frequency identification accuracy of the waveform mapping method is higher than that of the waveform method in Ref. [29]. With the decrease of SNR, the identification accuracy of excitation order of waveform mapping method decreases. However, as long as the excitation order identification is accurate, the relative error of vibration frequency identification is 0%.





5. Conclusions


A blade vibration parameter identification method based on the mapping matching between the static waveform of the sensor and the dynamic waveform of the blade tip-timing is proposed in this paper. First, the standard waveform of the non-vibration blade passing through the sensor is obtained by the static calibration simulation experiment of the sensor. Secondly, the blade tip-timing modulation waveform output by the sensor when the blade vibrates is presented through the dynamic measurement simulation experiment. Finally, the blade vibration parameters are identified based on the mapping matching between the static standard waveform of the sensor and the blade tip-timing modulation waveform. The influences of vibration displacements, velocities and vibration amplitudes on the tip-timing waveform of sensor are analyzed. The vibration displacement and velocity of the blade tip passing through the sensor are presented by the waveform mapping matching method, and then the vibration parameters of blade are identified. The influence of the number of blade tip-timing sensors on the identification accuracy of blade vibration parameters identification algorithm is observed based on waveform mapping matching theory. The conclusions are as follows:




	(1)

	
When the vibration is in positive or negative synchronization, the highest point of the tip-timing waveform of the vibration blade coincides with that of the non-vibration blade. With the increase of amplitude, the waveform shrinks inward or expands outward; that is, the time interval between the blade tip passing through the sensing range of the sensor becomes smaller or larger. When the vibration is ahead or in hysteresis, the highest point of the tip-timing waveform of vibration blade does not coincide with that of non-vibration blade. With the increase of amplitude, the time interval of the waveform moving left or right is larger, but the time interval of blade tip passing through the sensing range of the sensor is basically unchanged;




	(2)

	
The identification accuracy of vibration amplitude is the highest, followed by the initial vibration phase and finally the constant offset, whether it a single-sensor, double-sensor and three-sensor waveform mapping method is employed. As the SNR increases, the accurately identified initial excitation order decreases. For a certain SNR, with the increase of excitation order, the relative error of amplitude, relative error of constant offset and relative error of initial phase are all smaller; that is, the identification accuracy of the vibration amplitude, constant offset and initial phase is higher. When the excitation order is the same, the larger the SNR, the smaller the relative error of amplitude, the relative error of constant offset and the relative error of initial phase;




	(3)

	
When the SNR is constant, with the increase of the number of sensors, the accurately identified initial excitation order gradually becomes smaller, and the relative error of vibration amplitude, relative error of constant offset and relative error of initial phase are all smaller, i.e., there is higher identification accuracy. When the SNR is 90 db, 60 db and 50 db, respectively, single-sensor, double-sensor and three-sensor waveform matching methods can accurately identify all excitation orders. This research result indicates that increasing the number of sensors can improve the identification accuracy of the excitation order and other vibration parameters by the waveform matching method under the condition of low SNR;




	(4)

	
Compared with the classical blade tip-timing method, the waveform mapping method can not only reduce the number of tip-timing sensors used but also improve the identification accuracy of the blade-synchronous vibration parameters. The vibration frequency identification accuracy of the waveform mapping method is higher than that of the waveform method in reference.
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Abbreviations




	  U  
	output voltage waveform of the blade tip-timing sensor



	  h  
	radial distance between the blade tip and the sensor probe



	  α  
	the angle between the blade center line and the sensor center line



	  x  
	the circumferential displacement of the blade tip relative to the OPR sensor



	  f  
	the fitting static calibration waveform function



	  t  
	the time interval between the blade tip-timing sensor and the OPR sensor



	  g  
	the measurement waveform function



	   Δ x ( t )   
	the blade tip vibration displacement



	    A 0    
	the vibration amplitude of blade tip



	    N e    
	the excitation order



	  Ω  
	the rotational speed



	  φ  
	the vibration initial phase



	  C  
	the vibration constant offset



	   x ( t )   
	circumferential displacement of the first blade tip relative to the OPR sensor



	  R  
	the blade tip radius



	    α 1    
	the angle between the first blade tip-timing sensor and the OPR sensor



	    α  max     
	the maximum angle between the blade center line and the sensor center line in the measurement range.



	    t i    
	the time of the first blade passing through the  i -th data point of the first waveform of the first blade tip timing sensor



	  n  
	the number of data points in the waveform



	  Y  
	a known vector



	  B  
	the coefficient matrix



	  Z  
	an unknown vector



	    Z k    
	the solution vector



	    E k    
	the residual



	    e  k j     
	the element of column vector    E k   ,  j  = 1,  j  = 2 ……  j  =  n  − 1



	    S k    
	the deviation between the traversal value and the actual measured value by root mean square of residual error



	    N e ∗    
	assumed that the actual excitation order of blade synchronous vibration



	    S ∗    
	the theoretical displacement residual



	    N  e k     
	the traversal excitation order



	    Z ∗    
	the corresponding solution vector by the nonlinear least square method



	   z 1 ∗   ,    z 2 ∗    and    z 3 ∗   
	the three components of    Z ∗   



	  ω  
	vibration frequency
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Figure 1. Diagram of static calibration system. 
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Figure 2. Mapping relationship between blade tip-timing waveform and static calibration waveform. (a) Waveform mapping when the blade is not vibrating. (b) Waveform mapping when the blade is vibrating. 
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Figure 3. Vibration displacement and vibration velocity of blade tip. 
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Figure 4. Comparison of blade tip timing waveform with or without blade vibration: (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4. 
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Figure 5. Influence of vibration amplitude on blade tip timing waveform: (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4. 
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Figure 6. Vibration displacement and vibration velocity mapping based on blade tip timing waveform: (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4. 
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Figure 7. Influence of excitation order on the average error of single-sensor waveform identification under different SNR: (a) SNR 40 db; (b) SNR 50 db; (c) SNR 60 db; (d) SNR 70 db; (e) SNR 80 db; (f) SNR 90 db. 
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Figure 8. Influence of excitation order on the average error of double-sensor waveform identification under different SNR: (a) SNR 20 db; (b) SNR 30 db; (c) SNR 40 db; (d) SNR 50 db; (e) SNR 60 db. 
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Figure 9. Influence of excitation order on the average error of three-sensor waveform identification under different SNR: (a) SNR 10 db; (b) SNR 20 db; (c) SNR 30 db; (d) SNR 40 db; (e) SNR 50 db. 
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Figure 10. Relative error of amplitude identification by waveform method under different SNR: (a) single-sensor; (b) double-sensor; (c) three-sensor. 
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Figure 11. Relative error of constant offset identification by waveform method under different SNR: (a) single-sensor; (b) double-sensor; (c) three-sensor. 
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Figure 12. Relative error of initial phase identification by waveform method under different SNR: (a) single-sensor; (b) double-sensor; (c) three-sensors. 
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Figure 13. Identification accuracy of excitation order. 
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Figure 14. Average relative error of vibration amplitude. 
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Figure 15. Average relative error of initial phase. 
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Figure 16. Average relative error of constant offset. 
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Table 1. Comparison of identification accuracy of excitation order and vibration frequency between the waveform mapping method and the waveform method in reference.
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Identification Methods

	
SNR

	
Number of Sensors

	
Identification Accuracy of Excitation Order

	
Relative Error of Vibration Frequency Identification






	
Waveform method in Ref. [29]

	
Infinity

	
1

	
Unidentification

	
14.10%




	
Waveform mapping method

	
Infinity

	
1

	
100%

	
0%




	
90 db

	
1

	
100%

	
0%




	
80 db

	
1

	
99.23%

	
0%




	
70 db

	
1

	
95.05%

	
0%




	
60 db

	
1

	
91.23%

	
0%




	
50 db

	
1

	
86.42%

	
0%
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