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Online monitoring of high-speed rotating blades has always been a hot topic. Of the various methods, the blade tip timing (BTT)
technique, based on eddy current sensors, is considered to be the most promising. However, BTT signals are easily influenced by
various factors, which means that the accurate extraction of BTT signals remains a challenge. To try to solve this problem, the
causes of measurement error were analyzed. The three main reasons for the error were established: the variation in blade tip
clearance, the interference of background noise, and the asymmetry of the blade tip shape. Further, pertinent improvement
methods were proposed, and a compensation method was proposed for the errors caused by the variation of tip clearance. A
new denoising and shaping algorithm based on ensemble empirical mode decomposition (EEMD) was introduced for the
errors caused by background noise. Additionally, an optimal installation position of the sensor was also proposed for the
errors caused by the asymmetry of the blade tip shape. Finally, simulations and experiments were used to demonstrate the
improved methodology. The results show that the measurement error on vibration amplitude and vibration frequency using
the proposed method is less than 2.89% and 0.17%, respectively, which is much lower than the traditional method (24.44%

and 0.39%, respectively).

1. Introduction

High-speed rotating blades are the core mechanical compo-
nents in turbomachinery. Monitoring its vibration state has
always been a research hotspot [1-3]. The blade tip timing
technique is considered the most promising blade vibration
monitoring method because of its noncontact and simplicity
[4, 5]. BTT technology records the arrival times of the blade
tip by sensor probes mounted on the equipment casing; then,
the blade vibration parameters can be obtained by using these
time series [6]. Thus, it is the key of BTT technology to
measure these time series accurately. Nowadays, the optical,
capacitive, and inductive sensors can be used as BTT probes.
An extremely clean probe surface is required for optical
sensors [7]. Generally, the capacitive sensor is applied to
specific clean working conditions, because it is easily influ-
enced by gas medium [8]. Compared with the two sensors
mentioned above, the inductive sensor is more suitable for
the industrial environment [9]. Therefore, this paper will
mainly study the application of the BTT technique with the

eddy current sensor. In the actual measurement, no matter
which kind of sensors are used, the original pulse signals
are always disturbed by background noise or other factors,
which means that BTT signals extracting accurately is a for-
midable task. This is why the BTT technique has successfully
demonstrated its potential, but few high-quality data are still
available [10]. Russhard and Back [11, 12] analyzed BTT
uncertainties and proposed solutions only for optical probes.
Reference [13] proposed a pulsed eddy current signal
denoising method, which can remove the noise, but how to
accurately extract the pulse rising edge has not resolved.
References [14-17] conducted similar research. However, to
date, little research has been done on the measurement error
of the BTT technique based on eddy current sensors. Thus,
how to get a good BTT pulse signal based on eddy current
sensors is still a big challenge.

This paper focuses on the fact that it is difficult to extract
the BTT signal based on eddy current sensors accurately. The
paper is organized as follows. In Section 2, the principle of the
BTT technique is briefly introduced. Section 3 analyzes the
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error of the BTT technology using an eddy current sensor. In
view of each kind of error, the pertinent improvement
methods are proposed in Section 4. In Section 5, the experi-
ments are carried out to demonstrate the effectiveness and
the superiority of the proposed improved method. Finally,
some major conclusions are drawn in Section 6.

2. Principle of Blade Tip Timing

The principle of blade tip timing is shown in Figure 1. Several
BTT probes (probes 1, 2, and 3 depicted in the figure) are
embedded in a stationary casing around a disk with K blades.
An additional probe S is installed as a reference probe close to
the shaft. The time of each blade tip and shaft phase crossing
these probes is recorded by means of a series of pulse signals
[18]. In Figure 1, channel 1, channel 2, channel 3, and
channel S record the pulse data of probe 1, probe 2, probe
3, and probe S, respectively. Channel SV represents the
virtual reference pulse according to the pulse data of probe
S and the number of blades [19]. The front edge of the pulse
signal indicates the arrival time of the blade tip through the
probe. Once the blade vibration occurs, the arrival time will
change and form a time difference At. Then, the blade
vibration magnitude can be calculated by the time difference.

The vibration displacement [ can be calculated using (1).

I=V x At (1)

where At represents the time difference caused by blade
vibration, and V is the linear velocity of the blade tip.

3. Error Analysis of BTT Technology with Eddy
Current Sensor

As can be seen from the principle of BTT, the measurement
accuracy of the blade vibration response is mainly dependent
on the extracting precision of tip arrival times. In order to
clarify the response characteristics of the eddy current sensor,
calibration tests were carried out. The process of the rotating
blade passing the eddy current sensor can be divided into a
series of steps, as shown in Figure 2(a). The response
amplitudes at different times can be obtained when the blade
slowly sweeps across the eddy current probe, and the calibra-
tion curve was fitted with the Fourier series using these
calibration points as shown in Figure 2(b). Obviously, the
fitting curve is continuous and smooth, that is, the actual
measured BTT signal is not a standard rectangular pulse
and needs further processing.

For the processing of this gradient pulse signal, the
traditional method is compared with the given threshold.
The time corresponding to the first sampling point larger
than the threshold is regarded as the time the blade tip
reaches the sensor. However, this simple processing method
will bring great errors to the measurement results. The rela-
tionship between blade vibration displacement As (adjacent
sampling points), blade rotation diameter d, rotation speed
n, and sample frequency Fs is presented in (2).
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Supposing that #n is 6000 revolutions per minute, d is
0.5m, and Fsis 100 kHz, then the As will be 0.157 mm. How-
ever, the finite element method (FEM) analysis shows that
the blade tip vibration displacement at that maximum speed
range is 0.13 mm. That means a large error will be generated
from the inaccurate extraction of the BTT pulse signal. Thus,
the accurate extraction of tip timing pulse signals is the key to
ensure the measurement accuracy of the BTT system.

By analyzing the BTT technique with an eddy current sen-
sor, it can be clearly seen that the main factors affecting the
BTT measurement accuracy can be summarized as follows:
the variation of the blade tip clearance, the interference of
background noise, and the asymmetry of the blade tip shape.

3.1. Error Caused by the Variation of Blade Tip Clearance.
The variation of tip clearance is unavoidable due to such
things as manufacture, installation, and vibration. In tradi-
tional BTT pulse signal extraction, a threshold value is set
as a criterion. Once the amplitude of the rising edge of the
pulse exceeds the threshold value, the arrival time of blade
tip crossing probes can be determined. However, with a
change of tip clearance, the feedback signal will also be chan-
ged, as shown in Figure 3. The rising edges of the pulse signal
will shift forward or backward, and the measuring error
caused by the tip clearance will be introduced into the BTT
system. In Figure 3(a), d,, d., and d, represent various clear-
ance values between the blade tip and probe, and d.. denotes
the calibration value. In Figure 3(b), C1 and C3 represent the
corresponding impulse response curves at different clear-
ances of d; and d,, respectively. Ah; and Ah; denote the
amplitude difference between the clearances of d, and d,
relative to the calibration clearance d_. Correspondingly, A
t, and At, denote the time difference owing to the difference
in the blade tip clearance. The vibration measurement error /.
can be described in (3).

I.=VeAt, orl = VeAt,. (3)

3.2. Error Caused by Background Noise Interference. Among
the error factors of the BTT technique, the largest is
background noise, due to its characteristics of randomness
and uncertainty. We know that all measurement systems
can potentially be affected by noises, but compared with the
traditional test system, the BTT system is more sensitive.
After analyzing and testing in the test rig, three aspects of
the BTT noise sources could be identified: (a) periodic or
aperiodic shocking signal produced by the casing vibration,
(b) random noise produced by impurity in the gas, and (c)
periodic clutter waves produced by the collector system.

The test experiments were conducted on the fan rig as
shown in Figure 4, and the parameters of the test rig are
shown in Table 1. In order to simulate real operating condi-
tions, impure gas was blown onto the blade. The original
pulse signal was measured by eddy current probes (Bently,
330903). The output of the sensors is collected by the DAQ
(DT9857E).
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FIGURE 1: Measurement principle of blade tip timing systems.
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FiGURk 2: Calibration for BTT sampling process.

The measured BTT signals (normalized) are shown in
Figure 5. It can be seen that the pulse amplitude varied
greatly, indicating that the tip clearance was different, and
there were periodic clutter and random noise interference.
Therefore, it was difficult to accurately extract the arrival
time of the blade tip crossing probes under the interference
of noise. Furthermore, it was difficult to accurately time the
blade tip by using the pulse rising edge under noise interfer-
ence. Thus, the research on using the BTT signal extracting
method with background noise is meaningful.

3.3. Error Caused by Asymmetry of Blade Tip Shape. Another
measurement error is caused by the asymmetry of the blade
tip shape. The diverse response signals can be recorded when
the different tip shape sweeps through the eddy current
sensor. When the tip shape is symmetrical, a symmetrical
response signal will be obtained as shown in Figure 6(a).

When the tip shape is asymmetrical, an asymmetrical
response signal will be obtained, as shown in Figure 6(b).
Thus, the measurement error [, will be introduced due to
the asymmetrical tip shapes, which can be described in (4):

I, =VeAt,. (4)

4. Improvement Methods

4.1. Improvement for the Variation of Blade Tip Clearance.
The working principle of eddy current sensors is based on
the electromagnetic induction phenomenon. The high-
frequency oscillating current is transmitted by the front-end
device to the eddy current probe, which generates a high
frequency alternating magnetic field at the front of the probe.
When the measured conductor enters this alternating
magnetic field, a reverse alternating magnetic field will be
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TaBLE 1: Test rig parameters.
Parameters Properties
Material Al7075
Blade length 175 mm
Width (tip/root) 84 mm/58 mm
Poisson’s ratio 0.33
Blade thickness 2.5mm

generated on the surface of the conductor, which will change
the amplitude and phase of the high-frequency oscillating
current in the original sensor. This change has a good linear
relationship in the measurement range. Based on this, the dis-
tance between the measured conductor and the sensor can be
accurately measured. Similarly, the variation of tip clearance
will be linearly related to the impulse response height. Then,

the error caused by the variation of blade tip clearance can
be eliminated by compensating tip timing information with
tip clearance information.

In order to explore the relationship between tip timing
and tip clearance, experiments were carried out on the test
rig, as shown in Figure 4. The spiral micrometer was used
to adjust the clearance value, and the adjustment range of
the tip clearance value was set to 0.5~2.5mm. At the same
time, in order to ensure that the tip clearance measurement
system was not damaged, the installed sensor needed to be
connected to the casing liner. The measurement accuracy is
required to reach the micron level. Nine groups of experi-
ments were carried out using [, ; (tip timing value with
1.5mm tip clearance) as a benchmark. To ensure the mea-
surement precision, each group of experiments was repeated
10 times, and the mean values of 10 experiments were taken
as the error values under a certain gap. The experimental
results are shown in Figure 7. Here, the calculation equation
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of the relative error ratio (RER) is as follows.

2 % 100%, (5)

where [; is the tip timing value with i mm tip clearance
(i=0.5,0.75, 1, ...,2.5).

As can be seen from Figure 7, within the linear measure-
ment range of the eddy current sensor, the error decreases
linearly with the increase of tip clearance. This shows that,
as long as the relationship between the tip clearance and mea-
surement error is obtained by calibrating the measured
blades, the measurement error can be compensated to elimi-
nate the measurement error and obtain the accurate vibra-
tion amplitude of the blades. The experimental fan is tested,
and the blade vibration under different tip clearance is mea-
sured by using 1.5mm clearance as a reference value. The
comparison between the traditional method and the error
compensation method is obtained as shown in Figure 8.
Obviously, the measurement error caused by the variation
of tip clearance can be effectively eliminated by the intro-
duced error compensation method.

4.2. Improvement for Background Noise Based on EEMD and
Square-Wave Shaping

4.2.1. Ensemble Empirical Mode Decomposition (EEMD).
EEMD is a time-domain signal analysis method widely used
in nonlinear and nonstationary signal processing [20-22].
Unlike the Fourier transform and wavelet transform, EEMD
can decompose the original signal adaptively according to its
characteristics. The noisy signal x(t) will be adaptively
decomposed into m intrinsic modes IMF(¢) and a residue
r,,(t) from high to low frequency [23]; the decomposition
process is described as follows:

x(t) = iIMFk(t)+rm(t). (6)
k=1

Based on the above decomposition, the multiscale filters,
high-pass (HP), band-pass (BP), and low-pass (LP), can be
designed, which can be expressed as (7)-(9).

HP, = iIMFk(t), (7)
k=1
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BP = i IMF,(t), (8)
k=b
LP, = iIMFk(t) +7,(1), (9)
k=1

wherep, ¢, b, and [ are the selection parameters of intrinsic
modes for different scale filters, and these values are
determined by noise reduction requirements. For the BTT
pulse signal, the effective information is concentrated in
low-frequency components.

4.2.2. Square-Wave Shaping. After noise reduction, the non-
standard pulse signal needs to be converted into the standard.
Therefore, a square-wave shaping algorithm is proposed,
which mainly includes three processing steps: (a) signal
normalization (SN), (b) square-wave shaping (SWS), (c)
exceptional signal removal.

The detailed procedure of the algorithm is as follows:
firstly, the original signal will be normalized in the SN step.
Then, according to the magnitude of the signal, it can be
divided into three parts: [0,0.4), [0.4,0.6), and [0.6,1]. The
signal in [0,0.4) is set to 0, [0.6,1] is set to 1, and for signal
in [0.4,0.6), three adjacent sampling points are selected; if
the mean value is greater than 0.45, set to 1, otherwise set
to 0. The above parameters were obtained by repeated exper-
iments. It should be noted that after the SWS processing, the
narrowband pulse signal needs to be removed.

In order to evaluate the performance of the SWS method,
the index Mean Square Error (MSE) and the correlation coef-
ficient p are introduced. They represent the approximation
and correlation of signals before and after processing, respec-
tively. The corresponding formulas are shown in (10)-(11).

MSE = (10)
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p= ; (11)

where z denotes the signal length, x; is the raw signal, and x i
indicates the processed signal. cov (Ej, x;) denotes the
covariance of Qj and x;, D(Ej) and D(xj) are the standard
deviation. Considering that MSE may be equal to 0, we define
(MSE +1)™" as the judge index of the processing effect, which
can be expressed as MSE™. Obviously, 0 < MSE™! < 1, and
the smaller MSE is, the closer MSE™" is to 1, and a better
processing effect is.

Because the similarity and correlation need to be consid-
ered simultaneously in this step, therefore, an objective func-
tion is defined as max {f}, and the equation is as follows.

max {f} = max {aMSE™" + (1 -a)|p|}, (12)

where a and 1-a denote the important factors of MSE™! andp
, respectively. Because they are equally important in error
description, the important factor « is set to 0.5.

4.2.3. Application. By analyzing the rotating blade and BTT
system, the measured BTT signal components can be divided
into three categories: standard pulse signal, periodic clutter
signal, and Gaussian white-noise signal [24] Then, the noisy
BTT signal x(¢) can be expressed as follows.

x(t) =s(t) +c(t) + n(t), (13)

where s(t) indicates the rectangular pulse signal, ¢(¢) denotes
the periodic waveform, and n(t) represents the white Gauss-
ian noise signal.

To verify the universality and feasibility of the proposed
method, the amplitude of the periodic waveform c(¢) is set
to 0.15, and the energy of Gauss white noise is set to 0.5.
The subsignals and synthetic signals are shown in Figure 9.
Obviously, the original rectangular pulse signal has been sub-
merged by noise.

The noisy pulse signal x(¢) is adaptively decomposed into
10 intrinsic modes, IMF,-IMF,, and residue r,, according to
Eq. (5), and the decomposition results are shown in
Figure 10. Then, a series of multiscale filters are established
according to Eq. (8), and the filtering effect is shown in
Figure 11.

Then, square wave shaping is performed on the above
denoised signal, and the shaping result is shown in
Figure 12. The black signal represents the rectangular pulse
signal s(¢), and the blue signal is the shaping signal. Compar-
ing the shaping signal with the initial noise-free pulse signal,
the shaping result by LP, yields the best one, followed by LP
and LP;.

The index MSE™!, p, and max {f} under different scale
shaping effects are analyzed, and the result is shown in
Figure 13. The largest value of MSE™!, p, and max {f} are
all in LP, and are 0.9782, 0.9294, and 0.8805, respectively.
Therefore, LP, is the optimal noise reduction filter.
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The optimal denoising and shaping algorithm LP, is used
to process the measured BTT signal, and the result is shown
in Figure 14. Obviously, the noise effect is effectively
eliminated.

4.3. Improvement for the Asymmetry of Blade Tip Shape. To
investigate the error caused by the asymmetry of blade tip
shape, many experiments on different installation positions
of sensors have been carried out as shown in Figure 15(a).
The results show that, due to the asymmetry of the tip, it is

difficult to maintain the symmetry of the impulse response
measured by the eddy current sensor. However, the measure-
ment error is smallest at the tangent parallel position of the
blade tip edge, as shown in Figure 15(b).

5. Validation

Ten groups of experiments (the test rig is shown in Figure 4)
and a finite element simulation (ADAMS software) were
carried out to verify the feasibility of the improved method.
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FiGure 11: Noise reduction effect of different scale filters.

The experimental settings are shown in Table 2, including the
blade cracks at different positions and of different sizes. Other
parameters of the test rig were set as shown in Table 1 (Section
3.2). The experimental procedure is as follows. Firstly, the
original pulse signals in various states were collected, then
processed by the improved method. Secondly, the response
signals under various states were obtained by finite element

simulation. Finally, the experimental and simulation signals
were compared, and the main parameters include the vibra-
tion frequency of the blade vibration amplitude. The compar-
ative results are shown in Figure 16.

As can be observed in Figure 16, in terms of the vibration
amplitude, the traditional BTT method has a large measure-
ment error, the maximum being 24.44% and the average
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error being 18.98%. The improved method clearly reduces
the error—the maximum error is only 2.89% and the average
error is only 1.59%—and the measurement accuracy is
improved by 22.85%. Thus, the measurement accuracy of
vibration amplitude has been greatly improved. In terms of

vibration frequency, the maximum measurement error of
the traditional BTT method is 0.39% and the average error
is 0.3%, whereas the maximum measurement error of the
improved method is 0.17% and the average error is 0.1%.
Compared with the vibration amplitude, the measurement
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TasLe 2: Experimental settings. error of vibration frequency is not so high, but the result

No. Types Crack positions  Size (mm) Fault photo caused by the error of vibration frequency is more serious.

According to the requirement of damage tolerance, the natu-

1 N None 0.0 None ral frequency of the rotating blade decreases by 0.5%, which

2 T1 4.18 means that serious damage occurs. Thus, this measurement

3 T2 Top 8.39 error can easily lead to a wrong judgment in relation to the

4 T3 12.58 blade state. Therefore, it is very important to improve the
measurement accuracy of vibration frequency by 0.2%. In

> Ml 31 summary, the improved method greatly improves the mea-

6 M2 Middle 7.06 . surement accuracy of the BTT technology based on the eddy

7 M3 10.62 current sensor.

8 R1 2.86

9 R2 Root 5.82 . 6. Conclusions

10 R3 8.73

The causes of measurement error in the BTT system using

the eddy current sensor include the variation of blade tip
clearance, the interference of background noise, and the
asymmetry of the blade tip shape. These factors lead to the
advance or delay of the blade arrival time recorded by the
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BTT system. Aiming at finding the causes of each kind of
error, the corresponding solutions are put forward and
verified by experiments. The major findings of and conclu-
sions drawn from this study may be summarized as follows.

(1) The relationship between blade vibration displace-
ment (adjacent sampling points), tip rotating diame-
ter, rotating speed, and sampling frequency was
deduced, and the influence of measurement error
was analyzed

(2) The influence of tip clearance variation on measure-
ment accuracy was analyzed, and an error compensa-
tion method was proposed. By coupling tip clearance
information to the BTT signal, the measurement
error caused by the tip clearance can be eliminated

(3) The influence of noise interference on BTT measure-
ment accuracy was analyzed, and a new algorithm
based on EEMD and square-wave shaping was
proposed to extract the tip timing signals. A mathe-
matical model was constructed to verify the effective-
ness of the algorithm

(4) The influence of the asymmetry of blade tip on BTT
measurement accuracy was analyzed, and the opti-
mal installation position of sensors was put forward
through experimental research

(5) Finally, a series of experimental tests was carried out
to compare the traditional tip timing signal extrac-
tion method with the improved method. The experi-
mental results show that the improved method has
higher measurement accuracy than the traditional
method

Future work will focus on how to extract the tip timing
signals accurately under variable operating conditions.
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