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An FBG acoustic emission source locating system

based on PHAT and GA’
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Using the acoustic emission locating technology to monitor the health of the structure is important for ensuring the

continuous and healthy operation of the complex engineering structures and large mechanical equipment. In this paper,

four fiber Bragg grating (FBG) sensors are used to establish the sensor array to locate the acoustic emission source.

Firstly, the nonlinear locating equations are established based on the principle of acoustic emission, and the solution of

these equations is transformed into an optimization problem. Secondly, time difference extraction algorithm based on

the phase transform (PHAT) weighted generalized cross correlation provides the necessary conditions for the accurate

localization. Finally, the genetic algorithm (GA) is used to solve the optimization model. In this paper, twenty points

are tested in the marble plate surface, and the results show that the absolute locating error is within the range of

10 mm, which proves the accuracy of this locating method.
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Acoustic emission is a phenomenon that the strain energy
is released in the form of elastic waves which is caused
by the deformation or rupture of the material or struc-
ture!'!. Acoustic emission detection technology can real-
ize real-time monitoring of early damage of material or
equipment”!. Therefore, it has been widely used in many
engineering fields, such as petrochemical, transportation,
aerospace and material testing™**!.

As one of the most important part of acoustic emission
detection, acoustic emission localization technique can
be used to locate the acoustic emission source®. Acous-
tic emission signal is a kind of non-stationary random
signal, which is very complex. It needs to extract the
effective information of acoustic emission signal by us-
ing the signal processing technology'®®. The selections
of the acoustic emission sensors and the algorithm are
two keys of the acoustic emission locating technology. In
recent years, the fiber Bragg grating (FBG) sensor’” '
has been used in the research of acoustic emission locat-
ing technology. For the selection of the acoustic emission
locating algorithm, the time difference location algorithm
is widely used, but the time difference is difficult to be
determined, and the positioning accuracy is also affected
by signal attenuation!'*"'%). For the extraction of the time
difference, Jin et al''”used the generalized cross correla-

tion method to extract the time difference. Huang et al'®

deduced time delay of acoustic emission signal through
the phase difference obtained by combining wavelet de-
composition and all phase frequency analyses.

In order to obtain the accurate localization results, the
acoustic emission source must be ensured in the geomet-
rical pattern formed by the sensor array. When the acous-
tic emission source is out of the geometrical pattern, the
measurement results will have a large error. However, in
many cases, due to hard judgment of the acoustic emis-
sion source, you cannot accurately estimate the possible
area of acoustic emission source, which brings some dif-
ficulties for acoustic emission locating. Therefore, aim-
ing at the above shortcomings, this paper presents an
acoustic emission source location method based on opti-
mization method, which does not need to know the wave
velocity in advance, and has higher accuracy for both
inner and outer of the location array.

The principle of acoustic emission source localization
based on the optimization method is illustrated by the
method of triangle array location as shown in Fig.1.

In Fig.1, P(xy, yo) is the location of acoustic emission
source, and S,(x;, y;) is the location of acoustic emission
sensor. d; and ¢, are the distance and arrive time between
P and S;, which can be expressed as
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Fig.1 The principle of triangle array location method

Therefore, by solving Eq.(5), the positioning of the
acoustic emission source can be achieved. The sum of
the squares of Eqs.(3) and (4) can be expressed as
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Using P'(x, y) instead of P(x,, o), the error function
E(x, y) can be defined as

E(x,y)= {(x2 —x)2 +(, —y)2 +(x, —)c)2 +
o= () (s =2y + -2 ] @)

The minimum value of E(x, y) is the acoustic emission

source of P(xp, yo). Thus the solution of Eq.(5) is
changed to an optimization problem:

min  f(x,y) = E(x,y)
<x<x ) (8)

‘min max
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Define t; is time difference between S; and §j, i.e.,
t,=t—t,. )

s.t. X
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Then, according to Egs.(2) and (9), we can get the
following equation:

R e Wt G WA COAE T

fe NG =)+ (=) = =) + (0~ )’

Substituting Eq.(10) into E(x, y), it can be obtained

that
E(x,y) =
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To obtain the position of the acoustic emission source
accurately, the expression of E(x, y) is modified as

E(x,y) =

{t [N =07+ 0y =07 o =7+ 0, =) |-
[ e S N Es e el
{t[oe =07+ 0, =) o =07+ 0 =0y |-
T S e T AN (e e e
{r [ Vo =07 =7 =07 =0y |-
Jf -

[N =0+ 0 =) = =07+ (0, =0y
Iy (dz _d1 )]“ +[tsl (dz _dx)_ 23 (d3 _dl )]2 +

[1,(d, —d,)-

[tlz (d”i _dl)_tSI(dl _dz):lz' (12)

In this way, by using some optimization algorithms,
the value of E(x, y) can be minimized and the position (x,
o) can be got.

However, due to #3;=t,,1t3, when using #; instead of ¢
in Eq.(5), we can only get two time differences #;. To
obtain the unique solution of Eq.(5), a set of independent
time difference must be added. Therefore, when using
this locating method, at least four sensors are required.
Thus, when using four sensors, E(x, y) can be expressed
based on the above method as

E(x.y)=
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whered, = \/(x,. -x)’+(y,—y) withi=1,2,3,4.

In Eq.(13), ¢; and #y are time differences of arrival of
different sensor groups for acoustic emission signals. To
obtain accurate source coordinates, the time difference
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value must be obtained.

Assuming two acoustic emission sensors at different
positions, the signal x;(n) and x,(n) received from the
same source are respectively defined as

xl(n)zs(n_rl)_'_nl(n)a (14)

x,(n)=s(n-1,)+n,(n), (15)
where s(n) is acoustic emission signal, and n;(n) and
n,(n) are noises.

The cross correlation function of x1(n) and x,(n) is

R, (7) = E[x,(n)x,(n-1)]. (16)

As shown in Fig.2, H, and H, are filtering functions,
the signal noise is removed. So it can be expressed as

R,(0)= E[x(nx,(1-0)]= [ G, (@R do,  (17)

where Gyy(w) is the cross power spectral function x,(n)
and x,(n).
After filtering x;(n) and x,(), G12(w) can be written as
G,,(0) = H (0)H, ()G, (@), (18)
where H; (w) is complex conjugate of H>(w). There-
fore, the generalized cross correlation function of x,(n)
and x,(n) can be expressed as

RE@) = [ v, (@)G, (@)% do, (19)

212
where l//g(a)):Hl(a))H;(a)) is the generalized fre-

quency domain weight component. In this paper, phase
transform (PHAT) is chosen as the weighted function, so
We(w) is written as

(20

Timef
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| detection

Fig.2 The block diagram of the time delay estimation
using noise removal

Compared with the traditional optimal methods, ge-
netic algorithm is selected to solve the acoustic emission
source location equations.

(1) Problem description

The objective function E(x, y) of acoustic emission
source locating problem is shown in Eq.(13). In this pa-
per, acoustic emission source locating experiments were
carried out on the marble plate with size of
800 mmx800 mmx5 mm. Therefore, the range of deci-
sion variables of x and y is (0 m, 0.8 m).

(2) Encoding method

In this paper, we use a 10 bit binary string to represent
the decision variables of x and y. Therefore, the calcula-
tion accuracy will reach 0.8/1 023=0.78 mm. A chromo-
some is obtained by combining the binary strings of two
decision variables together to form a binary string with
20 bits, and a chromosome is obtained as shown in Fig.3.
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Fig.3 Schematic diagram of a chromosome

(3) Decoding method

In the process of decoding, a binary string with length
of 20 bits is divided into two binary strings from the
middle. And then these two binary strings are converted
to the corresponding decimal integers of m and n. Finally,
the decimal integer is converted to the actual value of the

domain by
_ 08
T 1023 023 2
08 @D
Y T2z
(4) Individual evaluation method
The adaptation of the individual is defined as
Hmzfmﬁumwﬂm<%X’ )
0, if f(X)=C,,

where C,,.x is a preset appropriate larger constant.

(5) Design genetic operator

The choice of the selection operator is based on the
classical wheel roulette. Crossover operator is realized
by using single point crossover. The mutation operator is
implemented by the basic bit mutation method.

(6) Determining the algorithm parameters

In this algorithm, the parameters are set as group size
of M=40, maximum iteration number of 7=100, cross-
over probability of p.=0.7 and variation probability of
Pn=0.05.

At this point, the genetic algorithm is constructed to
solve the problem of the acoustic emission source loca-
tion. The basic steps of the algorithm are shown in Fig.4.

Randomly generate
population P(), +=0.

The populatlon P(r (h+1) i§
decoded and
adaptation of the

The p opulatlon PQ)is 1nd1v1dual 13_ %alculated
decoded and the
adabtation of the indiveidual No thlhcr {0 reach the
is calculated maximum iteration
For genetic mampulatlons, nuInber L.
including selection Yes | _
crossover and mutation, a ‘ Output optimal solution.
new population P (t+1) is
obtained.
End

Fig.4 Genetic algorithm solving flow chart

In a Bragg grating, the wavelength of the reflection
peak is

A, =2nA, (23)
where Ap is called Bragg wavelength, n is FBG effe-
ctive refractive index, and A is grating period. Merely
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considering the influence of strain, we can get
AA,
A

B
where AAp is the FBG wavelength changes, P, is effec-
tive light function and ¢ is strain.

As shown in Fig.5, the acoustic emission locating system
is constructed, and the acoustic emission signals are pro-
duced by breaking lead. The light emitted from the laser
passes through the isolator and coupler into the fiber grating
sensor, and the intensity change of the reflected light of the
sensor is related to the frequency of the acoustic wave. The
reflected light enters the photoelectric conversion circuit
through the coupler and converts into an electric signal to
realize the measurement of the acoustic emission signal.
The selected laser type is Santec TSL-510, and the spectral
bandwidth of the output is less than 0.1 pm.

=(-F)-¢, 24
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Photoelectric
L | conversion
8 Analog to
g i digital
= Photoelectric conversion
conversion and
terminal
. rocessin
Photoelectric P &

conversion

Photoelectric

conversion

Fig.5 Schematic diagram of acoustic emission locat-
ing system

Four FBG acoustic emission sensors are exposed to the
marble plate surface. The concrete parameters of FBGI,
FBG2, FBG3 and FBG4 are as follows: central wavelengths
of FBGI, FBG2, FBG3 and FBG4 are 1565.260 nm,
1565.255nm, 1565.240nm and 1565.250nm, 3dB
bandwidth is 0.25 nm, the grating length is 10 mm, and the
reflectivity is more than 90%. Tunable narrow band laser
wavelength is 1 565.280 nm, and power is 5 mV. Four sen-
sors are arranged as shown in Fig.6.
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Fig.6 Layout of four sensors
The locating analysis is carried out in the inner and
outer sides of the quadrilateral.
First, the acoustic emission locating is carried out in
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the inner point P5(0.20 m, 0.20 m) of the quadrilateral by
the simulation of the lead. Take #; as an example, and
the time difference is extracted. The signal detected by
FBG2 and FBG3 is shown in Fig.7. According to Fig.7,
PHAT weighted generalized cross correlation time dif-
ference estimation algorithm are conducted, and
£7=-1.00x10" s.
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Fig.7 Signal detected by (a) FBG2 and (b) FBG3

Based on the above progress, another five sets of time
difference are obtained as #,=0s, t34:1.75X10'5 S,
t3=—1.70x10" s, £,,=1.80x10” s and #,5=—1.00x10" s.

Genetic algorithm is used to solve the problem, and
the iterative process is shown in Fig.8.
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Fig.8 Genetic algorithm solving curve for the experi-
ment with P5(0.20 m, 0.20 m)

Then, based on the same progress of the above ex-
periment, another experiment is carried out in the outer
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point Pg(0.50 m, 0.30 m) of the quadrilateral by the
simulation of the lead. Totally, six sets of time difference
are obtained by using PHAT weighted generalized cross
correlation time difference estimation algorithm, which
are 1,=7.90x10°s, £;=1.00x107s, £3,=3.95x107s,
141=-5.10x10" s, £,5=—2.80x10" s and #,5=8.95x107 s.

Genetic algorithm is used to solve the problem, and
the iterative process is shown in Fig.9.
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Fig.9 Genetic algorithm solving curve for the experi-
ment with Pg(0.50 m, 0.30 m)

In the location experiment, ten points are carried out in
the inner of the quadrilateral, and another ten points are
carried out in the outer. The predicted results and actual
location of these 20 test points are shown in Tab.1, and
the absolute error of locating e is calculated by

e= 0, =x) +(,-2) , (25)

where x, and y, are the predicted results, and x, and y, are
the actual locations.

Tab.1 The predicted locating results, the actual loca-
tion results and the absolute error (mm)

N (X2 Va) (Xps V) e

1 (100, 100) (97.2,98.6) 3.13
2 (100, 200) (98.4, 196.5) 34
3 (100, 300) (96.3, 298.3) 4.07
4 (200, 100) (204.7,98.1) 5.07
5 (200, 200) (198.6, 203.5) 3.76
6 (200, 300) (195.2,294.1) 7.6
7 (200, 400) (201.4, 400.8) 1.6
8 (300, 100) (294.8, 98.9) 5.31
9 (300, 200) (300, 195.6) 44
10 (300, 300) (301.6, 305.7) 5.92
11 (400, 200) (404.6, 205.6) 7.25
12 (400, 300) (398.4,305.2) 5.44
13 (400, 400) (402.5, 406.3) 6.78
14 (500, 300) (504, 297.6) 8.59
15 (500, 400) (498.1,395.7) 4.7
16 (100, 500) (98, 503) 3.6
17 (100, 600) (96.5, 602.4) 4.24
18 (200, 500) (194.6, 497.3) 6.04
19 (300, 600) (298, 596.4) 4.12
20 (400, 600) (403.1, 594.2) 6.58
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From the experimental results, we can get that the ab-
solute acoustic emission source locating error is within
the range of 10 mm by using the optimization method
and the PHAT weighted generalized cross correlation
algorithm. And the sensor can be placed arbitrarily. Re-
gardless of the acoustic emission source locating in the
inner or outer sides of the quadrilateral, locating results
are quite accurate.
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