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Abstract

The article is devoted to the problem of the increasing of information quality for the impedance method of nondestructive testing.
The purpose of this article is to get for the pulsed impedance method of nondestructive testing the additional informative parameters.
Instantaneous values of the information signal's amplitude is a sensitive parameter to the effects of interference, in particular friction,
which necessitates the use of additional informative features. It was experimentally measured signals from defective and defectless
areas of the test pattern. Using of the Hilbert transform gave possibility to determine phase characteristics of these signals and realize
demodulation to extract a low-frequency envelope for further analysis of its shape. It was received the informative features as a result
of researches. Among them are instantaneous frequency of a signal, the integral of a phase characteristic on the selected interval and
the integral of a difference signal phase characteristics. In order to compare quality of the defect detection using selected parameters
it was carried out evaluation of the testing result reliability for a product fragment made of a composite material. Considering the
influence of the change in the mechanicalimpedance of the researched area on the phase-frequency characteristics of the output signal
of the converter, it is proposed to use as the diagnostic signs: the instantaneous frequency and the value of the phase characteristic
of the current signal for certain points in time. The proposed informative features enable to increase general reliability of composite
materials testing by the pulsed impedance method.
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1 Introduction

Today, many industries cannot be imagined without the
use of Composite Materials (CM), especially the aero-
space industry. The technological process for the pro-
duction of composite structural elements of an aircraft
is complex and sensitive to various errors, which leads
to the appearance of defects and heterogeneities in the
structure of the finished product [1-3]. Often, defects
in the material cause changes in the physicomechanical
characteristics of the product as a whole and a decrease
in its strength indicators below the maximum permissible
levels. During the operation of the aircraft, its structural

elements are also subject to the influence of the environ-
ment, calculated and unpredictable mechanical loads,
which leads to a change in the state of the CM.

For non-destructive testing in the aircraft industry,
a large number of methods are used, each of which has
its own characteristics and limitations due to the types of
materials being controlled and the geometric characteris-
tics of the finished products [4—6]. One of the most com-
mon is the acoustic impedance method [7], which uses
the influence of a defect to change the mechanical imped-
ance of the system "control object - transducer". It is one
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of the main means of non-destructive testing in Europe,
and is used to control sandwich panels with honeycomb,
multilayer structures with polymer CM, metals and other
materials and their combinations [8, 9]. The impedance
method is included in the manuals for the technical oper-
ation of a number of aircraft as the basis for the peri-
odic monitoring of cellular structures for the presence of
delamination of the outer coating from the honeycomb
core. Flaw detectors based on it passed interdepartmen-
tal tests, are entered into departmental registers of avia-
tion administrations and are recommended for monitoring
composite units on transport and passenger aircraft [L-76,
IL-86, 1L-96-300, TU-204, TU-214, Yak 42 and AN-124
«Ruslan» [10, 11]. On Airbus aircraft, the impedance
method is used as an additional method for controlling ele-
ments based on CM with honeycomb core.

CM are characterized by discrepancies in the physical
parameters and characteristics of the materials that make
up the composite, a significant variation in the physical and
mechanical properties both from product to product and
within one product, their anisotropy, lack of sufficient infor-
mation about the main types of defects, the impossibility
of formally representing their models [12]. The use of tra-
ditional physical methods of non-destructive testing based
on information about the physicomechanical parameters of
materials, such as elastic modulus, density, ultrasonic wave
propagation velocity, dielectric constant, etc., and defect
models (for example, in the form of cracks, cavities, extra-
neous inclusions, etc.) do not fully meet the requirements
for the results of diagnosing products made of composites.

The process of diagnosing is complicated by the fact
that composites are characterized by a wide range of pos-
sible defects that occur both during the manufacture of
products and during their operation [13—17].

At present, there is no universal physical method
for diagnostics of composites, which would allow to iden-
tify all possible types of defects [18, 19]. A change in the
mechanical pulse of the interaction zone between the trans-
ducer and the control object affects the amplitude, phase,
and frequency of the output electrical signal. In addition,
differences in the physicomechanical characteristics of the
controlled zone can lead to a change in the shape of the
envelope of the information signal [20]. Typically, in the
control process to determine the defect as an informative
parameter, the amplitude or phase of the signal [21, 22]
is used. In some cases, the spectrum of this signal is
analyzed. As a rule, during controlling the impedance
method, decisions about the presence of damage are made
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when only one parameter is exceeded. In the case of spec-
trum analysis, the signal energy increase in the frequency
range most sensitive to the selected type of defects is taken
into account. However, individual parameters (amplitude,
phase, frequency) are sensitive to various disturbances,
which can increase the probability of random operations.
In addition, various informative parameters have different
sensitivity to defects of various types.

Considering the physical features of the objects and
the possibilities of obtaining primary measurement
information, the most common are specially developed
low-frequency acoustic methods and their modifica-
tions [23-25]. Modern devices and diagnostic systems
for CM mainly use deterministic models and correspond-
ing methods for processing informative signals and mak-
ing diagnostic decisions that do not provide the necessary
noise immunity and reliability of diagnostic results and
defect classification [26—28].

Thus, the urgent task is to increase the number of
informative parameters having a high sensitivity to pos-
sible defects.

In this work, investigations of the formation models
and methods of the primary processing of information sig-
nals [29-31] will be continued.

2 Amplitude-phase-frequency characteristics of pulsed
information signals
The information signal of an impedance transducer is
an amplitude-modulated damping radio pulse whose char-
acteristics depend on the state of the studied area [32].

The result of the Hilbert transform of a valid signal x(7)
defined in the time domain is Hilbert image X(#), which
also defined in the time domain. The sum of the present and
received signals z(¢) = x(¢)+ j - X(¢) is the so-called "ana-
lytical" signal. Based on the analytical signal, it's impossible
to obtain the amplitude bypass of the output signal x(f) — A(¢)
and it's "instant" phase (f), as a function of time [33].

The Hilbert transform of arbitrary processes can be
defined in three different ways.

The simplest is to define the Hilbert transform through
the Hilbert trans-
form of a real function x(¢), defined in the whole domain

convolution. With this approach,

—00 <t <0, is a real function X(¢), given by the formula

()= H[x(t)

J- x) W

(—)

Thus, X(¢) is a convolution of the input signal x(f) and
the function 1/(xt).
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Another approach is the representation of the Hilbert
transform through the phase shift of the output signal x(7).
Let X(f) is the Fourier transform [34, 35] of (¢):

X(f)=F[%(t)]= [ %(t)e" a1, ®)

where F[%(?)] is the Fourier transform operator.

Based on Eq. (1), X(f) corresponds to the Fourier
transform of the original function x(f) multiplied by the
Fourier transform of the function 1/(xt), which is
described by Eq. (3):

=/ S >0;
Fifmt]=—jsgnf=10.1 =0; )
7, f<0.

Thus, Eq. (1) describes the transformation of a signal
x(¢) by a system with a frequency response —j sgn f and,
in turn, is equivalent of:

X(f)=(-jsenF)X(f). @)

This complex function X(f) is associated with the
X(#) by inverse Fourier transform [36]:

()= j)?(f)ef“” df. Q)

The Fourier transform of the form —j sgn f'can be rep-
resented as:

e_j(ﬂ/z),f >0;
B(f)=-jsgn f=10,f=0; 6)
ej(ﬂ/z),f <0.
In this way, using Egs. (2) and (6):

B(f)=|B(f)e"". ()

In fact, Eq. (7) describes a system that implements a phase
shift z/2 by the input signal for all positive frequencies, i.e.:

fpb(f)={

If the expression X(f) = |X(f)| e ) g transform,
then:

)Z'(f) = |)~((f)|e’j¢(f) - |X(f)|e-/[wx(f)+<oh(f)]' )

/2, f>0,

—7/2 f <. ®

So, the Hilbert transform is obtained by convert the sig-
nal x(¢) of system that leaves the module X(f) unchanged,
and the argument ¢ (f) changes to ¢ (f) + ¢,(f), where
¢,(f) is defined by Eq. (8):

z() = x(0)+ j7(6) = A() ", (10)

where A(?) is the bypass of the output signal x(¢), and 8(?) is
its instantaneous phase.

Their calculation with respect to x(¢) is implemented
as follows, for envelope phase:

A =[x () +2 )], (11)

and instantaneous phase:
0(1) = arctg[#(1)/x (1)]. (12)

The instantaneous frequency f, can be defined as the
derivative of the instantaneous phase:

fo=(1/27)-do(1)/dt. (13)

Figs. 1 to 3 present an approximate model of the infor-
mation signal at the output of an impedance converter
operating in pulsed mode.

The instantaneous phase 6(f) in Eq. (11) is defined on the
interval [-z/2, 7/2], therefore, for calculating the phase
characteristic on the interval [0, 27], it must be reduced
to the following form:

@ (1) = arctg[ X (1)/x (1)]
+ [ 2-signX () (1+signX (1)) ]/2+27L[X (1), X (1)].

(14)
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Fig. 3 The instantaneous phase of the signal during the Hilbert
transform model of an amplitude-modulated damping radio pulse



The phase shift between two signals can be determined
on the basis of the so-called difference phase Q,(1) — Q, ().
This definition allows you to operate on values within
the interval [0, 27z]. To expand it, you need to go from
instantaneous to a cumulative phase by complementing
the expression with a step function L[X (1), X (1)], elim-
inates discontinuities of the phase characteristic at points
where the value of the phase characteristic reaches 2x:

(1) = arctg[f((t)/X(t)]
+ [ 2-signX (1) (1+signX () ]/2+27L[ X (1), X (1)].

(15)
If the Eq. (13) make to the form:
1, =®)/2xT, (16)

where 7' = £, — ¢, is the time interval at which the phase
characteristic ®(f) determined, the frequency of the car-
rier information signal can be determined by the rate of
rise of the cumulative phase.

The easiest way to calculate cumulative phases is based
on the using of Eq. (15). The phase sweep algorithm, that
is, the conversion of the instantaneous phase characteris-
tic to cumulative, realizes the elimination of gaps at points
where the phase takes values greater or less than z. In case
the difference between two adjacent elements of the value
array exceeds 7, the unwrapped phase is calculated as

Q[i]{%ﬂsjzn, i=1,..,N—1,
T
olil,

®[il=
i=0,

(17
where Q[i] is the array of samples of the instantaneous
phase, @[7] is the array of the cumulative phase, N is the

length of the array; [...] is rounding operation to the near-
est integer value.
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Fig. 4 shows the graphs of the cumulative phases of the
two information signals with carrier frequencies f, and f,,
differing by 10 %. The value of the phase difference AD
in this case depends on the period of study 7, while the
value of the instantaneous frequency remains unchanged.

From Fig. 4 it can be seen that a change in the car-
rier frequency of the radio pulse under consideration
affects the tilt angle of the resulting Cumulative Phase
Characteristic (CPC). If the frequency remains unchanged
within the analysis interval, the CPC will grow monot-
onously. The frequency shift leads to a corresponding
change in the slew rate, which allows analyzing the devia-
tion of the carrier frequency at a given time interval.

Informative parameters calculated on the basis of CPC
can be used as diagnostic signs when conducting diagnostics.

Figs. 5 and 6 show the implementation of the signals
and graphics of their instantaneous phases with a defect-
free and defective area of the test sample.

From the Figs. 5 and 6, the use of the instantaneous fre-
quency of the signal as an informative parameter has a lim-
itation due to the choice of the time interval on the basis
of which the calculation takes place. The increase in the
cumulative phase of the signal is highly non-linear, due to
the non-uniformity of the deviation of the instantaneous
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Fig. 4 The time dependences of the cumulative phases of models of

information signals with different carrier frequencies
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Fig. 6 Instant signal phases with defective and defect-free sample areas

phase characteristic of the current signal. The maximum
deviation between implementations is observed in the time
interval [0;0.00022], after which it gradually decreases.
The maximum sensitivity with using the instantaneous fre-
quency as an informative parameter will be ensured only
when it is estimated at the point of the phase characteris-
tic, which has the greatest difference in the defective and
defect-free areas of the test sample. Such a situation may
complicate the selection of an appropriate time interval
in the process of creating a method of control.

The difference between the implementations of infor-
mation signals obtained from different areas of the product
can also be determined based on the study of the cumula-
tive phase over the entire time interval of the signal.

Thus, the following research algorithm can be proposed.
At the first stage, the implementation of the information sig-
nal is obtained from the defect-free region for which the ref-
erence cumulative phase characteristic ®@,() is calculated.
Next, the difference between @ (#) and CPC obtained from
the current scan area @,(¢) is calculated. The difference of
the obtained characteristic will be the greater than the more
significantly the physicomechanical characteristics of the

controlled area differ. Fig. 7 shows the difference of CPC
for defect-free and defective areas of the sample of a CM.

Based on the assumption that the transducer signal has
the form of an exponentially decaying radio pulse, the anal-
ysis of information signals provides for an alternate selec-
tion of the envelope. Signal demodulation can be carried
out using analog or digital methods, but at the same time,
their use leads to a change in the output phase-frequency
parameters of the information signal, which can cause dis-
tortions of the information characteristics embedded in it.
Signal-free demodulation of the signal can be performed
on the basis of the Hilbert transform discussed above.
In digital systems, signal processing is performed based
on its discrete representation.

The Discrete Hilbert Transform (DHT) can be obtained
on the basis of the discretization of the signal, that is,
the replacement of the continuous time ¢ by the defiant
nT — n. Then the formula (Eq. (10)) can be represented as:

z(n)=x(n)+ j5(n) = A(n) e, (18)

where x(n) and X(¢) are the Hilbert conjugate signals;
A(n) is the signal envelope x(n).
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Fig. 8 shows the bypass information signal of the trans-
ducer obtained by applying the defective and defect-free
arcas of the composite sample to the signals obtained
by scanning with the help of a split-transducer.

From Fig. 8, the shape of the signal envelope differs
significantly depending on the defectiveness of the moni-
tored zone. At the same time, it is obvious that the signal
characteristics have a variation in the middle of the zone
of one class, which makes it necessary to use statistical
data processing methods to highlight additional informa-
tive features based on estimates of the parameters of the
random component of the results.

3 Analysis of informative features

To compare the diagnostic value of the proposed signs,
calculated on the basis of the phase characteristics of
information signals, experimental studies of various types
CMs samples were carried out, had both defect-free areas
and zones with damage models. Sample 1 (Fig. 9) is a hon-
eycomb panel with a thickness of 20 mm with a PSP-1-2.5
type filler with plating based on ELUR-P-0.1 carbon fiber
and VK 41 glue. The defect was modeled by a zone of com-
munication failure between the plating and honeycomb.
The plating on the side of the defective area showed no
visual signs of damage; the skin on the opposite side was
restored by sticking a patch of similar type carbon fiber.

The sample surface was scanned from the opposite zone
of the skin restoration along the line that passed through
the center of the defect zone. The scanning step was 3 mm.
As a mechanical impedance sensor, a separate-combined
converter of the RS-1 type was used.

An experimental study was conducted as follows. At the
first stage, with the help of a data acquisition system,
information signal realizations were obtained. For this,
the transducer was installed 30 times randomly at a point
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within the scan line. For each point, 5 realizations were
obtained. Then, for each implementation, the values of the
following diagnostic features were determined:
* signal amplitude U;
* instantaneous frequency f,(£);
» cumulative phase characteristic of the information
signal ©(f).

At the third stage, the sampling of values was averaged
within the limits of each of the scanning lines, as a result
of which 8 values were obtained for each attribute.

Figs. 10 to 12 present the averaged values of features
that correspond to scan lines. Vertical lines indicate
the boundaries of the defective areas.

On the basis of the data obtained, the statistical charac-
teristics of the samples of diagnostic signs were calculated
and are presented in Table 1.

The analysis of the effectiveness of the proposed informa-
tive features was carried out in two directions: the establish-
ment of the relative sensitivity of the parameter to changes
in the physicomechanical characteristics of the test samples
in the defective and defect-free areas and stability, estimated
as the average deviation at various scanning speeds.

One of the quantities affecting the accuracy of diag-
nosis is a measure of the dispersion of the values of the
analyzed informative parameters, occurs during scan-
ning the surface of the product. As shown above, scanning
is accompanied by the effects of frictional noise on the
informative signal. This leads to an increase in the dis-
persion of the obtained values of diagnostic signs, causes
an increase in the percentage of making wrong decisions.

In order to assess the stability of the selected features
during diagnostics, studies were conducted to deter-
mine their standard deviation as a function of the linear
velocity of the transducer during the scanning process.
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Fig. 9 Appearance of the sample
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Table 1 Relative change in the statistical characteristics of informative
parameterstechnical characteristics of the prototype
of the diagnosis system

Research area

Sltlztri:(t:it(zlistic pasriigrill:tler Defect-free Defective
U, 0.35 0.49
Expected value 1y 32695.19 32070.11
D, 297.19 1259.83
U, 0.06 0.07
Standard deviation 1y 263.62 103.89
D, 209.71 263.57
R U, 0.030 0.037
D, 0.93 -0.27
) U, 2.31 2.78
Cefigmel g as o
@, 2.97 291
U, 0.24-0.45 0.37-0.61
Confidence interval 1y 32261-33129 32241-31898
oro @, ﬁ;ﬂl{; 825.458-694.2

Ensuring the possibility of comparing parameters with dif-
ferent absolute values and scattering indices was carried
out by rationing the output data. The results of the experi-
ment are presented in Table 2.

As can be seen from above data, diagnostic signs based
on an estimate of the instantaneous value of the carrier
frequency of the signal and the cumulative phase are more
resistant to change in the speed of movement of the con-
verter than the amplitude ones.

4 Conclusions

Methods for the primary processing of information sig-
nals of acoustic diagnostic methods in time-frequency
and amplitude-phase-frequency coordinates were inves-
tigated, which made it possible to carry out a structural
analysis of single-pulse signals and signals with locally
concentrated parameter changes and to increase the prob-
ability of diagnosis by 20 %.

Table 2 Relative standard deviation of diagnostic signs of samples

Velocity, m/s 0 1.5 3.0 >10

Expected value, V 0.14 0.15 0.16 0.20

% Standard deviation 0.093  0.106 0.114  0.184
Expected value, Hz 32550 32467 32298 31030

S Standard deviation 0.008  0.010 0.010 0.034
o Expected value, rad 195.51 16291 208.56 506.12
! Standard deviation 0.06 0.08 0.097  0.118




According to the experimental data obtained on the

basis of analysis of variance, the degree of influence of

the defect on the change of diagnostic features based on

the amplitude, instantaneous frequency, and cumulative
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