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Abstract. This paper presents an efficient strategy to simulate pulsed eddy current

testing signals. It relies on adaptive sparse grids interpolation for the fast evaluation

of Fourier harmonics composing the transient pulsed eddy current signal. In addi-

tion to the discussion on the performance obtained, some useful post-processing

procedures enabling to retrieve relevant information from raw signals are described.

1. Introduction

Pulsed Eddy Current Testing (PECT) is a popular nondestructive testing (NDT) tech-

nique for some applications like corrosion monitoring in the oil and gas industry, or rivet

inspection in aeronautics. The transient nature of the excitation signal enables to retrieve

much more information about the material than the harmonic one commonly used in con-

ventional ECT. This communication presents a complete modelling approach adopted at

CEA for the fast simulation of PECT inspection, making use of existing ECT models im-

plemented in harmonic regime [1] and exploiting the so-called Frequency Domain Sum-

mation (FDS) method [2] to derive time signals. In the classical FDS implementation,

the excitation signal feeding the emitting part of the probe is decomposed in Fourier har-

monics, then for the whole set of harmonic components a time-harmonic solver is eval-

uated and, finally, the time output signal is generated through an inverse Fourier trans-

form. This strategy avoids the implementation of a complete time domain formalism [5]

but depends on a loop over the frequency content of th excitation signal. therefore, it is

efficient when dealing with narrow band excitations. However, it can turn to be cumber-

some when dealing with broadband ones, which are often used in typical PECT appli-

cations. Improved FDS strategies have already been proposed to mitigate the computa-

tional burden by selecting a subset of representative harmonics within the whole spectra

[2,3,4]. Following the path explored in [4], this work proposes to model an accurate rep-

resentation of ECT signals over a wide frequency range by sampling it in a sparse and

unsupervised manner. To this end, a mono-dimensional metamodel is constructed with

respect to frequency using an Adaptive Sparse Grid (ASG) algorithm. Approximation

over the complete frequency band is obtained through incremental interpolation [6].

The paper is structured as follows. In Section 2 an overview on the FDS strategy is

presented. In Section 3, an introduction to hierarchical ASG algorithm is provided along
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with its application to the generation of PECT signals. In Section 4, the numerical results

obtained by applying the proposed strategy will be presented and discussed. At the end

of the paper conclusions and further perspectives of this work are highlighted.

2. Generation of PECT signals based on frequency domain summation

In ECT signal simulation, time harmonic semi-analytical solvers have shown to be a

very effective and accurate simulation tool when canonical geometries are addressed [1].

This feature is highly desirable when one wants to model PECT signals based on the

the use of time-harmonic solver and Fourier transform. This approach, known under the

name of frequency domain summation strategy, has been recently proposed in [2] for

Finite Element Method (FEM) time harmonic solver and in [3] for the semi-analytical

counterpart.

2.1. Calculation of ECT signal in time harmonic regime

Let us consider to work at a given frequency f with a time-harmonic dependance e−iωt

(conveniently omitted in our notation), therefore the coil impedance variation due to the

presence of S discontinuities within the inspected non-magnetic media can be written as

for a given coil position as [7]

∆Z =
1

I2

S∑

s=1

ˆ

Vs

1

σs

Jinc
s (r) · ps (r) dr, r ∈ Vs, s ∈ 1, S.

where Vs is the volume of the s-th flaw present in the piece. Jinc
s is the current density

induced by the coil in the region Vs without flaw and ps (r) is the fictitious current

dipole density representing the s-th flaw contribution. I is the coil driven current and σs

is the conductivity associated to the layer where the s-th flaw is located. More details

on the calculation of ps (r) obtained with semi-analytical approaches can be found in

[8,9,10]. In PECT, like in ECT, the crack signal is generally a tension across the receiving

part of a probe, consisting of a set of coils or magnetic field sensors (like Hall effect,

Giant Magneto Resistance (GMR) for instance). A popular design consists in placing a

magnetic sensor just under the excitation coil.

2.2. Frequency domain summation schema

In PECT a periodic pulse wave excitation signal (Fig. 1(a)) is applied to the driven coil.

The associated spectral components can be retrieved via the discrete Fourier transform

(Fig. 1(b)) and the periodic signal can be decomposed as a sum of the k-th sinusoidal

waves having different frequencies (fk) and amplitudes (F̃k) such that

currinj(t) =
K∑

k=1

F̃k exp (−ı · 2πfkt) , (1)

Supposing to deal with linear media, one can retrieve the PECT response signal (SPECT )

by summing the response at every frequency weighted by the associated amplitude coef-

ficient as [2]
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(a) (b)

Figure 1. In (a), a typical PECT excitation signal is provided along with the associated spectra shown in (b).

SPECT (t) =

K∑

k=1

F̃kH (fk) exp (−ı · 2πfkt) , (2)

where H (fk) represents the ECT output signal (i.e., the crack reponse) at the frequency

fk. Equations (1) and (2) can be computed efficiently through the Fast Fourier Transform

(FFT) and Inverse FFT (IFFT) algorithms, respectively. From the computational point of

view, the FDS strategy can easily turn to be a cumbersome approach. In fact, the effi-

ciency depends on the number of frequencies to be simulated and/or the computational

time associated to the numerical solver. This means that the calculation of H (fk) may

represent the major bottle neck in terms of performance. Therefore it becomes crucial to

minimize as much as possible the number of calls to the forward solver (i.e., the value

of K). A way to handle this issue consists in calculating only a subset K∗ harmonic

responses H (f1,...,K∗) and to interpolate on the remaining K − K∗ frequencies. This

kind of strategy have been applied recently in different works with good results [2,3,4]. It

is proposed in [2,3] to choose a set of log-spaced frequencies, from which the complete

spectrum is interpolated. In [4] the choice of the frequencies was based on a dedicated

adaptive algorithm based on kriging interpolator. For both strategies the accuracy on the

interpolation results can be assessed a-posteriori. In this work, we shall employ an ASG

interpolation strategy choosing adaptively the set of frequencies (e.g., sample the asso-

ciated PECT signal band). Furthermore, it allows to estimate the interpolation accuracy

during the sampling process. It is worth mentioning that another advantage of the sparse

grid algorithm is its efficiency to manage high dimensional spaces, even if we do not

exploit it here.

3. Adaptive sparse grid interpolation applied to fast generation of PECT signals

In the last two decades, the technique of Sparse Grid (SG) has been applied with suc-

cess in the framework of numerical integration, resolution of partial differential equa-

tion and, more recently, in the context of metamodel generation. The use of sparse grid

is motivated by the fact that it allows to partially overcome the curse of dimensionality

that plagues the classical full-grid discretization[12]. The SG method is based on the

Smolyak algorithm [11] which relies to the idea that only some elements of the full ten-

sor grid are useful to interpolate the ground truth function. The set of points are known
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(a) (b)

Figure 2. Schematic view of hierarchical sparse grid interpolation. In (a), hierarchical basis function

ψ
(i)
l

(

x
(i)
l

)

with the associated support nodes x
(i)
l

until l = 3 are shown. In (b), hierarchical basis function

interpolation process is given for a one dimensional toy-function, the hierarchical basis are employed until the

until the third level.

a-priori and are arranged on a level-wise grid. Two main classes of basis (interpolation)

functions are adopted in the literature. The first one is based on global polynomial func-

tion which are smooth and continuously differentiable. The second class, in its basic im-

plementation, employes hierarchical surpluses and piecewise linear local functions lead-

ing to non-smooth and non-differentiable approximation (other hierarchical basis can be

applied though [12,13]). In this work, we employ a hierarchical ASG [6,12] aiming at

reducing the computational burden through a parsimonious selection of the SG points to

be simulated.

3.1. Hierarchical adaptive sparse grid methods

Let us suppose to deal with a costly-to-evaluate function f(x) ∈ C of a vector variable

x ∈ Ω | Ω ∈ R
1×N for which we want to find a suitable cheap-to-evaluate sparse grid

interpolation f̂(x) : f̂(x) ≈ f(x), ∀x ∈ Ω. Thus, we define the hierarchical structure of

basis function employed starting from the lower level (l = 1) up to the highest level

l = D for an one dimensional problem (i.e., N = 1). The hierarchical structure is defined

through a set of level-wise basis functions ψ
(i)
l (x) with x ∈ [0, 1]. To each basis function

is associated a supported node(s) x
(i)
l defined through a recursive nested algorithm. The

evaluation of the basis function onto the collocation node(s) leads to ψ
(i)
l

(
x
(i)
l

)
= δij

where δij is the Kronecker symbol. In this paper, we will employ a Newton-Cotes grid

(sometimes known as Clenshaw-Curtis) with equidistant nodes and linear basis function

[6,12]. The one-dimensional set of collocation points and the associated linear basis is

given for the first three levels in Fig. 2(a). Starting from the level 3 basis functions are

all of the same kind, whereas level 1 and level 2 basis behave differently. The sparse grid

interpolant at the depth d is defined as

f̂d(x) = f̂d−1(x) +

nd∑

i=1

ψ
(i)
d (x) v

(i)
d , (3)

where nd represents the number of basis functions at level d. v
(i)
d is the so-called hierar-

chical surplus for the i-th node and it is defined as v
(i)
d =

[
f(x

(i)
d )− f̂d−1(x

(i)
d )

]
. Look-
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Figure 3. Simulation of PECT signal through FDS method with adaptive sparse grid.

ing at equation (3), we notice that the hierarchical surplus “weights” the contribution of

the i-th basis ψ
(i)
d (x) function on the interpolation process. This process is schematically

shown in Fig. 2(b). Considering the definition of hierarchical surpluses, we can observe

that it embeds the predicted variation of the accuracy interpolation between two adjacent

sparse grid levels. This information can be seen as a measure of the interpolation accu-

racy and a kind of measure of the degree of smoothness of the underlying function land-

scape. Therefore, surpluses are exploited in order to adaptively refine the hierarchical

sparse grid to obtain an even more “sparse” database with a criterion that considers both

error and the tolerance associated. We define the estimation of the interpolation error as

εd(x) =
∥∥∥f̂d(x)− f(x)

∥∥∥
2
, where ‖·‖2 stands for the L2 norm. By comparing the above

equation with the definition of hierarchical surplus, we have that the error at the depth

d− 1 (i.e., εd−1(x)), is equal to magnitude of the surplus v
(i)
d , thus it can be considered

as local estimation of the error at the depth d. This adaptive refinement strategy has been

applied and extended to N -dimensional case with success on electromagnetic problems,

for which accurate databases and metamodels with many parameters have been generated

and tested [6].

3.2. ASG algorithm applied to the generation of PECT signals

In this work, the simulated adaptive sparse grid samples, which constitute the system

response H(f), are represented by the coil impedance variation ∆Z(f) or the magnetic

flux density B(f), where f stands for the set of simulated harmonics. Once the adaptive

sampling strategy ended, the ASG interpolator is evaluated by employing equation (3) on

the set of frequencies belonging to the FFT {currinj(t)}. Subsequently, the PECT sig-

nal is calculated through IFFT algorithm through ŜPECT (t) = IFFT
{
ŜECT (f)

}
=

∑N

n=1 F̃nĤ (fn) exp (ı · 2πfnt), where the symbol “∧” denotes the approximated val-

ues computed via the ASG interpolation. The PECT signal generation process is shown

schematically in Fig. 3. An interesting point is the capacity of this method to generate

directly PECT signals for many probe positions. This feature can be of great interest

when a semi-analytical solver [4] is employed, since the computational time is almost

independent to the number of coil positions.

4. Numerical results

Two configurations of interest in NdT community have been considered: a problem of

narrow crack(s) detection in a planar medium and the detection of a corroded area in a

R. Miorelli and C. Reboud / Fast Simulation Tools Dedicated to Pulsed Eddy Current Applications 29



(a) (b)

Figure 4. Considered PECT signal modeling test cases studied tube geometry with a PECT probe inspecting

the pipe from the outside.

large pipe. Considering Fig. 4 (a), a planar medium of 4.0 mm thickness having conduc-

tivity equal to 18.76 MS/m is inspected with a probe made by an emitting coil having

10.0 mm and 20.0 mm as inner and outer coil, respectively. The coil high is equal to

5.0 mm, 625 turns and the its lift-off is 1.0 mm. The sensing probe is a Giant Magnetic

Resistance (GMR) sensor located 0.5 mm beneath the driven coil and able to sense the

z-component of the magnetic flux density B. The inspected plate contained a slot hav-

ing length, depth and width equal to 20.0 mm, 3.0 mm and 0.2 mm, respectively. The

injected signal into the driven coil is a periodic pulse having period equal to 10.0 msec,

duty-cycle of 50% and time constant τ equal to 250 msec. In Fig. 5 (a), we compared

the results obtained with the proposed approach with the ones simulated with Finite El-

ement Method (FEM) solver (i.e, Comsol v.5.2a) for which the time stepping approach

has been adopted. We can notice that overall the results agree well on a meaningful and

large part of the PECT signal. In Fig. 5 (b), we have shown how the extracted features

corresponding to maximum of Bz varies over all the coil positions. Looking at this fea-

ture, we can notice that this kind of information can be quite appealing to be employed

to crack localization and/or characterization since the signal variation appears clearly on

the map. From the computational point of view, the ASG-based approach for generating

PECT signal has shown good computational performance. In fact, by interpolating the

signal spectrum only 35 frequencies were generated to obtain the final signal out of 100
frequencies of the complete spectrum. Furthermore, comparing to FEM approach, the

whole map of PECT signals has been obtained, on a standard laptop, in about fifteen

minutes instead of the ten minutes required by FEM solver for just one coil position.

The second problem addressed this paper deals with the issue of corrosion crack(s)

detection in large pipes. As sketched in Fig. 4 (b) the inspection procedure is performed

with a probe which is scanning the tube outer surface whereas the corrosion laying on

the inner surface. The driven element considered is a coil having inner and outer radius

equal to 10.0 mm and 25.0 mm, respectively. The coil height is 10.0 mm, the number

of winding is equal to 5000 and the lift-off is equal to 1.0 mm. The response signal

is picked-up by a GMR located 0.5 mm beneath the driven coil. The GMR sensor is

sensitive to the r-component of the magnetic flux density (Br). The probe (driven coil

and GMR sensor) is moving in a zone made by 71 × 51 measured points centered over

the crack region. The considered specimen is a thick pipe having inner radius equal to

60.0 mm and a thickness of 50.0 mm. The specimen conductivity is 1.0 MS/m and the

relative permeability is equal to 100. The considered corrosion crack is modelled like a

flat slot having length, depth and width equal to 73.3 mm, 30.0 mm and 3.0 mm, respec-
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(a) (b)

Figure 5. Considered PECT signal modeling of a plate affected by a slot. In (a), comparisons between FEM

results and ASG approach are shown for the coil centered above the crack. In (b), we shown the extracted

features corresponding to the maximum over the time of Bz for each coil position of the inspection map.

(a) (b)

Figure 6. Considered PECT signal modelling of a tube affected by a corrosion crack. In (a), the maximum

value of Br over the time for each coil position of the inspection map is shown. In (b), again for each coil

position, we shown the feature extraction associated to the coefficient τ∗.

tively. The injected signal into the driven coil is a periodic pulse having period equal to

10.0 msec, duty-cycle of 50% and time constant τ equal to 0.25 msec. Detection and

characterization of corrosion crack(s) is often performed by considering derived quan-

tities instead of the full time-domain PECT signal. The main two features used are the

maximum amplitude of the PECT signal for each coil position (e.g., see Fig. 6 (a)) and

the decay coefficient τ∗ associated to an exponential decay fit on the PECT tail once

injected signal is switched off. One can see in Fig. 6 (b) how τ∗ behaves with respect

to the probe scan. The database was generated based on the simulation of 9 frequencies

instead of the 100 of the complete spectrum. Such a few number of simulated frequen-

cies is due to the “smooth” frequency response H(f) obtained for the studied pipe prob-

lem. In fact, the degree of “smoothness” is due to the fact that the problem involves a

thick ferromagnetic tube having a corrosion crack lying on the inner surface while a the

inspecting probe is placed on the outer surface. Therefore, eddy current decays rapidly

nearby the crack when frequency increases.
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5. Conclusion and perspectives

This paper proposes an efficient strategy for modelling PECT signals based on the FDS

approach. In particular, the ASG algorithm has been employed to sampling, in an unsu-

pervised way and successively interpolating the frequency spectrum associated to a pulse

excitation signal. Results presented and discussed have shown that the implemented ap-

proach is a convenient alternative to other techniques already proposed in the literature

[2,3,4]. The possibility to generate fast PECT signals paved the way for the generation

and the exploitation of databases [6,16] for computationally expensive studies like model

assisted probability of detection (MAPOD), sensitivity analysis and almost real-time

parametric inversion.
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