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Abstract: Pulsed eddy current (PEC) is a widely utilized technology for the nondestructive inspection
of industrial tubes and pipes due to its rapid and accurate results. To improve the longitudinal resolu-
tion of PEC, multiple transmitting coils (MTCs) are used to realize magnetic focusing. However, this
approach is difficult to apply to narrow downhole environments because of the complex transmitting
array and electrical circuits. To address this issue, we present a synthesized transmitting coil (STC)
that combines MTCs into a single coil with multiple connected sections using different winding
directions and number of turns to adjust the magnetic field distribution. A theoretical derivation
was presented for the analysis and interpretation of the magnetic field, and a figure of merit (FoM)
was constructed to optimize the STC parameters. Numerical simulations and experiments were
performed to validate the proposed STC for downhole casing inspection, and the experimental results
showed good agreement with the simulation results.

Keywords: magnetic focusing; synthesized transmitting coil; downhole; pulsed eddy current;
casing inspection

1. Introduction

Pulsed eddy current (PEC) is a widely used technology for inspecting borehole casings
due to its rapid and accurate acquisition of data over a broad frequency range and accessibil-
ity to targets [1,2]. The basic PEC probe comprises transmitting coils to excite the magnetic
field in the conductive tube being tested, as well as a receiving sensor that picks up the
magnetic field from the eddy currents induced by the abrupt cutoff of emissions [3,4]. Many
researchers have focused on designing different PEC probes to improve the performance of
inspections [5–8]. On the receiver side, different receiving sensors have been utilized to
improve the signal-to-noise ratio (SNR), including the coil sensor [5], the Hall sensor [6],
and the magnetic resistance sensor [7]. On the transmitter side, research has focused on
optimizing the shape and geometric parameters of the sensor design as performance is
affected by the magnetic field distribution [8]. Fu et al. [9] used a longitudinal probe and
transverse probe to generate magnetic fields in different directions, and the experimental
results showed that the orientation of the magnetic field distribution had a significant
influence on the detection sensitivity for cracks in the casing. Wu et al. [10] analyzed the
field and impedance of a rotary coil in a conductive tube considering the induced current.
Zhou et al. [11] analyzed the magnetic flux density distribution of different types of probes
to optimize the performance of the transmitting coils. Dang et al. [12] analyzed the effect
of the probe size on the eddy current field at different times, and their results indicated
that the longitudinal spatial resolution could be improved by reducing the longitudinal
distribution range of the magnetic field.
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In recent years, magnetic focusing (MF) has attracted attention as an effective method
of controlling the magnetic field distribution. A common approach to realizing MF is based
on magnetic shielding theory [13,14]. Yang et al. [13] proposed a multilayer MF sensor
framework with a driver coil, a pickup coil, and a three-layer shield with different shielding
materials to enhance the detectability of ferromagnetic materials at greater depths. Tsukada
et al. [14] applied high-temperature superconducting plates together as a magnetic shield to
concentrate the magnetic flux inside of the slit between the plates to improve the sensitivity
and noise characteristics of a tunnel magnetoresistive sensor. Another approach to realizing
MF is based on beamforming or spatial signal processing, which is similar to radar, sonar,
and wireless communications [15–19]. This approach uses multiple transmitting coils
(MTCs) to control the vector of the magnetic field. Kim et al. [15,16] proposed a method for
calculating the current distribution, which enables active sidelobe suppression of MF while
maintaining the resolution.

However, while MF is suitable for the application of PEC at the surface, the high
temperature, high pressure, and narrow space of downhole environments significantly
limit the applicability of MF to PEC in metal pipelines [20–22]. With regard to magnetic
shielding, the effect of MF largely depends on the geometric design of the shield [13]. To
ensure trafficability [20], a downhole PEC instrument needs to be much smaller than the
inner diameter of the casing. This results in some distance between the instrument and
the casing, which can cause a poor focusing effect. Meanwhile, MF using MTCs requires
different transmitting currents and corresponding electrical circuits, which both increase
the hardware cost, and are difficult to fit in the narrow underground space [17,21].

To solve this problem, we propose a synthesized transmitting coil (STC) for PEC
downhole casing inspection that combines MTCs into a single coil with multiple connected
sections using different winding directions and number of turns to adjust the magnetic
field distribution. A figure of merit (FoM) was developed to determine the optimal STC
parameters, and simulations and experiments were performed to verify the proposed STC.
Section 2 presents the working principle and model of a PEC system for downhole casing
inspection. Section 3 presents the proposed STC and FoM used to evaluate its performance.
The simulations and results of the experiments are discussed in Section 4. Finally, the paper
is concluded in Section 5.

2. Working Principle and Model of the PEC System

Figure 1 shows a PEC system used for borehole casing inspection. The PEC system is
suspended on a cable and is controlled by a winch during inspection. Each measurement
period corresponds to a depth along the borehole axis. The PEC system is based on the
principle of electromagnetic induction. When a direct current is applied to the transmitting
coil, a primary magnetic field is formed in a cylindrical layered structure comprising air, the
metal casing, cement, and the formation. The current is then turned off instantaneously, and
the abrupt change in the magnetic field induces eddy currents in the cylindrical medium.
In this paper, the turn-on, turn-off, and on-time of the input current were set to 50 µs, 30 µs,
and 200 ms, respectively. This produces a secondary magnetic field that can be captured by
the receiving sensor. The average thickness over the distribution range of the transmitting
magnetic field is indicated by the decay rate of the electromagnetic signal.

The PEC system can be modeled as a probe comprising the transmitting coil and
receiving sensor that are located at the center of the borehole casing. The relative magnetic
permeability, relative dielectric constant, electrical conductivity, and radius of the jth layer
can be defined as µj, εj, σj, and rj, respectively, with j = 1, 2, . . . , J. Assuming that the
transmitting current is I, then the magnetic field at the position of the borehole axis z with
radius r excited by one turn of the coil with the position zt can be calculated as follows [23]:
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H1(zt, ω, r, z) = − Ir1

π

∫ ∞

0
xK0(xjr)I1(xjr1) cos[λ(z− zt)]dλ (1)

where x and λ are introduced variables that satisfy xj
2 = λ2 − kj

2 and kj
2 = µjεjω

2 − iµjσjω.
In addition, ω denotes the angular frequency, and Iq(·) and Kq(·) are the first and second
modified Bessel functions, respectively, of order q. Turning the current off instantaneously
causes the magnetic field to decrease suddenly, and an eddy current is then formed on
the conductive medium. The electrical parameters, geometric parameters, and boundary
conditions of each layer can be used to determine the eddy current field in the jth layer:

H2(zt, ω, r, z) =
Ir1

π

∫ ∞

0
xj
[
−τjK0(xjr)I1(xjr1) + Cj I0(xjr)− DjK0(xjr)

]
cos
[
λj(z− zt)

]
dλj (2)

where τ2 = 1, τj 6=2 = 0, and Cj and Dj are coefficients related to the electrical and geometric
parameters of each layer of the medium.

According to the P-order Gaver–Stehfest inverse Laplace transform formula [24], the
magnetic field in the time domain can then be expressed as

H(zt, t, r, z) =


ln 2

t

P
∑

p=1
Ep H1(zt, p ln 2/it, r, z) t < toff

ln 2
t

P
∑

p=1
Ep H2(zt, p ln 2/it, r, z) t ≥ toff

(3)

where Ep is the Gaver–Stehfest inverse Laplace coefficient, and toff denotes the moment
when the current is turned off. The magnetic field is excited by the transmitting coil when
t < toff, and it produces the eddy current field when t > toff. The above model represents
the application of PEC systems to borehole casing inspection. However, increasing safety
concerns in oil and gas production mean that the traditional single-transmitter and single-
receiver probes cannot meet the requirements for challenging downhole environments.
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3. Synthesized Transmitting Coil

The longitudinal resolution has a significant influence on the performance of PEC
systems. One approach to improving the longitudinal resolution is to use MTCs to realize
MF [17]. However, MTCs are difficult to fit in a narrow downhole environment because of
the complex transmitting array and many electrical circuits.

3.1. Magnetic Focusing

We used the model of the PEC system presented in Section 2 to design the proposed
STC for MF in downhole environments. Figure 2 compares the structures of the traditional
MTCs and the proposed STC. Both are able to focus a synthesized magnetic field more
narrowly on a certain area. As shown in Figure 2a, when MTCs send the same current I1
simultaneously, a non-focused magnetic field is excited. MTCs can control the vector of the
magnetic field (or transmitting currents with I1, I2, I3, I4, and I5) to achieve MF. However,
MTCs not only require more transmitting electrical circuits, but also require the H-bridges
and control signals to be almost the same to ensure consistency when the magnetic field
is turned on and off; otherwise, large errors can be introduced. Figure 2b shows the
proposed STC, which combines the MTCs into a single coil with multiple sections having
different winding directions and number of turns to adjust the magnetic field distribution.
Specifically, the STC comprises multiple transmitters, each defined as a section. The five
sections are connected together, and each section has a different winding direction and
number of turns.
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The sections of the STC can be divided into two types according to the winding
direction: the P-sections have the same winding direction as the middle section, and the
N-sections have the opposite winding direction of the middle section. If the total number
of turns of the STC is M, then the magnetic field can be expressed as the sum of the fields
of each transmitting coil turn:

H(zt, t, r, z) =
M

∑
m=1

αm H(ztm , t, r, z) (4)
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where ztm is the position of the mth turn. αm is a coefficient related to the winding direction
of the mth turn coil and can be expressed as:

αm =

{
1 mth turn coil ∈ P-Section
−1 mth turn coil ∈ N-Section

(5)

By stacking αm to form a vector, we obtain:

α =
[
α1 α2 · · · αM

]
(6)

The winding parameters of the STC can be expressed by α. Different magnetic field
distributions can be achieved by designing the vector α. Let the number of STC sections
be K, and the number of turns for each section be nk. The two adjacent sections have
opposite winding directions. Therefore, α of the five-section STC shown in Figure 2b can
be written as:

α =

[
1 · · · 1︸ ︷︷ ︸

n1

−1 · · · −1︸ ︷︷ ︸
n2

1 · · · 1︸ ︷︷ ︸
n3

−1 · · · −1︸ ︷︷ ︸
n4

1 · · · 1︸ ︷︷ ︸
n5

]
(7)

Suppose that Sk represents the kth section for a five-section STC, where S1, S3, and S5
are P-sections, and S2 and S4 are N-sections. To focus the magnetic field on the longitu-
dinal center of the probe, the proposed STC adopts a central-symmetry structure. If the
number of sections K is odd, and symmetrical sections have the same number of turns (e.g.,
n1 = n5 and n2 = n4 for a five-section STC), then the number of turns of section k is equal to
the number of turns of section K + 1 − k:

nk = nK+1−k (8)

Because K is an odd number, the central section is the (K + 1)/2-th section. When K
changes, the sequence number for P-sections also changes. For example, S2 is a P-section for
a three-section STC while S1, S3, and S5 are P-sections for a five-section STC. The P-sections
of STCs with different sequence numbers can be expressed as follows:

P-sections =

{
S2, S4, . . . , S(K+1)/2, . . . , SK−1 K = 3, 7, 11, · · ·
S1, S3, . . . , S(K+1)/2, . . . , SK K = 5, 9, 13, · · ·

(9)

Similar to MTCs, which achieve MF by controlling the magnitude and direction of the
current in each element of a multi-coil array, the STC controls the magnetic field distribution
according to the winding direction and number of turns in each section. Note that the
STC is adjusted by the number of turns in each section. In contrast, the MTC is adjusted
by the transmitting current, which offers a finer resolution. However, the STC is a single
transmitter and requires a simplified single electrical circuit to realize MF, which is more
suitable for harsh downhole environments with limited space.

3.2. Optimization of the STC Parameters Using FoM

In order to optimize the STC parameters, we made a simulation to analyze the MF
performance using the STC, MTC, and no-MF. Figure 3 shows the simulation of the lon-
gitudinal component of the magnetic field Hz with different winding schemes using the
magnetic module of COMSOL 6.0. A standard 5 in casing was used with a wall thickness
of 7.52 mm and inner radius r = 55.98 mm, where t = 0 corresponds to the time when the
electrical field was turned off. A three-section STC with 300 turns in total was considered.
The radius and wire diameter of the transmitting coils were 12 and 0.33 mm, respectively.
The second section (S2) of the STC was a P-section (with a clockwise winding direction), and
S1 and S3 were N-sections (with an anticlockwise winding direction) with the same number
of turns (n1 = n3). The proportions for the P- and N-sections of the STC are represented



Appl. Sci. 2022, 12, 7695 6 of 12

by gray and black rectangular blocks, respectively. The longitudinal distribution of the
magnetic field along the inner wall of the casing was simulated when n2 = 240 (80% of the
total number of turns), 180 (60%), 120 (40%), and 60 (20%). The no-MF and MTC-based
MF [17] cases are shown for comparison. The simulation clearly showed that the magnetic
field distribution can be changed according to the winding direction of the STC. The MTCs
were set to a total number of 300 turns; although the STC had almost the same performance
as the MTC-based MF, there should be some performance loss because the MTCs can adjust
the transmitting current more finely in theory. To analyze the MF performance, we followed
the lead of Tsukada et al. [14] and defined the main lobe width as the distance between the
two nearest intersections of the −3 dB line and the curves. Figure 3a shows that the STC
obtained a narrower main lobe than the no-MF case when n2 = 240. As n2 was decreased,
the main lobe became much narrower, but side lobes appeared, as shown in Figure 3b. At
n2 = 120, the height of the side lobe exceeded that of the main lobe, as shown in Figure 3c.
At n2 = 60, the main lobe became wider than that of the no-MF case and was even more
deformed, as shown in Figure 3d. Therefore, the proposed STC can obtain a narrower main
lobe than the no-MF case, but the appropriate winding parameters need to be determined.
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Similar to Kim et al. [15], we defined an FoM to evaluate the MF performance. We then
determined the optimal STC design according to the combination of winding parameters
that realized the largest FoM. The MF performance is related to the width of the main lobe
and height of the side lobe. The ratios of the side lobe height, hs, and reduction in the main
lobe width, wr, can be defined as follows:

hs =
hside lobe
hmain lobe

(10)
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wr =
w
∣∣∣non-focusing − w

∣∣∣focusing

w
∣∣∣non-focusing

(11)

where h denotes the height of the main lobe or side lobe, and w denotes the width of the
main lobe in the no-MF, MTC-based MF, or STC-based MF cases. The MF performance is
optimized by decreasing hs and increasing wr. Therefore, the following FoM was defined:

FoM =
√

wr × (1− hs) (12)

where a square root is applied to wr to increase its contribution to the FoM because this
parameter directly affects the longitudinal distribution of the magnetic field. Note that
when the main lobe width is widened (i.e., wr is negative, as shown in Figure 3d), the MF
performance is poor. This was outside the scope of this study, and the FoM was set to zero
in this case. Thus, the optimal design of the STC can be found by determining the number
of sections and total turns according to the winding process and instrument space, as well
as a suitable combination of winding parameters.

In order to clarify the design procedure, we can use a three-section STC as an example.
Figure 4 shows the values of the FoM, wr, and hs for different designs using the same
simulation parameters shown in Figure 3, where the horizontal axis denotes the variation
of the ratio of n2 to total turns.
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Figure 4. MF performance of the proposed STC with different winding parameters.

It can be observed from Figure 4 that decreasing the ratio of n2 to total turns increased
wr and hs, which decreased the main lobe width and increased the side lobe height. This is
consistent with the results shown in Figure 3. In order to optimize the MF performance of
the proposed STC, we chose to use the parameters corresponding to the maximum FoM
that can be achieved, where FoM = 0.6294 and n2/300 = 0.613 as shown in Figure 4. As
a result, the optimal design parameters of the three-section STC can be acquired, since
n1 = n3 (n2 = 184, n1 = n3 = 58 herein). Similar to the three-section case, the case with more
sections can also be extended. It should be noted that the maximum FoM will correspond
to different section schemes and the relationship among the coil turns in each section.
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4. Experiments

For further validation, we performed simulations and experiments using the proposed
STC, where the conditions in simulations and experiments were the same. Figure 5 shows
the longitudinal magnetic field distribution of the STC using the optimal design in Section 4
at different inner casing radii and times. As shown in Figure 5a, the longitudinal magnetic
field distribution of the STC had a narrow main lobe and a short side lobe at {r = 55.98 mm,
t = 0 ms}. The magnetic field distribution differed with the time and radii. Figure 5b–d
compare the performances of the no-MF case, MTF-based MF, and STC-based MF at
{r = 55.98 mm (inner radius of the casing pipe), t = 10 ms}, {r = 59.74 mm (center of wall
of the casing pipe), t = 0 ms}, and {r = 63.5 mm (outer radius of the casing pipe), t = 0 ms},
respectively. The designed FoM can be used to select appropriate winding parameters for
the STC and optimize the MF performance to approach that of the ideal MTC-based MF.
Comparing with the no-MF case, the longitudinal magnetic field distribution at other radii
and observation times can also be focused.
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Without loss of a generality, we further simulated the FoM in a five-section case.
Figure 6 shows the MF performance of the five-section STC. The total number of turns was
set to 300, and the other parameters were the same as those shown in Figure 4. As shown
in Equations (8) and (9), S1, S3, and S5 were P-sections, S2 and S4 were N-sections, and
n1 = n5 and n2 = n4. Compared with the three-section STC in Figure 4, the five-section STC
had a more complex design, and its parameters were related to the coil turns of multiple
sections; thus, two uncorrelated factors, n3/300 and n1/(n1 + n2), were used to represent
the winding parameters of the five-section STC in Figure 6.
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From Figure 6, we can conclude that the MF performance was closely related to
the probe design. The maximum FoM value of the five-section STC (FoM = 0.7254) was
obtained at n3/300 = 0.3867 and n1/(n1 + n2) = 0.2391 (n3 = 116, n2 = n4 = 70, n1 = n5 = 22).
The above winding scheme with the optimal FoM was used to design the structures of the
three- and five-section STCs, as shown in Figure 7, in which the PEC inspection system
used for the experimental prototype was also included.
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In Figure 7, the no-MF probe is also shown for comparison. All probes had 300 turns
in total. For the three-section STC, S1–3 had 58, 184, and 58 turns, respectively; while for the
five-section STC, S1–5 had 22, 70, 116, 70, and 22 turns, respectively. In our experiment, an
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observation array with 25 giant magnetoresistance (GMR) sensors (AAH002-02 from NVE
Corporation, Minneapolis, MN, USA) was used to measure the longitudinal magnetic field
on the inner wall of the casing.

Figure 8 shows the normalized magnetic field of the no-MF, MTC-based MF, and
STC-based MF cases with three and five sections in the experiment and simulation. The
experimental and simulation conditions were identical.
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Figure 8. Experimental and simulation results for MF with the five-section STC.

As shown in Figure 8, the experimental results for the no-MF, MTC-based MF, and
STC-based MF cases showed good agreement with the simulation results. The error can
be attributed to the inductance error of the additional inductor [15] and differences in
the coil geometry. Additionally, the main lobe of the STC was significantly narrower
than the no-MF and approximate to that of the MTC for both the three-section and five-
section STCs; as the number of sections in STC increases, the main lobe becomes much
narrower. Although the proposed STC can realize MF by narrowing the main lobe, the
overall magnetic field intensity is reduced because the N-sections excite the magnetic field
in the opposite direction. In other words, the STC is a tradeoff that sacrifices magnetic field
intensity for a narrower main lobe.

To clarify the tradeoff relationship, we can use the peak value of the main lobe pm to
characterize the total magnetic field intensity. Figure 9 compares the maximum FoMs that
can be achieved by STC- and MTC-based probes and their corresponding wr values. The
maximum current of the transmitting coil was set to 1 A, and the total number of turns was
300 for all probes. The three- and five-section STCs were designed according to the optimal
parameters given in Figures 4 and 6, respectively.

From Figure 9, it can be observed that increasing pm clearly decreased the MF effect
with respect to FoM and wr. Note that pm was a constant value to ensure that the eddy
current field was sufficiently large enough to meet detection range and SNR requirements.
Setting pm higher is not required because the casing is not very large, and setting pm lower
would not result in an acceptable SNR. Specifically, when pm = 0, the STC- and MTC-based
probes achieved their maximum FoM values regardless of the magnetic field intensity. The
FoM and wr values of both STCs nearly reached that of the MTC. In addition, the FoM and
wr values of both the three- and five-section STCs remained unchanged, with increasing
pm until pm = 0.289 × 10−3 T and 1.592 × 10−3 T, respectively. The five-section STC had
a higher FoM than the three-section STC at the cost of a reduced magnetic field intensity.
However, when pm > 1.592 × 10−3 T, the two STCs had very similar FoMs because most
of the coil turns were allocated to the middle section. In most cases shown in Figure 9,
the FoMs of the STC nearly reached that of the MTC-based probe. At pm = 2.75 × 10−3 T,
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the FoMs of the STCs and MTC-based probes were equal because the N-section had zero
turns to maximize pm. In general, the MF performance of STC with a single transmitter
and a simplified single electrical circuit was close to that of the MTC, which can reach the
needed sensitivity for the detection of submillimeter defects, and is more suitable for harsh
downhole environments with limited space.
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5. Conclusions

A novel STC is proposed comprising connected sections with different winding direc-
tions and number of turns to realize a PEC system with MF for downhole casing inspection.
The proposed design simplifies the electrical circuit and is more suitable for narrow down-
hole environments. A model of the PEC system was used to theoretically derive the
transmitting magnetic field, and an FoM was constructed to evaluate the MF performance
and optimize the winding parameters of the STC. The simulation and experimental results
for a standardized oil well casing revealed that the proposed STC is effective at realizing MF.
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