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Magnetic Machine Perception for Reconstruction
of Nonuniform Electrical Conductivity
Based on Eddy Current Model

Bingjie Hao ¥, Kok-Meng Lee

Abstract—This article presents a machine-perception
method based on eddy current density (ECD) field induced
in a plate for reconstructing nonuniform electrical conduc-
tivity. Formulated as a two-stage inverse problem using
distributed current source models, the ECD field is recon-
structed from its magnetic flux density and followed by
solving an inverse ECD model to estimate the conductivity
fields of the plate and its features. Along with a parametric
study, the effects of different sensor and coil configura-
tions on the reconstruction accuracy are numerically inves-
tigated. The proposed method is evaluated experimentally
by comparing two methods: mechanical scanning using a
single-sensor and a linear method with a sensitivity matrix.
The findings demonstrate that using a sensor-array with a
multicoil configuration effectively reduces the number of
mechanical scans when making measurements, and elim-
inates variations below the coil center where the ECD is
small.

Index Terms—Conductivity, defect detection, eddy cur-
rent (EC) imaging, inverse problem, reconstruction.

|. INTRODUCTION

ENSING systems play an important role in both in-situ
S process monitoring and postfabrication quality inspection
and failure analysis [1], [2], especially in additive manufacturing
(AM) where various kinds of defects (such as poor surface
finish, porosities, lack of fusion, inclusion, balling, cracks, and
microstructure abnormity) of the AM parts must be inspected
[3]. Many techniques (like optical, ultrasonic, electromagnetics,
and x-ray) can be used to detect surface or subsurface properties.
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Among them, electrical conductivity is an important material
parameter for metallic objects because it is directly related to
residual stress [4], corrosion [5], and microstructure [6]; thus, it
can be effectively used to inspect multimaterial composite AM
parts with graded or separate regions of different materials [7].

Two most widely used methods [8] for conductivity detection
are measurements based on four-point direct-current potential
drop and eddy current (EC). Unlike the former which relies on
the direct probe-to-object contact such that electrical current
can be applied on the conductor, whereas the latter induces
EC in the conductor, from which the conductivity is inferred
from impedance change in the electromagnet (EM) coil or from
measured magnetic flux density (MFD). EC-based methods
are generally noncontact and have been widely used commer-
cially in measurements of conductive plates with nonmetallic
coating. Conventional EC sensing devices generally perform
measurements with a single-point sensor, where the object being
measured is assumed to have a uniform conductivity, ignoring
edge effects. For applications where conductivity anomaly or
defects exist in the conductor, single-point measurements that
rely on mechanical scanning are inefficient. Instead, EC imaging
or tomography techniques that visually present the conductivity
distribution and features of defect through two-dimensional
(2-D)/ three-dimensional (3-D) images have attracted more
research interest. The methods can be used to locate defects,
characterize local wall thinning in pipelines, and even detect
abnormal tissues in medical applications [9].

A simple method for EC imaging is to use a single probe
to perform a mechanical scan to form 2-D image [10], [11]
which is, in reality, the assembly of point measurements that
assume the neighboring conductivity or defect has no effect on
the probe response. As an example, high-resolution conductiv-
ity images can be obtained by measuring the magnetic force
due to EC through atomic force microscopy [11]. However, in
many cases, the measured probe response at each point and the
material and/or geometrical properties of the conductor are not
in point—point correspondence. Additional inversion methods
are required to translate the measured signal image to physical
properties. For example, Pasadas et al. [12] reconstructed the
perturbed EC distribution and visualized crack shape with 2-D
eddy current density (ECD) images. Techniques like machine
learning [10] and image processing are often used in the in-
version process to reconstruct or characterize the shape and

1083-4435 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on August 09,2021 at 20:35:55 UTC from IEEE Xplore. Restrictions apply.



HAO et al.: MAGNETIC MACHINE PERCEPTION FOR RECONSTRUCTION

2319

size of defects. Specially designed probes, such as biaxial EC
probe and uniform magnetic field excitation are used to facilitate
the deployment of inversion methods. Additionally, EC can be
used with infrared thermal and magneto-optical imaging systems
[13], [14] to achieve fast and large-scale EC imaging.

The above methods first construct measured electromagnetic
images and then translate the image to a distribution of physical
properties. In addition, the conductivity and defect distributions
can be directly reconstructed from the measured EC responses.
In these methods, EC models are often used to relate the con-
ductivity or defect information with EC response. The main dif-
ficulty for the reconstruction method is the nonlinearity caused
by mutual induction, which requires solving a complex inverse
problem. Iterative method like Gauss—Newton method can be
utilized to solve the problem for small number of conductivity
variables, such as the reconstruction of 1-D conductivity profile
[15]. For planar objects with much more conductivity unknowns,
iterative-based method has the drawbacks of slow convergence
speed and may fall into local minima. Therefore, noniterative
reconstruction has attracted considerable interest [16], [17]. In
[17], alinear superposition method was proposed to estimate the
conductivity distribution from a set of measured MFDs, where
a precalculated Jacobian matrix with each column representing
the variation of measured MFD due to one and only one of the
elements has abnormal conductivity. However, the assumption
of linear superimposition only holds for defects with small
deviation in conductivity.

As EC flowing through a nonmagnetic conductor depends
on its conductivity, this article uses EC as a medium to re-
construct a conductivity distribution from its MFD. Modeled
using a distributed current source (DCS) method originally
proposed in [18] to derive closed-form solutions for describing
the magnetic fields of an electromagnetic actuator and/or sensor,
the ECD induced in a conductive plate was formulated as an
optimization problem in [19] where the electric potential effects
were neglected to solve the numerically discretized solutions.
By explicitly accounting for the electric potentials in modeling
the boundary constraints, closed-form solutions to the ECD
problem were derived in [20]. In [20], where the conductor was
discretized into volume elements (each with an ECD source)
using the DCS method, the ECD problem was formulated as a
forward EC model to solve for the ECD induced the conductive
plate and its generated MFD for a given set of EM and conductor
(geometrical and electrical) parameters. While still based on
this forward EC model, this article presents a two-stage method
that reconstructs the unknown conductivity distribution by con-
versely solving the inverse solutions to the EC model. Individual
elemental conductivities are assigned to the DCS-based EC
model to account for nonuniform conductivity distribution. The
reconstruction method relaxes the linear assumption and does
not require constructing a Jacobian matrix. The remainder of
this article is organized as follows:

1) The forward EC model using DCS method [19], [20] is
briefly introduced. Based on the forward model, the first
stage reconstructs the ECD field from its EC-generated
MFDs; and the second stage solves the inverse solution
to the EC model.
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Fig. 1. Schematics illustrating EC-based conductivity reconstruction.
(a) Sensing system. (b) ECD in conductor with a feature of abnormal
conductivity.

2) The reconstruction method is numerically validated with
MFD data simulated using finite element analysis (FEA).
Parametric studies are conducted to analyze the effects of
sensor configurations, multicoil excitation, and adaptive
refinement on reconstruction accuracy and measurement
efficiency of ECD and conductivity.

3) The effectiveness of the reconstruction method is evalu-
ated experimentally with specimens containing a feature
of different conductivity and local wall thinning. As will
be shown, the reconstruction methods not only can detect
abnormal conductivity but also can measure nonuniform
thickness equivalent to conductivity anomaly.

[I. METHOD

Fig. 1 shows a typical EC-based sensing system to detect
abnormal conductivity in a nonferrous conductive plate that has
a targeted feature (for example, the T-shaped region of abnor-
mal conductivity) to be measured. As alternating current flows
through the EM placed above the plate, it generates an alternating
electric field E according to Faraday’s law and induces an ECD J
that obeys Ohm’s law (J = ¢ E) in the conductor. Theoretically,
the conductivity o for a given current input to the EM can be
inferred from J, which can be determined from EC-generated
MEFD measurements using MFD sensors placed near the plate.
However, J and o have a complicated relationship since E-field
is unknown due to mutual induction among conductor elements.
Therefore, a physical model that accounts for mutual induction
is required to describe the relation between J and o.

A. Formulation of EC-Based Measurement Models

The ECD distribution can be computed numerically, for
example, using DCS models with J-¢ formulation [20]. The
DCS modeling method decomposes the conductive plate into
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n hexahedral elemental volumes, each of which (ith element)
is characterized by an ECD source j; = [Jiz, Jiy, Jiz]" and
conductivity ;. The ith element source can be modeled as

0
ji=—0i=— (Aei + Ayi) — 0V,

5 (1a)

where

Aei = fojuand Avi = ) fuali (1b.¢)
=1

In (la), Ae; and Ay, are the magnetic vector potentials
(MVPs) contributed by the excitation coil and volume elemental
current sources in the conductor, respectively; u is the input
current through the EM coil, and ¢; is the elemental electric
potential. In (1b, ¢), fe and f,, are the respective kernel functions
[18] describing the MVP generated by a unit-current EM and
unit-current density sources.

With (la—c), the EC system with sinusoidal excitation input
can be compactly expressed in discrete representation. Noting
that (u and J) can be replaced with (jwu and jwJ) using phasor
method, the system equation is given by (2) as follows:

(I+ jwooSF)J+0oST® = —jwoySbu 2)
where
J(e C1) = [T o o T
@(cC”N)=[p1--pi-pal”
S(€ R*™3") = diag(e @ [1 1 1]T)
6= "Llo;--0; - 0,]T; 0g is the reference conductivity,

and IUiUs a 3n-by-3n identity matrix.

In (2), b(€ R¥*!) and F € R3*3" are associated with
the kernel functions (fo, f,); and T'(€ R*"*") is the gradient
operation matrix. The vector b and matrices, F and I', can be
precalculated if the detailed geometry of the conductor is known.
To solve (2) for a physically relevant solution, the continuity
equation V - J = 0 [20] must be satisfied; this constraint equa-
tion can be represented by (n—1) discrete equations given in (3)
where Q(€ R(=1)x3n);

QJ = 0. 3)

The system (2), along with the constraint (3) for ECD and
Q,® = 0 (that designates the zero potential for ®) forms a set
of linear equations, the solutions (J and ®) to which can be
solved if the conductivity matrix S is specified.

The EC-generated MFD B can be measured by a set of m
sensors [Fig. 1(a)], which can be mathematically expressed as
an output (4), where C(€ R3*™3") and B(€ C3™*1):

CJ =B. “)

Collectively, (2) and (3) are referred to here as the forward
model of the EC system, and (4) is a measurement equation.

As an illustration, Fig. 1(b) compares the ECD fields in the
conductive plate with/without a T-shaped region of abnormal
conductivity, which are denoted by (red, blue) arrows; the latter
(plate with uniform conductivity) provides a basis for com-
parison. The ECD deviation AJ(= J — J) and corresponding

measurements AB(= B — B) relative to that induced in a uni-
form conductor J and its EC-generated MFD B are utilized to
reconstruct the conductivity field and detect hidden features in
plate, where J and B are precalculated from the forward model
(2—4) for plates with uniform conductivity. As the unknown
conductivity cannot be directly determined from MFD, its recon-
struction from measured AB data is formulated as a two-stage
inverse problem. The first stage solves for AJ to reconstruct the
ECD distribution J + AJ. Once J is reconstructed, the second
stage recasts (2) into a regression problem to construct the
conductivity distribution.

Stage I: Reconstruction of the ECD field

The ECD deviation AJ, which occurs not only the nonuni-
form region but also the region surrounding it, must satisfy
the continuity (3) and can be inferred from measured deviation
AB through the output (4). Thus, the relationship between the
unknown AJ and the measured AB is formulated in (5a) as
follows:

p=aAJ+n

where o = [CT Q1]T,p = [AB? 0], and 7 is the measure-
ment noise. The solution AJ can be solved with the regular-
ization method to prevent overfitting due to measurement noise
and insufficient measurement data [17]. Two most commonly
used regularization techniques are L1 and L2 regularization. L1
regularization is prone to get sparse solutions (namely vector
with more zero elements), which is not the case of AJ because
the ECD deviation appear on all elements due to mutual induc-
tion. Instead, L2 regularization, also known as Tikhonov regular-
ization, is commonly used for regularization of linear ill-posed
problems. Compared with L1, solutions with L2 regularization
can be computed more efficiently because the analytical solution
is available. The solution AJ with L2 regularization can be
directly solved in (5b) as follows:

AJ = (a"a+2I)'a"p.

(5a)

(5b)

AJ obtained from (5b) minimizes ||aAJ — B|* + A||AT]?
where the regularization parameter A can be determined using
L-curve method [17]. The regularization term A||AJ|* implies
that the deviation of ECD should be small such that the overall
ECD distribution is similar to that of a uniform conductor.

Stage II: Reconstruction of the conductivity distribution

With estimated ECD, the real and imaginary parts of the 3-D
vector J = Jre + jJim in (2) can be written as

JRe = Uos (wFJIm — F‘I)Re)
Jim = —0pS (UJFJRe + I'®p, + wbu) .

(6a)
(6b)

Assume that S is invertible. S and the unknown scalar vector
P (= Pre + jPrn) in (62, b) are decoupled and rewritten as

00 (WF Iy — T®gr.) = S 'Jre (7a)

00 (WFJge + T'®1,y, + wbu) = =S~ Jp,. (7b)

Denoting the three-directional components as /(= x, y, z),
(7a, b) can be decomposed into three component equation. Tak-
ing (7a) as an example, oo (WF¢J, — Ty ®Rre) = diag(p)Jire,
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where p is the bitwise inverse of ¢ denoting the normalized
resistivity of the conductor elements. After extracting Fy, I'y,
and by from the 3i—2, 3i—1, and 3irows of F, I, and b, we have

JRrep + 0oL ®re = wo kI, (8)

[ diag(J;re) A F
diag(Jyre) | ;F = [ Fy |;
| diag(J.re) F

8
=
I
== H
S

w

z

The estimation of p from (8) is a regression problem. Utilizing
Frisch—Waugh-Lovell theorem [21], ® g, can be dropped from
(8) and the regression equation reduces to

MJgep = wooMEJy, (9a)

where M = I — D(I'TT)~'I'T. Similarly, (7b) reduces to (9b)
as follows:

MJpnp = —wooM(bu + FJg.). (9b)

Equation (9a) and (9b) can be combined into (10) as follows:
[MJRQ MFEJy, }

~ f— ~ A 1
MJIJ p=wao [M(bu + ) (10)

For practical applications where the resistivity range of the
abnormal region (p € [psp, pub)) is approximately known, the p
estimation can be formulated as a constrained least-square (LS)
problem that minimizes an error function ||e||*:

e = |:MjRe MFJIm

Mjlm} p—wao {—M(Bu + FJRQ)} an

subject to pi, < p < pub. The conductivity vector ¢ can then be
computed from the reciprocal of p.

Because of the sequential computations, the estimation error
of J in the first stage will affect the reconstructed conductivity.
Therefore, sufficient measurement data are required for accurate
reconstruction of the ECD and conductivity field from the solu-
tions to the inverse model. A common method to increase data
is to scan the conductor mechanically with a single-point MFD
sensor, where a large dataset can be obtained but at the expense
of measurement time. Alternatively, measurement data can be
increased without sacrificing measurement efficiency by using
multiple sequentially excited coils, through which additional
sets of equations for solving the constrained LS problem (10)
can be obtained. For a system sequentially excited with N coils,
N sets of error functions e can be assembled as (12)

2
min H e, e], ...,e]TV]TH subject to pp, < p < pup. (12)
P

B. Measurement Data for Conductivity Reconstruction

The following subsections discuss two criteria guiding the
selection of measurements to improve the solutions to the inverse
model. The first illustrates the reconstruction of a conductivity

d
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Fig. 2.

field using uniformly distributed measurement data. The second
presents an adaptive method to increase measurements at the tar-
geted region to enhance the boundary detection when detecting
hidden conductive features.

1) Measurement Data for Conductivity Reconstruction: The
optimal solutions to (10) by minimizing (11) for a single coil
or (12) for multiple coils provide a means to estimate the
conductivity from the ECD J that can be reconstructed from
measurements, each of which is the superposition of MFDs
generated by nearby ECD elements as illustrated in Fig. 2 where
MED sensors are evenly spaced. For illustrative purposes, only
the elements directly below the sensors (which are closest to a
sensor) and elements in between four adjacent sensors (which are
farthest from a sensor) are plotted. Other elements in between the
closest and farthest elements, which are also measured by MFD
sensors, are omitted in the figure. Since the MFD generated by an
elemental ECD at the sensing point is inversely proportional to
the square of the distance between them [18], the measurement
data can be appropriately sized based on the ratio 7 relating the
MEFD |BJ|y, generated by the element farthest from a sensor (the
blue elements with grid) to that |B|y closest to a sensor (the
gray elements):

By (V)
Bly @+ (va)”  1+05(ds/C)

13)

The ratio 7 is selected between the [lower 7;, upper 73]
threshold values that satisfy 0 < 7; < 7 < 7, < 1. The lower
threshold 7; ensures that the MFDs contributed by the ECD
elements far from the sensor are included in the measurement,
while 75, keeps the sensors within their sensing range. For a
sensor array with sensing points evenly spaced at interval dg,
the sensor—conductor distance ¢ can be selected to meet the
criterion specified in terms of the threshold values, 7; and 77,:

T ¢ Th

20-7) S d S\V20-m)

2) Adaptive Measurements for Conductive Feature Detec-
tion: To improve the detection accuracy of the hidden conductive
features, a method based on the ECD deviation AJ to add
measurement points adaptively near the boundary of the hidden
feature is introduced. The vector field AJ is mainly distributed
in the plane parallel to conductor surface; thus, the elemental
ECD deviation can be characterized by tensor G and its norm 7
as given (15a, b), respectively:

_ [0AJ,)0, OAJ,./D,
= |oAag,/0, 9AJ,/d,

(14)

G (15a)
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and

T = y/trace(GTG).

New points are added in-between two adjacent measurements
if T'exceeds a predetermined threshold value. The method begins
with an initial grid of measured MFD. The steps that adaptively
add measurement points based on the ECD deviation AJ are
briefly summarized as follows:

1) Calculate the tensor G at each element, and surf-fit them
by a 2-D surface T(x, y).

2) Halve the intervals between the MFD sensing points.
For each newly added point, the normalized tensor norm
k= (T — Twin)/(Tmax — Tmin) is calculated. The new
point is added to the measurements if « is larger than a
predetermined threshold 7} :

(15b)

__ | > T)1 The new pointis added to measurement.
T < T Discard the point.

3) To improve reconstruction accuracy, the measurement
points can be further refined by repeating Step 2 until the
spacing between any adjacent refined measurement points
is comparable to the specified spacing between conductor
elements. In the ith time refinement, new points are added
to measurement if kK > Tjp; where T < Thy < -+ <
Thi < v,

I1l. NUMERICAL VERIFICATION AND ILLUSTRATION

A numerical investigation has been conducted for verifying
the EC model, and for design optimization of an EC-based
sensing system; the latter uses the inverse solutions to analyze
the effects of adaptive measurements and multiple coils on
conductivity reconstruction.

A. Numerical Verification

The forward DCS-based EC model that accounts for nonuni-
form conductivity is validated by comparing its computed ECD
(J¢, where £ = x,y, z) with Jyr ¢ simulated in COMSOL, a
commercial FEA package. The results simulating the ECD
induced by an EM in a square plate characterized by four
conductivity quadrants (o1 = o151 = 09 and 011 = oy = 0)
are presented in Fig. 3. Specifically, o/oy = 1: Plate (all four
quadrants) has uniform conductivity /oy = 0: second and fourth
quadrants are electrically nonconductive.

As seen in Fig. 3(a) where the imaginary (Im) part of the ECD
distribution for ¢ = 0.20( are compared, the ECD calculated
by model and COMSOL are comparable. The ECD computing
errors defined in (16) are shown in Fig. 3(b):

1
EJ B J!nax
I§m R, Re ) I m )
X ﬁziﬂ Ze:x,y,z (Je - Jref,z) "’(Je - Jref.,e) :

(16)

The errors are within 2% for the range of o/o values, which
increase somewhat with the conductivity difference.

EM
a;=5mm
a,=10mm
a =Smm
z,=10mm
f =1kHz

Square plate

TN S NN NN

R T

h=1.5mm FRRNEN \\\\\N::::::/
w=48mm S s assm——l L TL T lelelols Of--mmmmmmee 1
O=56IMS/m ot JIZIZZTTTITIT o /oyp=0.2 0 1 2
E %
() —>Model —= COMSOL (b) rror (%)
Fig. 3. Validation. (a) ECD distribution. (b) Computation errors.

TABLE |
SIMULATION PARAMETERS

Qi Ao
(a) Sensor |
(x, y) spacing = -20:ds:20 EM aI i
d, =10, 5,2.5 mm Conductor I vh ¢Z~‘
£=25,45,65mm | [ '
Sensor je—d,—} Ié/
- » L -
(b) EM coil ! !
(@0, a; @) mm (10,5,5) : -
z, (mm) 9 X \
Turns (#) 120 = (s ]
Wire dia. (mm) 0.36 i
f(Hz) 1000 i
R(Q),L(uH)  0.95,200 )

(c¢) Specimens Square plate

60 W wxh (mm) 48x48x1.5
Element (mm) 2x2x1.5
b/ oo (MS/m) 56.9
L»x (X0, Yo) WX Wy o1
o1 T Feature  (mm)  (mm) (MS/m)
i Vo) w2 Square (0,0) 20%20 0.109
l Rectangle  (4,4)  24x16 020,
v Circle (-4,-6) 12 (radius) 0.300

B. Data Size/Structure for Conductivity Reconstruction

The methods to improve the accuracy of conductivity recon-
struction and feature detection without sacrificing measurement
efficiency presented in Section Il are best illustrated numerically.
The system configurations, along with the location/size of the
abnormal regions, used in the simulations are illustrated in
Table I where the coordinate system is assigned at the plate
center.

As shown in Table I, where the system configuration is defined
(first row), an EC is induced in the (1.5-mm thick and 48-mm
wide) square specimen by either one or four annular coils
(second row) placed above it. The MFDs are measured by a
5 x 5 array of three-axis sensors in the plane on the other side
of the plate, which is similar to an existing setup [17] designed
to facilitate experimental validation in a laboratory setting. The
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Fig. 4. Effects of sensor density and distance on reconstruction.

coil(s) is/are applied with sinusoidal current(s) where the fre-
quency f (=1 kHz) is selected to yield a skin-depth larger than
plate thickness such that EC can penetrate the plate. The ECDs
in the mid-plane of the square plate (across the thickness &)
are computed in the following discussion. Three square plates
(third row of Table I) with reference conductivity o, each of
which contains an abnormal region of different conductivity
(0.10¢ square, 0.20 rectangle, and 0.30 circle) were simulated
in COMSOL. The three different shapes, various positions of
the shapes, and randomized conductivity values are chosen to
demonstrate the robustness of the reconstruction method for a
diversity of simulation samples. White noises (40-dB SNR) were
added to the simulated MFD measurements for reconstructing
the conductivity by solving (11) where the (lower and upper)
bounds of the resistivity set at (0.9pg, 11pg) where pg = 1/0y.
MFDs in three-axis are measured in the range [—20, 20] mm.
The measured MFDs are contributed by both EM coils and ECDs
in conductor, as the former is predetermined and thus can be
subtracted to obtain the EC-generated MFD.

Three sets of simulations investigating the effects of sensor
parameters, data refinement, and multicoil configuration on
reconstruction are summarized in Figs. 4-7 and Table II. The
estimations are evaluated in terms of the error defined in (17)
where (o;, 7;) are the (estimated, “true””) conductivities of the
ith conductor element and &; (used in COMSOL to simulate the
forward model) serves as a basis for comparison:

Egzlzn:M,
n ago

i=1

7)

1) Sensor parametric effects (Single coil)

T it

GEEELNEE

y (mm)

(a) x (mm)

Sensor array

Uniformly refined

_10+ ] [] []

¢ Adaptively refined grid
()6—---1—----—--.-——

|
-
| ]
L ]
| ]
|
-
|
- ---- -8 --

2 Adaptively refined
0 x(mm) 20 (D 724 0

(c) -20

x (mm) 24

Fig. 5. lllustration of adaptive measurement points refinement method.
(a) Initial reconstructed ECD deviation. (b) Norm of ECD tensor.
(c) lllustration of measurement points. (d) Conductivity image from initial
sensor array data (blue dots). (e) Results from uniformly refined data
(blue + red + gray dots). (f) Results from adaptively refined data (blue
+ red dots).

TABLE Il
CONDUCTIVITY ESTIMATION ERROR E, (MEAN, SD)

(a) Effect of data on estimation accuracy, Fig. 5(d~f), circle

Method [# of Sensor Additional scanned points

measurements) Array [25] Uniform [289] Adaptive [65]

(d;, O mm (10,2.5) (2.5,2.5) (Non-uniform, 2.5)
E, (0.14,0.13) (0.08, 0.08) (0.08, 0.08)

(b) Effect of multi-coil on estimation accuracy, Fig. 6 (d= 5, (=4.5 mm)
Features Square Rectangle Circle
1-coil [81] (0.14,0.11) (0.12,0.10) (0.09, 0.08)

Fo 4-coil [81x4] (0.09, 0.09) (0.07, 0.08) (0.07,0.07)

The first investigates the effects of sensor parameters (ds,
¢) on conductivity reconstruction, from which the criteria for
optimizing the sensor-conductor distance ¢ bounded between the
thresholds (7;, 75) are established. Typical results are depicted
in Fig. 4 where the reconstructed conductivity images of the
rectangle feature are shown to avoid repetitions. For each shape,
the effects of nine ds ( = 10, 5, 2.5 mm) and ¢ ( = 2.5, 4.5,

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on August 09,2021 at 20:35:55 UTC from IEEE Xplore. Restrictions apply.



2324

IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 25, NO. 5, OCTOBER 2020

/_:24 w w w
s M
E i ol oy
A~ 1
0 L |
@) | g i |
1-coil 24 — -
24 0.5
E
g
~
0
0
(b)
4-coil 24
-24 0 2424 0 24-24 0 24
x (mm) x (mm x (mm)
Square Rectangle Circle
Fig. 6. Comparison of conductivity reconstruction results. (a) Single-

coil configuration. (b) Four-coil configuration.

0.2 T T T T 35
13
0.15 12.5
E, 12 ¢/d
0.1 115
11
0.05 192
: : : : 0
0 0.2 04 . 06 0.8 1
Legends Square Rect. Circle d; (mm): 10 (black)
1-Coil o o o 5 (red)
4-Coil = ¢ [ 2.5 (blue)

Fig. 7. Comparison of reconstruction errors.

6.5 mm) combinations on the conductivity estimation errors are
compared in Figs. 4 and 7.
2) Adaptive refinement method (Single coil)

The second investigates the effects of adaptive refinement
(commonly used to select points to improve measurement effi-
ciency) on conductive feature detection. Fig. 5, where the circle
feature is used as an example, illustrates the intermediate results
of the adaptive refinement that begins with the initial 5 x 5
(ds = 10mm and ¢ = 2.5 mm) measurements:

Fig. 5(a): Reconstructed ECD field.

Fig. 5(b): 2-D surface surf-fit of the computed 7(x, y).

Fig. 5(c): Measurement points where blue dots indicate initial
measurements (ds = 10 mm); gray dots are 17 x 17 uniform
points (ds = 2.5 mm); and red dots are a subset of 17 x 17
points adaptively selected after two refinements (74; = 0.5
and T, = 0.75).

The right column compares the plate conductivity images
reconstructed from three different datasets:

Fig. 5(d): 25 measurements with a 5 x 5 sensor array.

Fig. 5(e): 289 (17 x 17) uniformly spaced measurements
Fig. 5(f): 69 adaptively selected data.

Both the uniform and adaptive refinements are obtained by
scanning the 5 x 5 sensor array mechanically (with 16 motion
steps in each of the x and y directions). Unlike uniform refine-
ment using all measurements in the formulation, the adaptive
refinement discards points that did not satisfy the « criteria. The
mean and standard deviation (SD) of the conductivity estimation
errors are compared in Table II.

3) Multicoil excitation

The third demonstrates the use of multicoils to improve re-
construction accuracy and efficiency. Unlike commonly used
mechanical scanning methods that execute many measurements
to extend sensing range, the multicoil configuration presents an
efficient alternative that excites each coil to increase the number
of measurements being taken without moving parts; and more
importantly, the method is free from motion errors because the
coils are stationary with respect to the sensor array. This article
investigates the relationship between the number of additional
measurements (free from motion-errors commonly associated
with mechanical scanning) taken with the multicoil excitation
configuration and conductivity estimation errors. Fig. 6 com-
pares the conductivities of the three plates reconstructed using
one and four coils (second row in Table I):

Single-coil: 81 (9 x 9) uniformly spaced data.
Four-coil: 324 (9 x 9 x 4) uniformly spaced data.

For both configurations, measurements are simulated with
ds = ( =4.5mm. It is worth noting that the four sets of 81
measurements in the four-coil configuration can be obtained
simply by sequentially exciting the coils at different locations
without additional motions. The conductivity estimation errors
are compared in Fig. 7 and in Table II.

The findings in Figs. 4-7 and Table II are as follows:

1) Consider the first row of Fig. 4 where the effects of three
sensor—conductor distances (¢ = 6.5, 4.5, and 2.5 mm)
for the given sensor spacing (d; = 10 mm) on the recon-
structed conductivity images are compared. The sparse
measurements result in significantly high mean estima-
tion errors E,, in Fig. 7 (black dashed lines) particularly
with a small ¢ (=2.5) where the ECD elements close to the
sensor dominate the measured MFD, while those between
two sensors have little or no contributions. In contrast,
with alarge ( (=6.5), more conductor elements including
those far from the sensor contribute to the measured MFD;
conceptually, ¢ can be treated as a “filtering” parameter
where the integral effect decreases the fluctuations due to
noisy measurements but blurs the feature boundary. How-
ever, overly large ¢ when measurements are dense have
negative effects on reconstruction accuracy, as individual
contributions of the elemental ECDs to each MFD sensor
cannot be differentiated. The adverse effects of large ¢
relative to small ds can be observed in Fig. 4 (dy = 5mm
insecond row and d;, = 2.5 mm in third row), and in Fig. 7
where the mean errors are compared (red and blue dashed
lines). Based on Fig. 7, the following guideline is used in
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the subsequent studies:
7(=03) <7 <7 (=0.7).

To facilitate sensor design, (13) that relates ¢ /d; to 7 is plotted
in Fig. 7 (green solid curve), where an appropriate ( can be
determined for a given d.

2) From the comparisons in Fig. 5(d)—(f) and in Table II(a),
where the estimation errors are summarized, the two
refinement (uniform and adaptive) methods yield nearly
identical reconstructed conductivity and estimation er-
rors, reducing the mean estimation error from 14% (initial
5 x 5 data) to 8%. However, compared with uniform
method which requires additional 289 points for the mea-
surement, the adaptive refinement method only requires
65 points (or less than 25% of the uniformly spaced
data) to obtain similar accuracy; this finding suggests 1)
significant time saving for applications where data are
measured by mechanically scanning a single-point MFD
sensor, and 2) mathematically reducing the dimension of
the inverse problem for reconstruction.

3) Fig. 6(a) and (b) compares the conductivities recon-
structed using one-coil and four-coil configurations. With
a single coil [Fig. 6(a)], relatively large errors can be ob-
served in the region under the coil center where the ECD
is small. The four-coil configuration offers an effective
means to resolve this problem; as shown in Fig. 6(b),
the four-coil reconstruction shows fewer fluctuations in
both feature and reference regions and a distinguishable
boundary between them. As further demonstrated in Fig. 7
and Table II (b), the mean estimation errors of the four-
coil reconstruction are between 7% and 9%, significantly
lower than that reconstructed using the single-coil method
(where E, = 9%-14%) with the same sensor parameters
(ds = 5mm, ( = 4.5 mm), particularly for features with
sharp corners. Both the one-coil (ds = 2.5 mm) and four-
coil (ds = 5mm) reconstructions achieve similar accu-
racy; this finding demonstrates that the multicoil method
does not rely on decreasing ds (as in the single-coil
method) to improve reconstruction accuracy.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Two experimental investigations were conducted: The first
validates the numerical simulations in Section III, which demon-
strate the inverse EC model for conductivity reconstruction.
The second evaluates the proposed method by comparing its
estimation errors and measurement efficiency with that of a
published method [17] based on linear Jacobian matrix. The
two investigations were presented in Sections IV-A and IV-B
and discussed in Section IV-C.

A. Experimental Validation

Experiments were conducted on the testbed [Fig. 8(a)],
where the EC sensing system consists of an EM system
[Fig. 8(b)] and existing MFD sensor array [17] [Fig. 8(c)].
To facilitate parametric studies in a laboratory setting, a fix-
ture [Fig. 8(b)] is placed right below the EM system to hold

Power Supply

MFD Sensor
Board

Coil Current
Amplifiers

— MFD Sensor
Amplification
Circuits

(b) lar
T R

2-Axis MFD
Sensor
(HMC1052)

MFD Sensor
Board

—ee L & =
(© (d) Cicular Square

Fig. 8. Setup for first experimental investigation.

the specimen and positioned by a precision three-axis stage.
Four 1.5-mm-thick square-plate specimens made from copper
(oo = 56.9 MS/m) were used, three of which were machined
with a different shaped (square, rectangle, and circle) hole and
filled with solder (Sn63/Pb37, 01 = 6.9 MS/m) to simulate
nonuniform conductivity. The MFD sensor array contains 5 x 5
two-axis AMR sensors (HMC1052) which measure orthogonal
MEFDs in x and y directions (parallel to conductor surface).
The sensors are equally spaced (10-mm interval) and placed
at a distance ¢ = 4.5 mm on the opposite side of the EM.
Compared with simulations, the sensors used in experiments
lack the sensing axis in the z direction, which may affect the
total number of MFD data available for reconstruction, but the
proposed reconstruction method still applies because the lack of
data can be compensated by adding more measurement points.
By moving both the EM and plate together in the horizontal
plane, much denser measurement points can be obtained for a
given sensing array design. The EM is driven by a closed-loop
current amplifier (KEPCO BOP 50-4M) which enables the cur-
rent in EM proportional to excitation signal. The sinusoidal EM
excitation signal (f = 1000 Hz) and measured MFD data are
processed with NI DAQ devices (cDAQ-9178, NI 9205, and NI
9263). Other parameters including the dimension and location
of the nonuniform regions can be found in Table L.

The voltage-to-MFD gain factor k of each sensing channel was
calibrated using linear regression with simulated MFDs from the
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where m (=64) is the number of measurements obtained by
placing the coils at different locations; V'is the measured voltage; Fig. 11. Effects of different sensor intervals (ds = 10, 5, 2.5) on recon-
and B is the simulated MFD (without the conductive plate). Struction.
Fig. 9(a) and (b), which correspond to measurements without TABLE Il
and with a uniform plate in between the EM and sensors, ESTIMATED /¢ (MEAN, SD) WITH FOUR-COIL EXCITATION
compares the simulated and measured imaginary part of MFDs
after calibration when the second coil is enabled; the normalized d(mm) | Region Square Rectangle Circle
root-mean-square errors (RMSE) as defined in (19) are 0.64% 10 Feature oy (0.29,0.15)  (0.34,0.19)  (0.36,0.22)
d4.0.51%. respectivel Plate g, (0.85,0.15)  (0.88,0.14)  (0.89,0.12)
and U.5 17, Tesp ¥ s Feature o/ (021,0.11)  (0.22,0.12)  (0.22,0.11)
1 Plate 5, (0.87,0.13)  (0.91,0.11)  (0.92,0.10)
BruMsgE = ——— ,s | Featureo (0.18,0.08)  (0.21,0.10)  (0.20,0.11)
IBmax| : Plate o (0.89,0.12)  (0.91,0.10)  (0.92,0.09)
1 n 2 2
A S (e By (B - B’ |
n = =Ty a square feature. The effects of sensor spacing (ds = 10, 5, and

19)

For numerical verification and experimental validation, the
MFD generated by the induced ECD in the conductive plate
with a square feature was simulated. The results simulated
using the proposed DCS-based EC model are compared with
that computed using COMSOL FEA and that experimentally
obtained MFD data in Fig. 9(c) and (d) where only the real part
of the MFD data are plotted to avoid repetitions. As compared
in Fig. 9(c) and (d), the MFD data calculated by the DCS-based
model agree excellently well with the FEA and experimental
data (within a RMSE value of 0.06% and 1.16%, respectively),
demonstrating the effectiveness of the EC model.

The experimental results are summarized in Figs. 10 and 11
and Table III. Fig. 10 shows the effect of multicoil excitation with
ds = 2.5 mm on the conductivity images of the copper plate with

2.5) on the reconstructed conductivity using four-coil excitation
are compared in Fig. 11, where red lines indicate the actual
boundaries.

The mean and SD of the conductivity reconstructed using
four-coil excitation are shown in Table III, where the recon-
structed conductivity o is normalized to 0. Theoretically, the
normalized plate and feature conductivities are 1 and o1/0¢
(=0.12), respectively.

B. Local Wall Thinning Reconstruction

To provide a basis for benchmark comparisons and extend the
reconstruction method to more general applications, an experi-
mental investigation was conducted on a three-axis precision po-
sitioner (Fig. 12) to detect a local-wall-thinning (LWT) feature.
Results are compared with recently published method based on
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Fig. 13. Comparison between (a) proposed and (b) linearized
methods.
TABLE IV
EXPERIMENT PARAMETERS (ALUMINUM PLATE WITH T-POCKET)
TABLE V
Di 5 5 N — T-POCKET REGION NORMALIZED CONDUCTIVITY (MEAN, SD)
imensions in mm Filletradii =1 §quare plate (48x48x2):
=2 a0 (MS/m) 24.7 Proposed method Linear method [17]
% 0.5,1 G5 d,=4 d=2 d=2 dy=4
DCS element size (number): 025 4 (0.75,0.07) _(0.77,0.06) | (0.52,0.13) (0.53, 0.14)
: 2x2x2 (576) : 2 (0.76,0.08)  (0.74,0.04) | (0.48,0.10) (0.53, 0.20)
5 g 2-axis sensor (HMC1052): Qs 4 (0.52,0.08) (0.55,0.08) | (0.19,0.24) (0.17, 0.20)
4 ¢ 2,4 ’ 2 (0.53,0.08)  (0.50,0.07) | (0.17,0.21) (0.23,0.28)
di 2,4 Time (s)
EM coil frequency 2 kHz Measurements 121 441 121 441
Comp, Offline 7 13 492 502
P Online 0.5 0.55 0.2 0.24

linear superposition [17] where an 882 x 576 Jacobian matrix
was precalculated using the forward model for the reconstruction
with 576 elemental conductors and 441 (two-axis) measurement
points. The ith column of the precalculated matrix is the devia-
tion of the EC-induced MFD in a uniform plate assuming that
only ith element has an abnormal conductivity (equal to 90% of
the normal value).

As shown in Fig. 12, the aluminum alloy plate was excited by
a single EM coil that has the same characteristic values listed in
Table I. The excitation coil and MFD sensor are placed on the
opposite sides of the plate with the pocket facing the MFD sensor
(programmed to scan in horizontal plane). The sensor is same
with that used in Fig. 8 (two-axis AMR sensor that measures
MFD in x and y directions). Two (2-mm thick and 48-mm wide)
square plates made of aluminum alloy (¢ = 24.7 MS/m) were
used, each of which has a T-shaped blind pocket of different
depths (0.5 and 1 mm, corresponding to 25% and 50% of the
plate thickness) at the bottom of the plate. The LWT region is
blind T-pocket, which is modeled as an equivalent electrically
nonuniform region with a conductivity lower than oq. As the
method is based on the fact that EC in the LWT feature is smaller
than that in the region of normal thickness, 2000-Hz excitation
frequency was selected to ensure that the EC (with a skin-depth
2.26 mm) could penetrate the plate. Other parametric values are
listed in Table IV.

The reconstruction results are summarized in Fig. 13 and
Table V. Fig. 13 shows the estimated conductivity images for
(¢ =2 mm, ds = 2mm). The (mean, SD) of the reconstructed
elemental conductivities in the T-shape region, along with acom-
parison of measurement and computation times, are summarized
in Table V for four ({, ds) combinations.

C. Discussions of Results

Specific findings from the two experimental investigations in
Sections III-A and B are as follows:

1) When the conductivity fields are reconstructed with con-
ventional one-coil excitation, large variations can be seen
in the region [Figs. 10(a) and 13] directly below the
coil center where the ECD is small. As demonstrated in
Figs. 10(b) and 11, these variations can be effectively
eliminated using multicoil excitation at different loca-
tions.

2) As shown in Fig. 13, both the proposed method and the
linear method (see Appendix) are capable of detecting
the shape of the T-shaped blind pocket by treating the
LWT as a region with a reduced conductivity. As shown
in Table V, where the equivalent conductivities estimated
by the two methods are compared, the conductivities
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estimated using the linear method [17] are significantly
smaller than the proposed method and exhibit large SD. In
contrast, the conductivities estimated using the proposed
method (that relaxes the superposition assumption by
accounting for the nonlinear mutual induction effects in
the EC model) are approximately 0.75 and 0.5 for the
T-shaped pockets with §,,/h = 0.25 and 0.5, respectively,
which are essentially the normalized thickness (1—4d,/h)
of the LWT region. This finding suggests that the LWT
thickness can be estimated, demonstrating an advantage
over the linear method.

3) The tradeoff between accuracy and efficiency can be
illustrated with Table V where the measurement and
computation times are compared. Unlike the linearized
model [17] that requires calculating the forward model
576 times when constructing the Jacobian matrix, the
proposed model only needs to know the ECD and MFD of
the conductor with uniform conductivity. The linearized
model does not reconstruct ECD and thus requires less
real-time computation (0.25 s) than the proposed model
(0.55s).

4) Table V illustrates the tradeoff between the sensor spacing
ds (2 and 4 mm) and the sensor-to-plate distance ¢ (2 and 4
mm); the latter has a filtering effect on the reconstruction.
The reconstruction under (ds = ¢ = 2, 7 = 0.67) yields
the best thickness estimation with a smallest SD. When
reconstructed with a small number of measurement points
(or large d; = 4), a better estimation is obtained with { =
4 (1 =0.67) than ¢ =2 (7 = 0.33). On the other hand, the
sensor should be close to the plate to minimize filtering
effects for precise measurement with small interval.

5) Table III shows that the estimated plate conductivity is
within 8% error when reconstructed with d, = 5 and
2.5 mm. The feature conductivity is overestimated (larger
than the actual value of 0.12) but the error (particularly
its SD) decreases as ds reduces from 10 to 2.5 mm when
reconstructed with the sensor-to-plate distance { = 4.5
that has a filtering effect on the boundary. It is expected
that the error can be further reduced (and hence a sharper
boundary) with a smaller ¢ as demonstrated in Table V.

6) Sensor array and multicoil configurations can effectively
reduce the number of mechanical scans when making
measurements. For example, 100 measurements can be
made using a 5 x 5 sensor array with four-coil excitation,
while a single-point sensor will require 100 mechanical
scans.

V. CONCLUSION

A model-based method for reconstructing an EC induced in a
nonmagnetic conductor and its electrical conductivity has been
presented. Derived using DCS models in J—¢ formulation, the
EC model accounts for mutual induction between conductor
elements; thus, the proposed method can handle a conductor
with nonuniform conductivities.

The tradeoff between the sensor spacing ds and the sensor-
to-plate distance ¢ which has a filtering effect on the feature

boundary has been illustrated numerically. When reconstructed
with a small number of measurement points, the estimation
can be improved by increasing (. On the other hand, the sen-
sor should be close to the plate to minimize filtering effects
for precise measurement with small interval. Two techniques
(adaptive measurement point refinement and multicoil excita-
tion) were investigated to illustrate tradeoffs between accuracy
and efficiency. Sensor array and multicoil configurations can
effectively reduce the number of mechanical scans when making
measurements.

Both the proposed method and the linear method are capable
of detecting the shape of the T-shaped blind pocket by treating
the LWT as a region with a reduced conductivity. However, the
linear method [17] underestimates the equivalent conductivity
and exhibits significantly large deviation in the estimated value.
Experimental findings suggest that the LWT thickness can be es-
timated with the proposed method, demonstrating an advantage
over the linear method.

APPENDIX
Linearized Model [17]

The linearized model supposes the reference conductivity o
is known. The Jacobian matrix G(€ R™*") thatdefined in (A.1)
needs to be precalculated using forward model for n times, where
m is the number of measurement data and n is the number of
elements.

G = [0AB/ds]". (A.1)

The ith column of G is given by (A.2) where B;; is represents
the jth MFD measurement by the conductor with conductivity
oo except the ith element has conductivity (co+Ac), and B is
the MFD measurement by conductor with uniform conductivity.

0AB 1 T =
=—([B;; - Bii-+ Bim —B).
do; Ao <[ bR ]

The conductivity deviation of all elements is estimated from
the deviation of actual measured EC-generated MFD B, relative
to the MFD of the uniform conductor B by solving (A.3):

(A2)

Ac = (G"G +1)'G" (B, — B) (A.3)

where regularization method same with (5b) is used. Then, the
estimated conductivity for the measured conductor is obtained
as 6 = 6y + Ao.
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