IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 53, NO. 4, AUGUST 2004

1335

Simultaneous Measurement of Distance and
Thickness of a Thin Metal Plate With an
Electromagnetic Sensor Using a Simplified Model
Wuliang Yin, A. J. Peyton, and Stephen J. Dickinson

Abstract—This paper presents a simplified model which can describe the inductance change when an air-core coil is placed next
to a thin nonmagnetic metallic plate. The model has two independent parameters and is valid for a range of thickness, conductivity,
and lift-offs. Use of this new relationship provides a fast and accurate method to measure the distance and thickness simultaneously. Measurements made for a sample coil next to thin copper
and aluminum plates of various thicknesses verified the theory and
the proposed method.

For an air-core coil, the general analytical solution for inductance change caused by a thin layer of nonmagnetic metal was
described by Dodd and Deeds [6]. This paper evaluated the analytical solutions of Dodd and Deeds for nonmagnetic plates
of different thickness, conductivity, and lift-offs. It has been
found that the solution can be approximated by a simple scaling
relation.

Index Terms—Distance and thickness measurement, electromagnetic sensors, frequency-dependent response, simplified
model.

(1)

I. INTRODUCTION

Q

UALITY inspection and thickness measurement of metal
plates using eddy current methods are affected by lift-off
variations. Furthermore, simultaneous thickness and distance measurements of metal layers are required for a range of
technological applications such as coating and surface treatment
[1]–[5]. A variety of coil designs have been used in these applications. In method [2], a ferrite coil sensor was developed to
measure the thickness and distance of a zinc-aluminum coating
on a steel sheet. A double air-cored coil method was proposed
to eliminate the undesirable lift-off effect [3].
In most of these methods, theoretical impedance values were
computed for a variety of possible combination of the parameter
values, a set of parameters for which the theoretical data was
as close as possible to the experimental data was chosen. This
usually involves a simplex search method. For a large number
of parameter values, the search process is time consuming. A
feature-based inversion method for conductivity and thickness
measurement greatly reduced the time [4]. However, these features are still coupled together and therefore a multidimensional
look-up table has to be constructed to inverse the parameters.
In this paper, we have found that for an air-cored coil next to a
nonmagnetic thin metallic plate, two features of imaginary part
of the inductance values link to the thickness and distance of
the plate, respectively. Based on this finding, a rapid method of
simultaneous measuring the thickness and distance is proposed.
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is the overall strength of the inductance change
Here,
that depends on lift-off for a given coil, and is independent of
is the characteristic angular
the thickness and conductivity,
is a maximum.
frequency at which the imaginary part of
depends on the conductivity and thickness of
The frequency
the plate and is virtually independent of lift-off. The function
is
(2)
Measurements were made for a sample coil next to thin
copper and aluminum plates of various thicknesses using an
impedance analyzer (SL1260, Solartron). These results can be
approximated by (1) and (2) to reasonable precision. Comparand
ison between the calculated and measured peak
provides the lift-off and thickness simultaneously.
II. METHODS
This section describes the procedures used to determine the
with
simplified model. First, the two limiting cases for
and
will be considered with a physical explanation
of the results. Then, the calculated and measured results will
be displayed. Further, the procedure to simplify the analytic solution of Dodd and Deeds will be given. Finally, simultaneous
thickness and lift-off inferred from measurements are listed.
A. Analytic Solution
The difference in the complex inductance is
, where
is the coil inductance above a
is the inductance in free space. Fig. 1 is a
plate, and
schematic diagram of the model.
The formulas of Dodd and Deeds [6] are
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Fig. 3. The six curves in Fig. 2 overlap identically when plotted verse
normalized frequency.

Fig. 1. (a) Schematic diagram of the model. (b) Geometry of the coil.

B.

in Two Limiting Cases

and

Setting
gives the inductance change for zero-frequency. The real part and imaginary part of the inductance
change are zero, which means the nonmagnetic plate causes no
inductance change and the magnetic flux penetrates the plate
as in free space.
In the limit of arbitrary large frequency, the induc, where
tance change is given by
.
is dependent on lift-off for a
given coil, and is independent of the thickness and conductivity,
which corresponds to the situation that the incident magnetic
flux is totally excluded from the plate.
C. The Scaling Relation With Various Calculated Results and
Measured Results
Fig. 2. The real and imaginary parts of
22  ,
 ;
 .

m 44 m . .. 22 2 6 m

1L

for copper plates with thickness

where

(4)
(5)
(6)
(7)
denotes the permeability of free space. denotes the
where
number of turns in the coil; and denote the inner and outer
radii of the coil, while and denote the height of the bottom
and top of the coil; and denotes the thickness of the plate.

The frequency-dependent inductance change for a coil
defined by
,
,
, and
is plotted in Fig. 2. The conductivity of the plate was
(copper) and thickness was chosen to
chosen to be 5.8
,
. The lift-off was chosen
be 22
to be 1 mm.
On examination of Fig. 2,
peaks at a characteristic
frequency , which is seen to increase as thickness decreases.
versus
Fig. 3 shows the same calculations scaled by
the normalized frequency. All the calculations fall on the same
curve. On trials over a range of conductivities and thicknesses,
it was found that this common scaling relation could also be
applied to calculations for plates with different conductivity
for aluminum) and different lift-offs (1 mm,
(e.g., 3.82
1.1 mm…2.0 mm), the existence of this common scaling relation was also verified by measurements from a coil (parameters
defined earlier) with aluminum and copper foil samples (see
Fig. 4).
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Fig. 4. Measurements for aluminum and copper foil samples overlap
identically when plotted verse normalized frequency.

D. The Simplification of the Analytic Solution
Two approximations can be used to simplify the analytical
solution.
with
, and considering (5) and (4)
Substituting
becomes

1

Fig. 5. The comparison of the real and imaginary parts of L from the
simplified model, the analytic solution and actual measurements.
TABLE I
THE ACTUAL AND INFERRED THICKNESS AND LIFT-OFF

(8)
The next approximation originates from the fact that
varies slowly with compared to the rest of the integrand, which
reaches its maximum at a characteristic spatial frequency .
is defined to be one over the smallest dimension of the coil. The
at
and take it outside of
approximation is to evaluate
the integral
(9)
Letting

, (8) can be expressed as
(10)

From (11), it can be concluded that the characteristic angular
frequency increases if the conductivity and thickness become
smaller, which agrees with observations.
III. RESULTS

Noticing that
dimension, we have

is well satisfied for the coil and plate
(11)
(12)

It was found that (12) can be approximated by
(13)
Note that 0.15 in (13) is an empirical coefficient obtained via
trials. It is dependent on the coil geometry, but independent on
lift-off and the conductivity of the test plate.

Fig. 5 shows plots, which provide some verification of the
simplified model with analytic solution and measurements. As
can be seen, the simple model approximates the frequency-dependent inductance change to a reasonable precision.
The estimation of thickness and lift-off from experimental
and
from
results takes two steps. (1) Estimate peak
experimental measurements. (2) Compare these two values
and
values for a range of
with precalculated peak
thickness and lift-offs; those thickness and lift-off that produce
and
with the experimental measureclosest peak
ments are taken as inferred values. Simultaneous thickness and
lift-offs inferred from a number of measurements are given in
Table I, which verified our model and measurement method.
The difference between the actual values and inferred values is
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due to the imperfect modeling of the coil and the error caused
and
from measurements
by the estimation of peak
at a finite number of frequency points. The larger error of
the thickness estimation may be due to the large frequency
sweeping intervals used. In the process of simplifying the
to
)
analytical solution, the first approximation (
. As thickness increases, the
only holds for small values of
error due to this approximation becomes large. Therefore, with
this simplified model, the measurement range for thickness
would be between tens and hundreds microns. The measurement range for lift-off is mainly limited by the sensitivity of the
coil and measuring instrument, because the inductance change
of the coil would be very small for large lift-offs.
Measurement method based on a comprehensive model normally requires calculation and measurement of the inductance
change over a large range of frequency. Its principle is to find in
a multidimensional table a set of parameters (i.e., thickness and
lift-off) for which the calculation is as close as possible to the
measured data in a least-squared sense. Therefore, it requires
a large storage capability to preserve the calculated data and
large computation power to do the search and comparison. The
significance in using such a simplified model is that it only requires measurements over a relative small range of frequency
(i.e., near the characteristic frequency) and that only one-dimensional (1-D) search is required. These features may facilitate
the realization of this method in small portable instruments employing microcontrollers with limited memory and computation
power.
IV. CONCLUSION
Based upon the described simplified model and the measurement method, it is possible to realize a small portable measuring
instrument that is capable of providing real-time distance and
thickness simultaneously. Future work will involve modeling
other coil geometries, configurations (e.g., coils with rectangular cross sections and ferrite-cored coils) and frequency-dependent response for magnetic plates. The field performance of
the sensor will be evaluated.
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