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Abstract: Transient response of metallic targets has been examined by numerical sim-
ulation in a gradiometric coil arrangement using a lowpass filtered current
step excitation. The electrical conductivity and the magnetic permeability of
the target materials were varied independently to unveil the specific contri-
butions of these two material parameters. It was found that the amplitude,
the zero crossing points and the overshoot of the gradiometric voltage signal
are characteristic to the respective target material. For high conductivity tar-
gets, the magnetic property has a less pronounced influence to the shape and
measures of the transient response signal, while a magnetic property plays a
key role in the determination of the transient response for low conductivity
targets.
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1. Introduction

Coils and coil systems play a very significant role in several applications, because by using
them one can detect the current flowing through a wire, the changing of the magnetic
field in the vicinity of the loops, the proximity of a metallic object, etc. These properties
make the coils the key-part of, for example, non-destructive testers, metal detectors and
inductive proximity sensors [1, 2, 3].

The classical approach of proximity sensing is an esentially harmonic excitation of a
sensing head and the detection of the energy loss, frequency change or a phase shift re-
sulted by the perturbing effect of an approaching metallic target. However, numerous
methods are emerging to exploit the time domain response of objects to be detected by
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means of single-pulse or repetitive excitation and time independent analysis of an in-
duction signal captured by a coil or differential coil systems [4, 5, 6].Transient analysis
provides more independent information as compared to the harmonic analysis and may
lead to the design of smart sensors with particular properties of material independent or
material selective proximity sensing.

This paper deals with the identification of materials on the base of their step response
measured by a gradiometric coil arrangement from the aspect of numerical simulations.
The advantage of this approach is that a numerical simulations using realistic and fictive
materials allow for the identification of contributions of the particular materials parame-
ters to the transient response to changing electromagnetic fields.

2. Model setup

The coil system to be modeled consists of three coils in a gradiometric arrangement with
cylindrical symmetry. The three coils are coaxially arranged, in three essentially equidis-
tant planes (Figure 1). The exciting coil in the middle plane is simplified to a disc shaped
conductor with uniform current density over its cross section, simulating a multiturn pla-
nar coil. The sensing coils of the gradiometer are two loop conductors, arranged sym-
metrically and coaxially with the exciting coil. Three gradiometers were used in the sim-
ulations, A, B and C, respectively, differing only in the diameter of the conductor loops
comprising the sensing coil pair Table 1.

Table 1: Geometry parameters of the three coil systems.

a [mm] w [mm] X1, X2 [mm] X [mm]
A 2.2 0.2 0.55 1.2
B 8.2 0.2 0.55 1.2
C 14.2 0.2 0.55 1.2

A metallic object is placed near the coil system as shown at Figure 2. The materials of
the target were primarily aluminum and steel, and in order to unveil the specific influence
of certain materials properties (e.g. electrical conductivity and magnetic permeability),
two ”fictive” test materials have also been defined and used in this work. Because of the
typically low field strength applied in inductive proximity sensors, the hysteresis char-
acteristics [7, 8, 9] of the magnetic materials have been neglected in this example. The
material properties are listed in Table 2.

The transmitter coil is made of copper, while the gradiometer sensing coils defined as
nonconducting material, the induced voltage being measured by a high input-impedance
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Figure 1: The coil system under examination

Figure 2: Coil system with the target

circuit. The voltage of each gradiometer can be calculated as the difference of the voltages
of the coils from the target, respectively. Simulations were performed for each gradiome-
ter A, B and C for different target distances and different target materials.
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Table 2: Key material properties of the target materials. The aluminum and steel
parameters are typical of AlxMgy and EC80 respectively. The fictive materials have

been defined for the clear separation of the particular role of the conductive and
magnetostatic properties of the materials. However, the less conductive and

non-magnetic material (Fictive2) resembles the properties of a generic stainless steel.

Conductivity [S/m] Relative permeability
Aluminum 3.56 · 107 1
Steel 2.11 · 106 100
Fictive1 3.56 · 107 100
Fictive2 2.11 · 106 1

The excitation current of the transmitter coil is a bandwidth-limited step function, the
steady current through the transmitter being 50 mA. This excitation mode represents a
voltage switch-on effect [4, 5, 6], as shown in Figure 3. The advantage of the application
of a step function is, that its spectrum contains the all frequencies below the cut-off fre-
quency, thus the response of the target can be examined in this wide spectral range. The
analysis of the step response is an adequate method for system identification.

Figure 3: The excitation of the transmitter coil

For the simulation of the above described problem, the CST EM Studio has been used.
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The software is a low frequency numerical simulation tool which providing a wide range
of methods, solvers and analysis possibilities to examine static, quasi-static, frequency de-
pendent and time dependent low frequency electromagnetic problems, for example trans-
formers, electric drives, motors, inductively coupled systems, etc.

To solve this example the Finite Element Method (FEM) [10, 11, 12, 13, 14, 15] has
been applied because of its flexibility and robustness. The equation system from which the
partial differential equation system of the FEM has been deducted, based on the full form
of the Maxwell’s equations, i.e. the displacement currents are also considered during the
simulation. To discretize the geometry, tetrahedral finite elements and second-order shape
functions have been used. The so called electric boundary condition has been applied at
the artificial far boundary [12, 16]:

n × E = 0, (1)

where n is the normal to the boundary and E is the electric field intensity.

The magnetic flux density and the eddy current have been examined by the built in 3D
field monitors with which the required vector quantities can be calculated in a selectable
volume for every time step. The voltage of the gradiometer coils has been monitored by
the coil voltage monitor function, located in the ”Monitors on Solids or Volumes” folder.

The simulation has been executed by the iterative time domain solver with 0.2 µs time
steps, the total duration being 50 µs. The desired accuracy has been set to 10−6. The
calculation process has been distributed to four threads by using the built in multithreading
possibility.

In order to determine the optimal number of mesh elements, comparative simulation
results have been performed with different mesh resolutions. The resolution of the mesh
has been refined until the selected calculated results converged. The optimum number of
mesh elements was formed to be approximately 50 000. Figure 4 shows the differential
voltage of the gradiometer B when 50 000 and 250 000 mesh elements have been used.
The residual error of the induced voltage due to the limited resolution remained in the
order of 6 · 10−5 V, i.e. negligible in the present considerations. Thus, it is allowable
to use the coarser mesh in the both situations. It provides us a shorter simulation time,
which means about 80 minutes in a Lenovo ThinkStation (Intel Xeon X3470 processor, 8
GB RAM) machine.

The voltages of the three gradiometers are compared in Figure 5. The gradiometer B
has the highest positive peak value at 0 µs point, moreover it also has the highest negative
peak around 2 µs. Because the diameter of the transmitter coil is 13 mm, the gradiometer
A, which diameter is 2 mm, can capture only low flux, thus its peak voltage is much
smaller than the peak voltages of the other two differential coils. The location of the
gradiometer B is the most optimal to capture more flux, that is why the peak voltage of
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Figure 4: Comparison of the gradiometer B voltage with 50 000 and 250 000 mesh
elements

the differential coil system B is higher than the others. Because of technical reasons it is
acceptable to use the gadiometer providing the highest response, thus in the following we
present the result of that gradiometer.

In a real application, another metallic objects can be present in the environment of
the coil system and the target, which can affect the examined system. Moreover, due to
manufacturing errors, the position of the transmitter and the receiver coils can be relatively
shifted, thus the voltage of the gradiometer without target is not zero in normal situation.

The care of the coil system asymmetry has been treated by background subtraction, by
recording the ”measured” voltage signal of the gradiometer in the absence of any target
and subtracting this signal as a background signal from the actual signals affected by the
presence of targets. To verify the possibility of this procedure, the following three simu-
lations have been prepared:

1.) Asymmetric gradiometer with an aluminum target at 4 mm distance.
2.) Asymmetric gradiometer without target
3.) Symmetric gradiometer with an aluminum target at 4 mm distance.

In the symmetric case, receiver coils are arranged symmetrically to the central plane of
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Figure 5: Comparison of the A, B and C gradiometers voltages

the exciting coil (X1 = X2). In the asymmetric case the transmitter coil is shifted by
0.05 mm along the axis relative to the central plane of the gradiometer (X1 = 0.5 mm,
X2 = 0.6 mm). For the symmetric arrangement, the differential voltage of the receiver
(i.e. the gradiometer) can be obtained as the difference of the induced voltages of the
upper and the lower coil of the gradiometer. In the case of the asymmetric gradiome-
ter, the target related gradiometer signal has been calculated by the subtraction of the
target-free differential response signal from that ”measured” in the presence of the tar-
get. The background corrected signal of the asymmetric gradiometer (i.e. the difference
of the differential voltages calculated in the first and second simulations) and the signal
of the symmetric gradiometer are compared in Figure 6. The maximum difference (be-
low 0.1 mV) is insignificant if the interpretation of the results and the evaluation of the
background-corrected voltage versus time data is reliable and the drawn consequences are
valid.

3. Results

In this section the comparison of the gradiometer voltages with different target materials
are presented. For each target material the distance between the target and the coil system
was 2, 4 and 11 mm. The results are come from the background corrected signals of the
asymmetric gradiometers (i.e. after the subtraction of the asymmetric background), but
they are exactly the same as the results of the symmetrical gradiometer.
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Figure 6: Comparison of the voltage of the symmetric and the asymmetric, background
corrected gradiometers. Target material: aluminum, distance: 4 mm, gradiometer: B.

Figure 7. a.) and b.) shows the gradiometer voltage signals for aluminum and steel
targets, respectively. The curves for aluminum have a common zero-crossing point at
around 2 µs. The curves have a zero-crossing point for steel target material, as well,
but earlier in time, around 0.9 µs. The shape of the curves on a.) and b.) are different
which is caused by the different target material properties, the σ conductivity and the µ
permeability. The overshoot of the voltage is greater in the steel-targeted case, but the
decay of the voltages is faster than it is in the case of the aluminum target.

The gradiometer signals for the Fictive1 and Fictive2 targets at different distances from
the gradiometer are shown in Figure 8. The response of the Fictive1 material is much
similar to that of the aluminum, for example their zero crossing points are around 2 µs, as
well. The differences between the case of aluminum and Fictive1 targets is the different
magnetic permeability, which causes a lower initial amplitude and lower overshoot for the
Fictive1 material. However, the response of the Fictive2 material is similar to that of the
steel target characterized by the same conductivity, and also the zero crossing points of
these curves are around 0.9 µs. They have similar initial amplitude, but the overshoot is
less for the Fictive2 material. Almost independent of the actual target distance, the curves
possess a zero crossing point typical of the respective material.

50



Acta Technica Jaurinensis Vol. 5. No. 1. 2012

The gradiometer signals for the different targets compared in Figure 9. for target dis-
tance of 2 mm and in Figure 10. for target distance of 4 mm.

Figure 7: Responses of the aluminum and steel targets for different sensor-to-target
distances

The shape of the resulted voltage signals depends on the target material. It is apparent
that the zero crossing points of the curves related to materials with the same conductivity
are nearly the same, in spite of the fundamental difference in their magnetic property.

For longer target distance (4 mm) the high-conductivity targets resulted in the same
response signal, independent of their magnetic character (see the complete overlapping of
the curves for Al and Fictive1), while for the less conductive materials the influence of the
magnetic property is significant. At the shortest target distance (2 mm), the significancy of
the megnetic property is decreasing. At each distances, the time course of the gradiometer
response is a complex function of both electrical and magnetic properties and the materials
can be clearly distinguished by the analysis of the curves, although the behavior of the
response in the case of different targets have to be investigated more precisely.

4. Conclusion

Transient response of metallic targets has been simulated in a gradiometric coil arrange-
ment using a lowpass filtered current step excitation. The electrical conductivity and the
magnetic permeability were varied independently to unveil the specific contributions of
these two material parameters. It was found that the amplitude, the zero crossing points
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Figure 8: Responses of the Fictive1 and Fictive2 targets at different distances

Figure 9: The responses of the targets at 2 mm distance

and the overshoot of the gradiometric voltage signal are characteristic to the respective tar-
get material. For high conductivity targets, the magnetic property has a less pronounced
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Figure 10: The responses of the targets at 4 mm distance

influence to the shape and measures of the transient response signal, while a magnetic
property plays a key role in the determination of the transient response for low conductiv-
ity targets.
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