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Abstract. Non-destructive testing methods can be used for material characterization and quality control during
manufacturing processes. For process control applications, a fast transformation of the measured signal to a small
set of characteristic quantities is required. In this work, a soft sensor system based on digital data processing of an
eddy current sensor system is developed and implemented. The analytical model for the voltage transfer function
is based on an equivalent circuit for the sensor system. The data processing is implemented in software, and the
resulting soft sensor is tested in experiments to show that it is possible to obtain useful material data for metals
using comparatively simple sensor hardware in quasi real time.

1 Introduction

In advanced manufacturing processes, often not only the
shape but also some microstructural properties of a work-
piece are critical quality targets. For in-process control of
such properties (Stebner et al., 2024), they must be mea-
sured in real time and often under adverse conditions, such as
proximity to tools, hot workpieces or cooling media. The use
of eddy current (EC)-based measurement for non-destructive
evaluation of material properties such as hardness or defor-
mation is a relatively new application of established EC tech-
nologies commonly used for fault detection (Uchimoto et al.,
2003; Konoplyuk et al., 2005).

At a high level, EC equipment uses two coils, one of which
is used to transmit an alternating magnetic field into an elec-
trically conductive workpiece, where the changing magnetic
field induces eddy currents. These produce a magnetic field
of their own, resulting in a different signal being picked up
by the second coil. The interpretation of these response sig-
nals is usually done in application-specific ways, e.g., by us-
ing pass and fail selection or calibration curves if some cor-
relation with physical quantities is required. For integration
into production systems, a measurement system that directly
relates the response to microstructural properties is desir-
able (Homberg et al., 2023). A model-based soft sensor that

merges data acquisition and processing implementing this is
presented in this work.

Unlike in non-destructive testing (NDT) applications, non-
destructive evaluation (NDE) requires interpretation of the
response signal in direct relation to the intended use of the
workpiece (Altpeter et al., 2002). Some previous work in-
cludes measurement of microhardness (Zergoug et al., 2004),
microstructure characteristics of cast iron (Mook et al., 2011)
or magnetic anisotropy on difficult surfaces (Wendler et al.,
2023, 2021). The authors have previously shown applications
in offline characterization of even minor grain size differ-
ences of rolled parts (Hütter et al., 2021).

Additional information can be gained by using multifre-
quency techniques instead of a single-frequency excitation
signal, as different frequencies have differing penetration
depths (Mook et al., 2007). Pulsed-current methods with
square or pulse-shaped excitation obtain results at many
points in the frequency domain, corresponding to different
depths excited at the same time (Tian et al., 2009). Us-
ing a continuous broad-spectrum excitation signal allows the
transfer spectrum of the whole measurement arrangement
to be obtained, including the material and the sensor itself.
Commonly, the impedance spectrum is obtained and mod-
eled with varying complexity. One of the first descriptions
was that of Dodd and Deeds (1968), resulting in analyti-
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cal solutions for plates. In Libby (1971), a lumped-element
model was developed by considering the sensor and material
to be a transmission line and calculating its total impedance.
From this information, the inductance of the coil can be cal-
culated, which can then be used to identify material param-
eters (Wendler et al., 2024). By extending the transmission
line model to multiple segments, this formulation can also
explicitly include defects (Sabbagh et al., 2021). Beyond the
transmission line model, two-coil sensors have also often
been modeled as a transformer, such as in Bihan (2003).
Besides lumped-element models, it is also possible to de-
scribe the electromagnetic interactions completely using the
field equations and to formulate a finite element problem.
This results in two types of interactions, namely those be-
tween the sensor coils themselves as well as those caused by
the eddy currents in the material (Desjardins et al., 2014).
While computationally expensive, this results in a very accu-
rate representation of the physical effects and the measured
impedance.

Generally, the lumped-element models as described above
are formulated in terms of impedance. Using these directly in
measurements however requires equipment capable of carry-
ing out what is effectively impedance spectroscopy. If a de-
scription of the voltage transfer function is available, much
simpler and less expensive hardware could be used to obtain
the measurements. Accurate description of the signal trans-
fer, including the effects of the eddy currents themselves, re-
quires an equivalent circuit model based on lossy transformer
elements. A new model fulfilling these requirements will first
be described and its voltage transfer function derived. An im-
plementation suitable for real-time parameter identification
will then be shown. The sensor and signal processing will
then be evaluated in an application for monitoring a tangen-
tial profile ring rolling process which is described in greater
detail elsewhere (Brosius et al., 2019; Lafarge et al., 2022,
2023).

2 Sensor setup

Eddy current measurements were carried out using a custom-
built sensor head using the analog front end of an EddyCa-
tion (Mook and Simonin, 2008) testing system coupled with
custom signal processing software. A two-coil probe with
separate transmitter and receiver coils was used in a con-
ventional transformatoric setup. Both coils were housed in
a 10 mm diameter cup ferrite core as a field guide, which
was then mounted in the mechanical support structure ma-
chined from austenitic steel (Fig. 1). Two small rollers allow
contact during the ring rolling process while keeping the sen-
sor coils between 0.4 mm and 1.5 mm away from the part’s
surface during forming. This setup is similar to the one pre-
sented previously (Hütter et al., 2021) but omits the temper-
ature drift compensation probe. Instead, temperature is mon-
itored by way of a thermocouple placed in close proximity to

Figure 1. Sensor head on the test stand (a) and a schematic (b).
A: main probe under a protective austenitic foil. B: support rollers.
C: thermocouple. D: mounting bracket. The shaded area in the
schematic indicates coils sharing one ferrite core.

Figure 2. Electrical (a) and two-port network view (b) of a transfor-
matoric eddy current sensor. Note that the transformer is not ideal.

the sensor. An otherwise identical second probe without the
mounting parts was used for testing and evaluation.

3 Electrical model

In the present setup, the sensor system simplifies to a set of
two coils for excitation (primary coil) and reception (sec-
ondary coil), with the material acting as an additional cou-
pling. The excitation is provided by an arbitrary waveform
digital–analog converter (DAC), and the received voltage is
sampled using an analog–digital converter (ADC). No cur-
rents are measured, and therefore no impedance information
is available. A detailed description of the resulting model
for the voltage transfer function can be found in Hütter et
al. (2024). Due to some differences with the more common
impedance spectroscopy methods, it is summarized here. The
starting point is a two-port model for the sensor, as shown in
Fig. 2b.

Interpreting this two-port network as a black box, the for-
ward voltage transfer function can be found from the com-
plex excitation signal UE and the complex measured voltage
UM by employing the Laplace transform L:

H (s)=
L{UM(t)}
L{UE(t)}

. (1)

In the discrete frequency domain, the same relation holds,
e.g., using the fast Fourier transform (FFT) operator:

H (iω)=
FFT(UM[n])
FFT(UE[n])

. (2)

Descriptions of the electrical behavior of such sensors
have historically focused on inductor impedance, e.g.,
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Figure 3. Proposed equivalent lumped-element model for the elec-
tromagnetic interactions. UE: transmitted voltage. UM: response
voltage. Lp , Ls : probe inductances. ktr, kec: ideal transformer cou-
pling factors. Lm: equivalent ring current inductance. Rmat: mate-
rial loss resistance.

Libby (1971), not the voltage ratio of the transformer. The
system forms a lossy transformer with significant eddy cur-
rents, which is more difficult to describe. A formulation using
the electromagnetic field equations for the real coupling ef-
fects as done by Desjardins et al. (2015) is still computation-
ally expensive, as it requires inverse finite element simula-
tions for parameter identification. Instead, a lumped-element
model of all the effects was developed in which direct cou-
pling between the primary and secondary coils is modeled
as an ideal transformer with a coupling coefficient ktr, while
the eddy current coupling is modeled as two separate ideal
transformers with the coupling coefficient kec and an equiv-
alent ring current inductance in the material representing the
eddy currents. This concept is shown in Fig. 3.

The transfer function H for this system can be identified
by first noting that the two couplings could also be seen as
a linear superposition of two different independent magnetic
fields. This can be verified by observing the transfer func-
tions of materials with varying degrees of eddy current losses
and ferromagnetic characteristics (Hütter et al., 2024). Be-
cause of this, the total transfer function can be treated as the
sum of two simpler transfer functions. The same approach
was also taken by Desjardins et al. (2015) for wideband tran-
sient responses. They noted that there is direct coupling and
superposition of material coupling and self-inductance. By
including self-inductance implicitly in the T -equivalent cir-
cuits for transformers, the result is a combination of the eddy
current (Hec) and transformer (Htr) transfer functions:

H (s)=Hec (s)+Htr (s) . (3)

The two-component transfer functions can then be found as
the transfer functions of the two separate two-port networks
shown in Fig. 4.

In both component circuits, the same values for the
primary and secondary coils are used. In the eddy cur-
rent model, the current loop is modeled with a mate-
rial loss resistance Rmat and a material inductance repre-
sented as two halves of Lm. Expanding all transformers to

Figure 4. Separated equivalent circuits for the direct transforma-
toric coupling (a) and the eddy current coupling (b). Series resis-
tances of the secondary or receiver coils (indicated as shaded) can
be neglected due to the high-impedance measurement of UM.

their T -equivalent circuits with mutual inductance Mab :=

kab

√
LaLb using ab from p (transmitter), s (receiver), 1

and 2 (halves of the equivalent eddy current inductance) and
reduced inductances L∗a = La −Mab gives circuits that can
be solved for the voltage ratio using symbolic manipulation
software to handle the large equation systems. Coupling co-
efficients are fixed so that kps = ktr, kp1 =−k2s = kec and
L1 = L2 =

Lm
2 . The resulting parts of the transfer function

from Eq. (3) are as follows: for the transformer,

Htr (s) :=
Mps s

Rp +

(
L∗p +Mps

)
s
. (4)

For the eddy current part, one obtains the more complex re-
lation

Hec (s) :=

(
Mp1M2s

)
s2

a0+ a1s+ a2s2 (5)

using the expressions

a0 = RmatRp, (5a)

a1 = L∗1Rp +L∗2Rp +L∗pRmat+M2sRp + Mp1Rmat

+Mp1Rp, (5b)

a2 = L∗1L
∗
p +Mp1L

∗

1+L∗pL∗2+Mp1L
∗

2+L∗pM2s

+L∗pMp1+Mp1M2s . (5c)

Due to the assumption of a high-impedance ADC, the re-
ceiver coil resistance shown in Fig. 4 is comparatively small
and can be neglected. The receiver inductance is only present
implicitly in the definitions of Mps and M2s . As will be
shown below, the value of Lm can be fixed to a constant value
and the coupling equally represented by the choice of Rmat.

Substitution of the reduced inductances and mutual in-
ductances yields the following more instructive form for the
transformer part:

Htr (s) :=
ktr
√

LpLss

Rp +Lps
=

ktr

√
Ls

Lp
s

Rp

Lp
+ s

. (6)

Notably, Eq. (6) rearranges to the expected transfer function
of a transformer: the term

√
Ls/Lp reflects the winding ra-

tio Ns/Np, whereas the ratio Rp

Lp
(corresponding to the angle
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between resistance and reactance) yields the phase delay. For
the ideal transformer with ktr→ 1 and Rp→ 0, the voltage
ratio simplifies to the winding ratio without any delay, as ex-
pected. This serves as a test for the automatic derivation of
the lumped model equations.

The eddy current part from Eq. (5) can also be written as

Hec (s) :=
−k2

ecLm
√

LpLss
2

RmatRp +
(
Rmat Lp +RpLm

)
s

+
(
1− k2

ec
)
LmLps2

=

−k2
ec

√
Ls

Lp
s2

Rmat
Lm
·

Rp

Lp
+

(
Rmat
Lm
+

Rp

Lp

)
s+

(
1− k2

ec
)
s2

. (7)

Again, this equation can be rearranged into a series of ratios
between the resistance and inductance of the various compo-
nents. The nominator mostly defines the total energy trans-
fer, as dominated by the winding ratio and the coupling co-
efficient. The denominator then forms the second-order time
delay caused by the various elements. Interestingly, the cou-
pling factor kec occurs twice, corresponding to its role in
energy transfer into and out of the material: first (phase-
)inverted in the nominator and then in the denominator as
1− k2

ec, a form also known as Blondel’s leakage coefficient.
This again relates the model to its physical equivalent as a
real lossy transformer. It can also be pointed out that Lm
only occurs together with Rmat, further confirming that its
value does not have to be taken as a degree of freedom and
can instead be reflected in the choice of another parameter.

These equations now contain a set of three material-
dependent parameters ktr, kec and Rmat to be identified during
operation and three static device properties Rp, Lp and Ls

which can be determined by direct measurement of the com-
ponents of the physical sensor assembly and are independent
of the material under test.

4 Signal processing

After data acquisition, all further processing occurs as digital
signal processing (DSP) using custom software specifically
optimized to achieve low-latency signal evaluation and iden-
tification of model parameters. The output of this software
forms the actual measurement value of the soft sensor. For
application in a forming process controller, the total latency
between a physical change in the material and a change in the
software output should be as low as possible while also being
roughly constant so that it can be taken into account accord-
ingly as a dead time. Figure 5 gives an overview of the system
architecture for the combined soft sensor. The resulting sig-
nal timing is partly determined by buffering done on the side
of the USB connection and additional buffering required due
to the software running on a non-real-time operating system.
Closer hardware integration is likely to improve this situa-
tion. The latency for the model fit itself is configurable (see

Figure 5. System architecture for data acquisition and processing.
The dashed line indicates the separation between the analog and
digital domains. The latency values given for each stage are approx-
imated from the design properties.

below), with 100 ms identified as a reasonable default for the
present implementation.

The transmission coil was excited using wideband pseu-
dorandom white noise fed to the coil and directly back to
the receiver. The received signals from the receiver coil and
the feedback are evaluated in the range from 1 to 20 kHz,
which is slightly narrower than the pass-band of the analog
front-end filters. Signal levels were monitored to ensure that
a sufficient dynamic range exists for strong response signals
from ferromagnetic and weak responses from paramagnetic
workpieces, which enables measurement even across phase
transformations. As long as the measured and feedback sig-
nals are within the dynamic range of the ADC and preampli-
fier linearity is maintained, the resulting transfer function is
independent of absolute signal levels, as only the frequency–
domain ratio is considered. The present front end has a usable
dynamic range of approximately 35 dB, which was found to
be enough to ensure that no overflows occur while also not
dropping the response signal to below the noise floor.

Further signal processing is carried out in the in-phase and
quadrature (IQ) format, with fast Fourier transform imple-
mented by the fttw3 library (Frigo and Johnson, 2005). By
complex division, the forward transfer function H is obtained
directly.

The device parameters (coil inductivances and series resis-
tance) were measured directly on the sensor head and entered
into the software. The material parameters ktr, kec and Rmat
are identified by minimizing the sum of the absolute differ-
ences between the measured and predicted transfer functions
in the frequency domain. This is done using continuous ran-
dom descent search. This optimization heuristic (Nesterov
and Spokoiny, 2015) is used as a compromise for real-time
application: a method without the need for an explicit Jaco-
bian is better suited to the structure of the model equations,
and a continuous refinement of a previous solution yields re-
sults more quickly in the case of only small changes while
still being capable of following any jumps with low response
times. This implementation is also interruptible and hence
can be run asynchronously until the next data acquisition is
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Figure 6. Comparison of the real and imaginary parts of the
complex as-measured transfer function (symbols) and fitted val-
ues (solid lines) for ferritic (median absolute error: 0.011) and
austenitic (median absolute error: 0.002) steel. Both were acquired
with identical device settings using a sensor with Rp = 56.4 �,
Lp = 0.86 mH, Rs = 98.2 � and Ls = 1.67 mH.

completed. In the present implementation, the maximum al-
lowed time spent on this optimization can be configured and
the allowed search steps are automatically controlled, so that
this limit is ensured. As all other latencies are given by the
computing hardware, this ensures that the total latency is lim-
ited and known, so that it can be considered a dead time in
the external process controller.

5 Results and discussion

The presented sensor system was evaluated in both offline
and inline applications. Using the present model approach
and its implementation as described above, it is possible to
characterize both ferromagnetic and non-ferromagnetic ma-
terials as well as materials that exhibit a phase transforma-
tion without adjustments to device settings such as signal
amplification. One such example is given in Fig. 6. It can
be seen that both materials can be represented reasonably
well, with only minor deviations. For the ferritic steel, the
expected zero transfer at DC and the increase towards the
real-valued maximum at high frequencies are visible, but
due to eddy current losses there is some deviation from the
transfer function of an ideal transformer. For the austenitic
steel, only a very small transformatoric part exists, and most
of the return signal is defined by the eddy current coupling
with a large imaginary component and a sign inversion in the
real part, corresponding to a phase delay in excess of 90°.
This good fit quality confirms the initial concept: with just
three material-dependent parameters, the measurement ob-
tained from a given material state across the observed fre-
quency range can be modeled with reasonable accuracy. As
a next step, the effect of changing the material state on the
identified parameters was investigated.

In the fully integrated application described in Sect. 2,
ring rolling experiments were carried out and data from the
present measurement system as well as information on the
process conditions (tool path, forces and part temperature)

Figure 7. Model parameters recorded during the forming pro-
cess (a). Surface temperature ϑ and change in the part diameter
1D (b). Large deformation at the start of the process (I), lower
deformation during calibration (II) and recovery of the microstruc-
ture (III) are highlighted. (c) Optical micrograph, microhardness
and average grain size. Light: ferrite; dark: perlite.

were recorded. Micrographs were prepared using 3 % ni-
tal etchant, final hardness was measured using a Buehler
VH3300 microhardness tester and grain size was evaluated
according to ASTM E112 using the line intercept method.

The results will be discussed based on two representative
experiments. Figure 7 shows the results using conventional
process parameters. The resulting microstructure is perlite–
ferrite. It was found that the loss resistance parameter Rmat
correlates well with the total accumulated strain, which in
addition to the strain induced by the forming process can
also decrease due to recovery and recrystallization occurring
while the workpiece is still at a high enough temperature.
The transformatoric parameter ktr relates mostly to the per-
meability, which in turn relates to the magnetic domain size
(Zhou et al., 2021; Hütter et al., 2024). In this example, the
metadynamic recrystallization at the end of the phase marked
“I” results in a rapid decrease in the average grain size, lead-
ing to a decrease in the value of ktr. On the other hand, re-
covery occurring after the main forming process has finished
(the phase marked “III”) allows for an increase in ktr. The
eddy current losses included in kec and Rmat are influenced
by the production of defects during forming and their later
recovery as well. Counterintuitively, the material loss resis-
tance Rmat first appears to decrease, as the coupling itself
first decreases due to decreasing grain size, which means that
less field energy has to be dissipated. When the rate of form-
ing is strongly reduced during the calibration step (the phase
marked “II”), both values can increase in tandem by a small
amount.

By changing the process conditions, a different result can
be reached. Figure 8 shows the measurements from such an
experiment. Metadynamic recrystallization was avoided, al-
lowing for a bainitic transformation once the workpiece tem-
perature is in the relevant temperature range. This leads to
higher microhardness and a smaller average grain size. The
later transformation can be observed in the consistently high
value of ktr. Instead, only at the end of the process does
a significant change happen when the material undergoes
bainitic transformation, which results in considerably smaller
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Figure 8. Data recorded during forming with different process set-
tings. Model parameters (a). Surface temperature ϑ and change in
the part diameter 1D (b). A large deformation at the start of the pro-
cess (I) remains, but recovery is not present. Instead, a phase trans-
formation is observed (IV). Optical micrograph, microhardness and
average grain size (c). Light: ferrite; dark: bainite.

magnetic domains than those found in the ferrite–perlite mi-
crostructure after recovery.

This application therefore demonstrates sensitivity to the
material changes required for control of the workpiece prop-
erties during the property-controlled forming process and the
qualitative relations between the model output measurements
and changes in the material. The two partial transfer charac-
teristics are sufficiently independent of each other to allow
for low-latency parameter identification. In the specific ap-
plication, the influence of the lift-off distance between the
sensor and the workpiece was found to be noticeable but not
dominant. This was expected, as all the measurements oc-
curred at a lift-off between 0.4 and 1.5 mm, with the strongest
deviations occurring in near-contact measurements. The ef-
fect of the workpiece temperature was reduced somewhat by
the use of austenitic shielding material which reduced the ra-
diative heat transfer, but after many hot-rolling experiments,
the sensor coil assembly reached a steady-state temperature
of about 60 °C. For this reason, future work will have to
implement either active cooling of the sensor assembly or
the model-based temperature correction already discussed in
Hütter et al. (2024).

6 Conclusions

This work presented a model-based soft sensor system for
application in non-destructive evaluation, primarily for in-
process characterization of metallic materials. This sensor is
based on a simplified model for the transfer function of an
eddy current device using separate transmitter and receiver
coils. This was done by reducing the real system to two sep-
arate transformer arrangements, whose transfer functions can
be found analytically. The recombined transfer function can
describe the measured response signal of a given sensor with
only three material-dependent parameters.

A software implementation enabling low-latency identifi-
cation of the parameters of this model was then developed
and integrated with an existing analog front end. The DAC–
ADC combination was found to have a sufficient dynamic

range to process ferromagnetic and non-ferromagnetic ma-
terials with the same amplifier settings. The software focus
was placed specifically on achieving low-latency and con-
stant (known) dead times so that it can be used in a control
loop without introducing fundamental stability issues.

Compared to similar setups, the present sensor system
requires less complex hardware, as only voltage and not
impedance is measured. The small number of model degrees
of freedom enables fast parameter identification: the present
model can be fully identified on commodity computers on
the order of 100 ms, making it suitable for inline applications
where finite element field models would require prohibitive
computation time. Nonetheless, the model is sufficient to de-
scribe as-measured transfer functions of the sensor with rea-
sonable accuracy.

The sensor system was then integrated into a ring rolling
machine, and experiments with inline measurement were car-
ried out. From the results, the physical correlation with mate-
rial properties like magnetic grain size or accumulated strain
can be identified qualitatively by both correlation of various
measurements and investigation of the resulting microstruc-
ture in the finished product. In further work, known relations
between permeability, grain size, defect density and metal-
lurgical effects in the material can be used to conclusively
develop the transfer of the model output parameters to these
physical quantities. This will then enable the integration of
the measurement system for process control, specifically tar-
geting a certain microstructure using techniques previously
described in Lafarge et al. (2021).
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