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Summary: 
Non-destructive testing methods enable not only quality assurance but also material characterization. 
This is often done in offline application or as an intermediate step, in-line applications in close integration 
with manufacturing processes are more complex. By using a model integrated into a soft sensor on top 
of eddy current impedance measurement, we show that it is possible to obtain useful material data using 
comparatively simple sensor hardware in real time. 
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Introduction 
In advanced manufacturing processes, often not 
only the shape but some microstructural proper-
ties of the workpiece are critical quality targets. 
The use of eddy-current measurement even for 
minor microstructural changes has previously 
been demonstrated [1].   To allow for in-process 
control of such properties, they must be meas-
ured in real time and with sufficiently low latency 
in often adverse conditions, such as in close 
proximity to tools, hot workpieces, cooling me-
dia, etc. It is rarely possible to suppress or con-
trol for all of these interferences. Hence, a form 
of sensor data processing is desired that trans-
forms measured signals to useful outputs that 
are less sensitive to disturbances. The use of 
model-based soft sensors is one way to achieve 
this. This article presents a design of a soft sen-
sor based on an eddy current system and shows 
its implementation in real-time application. Addi-
tionally, we briefly discuss practical use of this 
system in a tangential profile ring rolling process 
[2,3]. 

Measurement Hardware 
Eddy current measurements were carried out 
using the analog frontend of an EddyCation test-
ing system coupled with custom signal pro-
cessing software. A two-coil probe with separate 
transmitter and receiver coils was used in con-
ventional transformatoric setup. Both coils were 
housed in a 10 mm ferrite core as a field guide, 
which was then mounted in the mechanical sup-
port structure (see figure 1). An otherwise identi-
cal second probe without the mounting parts was 
used for testing and evaluation. 

Fig. 1. Sensor head integrated in ring rolling ma-
chine (left) and schematic (right). A: Main probe, B: 
drift subtraction probe, C: support rollers, D: Main roll, 
E: mandrel, F: stabilization rolls. Shaded area indi-
cates coils sharing one ferrite core. 

Signal Processing 
The transmission coil was excited using wide-
band pseudorandom white noise. The received 
signal was evaluated in the range from 1 kHz to 
20 kHz, corresponding to the pass-band of the 
frontend filters. By transformation to frequency 
space and complex division, the forward transfer 
function 𝐻𝐻 is obtained directly. 

This transfer function was then modeled using a 
simplified lumped-element model [4]. The ele-
ments of this model are shown in figure 2. An 
analytical expression for the transfer function of 
this model can be found and while it contains 
many terms, the mathematical complexity is 
manageable. It was found that only three probe 
(constructive) parameters (inductivities, re-
sistances) and three material-related parame-
ters (ideal transformer coupling, loss resistance) 
are sufficient to describe the resulting transfer 
function. 
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Fig. 2. Proposed equivalent lumped element model 
for the electro-magnetic interactions. 𝑈𝑈𝐸𝐸: transmitted 
voltage, 𝑈𝑈𝑀𝑀: response voltage, 𝐿𝐿𝑃𝑃, 𝐿𝐿𝑠𝑠,: probe induc-
tivities, 𝑘𝑘𝑡𝑡𝑡𝑡, 𝑘𝑘𝑒𝑒𝑒𝑒: ideal transformer coupling factors, 
𝐿𝐿𝑚𝑚: fictional ring current inductivity, 𝑅𝑅𝑚𝑚𝑚𝑚𝑡𝑡: material 
loss resistance 

Then, a fit is performed to find material parame-
ters that describe the currently measured trans-
fer function by minimizing the weighted sum of 
the absolute differences between measured and 
predicted transfer function in frequency domain. 
To ensure real-time applicability, the optimiza-
tion must take at most as much time as the next 
data acquisition, ideally with constant (predicta-
ble) time lag. This is implemented by using a 
continuously running random gradient descent 
method which can be interrupted at any time. 
Since the current best prediction is continuously 
refined, this method converges quickly, but at the 
same time is capable of following changes in the 
measured signal with low response time. 

Results 
The presented sensor system was evaluated 
both in off-line and in-line application. It could be 
shown that using this model approach, it is pos-
sible to characterize both ferromagnetic and 
non-ferromagnetic materials as well as materials 
that exhibit a phase transformation without ad-
justments to signal conditioning. 

 
Fig. 3. Comparison of as-measured transfer func-
tion and fitted values for aluminum and ferritic C100 
steel samples. Both acquired with identical device set-
tings. 

In the fully integrated application, ring rolling ex-
periments were carried out. Figure 4 shows one 
result. It was found the loss resistance parame-
ter correlates well with the total accumulated 
strain, including the recovery and recrystalliza-
tion once forming is finished but the workpiece is 

still hot. Similarly, the transformatoric parameter 
𝑘𝑘𝑡𝑡𝑡𝑡 relates to the permeability and magnetic do-
main size. This is especially interesting in this 
application as it also identifies the formation of 
bainite (which has smaller magnetic domains 
compared to ferrite) at around 400°C in the rest 
phase. 

 
Fig. 4. Model parameters fitted in real-time during 
forming process (top) and process conditions (bot-
tom). 

Additional data processing can be used to iden-
tify and correlate the equivalent model’s param-
eters to physical quantities such as concrete val-
ues of permeability, grain size, equivalent strain, 
etc. 

Acknowledgements 
The authors thank the German Research Foun-
dation DFG for the support of the depicted re-
search within the priority program SPP2183 
through project grant no. HA 5209/11-2. 

References 
[1] S. Hütter, R. Lafarge, J. Simonin, G. Mook, A. 

Brosius, T. Halle,  Determination of 
Microstructure Changes by Eddy-Current 
Methods for Cold and Warm Forming 
Applications, Advances in Industrial and 
Manufacturing Engineering 2C, 100042 (2021); 
doi:10.1016/j.aime.2021.100042 

[2] A. Brosius, M. Tulke, C. Guilleaume,  Non-
linear model-predictive-control for 
thermomechanical ring rolling, in: Proceedings of 
the XV International Conference on 
Computational Plasticity - Fundamentals and 
Applications, CIMNE, 2009 

[3] R. Lafarge, S. Hütter, O. Michael, T. Halle, A. 
Brosius,  Property controlled 
thermomechanical ring rolling: process 
implementation and window, in: 33. Aachener 
Stahlkolloquium, 2022 

[4] S. Hütter, G. Mook, T. Halle,  Quantifizierung 
elektromagnetischer Eigenschaften durch 
Wirbelstrom-basierte Softsensoren, in: 40. 
Vortrags- Und Diskussionstagung 
Werkstoffprüfung, Deutsche Gesellschaft für 
Materialkunde, Dresden, 2022 

 SMSI 2023 Conference – Sensor and Measurement Science International 202

DOI 10.5162/SMSI2023/D1.3


