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This paper deals with investigations to determine the layer 
thickness of electrically conductive coatings on electrically 
conductive and ferromagnetic steel substrates. For this purpose, 
an eddy current sensor system with well-known analytical model 
for ideal conditions is used. Based on this, different coil setups 
are examined and compared with regard to sensor positioning. A 
robustness analysis against parameter fluctuations is carried out. 

Keywords: 
Eddy current testing, 

coating thickness 
determination,  
FE simulation,  

analytical modeling, 
nonlinear effects  

 



230 XXVIII. SYMPOSIUM ELECTROMAGNETIC PHENOMENA IN NONLINEAR CIRCUITS 
(EPNC 2024): CONFERENCE PROCEEDINGS. 

 
I Introduction 
 
In industry, it is often necessary to apply a coating to steel sheets to protect them 
against external influences that may damage the material, e.g., corrosion. In order to 
ensure the quality of these coatings, it is necessary to be able to accurately determine 
its thickness. According to the literature, an X-ray gauge is often used to determine 
coating thicknesses [1]. This method is typically expensive and poses problems in 
terms of occupational safety. For this reason, an eddy current coil system is used in 
this paper [2]. In the real world, however, parameter fluctuations, edge effects, noise 
and other undesirable influences have significant impact on the achievable 
measurement accuracy. The aim of this paper is to analyze these effects and to 
indicate their impact on the coating thickness determination. 
 
II Methodology 
 
In this work, a coil system consisting of a cylindrical excitation coil and two 
measuring coils, as shown in Fig. 1 is analyzed. For the analytical model of this 
arrangement, it is assumed that there is a coated steel sheet close by to the coil. The 
coating is non-magnetic and the substrate underneath is a ferromagnetic material, 
both are electrically conductive. The mutual impedance of this arrangement yields 
[2] 
 

𝜁𝜁 = j𝜔𝜔𝜇𝜇0𝜋𝜋𝑁𝑁1𝑁𝑁2𝑟̅𝑟
(𝑟𝑟2−𝑟𝑟1)(𝑟𝑟4−𝑟𝑟3)𝐿𝐿2𝐿𝐿6

∫ 1
𝛼𝛼6

∞
0 𝐽𝐽(𝑟𝑟2, 𝑟𝑟1)𝐽𝐽(𝑟𝑟4, 𝑟𝑟3)𝑒𝑒−2𝛼𝛼𝛼𝛼�𝑒𝑒−𝛼𝛼(𝐿𝐿2−2𝐿𝐿5−𝐿𝐿6) − 1�  

× �e−αL5 − e−α(L6+L5)��e−αL2 − 1�  

× (α+β1)(β1−β2)+(α−β1)(β1+β2)e2α1c

(α−β1)(β1−β2)+(α+β1)(β1+β2)e2α1c  dα.              (1) 

 
Here ω is the angular excitation frequency, 𝑁𝑁1 and 𝑁𝑁2 are the number of turns of 
the excitation coil and the measuring coil, 𝑟𝑟𝑖𝑖 and 𝐿𝐿𝑖𝑖 are the dimensions of the 
respective coil and 
 

r̅ = r1+r2
2

,                 (2) 

 

βi = 1
μi

�α + jr2� ωμ0μiσi,  (3)             (3) 
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Figure 1: Drawing of Differential coil model setup with dimensioning. 
 

 
 

Figure 2: Sketch of the simulation setup for the analysis of the edge effect via variation of the 
sheet radius. 

 

𝛼𝛼𝑖𝑖 = �𝛼𝛼 + j𝑟𝑟2���𝜔𝜔𝜇𝜇0𝜇𝜇𝑖𝑖𝜎𝜎𝑖𝑖,                (4) 

 
1

𝛼𝛼2 ∫ 𝑥𝑥𝛼𝛼𝑟𝑟2
𝑥𝑥=𝛼𝛼𝑟𝑟1

𝐽𝐽1(𝑥𝑥) d𝑥𝑥 = 1
𝛼𝛼2 𝐽𝐽(𝑟𝑟2, 𝑟𝑟1),             (5) 

 
with 𝐽𝐽1(𝑥𝑥) a Bessel function of first kind and order. The relative permeability and 
the conductivity of the layers are μ𝑖𝑖 and σ𝑖𝑖. Due to process conditions, e.g. 
temperature and position fluctuations of the sheet metal to be measured, it is 
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required to position the measuring coils to be relatively far away from the specimen. 
In an FEA-simulation the validity of the analytical model is evaluated and the mesh 
rules found in [3] are extended for larger air gaps of more than 20 mm. The software 
FEMM [4] is used for this purpose. In an industrial plant, the assumption of an 
infinite extension certainly does not apply. For this reason, different coil setups, 
shown in Tab. 1, are examined and the edge effect as a function of the air gap is 
analyzed via sheet radius variations shown in Fig. 3, to determine the minimum 
distance of the sensor from the edge of the sheet to to exclude the influence of 
boundary effects. 
 

 
 

Figure 3: Relative error when comparing FEA and analytical model depending on the sheet 
radius and the air gap between sheet and coil. 

 
The following applies to the investigations carried out: 
 
𝑁𝑁1 = 43, 𝑁𝑁2 = 18, σ1 = 15 MS/m, 𝜎𝜎2 = 5 MS/m, μ2 = 500, 𝑐𝑐 = 10 µm. In Fig. 3 the real 
part of the mutual impedance ζ of the analytical model is compared with that of the 
FEA simulation. 
 

Table 1: Analyzed Coil Setups 
 

 Setup 1 Setup 2 Setup 3 Setup 4 
r1  [mm] 25 13 25 10 
r2  [mm] 26 14 26 11 
r3  [mm] 22 10 22 7 
r4  [mm] 24 12 24 9 
L2 [mm] 40 40 20 10 
L5 [mm] 2.85 2.85 2.85 1.5 
L6 [mm] 4.1 4.1 4.1 3 
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Furthermore, the analytical model is used to perform a robustness analysis with 
respect to parameter fluctuations. As shown in [3], the coating conductivity σ1 must 
be known exactly in order to determine the thickness of the coating. The influence 
of a parameter change in the coating conductivity of ± 20 % on the mutual 
impedance curve at different operating points is shown in Fig. 4. It can be seen that 
with a small coating thickness and high relative permeability of the steel substrate, 
the influence of a coating conductivity variation on the mutual impedance is the 
most significant.  
 
Measurements are carried out on a test bench shown in Fig. 5. This test bench is 
used to measure various sheet metal samples with different coating thicknesses 
between 6 µm and 24 µm and different air gaps between 1.5 mm and 20 mm. 
 
III Outlook 
 
The final paper will provide measurement data. The behaviour of different coating 
thicknesses for the same steel substrate with different air gaps is investigated. The 
results will be useful for the industrial use of this type of sensor to determine the 
thickness of coatings on steel sheets. 
 

 
 

Figure 4: Effect of ±20% coating conductivity variation on the mutual impedance curve. 
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Figure 5: Test bench for measuring sheet metal samples. 
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